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EXECUTIVE SUMMARY

The National Telecommunications and Information Administration (NTIA) withén t
Department of Commerce serves as the President’s principal advisor on teladoation
policy and is responsible for management of the Federal Government’s use ofdhe radi
frequency spectrum. Through the Technical Subcommittee (TSC) of the InténtemaiRadio
Advisory Committee (IRAC), Federal agencies develop spectrum standadsure effective
and efficient use of the spectrum.

Federal radio stations and systems must comply with spectrum standardsecbmane NTIA
Manual of Federal Regulations and Procedures for Federal Radio Frequencgiianiag
(referred to herein as the NTIA Manual). A radio frequency spectrum stasdagdinciple,
rule, or criterion that bounds the spectrum-related parameters and cligtiestef a radio
station or system for the purpose of managing the radio frequency spectioraryPadar
systems operating as radiodetermination stations, radiodeterminatibhitesstetions, and
space-based radar systems are subject to compliance with the Radam$pediineering
Criteria (RSEC) contained in Chapter 5, Spectrum Standards, of the NTIA Manual.

The RSEC is intended to ensure an acceptable degree of electromagnpéitiltiyy among
radar systems, and between such systems and those of other radio servicethshiagqgency
spectrum. To promote effective and efficient use of the spectrum, the RSEC srighitieon
transmitter spurious and out-of-band emissions, antenna patterns, receiimtitgelec
characteristics, and radar tunability.

This report describes suggested methods for measuring characteristiosany padar systems
operating in the radiodetermination service for determining complianceheigtandards
contained in the RSEC. Other methods of measuring primary radar chatiasterésy be used
if they give technically correct results. This report addresses messnireethods for
measuring new and advanced radar systems using frequency-modulated amdquhast=d
pulses; multi-mode radar systems with interleaving pulse modulations anole/aiidse
repetition frequencies; and distributed phased-array antennas with comptesdaming
techniques. Examples of RSEC measurements for such radars are presented.






MEASUREMENT PROCEDURES FOR THE
RADAR SPECTRUM ENGINEERING CRITERIA (RSEC)

Frank H. SandetsRobert L. Hinklé, and Bradley J. Ramsgy

The wide application of radar for various functions makes large demands on the
electromagnetic spectrum, and requires the application of effectougefiey management
for the equipment and systems involved. Requirements for certain equipment
characteristics are specified in the NTIA Manual of Regulations and Riresesidr Federal
Radio Frequency Management to ensure an acceptable degree of electtiomagne
compatibility among radar systems, and between such systems and those raidothe
services in the frequency spectrum. These standards are called the RattantSpe
Engineering Criteria (RSEC). This report describes techniques for nrepsadar
spectrum-related parameters and characteristics for compliatrctha/iRSEC.
Measurements for both conventional and advanced radar types are addressed. This report
supersedes NTIA Report 84-157 of August 1984.

Key words:  electromagnetic compatibility; high-power radar; magngtadar emission
mask; radar emission measurements; radar interference; radar spurious
emissions; radar out-of-band emissions; radar unwanted emissions; Radar
Spectrum Engineering Criteria (RSEC); Radio Spectrum Measuremsengy
(RSMS); solid-state transmitter; spectrum occupancy.

1. INTRODUCTION

This report is intended to assist spectrum managers and engineers in meadariegnissions
and using those measurements to verify compliance with the National Telecaratiomsi and
Information Administration Radar Spectrum Engineering Criteria RSE, primarily Chapter
5]. The RSEC contains spectrum engineering standards applicable to padergystems. The
application of the NTIA RSEC emission mask to emissions of both simple and
advanced-technology (multi-mode, multiple waveforms, frequency hopping and phasgd-a
radars is described.

This report updates and expands upon material presented in an earlier NTIA Repors[2].
concerned with measurement techniques for verification of compliance wit/S&8E.Rn
particular, new measurement techniques are described that are taila@eddsions from
recently designed types of radar transmitters. Newer types and modessirement hardware
are accounted for in this report.

1 The author is with the Institute for Telecommunication Sciences, Natioledohemunications
and Information Administration, U.S. Department of Commerce, 325 Broadway, BoDlder
80305-3328.

% The author is with Alion Science, Annapolis, MD.

® The author is with the RF Metrics Corporation, Westminster, CO.



The measurement procedures described in this report are recommenda&omesj\sdt
measurement procedures that can be documented by measurement personmehtelyade
guantify the radar characteristics contained in the RSEC are alsuiadiee

In addition, the measurement procedures contained in this report can be used to rquantify
characteristics that are required for NTIA certification of spectrum suffpdChapter 10].
These include parameters required for submission in NTIA Forms 33-35 and tlae simil
Department of Defense Form 1494.

1.1 Background

NTIA is responsible for managing the Federal Government's use of tbhespaitrum. Part of

this responsibility is to establish policies concerning spectrum assignihecdtian, and use;

and to provide the various departments and agencies with guidance to ensure that their conduct
of telecommunications activities is consistent with these policies [1p8&:8]. In discharging

this responsibility, NTIA: 1) assesses spectrum utilization; 2) idengkiesting and/or potential
compatibility problems among the telecommunication systems that belong to various
departments and agencies; 3) provides recommendations for resolving any laititgpati

conflicts that may exist in the use of the frequency spectrum; and 4) recommecylsupo|
engineering changes to promote spectrum efficiency and improve spectmagement

procedures.

The Federal Government operates a large number of radar stations. Magegeastations
produce peak effective isotropic radiated power (EIRP) levels that amgatime highest of all
radio transmitter systems. (Average radar EIRP levels are typ8tath less than the peak
levels.) Even theoretically perfect radar transmitters cannot cahiéireelectromagnetic
emissions entirely to their assigned operating frequencies, or for ttiat eaxgen to allocated
radar spectrum bands, due to the inherent pulse modulation characteristics systess.
Furthermore, practical limitations in radar technology and necessanidaccompromises in
the design of operational radar systems result in higher spurious emissionhameisuld be
theoretically predicted for various pulsed waveforms. Even if spurious emisstosispgpressed
by 60 dB or more relative to the peak power at the radar fundamental frequendiggh theak
EIRP levels of radar transmitters can cause the out-of-band and spuriosieresiis these
systems to have a significant impact on other spectrum uses.



1.2 Purpose and Structure of this Report

This report is intended for use by spectrum engineers and managers who passthess
emission characteristics of primary ratsystems. The most practical, efficient, and up-to-date
techniques for measurement of radar emissions are presented, as developbtl drygiiEers.
Application of these measurement techniques is described for advanced mgulassne
sophisticated pulse modulation and beam-scanning techniques. Measurement apareaches
described in the main body of the report. Important definitions are provided in Appendix A
Assessment of required amounts of attenuation in measurement system frontlesdshed in
Appendix B. Measurement system architecture and algorithms are describtailimde
Appendix C. Measurement system calibration techniques are described in Appehtithbds
for positioning measurement systems for radiated measurements aregur@séqpendix E. A
limited description of radar spurious emissions and their variation with messnireandwidth
are provided in Appendices F and G for the purpose of better understanding the measurem
procedures. Appendix H is a description and user’s guide for an automated softwéne tool
determining the RSEC emission limit mask, including the capability to imp@suned

emission characteristic data for comparison with the RSEC emissidmiask.

1.3 RSEC Compliance and Interference Resolution Policies

The NTIA manual [1] contains NTIA policies and regulations regarding congaisvith
spectrum standards and interference resolution. The RSEC is intended to ensugptablacc
degree of electromagnetic compatibility among primary radar systemdetween such
systems and those of other radio services sharing the frequency spe@&EGsRndards are
concerned with promoting efficient use of the spectrum. However, compliancdesth t
standards may not preclude the occurrence of interference. Thereforéanompith the
standards does not obviate the need for cooperation in resolving harmful interfecihespr
[1, Chapter 5].

Taken together, out-of-band emissions and spurious emissions [1, Chapter 5] dre calle
unwanted emissions. In principle, unwanted emissions from stations of one radie skalic
not cause harmful interference to stations of the same or another radio setiic¢hei
recognized service areas of the latter stations whether operated in ¢hergdifferent frequency
bands. Providing that appropriate spectrum standards [1, Chapter 5] are met, ansatgtimg
is recognized as having priority over a new or modified station. Neverthatggseering
solutions to mitigate interference may require the cooperation of allpantelved in the
application of reasonable and practicable measures to avoid causing or beingldagoepti
harmful interference [1, 8 2.3.7].

The United States allocates many radio bands to radar services (radiolo@ationavigation,
meteorological aids, and other radiodetermination services) on both primarycanday
bases. Radar services can have impacts on spectrum engineering outsldeatssl ahdar

* “A radiodetermination system based on the comparison of reference sigiatadio signals
reflected from the position to be determined,” [1, Chapter 6] and ITU Radio Regslati



bands. Some adjacent-band impacts (e.g., RF front end overload) are due to inadeiguaté des
receivers in adjacent bands; such impacts cannot be mitigated by impralan¢gyaasmitters.
Other adjacent-band impacts can be due to radar unwanted emission levels, acahtbese
somewhat mitigated by controlling the levels of radar unwanted emissions.

1.4 Radar Spectrum Engineering Criteria (RSEC)

This section describes the limits that are placed on U.S. radar unwantedehessis by the
NTIA radar spectrum engineering criteria (RSEC) [1].

The RSEC applies to all Federal Government primary radar systems. R&¢&fizations are
provided in existing NTIA documentation [1, Section 5.5]. The following list identifies the
technical radar characteristics for which the RSEC specifies limits

1) unwanted emission levels relative to the level of the radar fundamental;
2) emission bandwidth;

3) antenna pattern characteristics;

4) frequency tolerance;

5) frequency tenability;

6) receiver IF selectivity;

7) image and spurious rejection.

Since the initial adoption of the RSEC emission level specification (includingpsplemission
limits) by NTIA in 1973, the RSEC limits have been revised on an ongoing basis. TheiRSEC
updated periodically [1, Chapter 5].



2. TRANSMITTER OUTPUT POWER DETERMINATION

The RSEC categorizes radars on the basis of groups (A, B, C, D, and E). MemIneasinipup

is determined primarily by radar transmitter peak powgmRich is used in RSEC mask
computations for some radars to determine the ultimate spurious suppression levaB)Xhat
must be achieved. The radar transmitter peak powgrs(Befined as the peak power at the radar
antenna input. In some cases, direct measurement of the radar’'s power output npsbiblen
and the specified radar peak transmitter power may have to be taken fromio@daentation.
Direct measurements are desirable whenever possible. The matdnglsedtion describes
methodology for this measurement.

2.1 Introduction

For purposes of RSEC mask computations, peak power is measured at the nominal maximum
steady-state amplitude of a radar pulse; short-duration peaks within pulsey, @sssibaly

occur at some pulse leading edges, should not be used. Because the goal is to lineasure a
available transmitter power, it is important to measure the pulse peak power indihadiat

equal or exceed the nominal values presented in Table 1; for multimode radars, using a
combination of modulation types, the measurement bandwidth should be determined by selecting
the radar mode with the widest bandwidth.

Radiated peak power may be measured directly for radars that can direghtéena main lobe
energy directly into a measurement system antenna, such as might be possible @mstsom
ranges and for some surface-search radars. A procedure for this approaeh is §ection
2.3.2, below.

For many operationally deployed radars it may be difficult or impossildetieve direct
coupling between a radar antenna main beam and a measurement antenna nfakob#daose
systems, peak power should be measured via a hardline connection from within the radar
transmitter, if possible. If such a connection is unavailable, then transmitter pawst be
assessed via radiated measurements in accordance with Section 2.3.2, below.

2.2 Measurements for Radars with Directional Couplers
In this context, a conventional radar transmitter is defined as one that sendtsataofsmitter

energy through a directional coupler (accessible to measurement persatnekn the
transmitter and the antenna, and that does not modulate the pulse frequency dunmsgsitans

5 The lower edge of the main beam of an air search radar, for examplenidicdteted

more than 1 degree above the horizon. This puts the lower edge of the main beam at a height of
17 m (plus the radar tower height) above the ground at a typical measurenamtdigsince of

1 km. This height considerably exceeds the likely maximum height of a measir@menna.
Furthermore, while main beam gain may be specified in radar documentadamanéenna

sidelobe gain levels illuminating the measurement system will not ggnigegtnown with

much accuracy.



(ie., that does not chirp). In this case, all the radar transmitted energylablavat that single
point and the peak power may be measured at that point.

The key component for this measurement is a wideband detector. The detector needs to be
wideband, with a fast-response time. It should be operated at a power input leveltsithi
linear-response region. (For typical detectors, this level will often be hetwd&edBm to

+20 dBm. The maximum permissible detector input level is often about +20 dBm. Detector
manufacturers’ data sheets should be consulted for guidance regarding thistpa)a

Table 1. Determination of RSEC Measurement Bandwidif) {& Peak Power Measurements.

Radar Modulation Type

RSEC Measurement Bandwidth (B):

Non-FM pulsed and
phase-coded pulsed

Bm > (1/t), where t = emitted pulse duration (50% voltage) or]
phase-chip (sub-pulse) duration (50% voltage).

Example for non-FM pulsed: If emitted pulse duration is 1 g
then B, > 1 MHz.

Example for phase-coded pulsedf radar transmits 26-jus

duration pulses, each pulse consisting of 13 phase-coded chips

that are each 2-us in duration, thenp=B500 kHz.

FM-pulsed (chirped)

B> (BJ/t)"*, where B = frequency sweep range during each
pulse and t = emitted pulse duration (50% voltage).

Example: If radar sweeps (chirps) across frequency range of
1.3 MHz during each pulse, and if the pulse duration igs5
then B,> 154 kHz.

CW

Bm = 1 kHz; See sub-paragraph 4.2 of [1, Chapter 5] for RS
Criteria B, C, and D.

Example: By, = 1 kHz.

C

FM/CW

Bm = 1 kHz; see sub—paragraph 4.2 of [1, Chapter 5] for RS
Criteria B, C, and D.

Example: By, = 1 kHz

-C

Phase-coded CW

B> (1/t), where t = emitted phase-chip duration (50% volta

Example for phase-coded pulsedf chip duration is 2us, then
Bm > 500 kHz.

Multi-mode radars

Calculations should be made for each waveform type as
described above, and the maximum resulting valug,cff®uld
be used.

Example: A multi-mode radar produces a mixture of pulse
modulations as used in the above examples for non-FM puls
and FM-pulsed. These values are 1 MHz and 154 kHz,

ed

respectively. Then > 1 MHz




The measurement setup is shown in Figure 1. Although NTIA RSEC documentation [dn Secti
5.5] specifies that power should be measured “at the input to the radar antennalityhis rea
that peak power must be measured at a directional coupler in any hardline-coupde sce
Therefore corrections should be applied to the measured parameters to account for the
transmission losses between the measurement point and the antenna input refererce point
coaxial cable of appropriate impedance is connected to the input of a wideband detector.

‘{

Directional L Radar
Radar Coupler L Antenna
Transmitter |

LDC

I‘ML
-X dB (x = typically 30 - 60 dB)

Signal Pec
Generator
(capable of ‘ )
reproducing radar Oscilloscope
pulse width and | Detector
frequency) Variable 1
Attenuator !
(0to 70 dB) ,
I Vector
l--—-—- - Signal
Analyzer

Figure 1.Radar power measurement configuration for a hardline coupled measurement.

A variable attenuator (0—70 dB, for example) is inserted at the detector intpist adjusted to

. . 6 . .
ensure a linear-response input level to the dete®anor to connecting the detector to the radar,
the attenuator is initially set to a sufficiently high level to protect thikelband detector from
possible damage.

Referring to Figure 1, the oscilloscope input impedance needs to be matched tedtw de

output impedance; older detectors often have high-impedance outputs but some newer-model
detectors have relatively low (50 ohm) output impedance. Coupling on the oscilloscope input
should be set to ‘DC’. The oscilloscope is adjusted to display radar pulse envélupéat-top
pulse amplitudes (see definition in Appendix A) are recofdduk setting of the variable
attenuator is likewise noted by measurement personnel and is used to corregitbdem
displayed on the oscilloscope.

6 For hardline connections to directional couplers, the initial attenuator settingenteyived
from the radar's nominal peak power level and the specified insertion loss ofettigodial
coupler.

7 Most oscilloscopes can record data to either an internal disk, an external congpatetBEE-
488 (GPIB) bus, or a universal serial bus (USB) external memory unit. Usefit$ reay also
be achieved by photographing the oscilloscope screen with a film or digltédestie camera.



This measurement only determines the peak pulse power at the directional coaygbézr (©ss,
external attenuation values, and losses between the coupler and the antenna inpaitakast

into account to determine the radiated valueyoffRe radar system losses between the
directional coupler and the antenna usually must be taken from values noted on radaaveicrow
components (such as waveguide couplers, filters, etc.).

The peak power is calculated from a correction for: 1) the attenuation of thigodiaécoupler;

2) the value of the attenuation between the coupler output and the detector input; 3) the
conversion of displayed voltage on the oscilloscope display to the power that would have been
present at the detector input to generate that voltage; and 4) the attenudteowaieéguide
between the directional coupler and the transmit antenna. The first two factope taggn

directly from the attenuator settings, assuming that the attenuation wedtepreviously

calibrated accurately.

P =Foc tLpc + Ly —L +BCF 1)

where:
P, = transmitted peak power at antenna input, dBm;

P.. = measured power at the output of the directional coupler, dBm;
L,. = loss of the directional coupler, dB;

L, = loss of the measurement line, dB;

L, =loss between radar antenna and directional coupler, dB;

BCF = bandwidth correction factor, dB (if;B< Bn; see below).

The limiting measurement system bandwidth, &hould be chosen to exceed the value specified
in Table 1 for the radar being measured. Many detectors and oscilloscopes/mdgtieator
bandwidth values, B that exceed theBvalues of Table 1. But in the event that:Bs less

than B, it is still possible to estimate the total peak power through a directional coupler
measurement. To do so, the power is measured in the bandwidffhgn it is corrected by a
decibel factor of 20 log(BBgey):

The conditions for measurement bandwidth correction factor (BCF) for non-FM aset pha
coded pulses are:

BCF = 20|og(ij forB, <2 2
B t t

m

where:
Bm = limiting bandwidth of measurement system, MHz;
t = emitted pulse duration (50% voltage), or phase-chip width forfalge duration
(50% voltage), microseconds.



The conditions for measurement bandwidth correction factor (BCF) for FMep{ds&ped)

pulses are:
BC BC
BCF = 10Iog( 5 2Jfor B, < JT (3)

m

where:
B. = frequency sweep range during each pulse of sub-pulse, MHz;
Bm = limiting bandwidth of measurement system, MHz;
t = pulse duration during each pulse of sub-pulse, microseconds.

For improved accuracy and confidence, this conversion may be checked as followthednce
pulse amplitude has been measured, the detector input is disconnected from tbealirect
coupler and is connected to the output of a signal generator (Figure 1). Theysiggraltor
output is adjusted to the same frequency as the radar and a continuous wave (C\W¢) signal
injected into the detector. The level of the input signal is adjusted with signaatgereontrols
and/or an external variable attenuator until the detector produces the sarter detput level
as was observed for the pulses. This value may be compared to the value thégrveasfrom
the detector manufacturer’'s data sheets. They should be close to one anotlsem(ittérn

about a decibel).

2.3 Measurements for Advanced Radars
2.3.1 Advanced Radars with Directional Couplers

In this context, it is assumed that an advanced radar is one that intentionallytesothda
frequency or the phase of transmitted pulses, but that the radar transriitiglizts a
directional coupler through which all of the transmitted energy passes. laskistice same
measurement procedure may be used as described in Section 2.2. As befoigrthalétector
and oscilloscope bandwidthg8 must be verified to meet or exceed the valueppirBrable 1
for the radar being measured.

2.3.2 Advanced Radars Lacking Directional Couplers

Many advanced radars do not have directional couplers. These include radalistwiiuted
arrays of solid state transmitter modules. For these radars, hardlineecowgalsurements are
impossible, and transmitter peak power must be determined either from radsihelets or from
radiated measurements.

As noted in the introduction to this section, radiated measurements are often cexhplyckack
of definitive data on radar antenna gain directed at the location of the measurgsteant s
unless the measurement system can be positioned in the main beam of the radar.



The best option in this case is to position the measurement system so that ithsstiaened

by the radar's main beam. To ensure that the beams of the radar transmitteaancement
system receiver antennas are aligned, the following procedure is used/i$tiedly align the
receive antenna approximately with the radar transmitter antenna. Therraddngéransmitter
antenna can be manually directed, it should be moved in all its degrees of freed@m unti
maximum response occurs in the measurement system. Alternatively, ifnmittar antenna is
continuously scanned through space (as is commonly the case), then this initbstéped. A
more detailed description of procedures for positioning measurement systeaigyaing
antenna beams is provided in Appendices C and E.

The next step is to slowly move the measurement antenna in azimuth and elevagamahagl
maximized response is achieved. At this point, the beams are aligned. If thegpiolaof both
antennas is linear, then the polarization needs to be matched between the two anpecaifs, ty
by rotating the measurement antenna about its central axis until a maesp@hse in the
measurement system is achieved. If the radar emission is circulahzpd| then a circularly
polarized measurement antenna (with the same polarization sense) should be used. Pow
measured via a spectrum analyzer (or a detector-oscilloscope combinatiowasrsFigure 1).
The bandwidth conditions for the measurement system apply as described above.slinednea
power is corrected to transmitted peak power at the antenna input using the equation:

P,=F -G -G, +L, 4)
where

P, = transmitted peak power at the antenna input, dBm;

P, = measured power level (corrected for any internal gains and losses), dBm;
Gt = radar transmitter antenna gain, dBi;

G = measurement system (receiver) antenna gain, dBi;

Lp = propagation loss (free space) between the radar measurement systerasaiie.

Note that the rated main beam gain of the transmitter antenna is subtracteddmpeak
effective isotropic radiated power (EIRP) to arrive at the transmittde @atput power.

For radar transmitters with main beams that cannot be intercepted by theamesdgystem,
and which also lack directional couplers, no direct measurement solution exisesdrcases,
the radar’s specified transmitter peak power must be used, as extrantaddiar
documentatiof.

8 A radiated measurement of such a radar’s emission will at least providerdtmwel on
its transmitter peak power.
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3. WAVEFORM PARAMETER MEASUREMENTS
3.1 Introduction

This section provides guidance for determination of radar waveform parameigis us
computation of the RSEC emission masks. These include:

1) pulse and sub-pulse duration (t);

2) pulsegrise and fall times @nd {) (referred to subsequently in this document as pulse rise/fall
time)”;

3) number of sub-pulses in coded pulses (N);

4) bandwidth of frequency deviation,Bor FM-pulses (chirped), and {Bfor FM-CW radars;

5) compression ratio of FM-pulses (d).

The pulse parameters need to be measured on only one frequency channel of thegadlar for
type of waveform. For radars utilizing multiple waveforms (e.g., multiplespuidths or

chirps), the relevant parameters listed above should be measured for eachrawgfstill

only need to be measured on a single frequency channel for each.

For some radar designs, the pulse parameters (pulse width (t), pulse rigg,tpuésé fall time

(t) and frequency deviation bandwidth. (@ By), if appropriate) may be measured via a hardline
connection to a directional coupler. Other radar designs, such as distributed praaseatiars,

do not provide a directional coupler; for these radars, the pulse parametdraliste must be
measured via radiated energy.

3.2 Measurement of Pulse Modulation Parameters
3.2.1 Pulse Width, Rise Time, and Fall Time Definitions

For the RSEC, pulse width, t, is defined at the 6-dB points (50% voltage points) of radar puls
The rise time,t or fall time, 1, is measured between the 10%—-90% voltage (-20 to -0.9 dB)
points on a pulse’s leading or trailing edge, respectively, as shown in Figurecddedrpulses,
t-and t are the rise and fall times of the sub-pulses. If sub-pulses are not disgatreabtes
defined to be 40% of the time required to switch from one phase or chip to the next.

® When the fall timetof the radar pulse is less than the rise timé,should be used in place
of the rise time in applying the RSEC emission mask.
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Figure 2.Schematic diagram of RSEC pulse shape parameters. Note that the nomiogl flat
level may have to be estimated as a best-fit on the detected envelope.

3.2.2 Pulse Modulation Parameter Measurement Procedures
3.2.2.1Non-FM (CW) Pulses

The key component in this measurement is a wideband detector. The detector needs to be
wideband, with a fast response time characteristic. It should be operatpdvaer input level
within its linear-response region. The detector manufacturer’s data sheetststhoohsulted for
guidance regarding this parameter.

Directional L Radar
Radar Coupler L Antenna
Transmitter | L "
DC
Ly
-X dB (x = typically 30 - 60 dB)
Signal Prc
Generator
(capable of

reproducing radar Oscilloscope

pulse width and X
frequency) Variable 1
Attenuator :
I

1

(0to 70 dB)
Vector
e e -» Signal
Analyzer

Figure 3.Block diagram schematic for measuring waveform parameters usingctiahal
coupler.
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The setup to measure radar pulse width, rise time and fall time pararaetieosvn in Figure 3.

A vector signal analyzer can be substituted in place of the discrete derettwscilloscope for
measurements of pulse phase coding and frequency modulation (chirp) clshicectércoaxial
cable of appropriate impedance is connected to the input of a wideband (bandwidth exceeding
(1/t)) detector. (In the following discussiopjd used with the assumption that it is smaller than

t. But if t; is the smaller of the two quantities, then it should be used in place tfi¢ RSEC
emission mask computations.) A variable attenuator (0—70 dB, for example) isdratdte

. . : . . 0
detector input and is adjusted to ensure a linear-response input level to the éetector.

Measurement Antenna

Preferably high-gain fixed aperture,
>> e.g, parabolic dish

. Digital
Radar Station ~_ Oscilloscope
[\ o—|<]— (Pulse
e Wideband envelope
Bandpass LNA Detector measurement)
Filter
Vector Signal
Analyzer
(Chirp and
phase coding
measurement)

Figure 4. Block diagram schematic for measuring radiated waveform.

Figure 4 shows the setup for making measurements of the radar parameteradratbd r
waveform. The discrete detector and oscilloscope are used to measure radan\yelspe
characteristics. A vector signal analyzer can be substituted ingfl&oe discrete detector and
oscilloscope for measurements of pulse phase coding and frequency modulation (chirp)
characteristics.

The detector output is connected to an oscilloscope. The oscilloscope’s bandwidth should be
wide enough to ensure that pulse rise/fall time can be measured accurateyréinent

personnel should be aware that some oscilloscopes achieve their widest bandvodtieped

in repetitive sampling modes, but that radar pulses need to be measured in singleessot
Therefore the oscilloscope bandwidth needs to be known in single-shot mode. For many rada
pulses, it is desirable that the single-shot bandwidth be at least a few hundrédnzega
Impedances should be matched appropriately; most modern oscilloscopes haaklsahguit
impedance values. 50 ohms is typically correct. DC coupling should be used on the opeillosc

input. The oscilloscope is adjusted to display and réémdar pulse envelopes.

10 For hardline connections to directional couplers, the initial attenuator settingenteyived
from the radar’s peak power level and the specified insertion loss of theatiadcoupler.

11 Most modern oscilloscopes can record data to either an internal disk, an extealecwa
a data link, or a universal serial bus (USB) port connected to an external memory unit
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For the RSEC, radar pulses need to be measured at the 10%, 50%, and 90% voltage points
(Figure 2).

A potential impediment to measuring pulse width via radiation is the effect tipathlenergy,
which typically causes distorted pulse envelope shapes. This effect can imzpdridy the use

of a narrow-beam receive parabolic reflector antenna on the measurestent. $iymultipath
features (such as a stair-step appearance on the the trailing edge of tharpuietgd in the
pulse envelope even when a parabolic antenna is being used, then slight adjustments in the
vertical tilt angle of the antenna should be made, until the multipath featuresamézed or
eliminated.

Most modern oscilloscopes provide for this type of measurement automatically. For
oscilloscopes that do not have this functionality built in, these points may be deteeitines
with manual marker functions; or by performing computations on recorded pulse mavefo
envelopes; or by inserting attenuation (either with combinations of distieteators or
variable attenuator units) ahead of the detector to adjust the output to the ¢ peoiie

(-0.9 dB, -6 dB, and -20 dB). For the attenuator method, at each of these levels, tinte ararke
placed on the measured pulse envelope at a fixed amplitude level. The resultimjetivads
between the markers at these levels provide the pulse width (delta between theibtsiBthe
rise time (delta between the -0.9 dB and -20 dB points on the leading edge), andithe fall t
(delta between the -0.9 dB and -20 dB points on the trailing étltresection 3.3, Figure 5
shows such a pulse envelope measurement for a single-frequency weath&igadat shows
a similar measurement for a frequency-hopped radar.

3.2.2.2 Coded Pulses

For phase-coded radar pulses (referred to in the RSEC simply as ‘coded’puls® parameters
are required to compute the RSEC emission mask. These are:

1) ‘chip duration,’” defined as the interval between the 50% voltage points of one chip (intra-
pulse single phase sub-pulse). This value is used for the variable (t) in the RSEGhsgua

2) chip rise/fall time @,** measured between the 10%-90% points on the rising/falling edges of
the chips;

3) total number of chips (N) contained within each phase-coded pulse.

There are two fundamentally different approaches to these measuresnestepe-detected and
phase-response.

12To the extent that detector output is linear, variable attenuation levels might bledbliaee
marker functions at appropriate levels could be used to directly read the 10%, 50% and 90%
voltage points.

13 When the fall timef of the radar pulse is less than the rise timé,ghould be used in place

of the rise time in applying the RSEC emission mask.
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3.2.2.2.1 Envelope-detected Measurement of Coded Pulses

Measurements of chip duration and rise time/fall time may be performezhvd@mnsimilarly to

the procedures in Section 3.2.2.1. However, measurement of these parametersdateoimpl

with a wideband detector because although phase is shifted during each pulsedaé se
chips), only the power is observed at the output of a detector. This makes the edgehis
unobservable, in principle. In application envelope artifacts may occur at thetyamnessgons
between the chips due to the band limitations of the measurement system, aadithetemay

be visible for some types of phase coding. When the transitions are observable, the bhip widt
may be measured as the period between amplitude nulls in the transients. Gaiptiise/may

be taken to be the same as pulse rise/fall time, or else may be taken to be 40%nef the t
required to switch from one phase or sub-phase to the next. Also, the number of chips may be
estimated by counting the artifacts within the envelope (e.g., if 12cstibacur, then there are

13 chips in the pulse). Figure 7 shows a wideband detector measurement of a phaselaonded ra
pulse.

For radar systems employing continuous phase modulation (CPM) or other phasg-shifti
technologies that eliminate artifacts between chips, it is impossibleciorde¢ the number of
chips, their durations and their rise/fall times by measuring the detectsdgmyelope. If phase
chips are not discernable, therstdefined to be 40% of the time required to switch from one
phase or sub-phase to the next. Chip duration and number of chips must be determined from
radar system documentation.

3.2.2.2.2 Phase-response Measurement of Coded Pulses

For phase-coded pulses, the chip duration and rise/fall time may be measutsdatiled the
waveform is sampled without envelope detection. A vector signal analyzel) @a&B%e used
for this purpose. Current VSA technology does not always allow direct measurehRF
energy above about 6 GHz. If radar frequencies are too high for direct measusdtima VSA,
then a spectrum analyzer may be used to downconvert the RF pulse energy té&*a lowe
frequency that can be fed to a VSA, where chip duration and rise/fall time carabearete
directly.

3.2.2.3 FM Pulses

Measurements of pulse duration (t) and rise/fall tif)@{tFM-pulse radars may be performed

as described in Section 3.2.2.1. An additional pulse parameter must be measured, the bandwidth
of the frequency deviation (chirp), {BThis parameter can be measured with a modulation
analyzer if the analyzer can operate at the RF frequency of the ra@ana#iltely, this

parameter can be measured with a vector signal analyzer with an opersgtapads shown in

Figure 4 (or substituted for the discrete detector and oscilloscope shown & Bigund

described in 3.2.2.2.2. An example measurement afd&le with a VSA is shown in Figure 8.

14 The spectrum analyzer output is assumed to be accessible at a point prior wikienes
bandwidth and detection stages.
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The compression ratio of FM-pulse radars is calculated as follows:

d=B, .

3.2.2.4 Phase-coded CW

Measurements of symbol duration (t) and symbol rise/fall tijnenfty be performed as
described in Section 3.2.2.2.

3.2.25. FM-CW

Measurement of the bandwidth of the frequency deviatighi¢Bequired. This may be

performed as described fordBn Section 3.2.2.3 and as shown in the example data of Figure 8.
3.3 Example Measurement Data

Figures 5-8 have been taken from three different radars. Note that none of thgde exdan

pulses have completely well-defined maximum amplitudes; the amplitude of Hes il
estimated as described in Appendix A.

0.25 T T T T
Full amplitude ‘ : :
0.225 V M AAMAN N aAA
% ‘ WA YV =V Ve \r\,\
= 02T o 90%=0.2025V i 1
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2 : : :
8 0.10
>
£ rise time ‘ fagt‘i‘nge
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Time (microseconds)

Figure 5.Diagram of RSEC parameters for a weather radar pulse.
The radar measured in Figure 5 operates on a single frequency, has a fixeepatiserr rate

and no modulation of pulse phase or frequency. The measurement was made using the setup
shown in Figure 4.
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Figure 6.Diagram of RSEC parameters for a short-range search radar pulse.

The radar measured in Figure 6 hops to sixteen frequencies across 500 MHz of spettrum

with no modulation of pulse phase or frequency. The measurement was made using the setup
shown in Figure 4.
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Figure 7. Diagram of RSEC parameters for a phase-coded pulse with three chips

The measurement in Figure 7 is from a radar that performs frequency hoppingcrahi
beam scanning. The pulse was measured with a discrete-component detectoeddaribetIF
output of a spectrum analyzer that was in turn tuned to one of the radar frequencies. The
oscilloscope trigger was set to capture a single-shot trace wheneveciamslfthigh pulse
amplitude occurred. The pulse rise time, fall time, and width are directlyunabies, as are the
chip widths. The chip transition intervals (which are the sum of the chip and riselamles)
are also directly measurable. But the individual chip rise and fall timewtdrectly
measurable because they are obscured by the overall pulse envelope. The ahgfadl times
could each be estimated as 1/2 of the chip transition interval. Note that the olisgnfgtiiase
transitions will vary depending upon details of the phase modulation; phase trangilliowos
be observable in the envelopes of continuous phase modulated (CPM) pulses. For such radar
pulses, a VSA would be required to measure the phase modulation in time.
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Figure 8. Measurement of the frequency deviation in time of a frequency-modulated pulse.

Figure 8 shows a measurement performed with a vector signal ana$2er fonnected to a
directional coupler of the radar (as shown in Figure 3) in place of the more coneéniscrete
wideband detector and oscilloscope. This measurement could be performed as weltesh radia
pulses. The conventional setup with detector and oscilloscope would be used to measure pulse
amplitude and 10%, 50%, and 90% levels and corresponding pulse width, rise time, and fall time
would be measured as shown in either Figure 3 or Figure 4.
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4. PULSE REPETITION RATE

[At the time of this writing, the TSC is considering eliminating the PRR parameter for
determining the X dB limit for the RSEC msk

Pulse repetition rate (PRR) is used in computation of the RSEC ultimate supptesgsl for
some radars. In some cases, the specified radar pulse parameters akaw from radar
documentation, and direct measurement of the radar’s pulse repetition ratetralwyays be
necessary. But in the event that a direct measurement is required, thalnmatkis section
describes the methodology for this measurement.

4.1 Introduction

For purposes of RSEC computations, PRR is taken as the average number of pulsesiger se
emitted by a transmitter. If a hardline connection to a radar directional capiailable, then
the PRR measurement is nearly trivial. But if such a connection is not avgdihevehe
measurement of radiated energy is somewhat more difficult. This seesonhes both
approaches to the measurement of PRR.

4.2 Measurements for Conventional Radars

In this context, a conventional radar is taken to be a unit that has a directional coaifdébiea

The measurement setup is the same as that shown in any of Figures 1, 3, and 4. On an
oscilloscope the pulse sequence is measured over a period long enough to siea iaghst
sequence (e.g., for staggered pulse sequences, two or more complete staggezsshaald be
displayed on the oscilloscope display). If a radar transmits a hon-repeasegpglience, then a
sequence of pulses should be recorded on the oscilloscope display. For most radarsldhis w
be at least 20 pulses. With the pulses recorded on the oscilloscope display, the PRR is
determined by dividing the number of pulses on the display by the total amount of time on the
display.

4.3 Measurements for Advanced Radars

PRR may be most easily measured in the radar transmitter IF sectioevétpim many cases,
radar design features (such as inaccessibility of an IF section, laokiBfsection, and multiple
transmitter modules) or measurement logistics may make measurerttentadiated PRR
necessary. The technique for basic measurement of the PRR through radiatemh&imiss
follows:

1) Establish the measurement system at a location with clear linghofsithe radar

antenna, and as close as possible without suffering degradation to the measurement
system performance (e.g., feed-through) or loss of power from the ratbmabing
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2)
3)

4)

too far beneath the radar main beam. This is described in more detail in Appendices C
and E.

Use a high-gain antenna (e.g., a 1-meter diameter or larger pgrahdhe
measurement system to receive pulses from the radar.

Detect the radar pulses in the measurement system using the widest bandwidt
available.

Set the measurement system oscilloscope to a single-sweep mode, waitivelyrel

low trigger threshold. Wait until a series of pulses are recorded. Elevatgtes t
threshold and wait for another set of pulses to activate the trigger. Continue this
process until the threshold is so high that no more pulses are recorded. Reduce the
trigger threshold slightly, and wait for a sequence to be recorded. This is the puls
sequence which should be finally recorded, and from which the PRR should be
calculated.

If a radar produces a fixed-rate PRR at a single frequency, this procetivielis
Complications arise in radars with three types of complex PRRs:

The PRR is non-uniform. Examples are staggered pulse trains used byiair traff
control radars and some tactical radars.

The radar frequency-hops (and performs mechanical and/or electronictasaimg)
between pulses, but at a uniform PRR, resulting in only portions of the pulse train
being produced at a single measurement frequency. The pulse train is@ffecti
fragmented, with pulses apparently missing in the measured train.

The radar frequency-hops (and performs mechanical and/or electronictesaime)
between pulses, with a non-uniform (random or staggered) PRR.

In these cases, there are two problems for RSEC implementation:

1)

2)

How should the RSEC PRR parameter be interpreted for radars with comglex (i
non-periodic) pulse trains?

How can the total pulse train structure be reconstructed, so as to know the total
number of pulses emitted by the radar per unit time and thus fulfill the requisement
for RSEC PRR measurement?

In answer to the first question, the RSEC utilizes PRR for the purpose of ibatgrthe average
power radiated by the radar. Thus, the aggregate number of pulttesig averageper unit
time, into all space around the radar, and on all radar frequendgsequired for accurate
RSEC computation. Determination of this value is the purpose of SIBEECAPRR measurement.
(This is why, if the IF section of a radar transmitter vailable for hardline connection to a
measurement system, a measurement at this point would be desiliglléses produced by the
radar would be observable at this point, regardless of the comgidaginaviors described
above.) The second gquestion, how to reconstruct the average PRR fgonerftary received
pulse sequences, is answered in the next three sub-sections.
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4.3.1 Non-uniform PRR Radiated at a Single Radar Frequency

Variation of intervals between pulses is called staggering. Eventuaggesed sequence will
repeat. Staggering is handled by measuring the radar pulse train foceesti§fiong period of
time to capture at least one full stagger sequence. The average PRR dauléeddy dividing
the number of pulses in the stagger sequence by the length of time required to complete t
stagger sequence. For example, if the stagger sequence consists of esarpiited in a

period of 15 ms, then the average PRRO_'losll_: =733 pulses per second. To determine the

stagger period, it is necessary to record approximately 20 or more pulses andédbarerthe
intervals between the pulses to determine the point where the sequence of irepeails—+this
is the stagger period.

If the pulses are emitted in a random sequence that never repeats, then the PR must
determined by recording a statistically significant number of pulseshancalculating the
average interval between them. For most radars, a statisticallycaghiiumber of pulses

would be 20 or more (because that is how many pulses are usually needed to obtain a good
response to a target). Most stagger sequences will repeat in 10 pulses or less.

4.3.2 Uniform PRR Radiated by a Frequency-hopping (and Mechanicallyand/or
Electronically Beam-steering) Radar

In this case, the measurement system will observe several pulses in a rowghe faegjuency,

at uniform intervals, possibly followed by (relatively large) gaps in timendusihich no pulses
are observed, or during which pulses are observed at relatively low amplitudgspErere due
to radar transmissions at frequencies other than the one being monitored andlieaadar
steering to azimuths or elevation angles that are directed away frone#seirement system. An
example of such a measurement is shown in Figure 10.

With reference to Figure 10, when using a narrow bandwidth measurement systieras(s
spectrum analyzer), the PRIR a single frequenayan be determined by recording the pulse
train long enough to establish the PRR that occurs when the radar is tuned to #wcirdxping
monitored, and when the beam is being directed toward the measurement system. The pulse
sequence on a single frequency may be recorded and the PRR may be gaalcatated for

that frequency.

For determination of the total PRR of the radar, howevendeband detector must be usas
depicted in Figure 4. The detector output is directed to an oscilloscope, as shown in that figur
and the pulse sequence is captured as described in Section 4.2. An example of this type of
measurement output is shown in Figure 11.
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4.3.3 Non-uniform PRR Radiated by a Frequency-hopping (and Mechacally and/or
Electronically Beam—steering) Radar

In this case, the conditions are complicated by the fact that there is no fixedopplgse

interval that can be observed, even when the radar is tuned to the measurementexysésroyf

and the radar beam is directed toward the measurement system. For daterrofribe total

PRR of the radar, a wideband detector must be used, as depicted in Figure 4. Theoddpertto

is directed to an oscilloscope, as shown in that figure, and the pulse sequence is captured as
described in Section 4.2. An example of this type of measurement output is shown irlEigure
Although the PRR of the radar in that figure is fixed, a non-uniform PRR would mboslyzs
non-uniform spacing between the pulses. The average PRR would be computed from the
observed data by dividing the total number of pulses in one or more stagger sequences by the
total time interval within which those pulses were radiated.

4.4 Example Measurement Data
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Figure 9. Example of a fixed-PRR radar pulse sequence.

The PRR depicted in Figure 9 is from a radar operating on a single frequenpul3é®have

been detected with a discrete-component detector connected to the video outputtodia spec
analyzer that was in turn connected to an antenna to measure radiated pulseaeThe sa
measurement can be performed with the discrete wideband detector and opelketcp of

Figure 3, or with a discrete wideband detector and oscilloscope connected to anastenna
shown in Figure 4. If a radiated measurement is performed, a slight modulation osthe pul
amplitudes will be observed within the 3 dB points of the radar beam. (For most radars, 10 to 20
pulses will be observed within that portion of the radar main beam, more than adegaate for
assessment of the average PRR.)
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Figure 10. Pulse repetition measurement on a single channel of a frequency-hagginmgade
with a spectrum analyzer in a zero-Hertz span mode and positive peak detectiime Ehan
estimated threshold for on-frequency pulses.

The radar measured in Figure 10 hops through sixteen frequencies that aregpesad a

500 MHz of spectrum, for a spacing of (500/(16-1))=33.3 MHz between frequencies. This
measurement has been performed in a bandwidth of 3 MHz, which is an order of mags#&ude le
than the channel spacing. Despite the relative narrowness of the measuremerdtha
compared to the channel spacing, the out-of-band emission levels of off-tunecopudses
adjacent channel are high enough to make them visible on the spectrum analyzgr displa
interleaved between the on-tuned pulses (which are indicated with arrowsjefdtathe
apparent spacing between pulses as measured by the spectrum analykzef iits liale value

(the apparent spacing being 0.5 ms, whereas the true pulse-to-pulse spacing orchasingle

of this radar is nominally 1 ms). This artifact can be eliminated by carefodlerving that there
are two classes of pulse amplitude in this measurement. Half the pulses @ouoplitaides

above a fixed threshold line and half occur below that threshold, and they reguéarigtalt

This pattern can be interpreted by trained personnel as being a set of on-tgesdyithl a

higher amplitude alternating with off-tuned pulses of lower amplitude. (The sfeoe can

occur for radars with multiple beam elevation modes, one high and the other low.) When the
spacing is measured between the high-amplitude pulses that exceed tHalmestald level,

the true nominal spacing of 1 ms (actually a measured value of 0.97 ms) on the meatsure
channel is observed. This demonstrates that this technique can provide a valideagsafsthe
pulse-to-pulse spacing on a single channel of the radar, but substantial knowledgpashdhe
measurement personnel is required to correctly interpret this information.
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The same radar is measured with a wideband detector in Figure 11. The defrecfoescy
response range far exceeds the 500 MHz frequency hop range of the radaord ladirptilses
from all 16 radar channels are observed. The envelope of the pulse amplitudésaitehape
of the main lobe of the radar antenna, observed as the beam sweeps past the nmtasureme
location. (Note that there are about 18 pulses within the half-points of the beam eodngibi
standard radar theory for reliable detections of targets.) The measuRed P&®470 pulses per
second. Compare these data with those of Figure 10, in which pulses from a singlearieanne
observed at 1/16 of the nominal rate, along with lower-amplitude responses fronmtadjace
channels.
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Figure 11. The pulse repetition rate of the same frequency-hopping radarsistia in
Figure 10, but measured with a broadband detector configured as in Figure 4. In this
measurement mode the radar PRR may be accurately measured direb#ygodipth.
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5. EMISSION SPECTRA
5.1 Introduction

Limits on unwanted (out-of-band and spurious) radar emissions are critical tauspec
efficiency. Radar design factors affecting emission spectrum ¢bastics include pulse
shaping, the selection of radar output device, RF output filtering, and antenna fyequenc
selectivity (e.qg., slotted arrays). These design factors are discusten fn

Recommendation ITU-R M.1314. Controlling the levels of unwanted emissions is key to
ensuring compatibility with other systems. This section describes the methpdat measuring
compliance with RSEC emission spectrum limits.

Formulas for the computation of RSEC emission mask limits are provided img@RStIA
documents [1, Chapter 5]. These can be performed with handheld calculators, if neBegsary
in order to assist the technical community that must compute RSEC masldafst NTIA has
developed an analytical software tool that calculates the RSEC emissiamdisk, and

alternate emission limit masks. It includes the capability to impaoasared radar emission
characteristic data. The analytical tool is available at http://wwwdottagov/osmhome/.
Appendix H provides an overview of this analytical tool, including a user’s guide.

Radar emission spectra present the most difficult challenge in acquiridgtéhthat are needed
to verify RSEC compliance. Difficulties that must be overcome in acquiring eswiasion
spectra include:

1) the need to measure emission spectra over a wide dynamic range (90 dB jpr more)

2) the need to measure spectra over a wide measurement frequencgoarger(es several
gigahertz, plus harmonics);

3) the need for high sensitivity (usually 10 dB noise figure or less) in the regesirsystem;

4) the sometimes challenging task of assessing the proper bandwidth in whidbro piee
emission spectrum measurement;

5) proper postioning and operation of a measurement system near a radar, ofterfficudier di

circumstances.

A detailed discussion of the measurement system used by NTIA for measu@ngmission
spectrum characteristics is given in Appendix C. Calibration procedurdssmebed in
Appendix D. Positioning relative to radar stations for radiated measuremeietscribed in
Appendix E. The following is a discussion of the procedures used to measure radi@nemiss
spectra using the NTIA measurement system with some comments on iakemedsurement
procedures. Alternative measurement techniques that give equivalers nesylbe used.

5.2 Measurement Point (Hardline vs. Radiated)
Currently, the RSEC specifies that emission spectra should be measuredatdaetiva input”

[1, Chapter 5]. (At the time of this report’s release, consideration is being givba hechnical
Subcommittee (TSC) of the Interdepartment Radio Advisory CommitteeQ)JRAuse radiated
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emissions.) Hardline connection points are available in some radars. Thesenzaily

directional couplers, but they are not generally located at the antenna input. Hesewe

modern radars, such as those with distributed phased array antennas, do not haveldirectiona
couplers and cannot be measured at the antenna input.

Hardline-coupled emission spectrum measurements have some inherent tecawicatkis.

First, they do not include the effects of frequency selectivity by componeertsheds directional
coupler including RF filters and the radar antenna. Secondly, directional coepleericy
responses usually decrease significantly outside operational bands, wHgE€asdtnpliance
measurements (including harmonics) typically need to go well beyond those band edgdbs. Thi
waveguide modes between the directional coupler and the measurement systenvinpeeha
observed during measurements to resutiginer measured levels of unwanted emissions than
those observed in radiated spectra.

Radiated emissions determine technical compatibility with other systeimsherefore desirable
that RSEC compliance measurements reflect as nearly as possiblegsiemsrthat exist in
space. Due to the drawbacks of using hardline coupling described above, and consiglering t
desirability of measuring as nearly as possible the radiation in spacecbismended that
RSEC compliance spectrum measurements be performed on radiated emissiosib|é. pos

Radiated emission spectrum measurements do present complications due to thegfollowi
factors: rotating radar antennas; radar beam scanning; and radar freljoigpicyg. Therefore, a
stepped-frequency measurement procedure, as described in Appendix C, ised&3ihesl
measurement procedures may be used as alternatives to the proceduitesddesAppendix C.
But alternative procedures must demonstrably always obtain the maximum pealepotted
by the radar at each measured frequency; this is a difficult requiremetistp. sa

5.3 Measurement Bandwidth for RSEC Measurements

The appropriate measurement bandwidth is a function of the time waveform chstrestef

the radar. There are three main types of radar pulsed emissions: non-FM pulsedpgleds
pulsed; and FM-pulsed. Three other radar modulations include: CW; FM/CW; and phade-code
CW. The appropriate measurement bandwidths for each waveform type are giverei. Titis
criteria of Table 2 should be used for selection of RSEC-compliance spectasursraent
bandwidth.

In addition to performing the above calculations, it is advantageous to confirm the aperopria
value of measurement bandwidthy, Bor any given radar system with an empirical observation.
This observation, called a bandwidth progression measurement, is performed as fitlew
measurement system receiver is tuned to the fundamental frequency (egtienéy of a

single channel if the radar frequency-hops), or within the frequency chirp rahgeddar

chirps. The frequency-span range of the measurement system is set trizerbhe sweep

time is set to a value somewhat greater than the radar beam-scanniregjaeddy-hopping
interval, so that a maximum-amplitude peak power value is measured for eachemeasu
system sweep. The measurement system IF bandwidth is set to the widasteavalue, and
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the received peak power level from the radar in this bandwidth is noted. The measurement
bandwidth is then progressively narrowed, and the peak received power level isdesoade
function of the increasingly narrow bandwidths. The end result is a graph or tablaghowi
measured power as a function of measurement system IF bandwidth. The vajueilbbB
thewidestavailable bandwidth that gives a peak power reading theggghan or equal tthe
full-peak power reading.

For example, if the maximum peak power reading occurs at 300 kHz and wider measurement
bandwidths, and a measurement bandwidth of 100 kHz is the next-smaller availabl&lthandw
that gives a peak power reading that is less than the maximum peak power rbadiiyg, t

should be 100 kHz or less. An example is shown in Figure 12.

Table 2. Determination of RSEC Measurement Bandwidf) (B

Radar Modulation Type RSEC Measurement Bandwidth (B)):

Non-FM pulsed and phase- | B, < (1/t), where t = emitted pulse duration (50% voltage) or phag
coded pulsed chip (sub-pulse) duration (50% voltage).

19
]

Example for non-FM pulsed: If emitted pulse duration is 1 us, then
Bn<1MHz.

Example for phase-coded pulsedf radar transmits 26-js duration
pulses, each pulse consisting of 13 phase-coded chips that are e@ch
2us in duration, then B< 500 kHz.

FM-pulsed (chirped) B< (BJ/1)"”, where B = frequency sweep range during each pulse
and t = emitted pulse duration (50% voltage).

Example: If radar sweeps (chirps) across frequency range of
1.3 MHz during each pulse, and if the pulse duration jgsH3hen B,
<154 kHz.

Cw Bn = 1 kHz; See sub-paragraph 4.2 of [1, Chapter 5] for RSEC Criteria
B, C and D.

Example: B, = 1 kHz.

FM/CW B = 1 kHz; See sub-paragraph 4.2 of [1, Chapter 5] for RSEC
Criteria B, C and D.

Example: B, = 1 kHz

Phase-coded CW «B< (1/t), where t = emitted phase-chip duration (50% voltage).
Example for phase-coded pulsedf chip duration is 2us, thenB<
500 kHz.

Multi-mode radars Calculations should be made for each waveform typscabed

above, and the minimum resulting value gf éhould be used for the
emission spectrum measurement.

Example: A multi-mode radar produces a mixture of pulse
modulations as used in the above examples for non-FM pulsed a;“\d

FM-pulsed. These values are 1 MHz and 154 kHz, respectively. Then
B < 154 kHz.
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Figure 12. Example of a bandwidth progression measurement for assessmentayehe pr
bandwidth in which to measure a radar spectrum for RSEC compliance. Because 10th&Hz is
widestbandwidth that giveessthan a full-power response, it is the ideal bandwidth to use for
this radar.

Figure 12 data, collected on the radiated emissions of an operational dirrsglarg provide an
example of how to perform a bandwidth progression measurement on a radar emission. The
measurement system was fix-tuned in a zero hertz span to the radar fundaeguneaicly with
positive peak detection selected. The spectrum analyzer sweep time wesligatly more than
eight rotation periods of the radar transmitter antenna, and the spectrum amalygep mode

was set to ‘single.” The initial spectrum analyzer IF bandwidth was set vadbst available

value (3 MHz for this particular analyzer model). After the sweep was coneahethe operator
waited until the full radar power (in the main antenna beam) had been observed, and then the
operator switched the bandwidth to the next smaller value in a logarithmic progréisdiHz)

and waited until the radar main beam power was measured in that bandwidth. Tiken the |
bandwidth was reduced in the next step of a log progression (to 300 kHz), and the process was
continued until the radar measured power was observed to clearly roll off aestiffioarrow
bandwidths. (The pedestal-like featuress in the trace are sector blankivgragar transmitter.)

Figure 12 shows that full radar power was received in 300 kHz but that a slightaoedegan

at 100 kHz. Therefore, based upon the criteria described above, the proper bandwidth for
measurement of this radar emission spectrum would be 100 kHz or less. A bandwidth of

300 kHz might even be marginally acceptable, but if the radar spectruntonsreneasured in

1 MHz or wider bandwidths, there would be a risk that the spectrum apglegrto not meet

RSEC mask criteria. Unwanted (out-of-band and spurious) emission levels woudd iapiheir
proper relationship to measured power at the radar fundamental in spectrum meaisurem
bandwidths of 100 kHz or less. But measurement of the extended spectrum in bandwidths less
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than 100 kHz would probably be impractical due to the length of time that would be required to
make the measurement in such narrow bandwidths.

If multi-mode radars emit specific time waveforms on specific freqeer(ei.g., if non-FM
pulses are emitted at frequengywhd chirped-pulsed emissions occur at freques)ceid if the
calculated measurement bandwidths are different for these two waveformsielspedtrum
should be measured looth bandwidths. An example is shown in Figure 13. One fundamental
frequency (or channel) (left) is unchirped and another channel (right) isathirpe appropriate
measurement bandwidths are 100 kHz for the lower-frequency channel (left) and 30 #téz
higher-frequency channel (right). The radar spectrum therefore needstmabared in both
bandwidths, as shown in Figure 13.
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Figure 13. Emission spectrum measurement performed on a multi-mode chirped radar.

5.4 Variation in Measured Spectra as a Function of Measurement Bandwidth

Radar emission levels are bandwidth-limited at their fundamental frequeRhicggss, when
measurement bandwidths equal or exceed theaBies given in Table 2, the measured peak
power will be constant no matter how much the measurement bandwidth is increased.

Conversely, in the radar unwanted (out-of-band and spurious) emission spectrum domain,
measured levels of unwanted emissions will increase for measurement baadhadare wider

than the B, values given in Table 2. Consider for example the non-FM pulsed radar emission of
Table 2, with a critical measurement bandwidth, & 1 MHz. The peak power measured at its
fundamental frequency will be constant (or nearly so) for measurement barslgneater than

Bm (1 MHZz). However, the measured levels of unwanted emissions will vary asdeseori
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Appendix G. Thus measurements performed in bandwidths inappropriate to Table 2 may result
in apparent non-compliance with the RSEC, when the radar under test would have in fatt been i
compliance had it been measured in accordance with the Table 2 valyeEohiBsion levels

can be made to appear arbitrarily high relative to the power at the radar &mdhimn

measurement bandwidths exceed the Table 2 values. This problem is discussenhfurther
Appendix G, and is diagrammed graphically in Figure G-7.

5.5 Determination of Frequency-Stepping Time Interval (Dwell Time)

As noted in Appendix C, the most practical approach to measurement of radanespsesitra
is to implement frequency-stepping rather than frequency-sweeping twagsectrum. This
section describes the procedures for determining the time interval needéstarte peak
power at each measured frequency (called dwell time) for radar emipsiresthat are
measured with the stepped-frequency approach.

As described in Appendix C, implementation of the dwell-time stepped-frequersyrament
approach requires computer control of a spectrum analyzer. Alternaticaapes that do not
require computer control (such as sweeping across the spectrum in a maxirdurademode)
may be used, but with the caveat that they suffer from significant limitdtotise purpose of
determining compliance of the spectrum with RSEC mask limits. Approachefothat utilize
computer controlled frequency stepping of the measurement system tend to befiooltetali
implement because they are probabilistic instead of deterministic in .nature

The necessary dwell time is a function of the radar antenna beam-scanning agncireégaing
(fixed-tuned vs. hopping) characteristics. Section 5.5.1 describes the procedeterimirdng
dwell time for fixed-tuned radars utilizing conventional beam-scanning technigeetson 5.5.2
describes the determination of the dwell time for complex beam-scanning feshveartical and
azimuthal beam scanning) and frequency-hopping radars.

If the radar beam scanning can be stopped for the duration of the emission measuhem the
measurement step dwell time can be reduced to about 1 or 2 seconds, and the overall amount of
time required to complete the measurement will be significantly reduced.

5.5.1 Conventional Beam-scanning, Fixed-tuned Radars

In this context, a conventional radar is one that scans a beam only in one dimension (usually
azimuth); that repeats the scanning in a predictable, periodic manner; and that does not
frequency-hop. Examples include air search radars with broad vertical beamgpattd
mechanical azimuth scanning; sector-scanned radars (typically cafti@nd phased-array
radars that scan a beam only in azimuth.

The procedure for determining dwell time is as follows: First, a measurémeation is

identified (see Appendices C and E). Then the measurement system is tuned ta the rada
fundamental frequency and maximum attenuation is invoked in the RF front-end. Theetieasur
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level is verified to be less than the saturation level of the measurement.siEnuation
(10 dB is suggested) may be inserted and removed from the measurement path tarcheck f
measurement system linearity.

The dwell time for each measured frequency needs to be slightly longer thadahbeam
scanning interval. If the radar rotation interval is already known with cert@rg., 6 rpm =

10 seconds per rotation), then the dwell time may be set immediately, thtly $tigger interval
(e.g., 11 seconds dwell time for a 10-second antenna rotation time.)

Alternatively, if the radar antenna rotation rate is not precisely krzopniori, the following
procedure may be used to measure it. The measurement system is tuned to the radantainda
frequency. The frequency span of the measurement system (usuallyrars@etlyzer) is set to
zero hertz, so that the radar beam scanning characteristic is now obseheetine tdomain on
the system display. The sweep time of the measurement system is isdtalbya few seconds,
so that the radar beam is seen at least once on the measurement sysagnirtiisplthe sweep
time is gradually lengthened and additional sweeps are taken, until the eaddream appears
at least twice on the display. When such a display is achieved, a marker functeohts us
determine the time interval between the main beam features; this isatwerr¢or sector-scan, if
appropriate) interval for the radar. The dwell time of the spectrum measunegeeistto be set
at a value slightly longer than this, as mentioned in the paragraph above.

5.5.2 Complex Beam-scanning and Frequency-hopping Radars

Some classes of radar scan space in elevation as well as azimuth, and mayhst@sdot
degrees of freedom with some amount of randomness; this is complex beam-scaiméng. S
radars change their tuned frequency on a pulse-to-pulse basis or at fixed or irstedaats (i.e.,
they frequency-hop). And some radars combine complex beam scanning with
frequency-hopping. The procedures for measuring the spectra of complex beamesead
frequency-hopping radars are nearly identical to those described above. The figagradi is
that the dwell time will need to be lengthened to ensure that a maximum peakdegerement
will occur at each measurement step in the spectrum.

Complex beam scanning and frequency-hopping by a radar transmitter haffediidnat
maximum-amplitude pulses may not necessarily be directed toward the emeasusystem on
its tuned frequency at predictable intervals, as is the case for converdidenal. Nevertheless,
the antenna beam and the transmitted frequency will revisit the measurgstemt location and
tuned frequency with a high probability withsemeinterval; the problem is to determine that
interval.

To do this, the measurement system is tuned to a radar fundamental frequency spéctiuen
analyzer set to a zero hertz span. The RF front-end attenuation is set to a mealoeurnihe
spectrum analyzer sweep time is set to a long interval, on the order of one misingeA
sweep is taken. The highest peak is identified, and then a delta marker is usédHhe fiext-
highest peak. The delta marker is used again, to find the next-highest pettkaaftBne process
is continued until all peaks with amplitudes within 2 dB of the highest peak have been
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catalogued. A pattern normally emerges. This pattern in time intervaledretive highest peaks
indicates the most probable interval that will elapse between radar mairsbaas across the
measurement location on the tuned measurement frequency. Unlike the situation for
conventional radars described in the previous section, the dwell time for complexmaya
requiretwo or more antenna rotation periods (e.g., the radar may have a nominal 10-second
antenna rotation period, but the dwell time required to measure a consistent peakayahee

20 or 30 seconds). In other words, the necessary time interval may be a randomwéhable
wide variance; in such cases, the dwell time needs to be long enough to assuvelithgteak

is always measured, and this could turn out to be two or more antenna rotation periods.

The selected dwell time may be verified as correct by obtaining data intdraal a total of ten
or twenty times, and noting the peak values returned from each of those individgallfiadl
these peak values are within 2 dB of each other, then the selected dwell time iscafteqbea
RSEC measurement.

As a matter of efficiency, it has been observed that this dwell time, witkssery for

measurement of the radar spectrum at fundamental frequencies and witleithatehy adjacent
out-of-band spectrum, is longer than what is required for measurement of the spuribusnspec

The dwell time required in the spurious domain for complex-beam-scanning and
frequency-hopping radarslsssthan that required at the fundamental frequencies. This is partly
because the antenna does not generate a well-formed beam in the out-of-band and spurious
domains and also because hopping of the fundamental frequency does not affect out-of-band and
spurious emissions to much extent.

To determine how much shorter the dwell time can be in the out-of-band and spurious domains,
measurement personnel should observe the radar’'s beam pattern carefullypeoyssste

basis, as the measurement progresses across these domains. Eventuaily olbesrve that the
radar peak amplitude is always repedteide during each step. When this happens, the dwell

time may be reduced by a factor of two. As the measurement progresisestiuough the

spectrum, the phenomenon may occur again. If it does, the dwell time may agalndsel fey

half. This process may be continued as necessary while the measuremens@spgreswill

greatly reduce the overall measurement time without causing anyddggrein the results.

5.6 Emission Spectrum Measurements and Data Recording
5.6.1 Overview of Spectrum Measurement Procedure

The radar emission spectrum measurement is performed using the calibi@ateotupe of
Appendix D and frequency-stepping algorithm described in Appendix C with measurement
bandwidth selected in accord and with Table 2 and dwell time selected as desicabedThe
frequency interval from step to step is typically about equal to the measureamelwidth (e.qg.,
if the measurement bandwidth,,Bs 1 MHz, then the frequency interval between successive
steps is nominally 1 MHz. (See Appendix C for further discussion of frequency-stem@int
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It is recommended that the measurement be performed in spectrum segments 20@&bout
frequency steps (each step corresponding to a single data point in the spectresyrdedr

data file. This has been found to strike a reasonable balance between acquisitigniti€ans
amount of data per file versus not risking the loss of a large amount of unrecorded data as a
result of possible measurement system failures.

The first segment of spectrum can conveniently bracket the radar fundamesuehity. The
next segment begins at the last frequency of the first segment. Thissmqfisegments
continues until the radar spectrum is lost in measurement system noise ghtfreduency end.
Depending upon the radar, such a measurement may extend to as much as a few gigateert
the radar fundamental frequency. Then, the spectrum measurements resume on tieedbw si
the fundamental frequency. They continue until the radar emissions are agairtHes
measurement system noise, this time at the low-frequency end. At this pointBGesR&ctrum
measurement can proceed to harmonics and possibly sub-harmonics.

It may also be desirable to measure the emission spectrum in additional bandBudtha set
of spectra may be found to be useful at a later date, for they will show the progression of
measured levels as a function gf &cross the spectrum (see Appendix G).

5.7 Potential Measurement Problems and Solutions

There are at least four major potential problems that may occur in the cbarspectrum
measurement. These are:

1) failure to change attenuation appropriately during measurements;

2) unanticipated changes in radar operating mode during measurements;

3) RF energy feed-through (also known as case penetration) into measuremeny;circuit
4) overload of the RF front-end amplifier.

5.7.1 Possible Attenuation Mistakes During Measurement

It is often difficult to change attenuation appropriately for every data pditeméation errors
will often appear as vertical cliffs in the spectrum, as shown in Figure 14. ktadastoo much
RF attenuation was removed prematurely, at the point indicated by the artbes, as
measurement progressed. Without sufficient attenuation the measuremamntfsgsat end was
saturated at a level that was lower than the actual signal level, witstilethat the spectrum
level indicated in the (inaccurately corrected) measurement data is t@b tbg/indicated
frequency. The measured power levels became accurate again when theeetdamspower
dropped below the measurement system saturation level, one division to the rightrawhena
the spectrum. This situation illustrates the desirability of having eesesamement feature in the
measurement software. Such a feature can be applied to any portions of a Edandpat are
suspected of having been measured with incorrect attenuation.
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Figure 14. An example of a spectrum measurement error caused by an inderagteinRation
setting.

5.7.2 Changes in Radar Operating Mode During a Measurement

Radar transmitters sometimes change modes or cease to function whileemeass are
proceeding. Such changes may not be apparent to measurement personneleTharefor
auxiliary measurement system may be useful during measurements tdhadrifye radar mode
is constant. The auxiliary system consists of an omni-directional antenna teahtoea second
spectrum analyzer. The analyzer is fixed-tuned to the radar fundamentahtrnedliee radar
beam scanning, frequency-hopping (if any), and peak measured power aginatdseare
monitored throughout the measurement. Radar mode changes will be indicated leg aamy
of the observed parameters on the monitor.

5.7.3 Feed-through and RF Front-end Overload

These are system-linearity problems, and will result in incorrect pmwasurements. Because
they are somewhat difficult to detetttis critical that measurement personnel verify
repeatedly during the spectrum measurement that the measuremesystem is behaving
linearly. Brief descriptions of these problems, diagnostics for their identificatmhs@utions
for them are described in this section.

Feed-through (case penetration) of radar energy directly into meastigrsgm circuitry can

occur due to the high-energy radar signal coupling directly into measureratamh syrcuitry.
Resulting measured levels are obviously incorrect in that circumstance.
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Front-end overload occurs when the measurement system RF front-end ams#dierated by
the radar fundamental frequency energy. This results in gain-compressionmoptiea In

this circumstance the amplifier output is no longer calibrated. Front-end al&rfoeally
occurs when spectrum levels decrease (roll off) rapidly around the fundanfentaéasure
those lower levels, RF front-end attenuation must be reduced from the value usesluie rata
the fundamental frequency. But in some cases the attenuation must be reduned gwnthe
radar fundamental frequency energy overloads the first amplifier. AlthimégRF front-end
tunable bandpass filtering described in Appendix C is specifically intendedigate this
problem, radars with extremely fast spectrum roll-off may neverthtdadsto produce this
problem.

Measurement personnel need to perform diagnostics to verify that neithénreegh nor
front-end overload are occurring, and to mitigate them if they do occur. Both problems are
diagnosed by changing the measurement system RF front-end attenuation bip M@y
system linearity. If the measurement system is linear, a 10 dB chaatienuation should result
in exactly 10 dB of change in the measured power fevel.

5.7.3.1 Mitigation of Feed-through and RF Front-end Overload

If feed-through occurs, additional shielding of the measurement system megdssary. Such
shielding may be accomplished by positioning the measurement vehicle behitdirey i
dense foliage, while the measurement antenna is mounted high enough (as onaseasiyer
the obstacle(s) toward the radar antenna.

If front-end overload occurs even though a high-quality, tunable bandpass filter isbeihg
ahead of the RF front-end amplifier (as described in Appendix C), then the probjeloe ma
mitigated by adding a notch filter ahead of the amplifier, with the notch being tolee radar
fundamental frequency. (The measurement system will need to be re-cdlibithtéhe notch in
place.) The notch is intended to provide the necessary additional frequency-dependent
attenuation to prevent overload of the amplifier when RF front-end attenuation hasdoidedr
to measure low-level emissions near the fundamental frequency.

Alternatively, it may be possible to solve the problem by slightly off-turiedgRF front-end
bandpass filter, so that it is not centered at the measurement frequencywetjtettiis
attenuates the fundamental by a larger amount than would otherwise be obtainécquémey
separation between the radar fundamental and the measured frequency.

15 Or, if automated calibration and attenuation corrections are being made, tipemwtre
levels obtained with 10 dB attenuation should haveséimevalues as when measured with the
original attenuation setting.
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5.8 Example Emission Spectrum Data

Example emission spectra are shown in Figures 15, 16, and 17. The data in Figure 15
demonstrate the need for wide dynamic range in the measurement systeioées ana/
high-performance RF bandpass filtering in the front end. The measurement sy&erfioor is

at —90 dBm and the peak measured power level is at almost +30 dBm, for a total dpnaeic

of nearly 120 dB. But while the measurement spans a frequency range of 1500 déHaf the
dynamic range is required in a frequency span of just 150 MHz near the fundanegpizhcy.
Without adequate front end preselection, the high power at the fundamental will oviedoad t
measurement system at all other frequencies. Great care must betakeid tattenuation errors
such as those shown in Figure 14. A measurement system such as that described i® Bppendi
is required to accomplish this sort of measurement.
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Figure 15. Example spectrum of an air search radar.

Figure 16 illustrates the effect of variations in the measurement bdthdWhe correct
bandwidths for measurement of this radar are 1 MHz or less, because 1 MHzigette
bandwidth that givekessthan the full-power response of 3 MHz. Bandwidths wider than 1 MHz
should not be used because they will result in measured levels of unwanted entissiarestbo
high compared to the power at the fundamental frequency. This is demonstrated by the dat
taken in 3 MHz in Figure 17. In that figure, the curves measured in 3 MHz and 1 MHz both
attain the same measured maximum power, but the levels of unwanted emissismectha

3 MHz are relatively much higher than for the 1 MHz measurement. This is aatiodithat a
bandwidth of 3 MHz is too wide for this radar for purposes of assessing RSEC compidact
borne out by the result shown in Figure 17. The measurement bandwidths of 1 MHz and
300 kHz, conversely, show approximately the same relative levels for unwantstas)isshen
their measured peak power levels at the radar fundamental frequency aaézeoin$o from
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the standpoint of assessing RSEC compliance, the 300 kHz data are as good as tltathMHz
The only drawback to using 300 kHz or narrower bandwidths is that more data points are
required to fill in such curves.
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Figure 16. Example bandwidth progression measurement of the fundamental fdathgarang
the measured emission spectra of Figure 17. The ideal measurement bandwidtteis 1 MH
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Figure 17. Three spectra for a single radar for which the bandwidth priogresshown in

Figure 16. A bandwidth of 3 MHz obtains the same maximum fundamental frequency power a
in 1 MHz, but the unwanted emission levels are higher than in 1 MHz. This shows that 3 MHz is
an incorrect bandwidth for RSEC compliance measurements, but bandwidths of 1 MHz or less
will give correct results.
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6. ANTENNA PATTERNS

The RSEC requires suppression of radar antenna gain outside the main lobe sdaliautsr
into the RSEC Criteria Groups C and D.

6.1 Introduction

Antenna gain suppression specifications apply to the portion of the antenna pattdoeshadt

include the main lobe. They are divided into two categories. For antennas th&aireagh 860
degrees of azimuth, the suppression is specified in terms of the median antennaegeiinets

relative to the peak of the antenna pattern. The median value of the pattern is liwt saiak

that is greater than or equal to 50% of the measured points. For such radars, dheamedna

gain in the principal horizontal plane should be —10 dB or less. For other antennas, supgression i
defined relative to the peak gain of the radar main beam.

Antenna patterns of operational radar transmitters can not generally heedaashe radar
main beam, because the main beam energy is usually directed into space ondirecti
inaccessible to terrestrial measurement systems. (An examplebsaimeof a typical air search
radar, the lower edge of which is ordinarily tilted about a degree above therhpBut the
RSEC is concerned mainly with emissions directed toward terrestsattlvaceivers. Hence
terrestrial-based measurements are adequate for purposes of dateRSEC compliance. This
section describes procedures for this measurement.

Radar antenna patterns should be measured from a location that maximizgsathit® sioise
ratio at the measurement system. Guidelines for determining suchiad@ratdescribed in
Appendices C and E.

6.2 Measurements of Conventional Antenna Patterns

The measurement system is fixed-tuned to a radar fundamental frequencyoiharzzespan.

The sweep time is set slightly longer than the radar’'s beam scanninglimesuagle complete
rotation (or scan) of the radar is recorded. (A stopwatch is useful as an aitifmage when to
trigger the sweep.) The same bandwidth should be used as for the RSEC spectrunmmaetisure
(Table 2), as this provides maximum dynamic range (signal-to-naisg faa the antenna

pattern measurement. Positive peak detection should be used. Figure 18 shows an example
pattern.

If the measurement system has 60 dB or more of instantaneous dynamic range, rémsritiheg
antenna pattern should be adequate for purposes of RSEC compliance verificatiotheBut if
dynamic range is inadequate, then the antenna pattern may have to be measeirétidviirst
time, full attenuation is used. The second time, 20 dB less attenuation is used. Thallradar
saturate on one or more beam peaks. But the lower-amplitude portions of the pdtemerge
from the measurement system noise floor. These two measurements maydxgregoically
or digitally to reveal the complete antenna pattern with the requisitardgmange.
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6.3 Antenna Pattern Measurements for Advanced Radars

The problem for advanced radars is that the electronic scanning and frequencylobtipén

beams causes antenna patterns to be measured as discontinuous points rather than smooth
envelopes. To produce a smooth or nearly smooth envelope, the measurement system should be
set to measure the radar as described in Appendix E, but the measurement shouédduktespe

or twenty times. Subsequently, the resulting raw data should be normalized antradded

together digitally, to make the final resulting pattern a reasonably smootloeavel

6.4 An Advanced Antenna Pattern Measurement for All Radars

A problem with all antenna pattern measurements on radars is that multipatatiggne
obstacles in the vicinity of the radar will cause nulls and peaks in any gitempat
measurement. Variations such as multipath due to vehicles, buildings and other tadiveef
objects will also occur. To mostly eliminate these features, perfornoltbeiing procedures:

1. Measure the radar antenna pattern several times at one location, arbo@ase the
results to eliminate temporal multipath effects at that location;

2. Then, move the measurement system to another location and repeat the procedure to
eliminate temporal variation at the second location;

3. Find the median of the patterns from these first two separate locations;

4. If desired or necessary, repeat this procedure at a third measurentemt lsgation, and
find the median of the three patterns.

An example result is shown in Figure 19. This pattern should approach the result that would be
obtained if the radar antenna pattern had been measured in an anechoic chamber.

6.5 Antenna Pattern Statistics
Antenna pattern statistical analysis may be performed on the final psittdwat(result from the
procedures described above. The analysis will be statistical in nature anditually

necessitate the use of computer-implemented algorithms. Median staisticas those
required by the RSEC, may be easily computed in this manner.
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Figure 19 Three antenna patterns. Multipath clutter (a), and median of patterns (b).
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7. FREQUENCY TOLERANCE AND TUNABILITY
7.1 Introduction

The RSEC [1, Chapter 5] specifies a maximum allowable amount of unintentional ahémge
operating frequencies of radar transmitters in Groups B, C, and D. This &s“Gatpiency
tolerance.” The actual amount of unintentional change in radar transmittezriogge defined
as “frequency drift.” RSEC compliance requires that the measured frequihes/rbt to
exceed the frequency tolerance for the radar [1, Chapter 5].

Frequency drift, as defined here, is an unintentional change in the averagearsstaitter
frequency, relative to the desired frequency, over a period of time that is longreahtp the
pulse repetition interval. It does not include the effects of transmitter tdpeeincy pulling,
intentional frequency modulation, or frequency hopping. For purposes of determiniy RSE
compliance, it is measured in parts per million (ppm) of the desired operatingiicgqter
example, a tolerance of 800 ppm for a radar operating at 2800 MHz would be:

80010°° [280010° = 224MHz.

7.2 Setup for Measurement of Drift in Operating Frequency

This measurement is performed with a spectrum analyzer that is coupled wetheitfzer

through a hardline connection (i.e., through the radar’s directional coupler, if ondablayair

else via a radiated signal. Whichever configuration is used for this measurémesridix B
describes the procedure for setting external RF attenuation prior to thaf @ measurement.

If measurements are to be performed in a radiated mode, then Appendix E should bedconsulte
for guidance on the positioning of the measurement system relative to the radar.

With attenuation both outside and inside the spectrum analyzer adjusted asdspecifie
Appendix B, the remaining spectrum analyzer settings are configured assfollow

Table 3. Spectrum Analyzer Parameter Settings for Measuremergopfeficy Drift.

Spectrum analyzer | Value for parameter setting

parameter

Center frequency Set to any one of the radar’'s nominal operating frequencies.

Frequency span For non-chirped radars, set three to five times wider than the value
of B, specified for the radar in Table 2. For chirped radars, the
frequency span is set three to five times wider than the chirp width
of the radar.

Detection mode Positive peak.

IF (resolution) For non-chirped radars, set between 1/10 to 1/3 of the valug of B

bandwidth specified for the radar in Table 2.

Video bandwidth Equal to or greater than the value of the analyzer’s IF (resolution)
bandwidth.

Data trace mode Refresh (clear-write) continuously.
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For example, suppose a simple pulsed radar has a fundamental frequency of 9500 MHz and a
pulse width of 50 ns. The nominal necessary bandwidth of the radar is (1/50 ns) = 20 MHz. Then
the spectrum analyzer center frequency would therefore be tuned to 9500 MHzfredpheacy

span of 60—-100 MHz. The IF (resolution) bandwidth would be set anywhere from 2—7 MHz.

7.3 Measurement of Frequency Drift

With the spectrum analyzer configured as described in Table 3, and with the asalgeping
repetitively across the spectrum range of interest, the radar achigitjdsbe observed on the
analyzer display on the channel that has been selected for the measurement. fithe spect
analyzer center frequency, reference level, or attenuation level mayorieeddjusted slightly
to center the display on the radar activity on the selected frequency.

With these adjustments accomplished, the spectrum analyzer data trade pwddeto a
maximum-hold configuration. Within a few seconds, the peak emission envelope of the radar
emission on the frequency of interest will fill in a smooth curve. This curveasdet, either
electronically or via a photographic image of the instrument display.

With that operation completed, the trace should be frozen so that no further updates can occur
Without changing any spectrum analyzer settings, a second tracead staah update

(clear-write) mode, and is then placed into a maximum-hold mode. This second tratdirstl
exactly overlie the first trace. But over an interval of minutes or hoursptiedope may be
observed to drift relative to the first trace. The frequency change obsemethe measurement
time period is the drift.

The second trace is recorded to document the drift. Screen cursor functions may toennigst
easily assess the absolute amount of drift. To determine relative driftsrpparmillion (ppm),
divide the absolute drift by the nominal operating frequency (keeping the frequetsctheni
same for both the numerator and the denominator in the fraction) and multipl§. G0
resulting value is compared to the allowed tolerance listed in the RSEC [1leChiapt

7.4 Radar Tunability
As noted in the RSEC [1, Chapter 5], radar tunability verification is left to threcpgleat
controls any given radar. But the technique provided here for observing eglagricy drift can
also be used to check tunability at any given desired frequency.
7.5 Sample Data and Calculations
Suppose that a radar operates at 9500 MHz on the first spectrum analyzer tracat {tade
beginning of the measurement). After half an hour, the envelope of the second speatyzer a

trace has shifted down in frequency by 11.5 MHz relative to the envelope of thabes
Relative drift is computed as (—11.5/9500)° = —1210 ppm.
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8. RSEC RADAR RECEIVER PARAMETERS
8.1 Introduction

RSEC receiver parameter measurements include selectivity, receags and spurious
response, and receiver local oscillator radiation. These parametadklegesed in this section.
Radar receiver characteristics affect the efficiency with whigtgaren radar system can share
spectrum with other radars and with non-radar systems. Characterizatioeiaér@arameters
is thus part of the RSEC.

8.2 Selectivity

The RSEC specifies characteristics for “overall receiver seigttj1, 85.5]. This is meant to
include all components that might affect the shape of the bandpass of the radar,rigoen the
antenna to the final display of data output. In many cases, the receivevgglett radar is
essentially synonymous with the selectivity of the IF section. This isibedhe RF bandpass
width is usually at least ten times wider than the IF bandpass and thus hagibleegfect on
the overall selectivity of the receiver.

This does not mean that the RF bandpass selectivity is of no concern to spectruntan@hage
less selective (wider) an RF front end section is, the more vulnerable liaght unintentional
and intentional jamming by strong signals that are off-tuned from the exaver's nominal
operating frequency or frequencies.

NTIA recognizes that, in the interest of higher spectrum efficiencydiesgrable that every
radar RF front end should at least be bandpass filtered for the operational bardratieac
Even better, from a spectrum efficiency point of view, is for each radar RFefndrib be
relatively narrowly bandpass filtered. If made necessary by frequepping modes, such
bandpass filtering might need to be tunable. This capability can be effeiadt such
technology as electronically tunable yttrium-iron-garnet (YIG)rSlte

Lack of RF selectivity is sometimes considered to be an inherent chatactdris

distributed-array radar transmitter-receiver (T/R) systemsh as arrays of solid state T/R

modules. But from the standpoint of improved spectrum management practices, inclusion of YIG
(or other technically feasible) filtering is desirable in the T/R modulesstibuted-array

systems, at least in the operational band of each radar.
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8.2.1 Receiver IF Selectivity Measurement Overview

The receiver selectivity is required to be “commensurate with” (takenda fa@proximately
equal to”) the transmitter bandwidth. In the case of radars belonging to Groupt@nthe
“‘commensurate with or narrower” is used. In the case of radars belonging to GrangD, it
is also required that a change in pulse width be associated with a correspoadiygyioh
receiver bandwidth.

Since the receiver response is usually approximately that of the ibnsdloe procedures
described here are designed to check the receiver’s IF bandwidth at the 308 4P0dB, and
60 dB points.

Receiver selectivity is measured on a test frequency (or frequenegasihe midpoint of the
radar operating frequency band. If more than one receiver bandwidth ibkvéither for
multiple pulse widths or for multiple radar signal processing modes), thavadthble radar
receiver bandwidths will be measured. The exact receiver input and output tesapoimis
specified and will vary between equipment types. But at a minimum the IF lssn@pats
equivalent in digital processors) must be included between the input and output test points

In many cases it will be necessary to disable or bypass electronic gawistrdat normally
attenuate returns from objects with large cross sections. In the cabaonted radars, it may be
necessary to treat the entire radar as a black box for the purpose of bandteiatimdéon, as
described below.

8.2.2 Swept CW IF Selectivity Measurement

If an output is available for the receiver IF section, then its bandwidth can baidet by
injecting a CW signal and assessing the response at the output as the inpiresjgeacy is
changed.

This measurement is nominally performed as shown in Figure 20. The exactratidigused
will be determined by the radar block diagram and design. Desirable nestiaas are for the
radar to operate in a mode that satisfies the following conditions:

a) operation with constant gain (AGC fixed);

b) operation at a constant frequency;

c) identical amplitude for pulsed and CW signals;

d) available test points that are accessible, as shown in Figure 20.
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A\

The above conditions are usually not met by radars in their normal operational madéssB
conditions can often be met by carefully selecting test points (somegousmg resoldering of
circuit cards). The requirements can also often be met in newer radarsgingh@adar control
software or using special diagnostic software. Such access to eithir @ards or software will
require the assistance of specially trained and knowledgeable technictadarcengineers.

With regard to the fourth criterion listed above, some radars perform sgegjabstics for
internal and external noise assessment during a portion of the nominal interpulss.iRor
these radars, a CW signal injection can effectively ruin the internblai@din and ultimately
halt radar operation; in this case the test signals must be injected as petgalfly about ten
times longer than the radar nominal pulses) rather than as CW energy.

Regarding sensitivity time control (STC) most radars use this featgmrathing similar to it to
compensate for the strongest target returns. Under normal operating contliegsesadars have
a rapidly changing gain. If the STC is produced at a single point within the rexlairg, then

the gain change can be negated by injecting the test signal after tbat patnt on the block
diagram. But if the STC is produced in multiple circuits spread throughout the eadaver, it
may be necessary to turn off the STC. This may require the assistancavafessftecialists for
advanced radar designs.

Similarly, with regard to maintaining operation on a single frequency duringtapg it may be
necessary to suspend frequency hopping and other diversity modes in the radarsnogériati
may be controllable at an operator’s station, or it may require theaagsisif software
specialists for some advanced radar designs. Alternatively, the testrsigy be injected
following the mixer (where the radar operates at a constant frequency).

Although this measurement is usually best performed by injecting a tedtaigina RF input to
the radar receiver, it may be easier with some radar receivers to itgstsanal at the IF input.
This is normally acceptable because, as noted above, the overall receitsityadéonost
radars is essentially identical to the IF selectivity.
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Whichever injection point (RF or IF) is selected for the test signal iojgdie following
procedure is applicable. For injection at the IF, the signal generator is tuhedrequency of
the IF amplifier immediately following the first mixer. For RF sibmgection the signal
generator of Figure 20 will be set to one of the radar’s operational fregsi@mcie coupler
needs to be available at the RF front end.

A spectrum analyzer is connected to the IF output, so that as much of the liFigebect
possible is included in the test path. The radar transmitter may be turned on oriofgither
case tests should be made to determine that the RF and IF stages amgopamatlly. (Only
the IF stages are important if the test signal is injected at the Hu)dfatic gain control (AGC)
causes receiver gain to change with a test signal, it may be necessadutatenthe test signal
with a duty cycle similar to the normal PRF and a pulse width about ten times tbagehe
transmitted pulses. As noted above, this expedient is also necessary for advaarageisigds
that assess noise levels and perform self-calibrations during selectpdiggentervals. The
spectrum analyzer display will develop to look like Figure 21. With all radar and tes
instrumentation connected together, the test procedure is performed as follows.
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Figure 21. Receiver selectivity measurement as it will develop on a speutalyzer screen
display.

1) Tune the spectrum analyzer to the IF frequency. Set the analyzer freqpandp about 10-

100 times the nominal radar IF bandwidth. Set the analyzer resolution (IF) bandwibitiuto a

0.1 times the nominal radar IF bandwidth and detection is set to peak. System noise ki@ough t
IF amplifier will cause a broad noise peak to appear at the IF frequencgnalyzer frequency
display should be centered on this peak.
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2) Manually adjust the signal generator frequency and amplitude so that theapjgeais at the
center of the spectrum analyzer display with an amplitude about 10 dB higher thanehe nois
Adjust the spectrum analyzer reference level so that the maximum lelkel ©i§hal response
touches a horizontal display graticule, which will be called the refeterek Note the signal
generator amplitude for the reference level.

3) Increase the signal generator amplitude by 60 dB. Tune the signal gehglagr in
frequency until the amplitude of the signal displayed on the spectrum analyzisrtagua
reference level established in Step (2) above. Increase the spectrunerasiadyzif necessary to
display this frequency. Note the new frequency and use the spectrum analgaenéy delta
function to verify the new frequency. Repeat this process by decreasinginenicyg of the
signal generator until the same effect is achieved on the low side of teefcegtiency, and
note that frequency as well. The difference between the high and low frequsrthes
approximate 60 dB bandwidth of the radar.

4) Repeat Steps (2) and (3) to determine the 40 dB, 20 dB, and 3 dB bandwidths of the radar
receiver. The only difference is that, each time Step (3) is performed, tiad¢ ggmerator must

be set to the level relative to the reference that corresponds to the bandwidthatoet i

assessed (40 dB for the 40 dB bandwidth, etc.). The spectrum analyzer frequencgyspaadn

to be periodically readjusted to keep the frequency delta values easily meaandchbdadable.

8.2.3 Receiver Selectivity Measurement Methods for Advanced Radars

There are a variety of methods for measuring the receiver selettiitsire closely related to

the procedure outlined above. A very convenient method is to replace the manuadiijecbntr
signal generator with a tracking generator that is linked to the speatratyzer. This method

has the advantage of enabling the entire bandpass characteristic to be rexarsiegla trace

on the spectrum analyzer. The major disadvantage of this method is that it cannot be used to
measure many IF amplifiers that are designed to saturate before thesigMalBs injected.

For advanced radars that do not have necessary internal inputs and outputs available, and t
achieve a more accurate result in general, the test signal may neeadjéxteel at the radar RF.
This approach will require that radar frequency agility, STC, and AGC all abléik or else

that the test signal be injected as pulses that are synchronized with irdderatigger pulses.

For the most advanced radars, in which the entire system must be treated k$ax) e
following procedure can be used. In this approach, a simulated target (oressget)tis
produced at the radar RF front end, and the target frequencies are progresstuelyd from
the center frequency at progressively higher amplitudes, those amplitetiedeing adjusted to
make the targets barely visible on the plan position indicator (PPI) for agry amount of
frequency off-tuning. The radar receiver selectivity is estimated fin@ncombinations of
measured frequency offsets and corresponding increases in amplitudes thqiaed to keep
the targets visible.
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1) Radar targets are produced with a signal generator that generagssapalsiominal radar
center operating frequency with pulse widths approximately equal to tireprada width. The
output is the radar plan position indicator (PPI) display. For convenience, the sinalgets
should be generated in synchronicity with the radar trigger pulses so as to prodgcefa ri
targets around the center of the PPI as the radar scans progress.

2) The amplitude of the injected pulses is at first made high enough to clemtifyidhe pulses
as targets on the PPI display. Then the amplitude of the pulses is reduced totanbictl the
target indications reach the threshold. The output level of the pulse generatod iasnate
reference.

3) The pulse amplitude is increased by 3 dB relative to the referencendvbleafrequency of
the pulse generator is gradually off-tuned, either to higher or lower frequentyhenérgets
again nearly disappear. Then the process is repeated with the signal off-tuned in the opposi
direction. The total frequency shift is noted as the 3 dB bandwidth of the radaereceiv

4) The preceding step is repeated for pulses at amplitudes increased by 20 dBart)&{BdB
relative to the reference level. At each amplitude, the frequency is shotteditward and
downward to the limits at which the targets just disappear, the limit at whiclotesponding
total delta frequency shifts are the corresponding bandwidths of the receiver

8.3 Receiver Image and Spurious Response

This test determines the response of the radar receiver to signals of fregda@ncemoved from
the nominal radar receiver frequency. These responses are divided intptmsessf the IF
image frequency (called the image response) and the rest of the respdiesesguaous
responses). These responses are defined relative to the radar respivesado a signal at the
radar receiver tuned frequency. The responses are measured in ternised$ detow the
desired response, or simply as decibel suppression. This test only applieeteiter iF and
RF characteristics; signal processing rejection is not included.

For radar receivers in RSEC Group B, image responses have no specifieddiaditspurious
responses are to be suppressed at least 50 dB. For radar receivers in Groups BeanthDe t
response shall be suppressed at least 50 dB and all spurious responses are to be stippressed
least 60 dB.

Radar receiver spurious and image responses are measured by injextirgjgmal as shown in
Figure 22. The receiver shall be tested to the lower frequency limits showhlen4T& he
receiver will be tested to the upper frequency limits shown in Table 5.
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Figure 22. Block diagram for receiver spurious response measurement.

Table 4. Lower Frequency Limits for Radar Receiver Spurious and Image ReJ@sting

Type of connection
between radar
transmitter and

Minimum frequency to be tested

antenna

coaxial the lesser of 0.5 Br Ryase Where aseis the lowest frequency
used in a frequency multiplying or frequency synthesizing
method of generatingoF

waveguide the greater of 0.5 &r 0.9 Fuwor, Where Eyor iS the waveguide

cutoff frequency

Table 5. Upper Frequency Limits for Radar Receiver Spurious and Image Respsiisg

Fo, GHz Maximum frequency to be tested
Oto 2 10 b or 10 GHz, whichever is less
2to5 5 K or 18 GHz, whichever is less
5to0 12 4 ;or 26 GHz, whichever is less
12 to 40 3 For 40 GHz, whichever is less

Measurements made in waveguide systems at frequencies above the theperatalg range
of the waveguide (e.g., harmonics of a signal) are likely to be very difindlimay ultimately
become impractical for any degree of desired accuracy in the outcomeh H fnequency has
been reached in the course of testing that it becomes obvious that the couplingdoss fact
through the waveguide components are extremely high, then it may be assumedithat spur

response is no longer of concern because only a small fraction of incident eneidy at s
frequencies would ever be able to reach the radar receiver from the outdile wor
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The test is performed as follows: A pulsed RF signal is injected into theresgarer at
frequencies relatively far away from the radar operating frequemheysdlection of a point in
the signal path to inject the test signal should be made as close to the radarasignna
convenient.

For advanced radar designs in which no coupler may be available after the ahteagde
necessary to couple directly into a front-end RF amplifier with a coaxial irafdiim the test
instrumentation (as in some types of radars with solid state front end anr&ys¢ to radiate
into the radar from a distance. In this case, the reference response to tbd Bigetdls must be
determined relative to the level coupled in at a nominal value of (one of) the rfadaisnental
frequencies, §

If the test signal is internally connected, the test point should be chosen syythahdpass
filters are in the signal path, but it is critical to avoid damage to the teginegpii that could be
caused by exposure to the radar transmitter output. If an RF filter is usedmalgath shared
by the transmitted and received signal, then it may be necessary to turn ath#meitter while
this measurement is in progress. For some advanced radar designs in which sivetideact
may not be possible, then the option of performing the test via radiated signals,resloutli
above, may need to be exercised.

A detector and oscilloscope are connected at the output of the IF section ty idespiiinses
caused by the input test signal. If possible, the oscilloscope is adjusted so thsit plodse
appears at a steady point on the scope display; the radar trigger pulseaiflayedn be used
for this purpose.

The test signal is produced by a signal generator (or a combination of sigaatges) which
covers the required frequency test range. The signal generator is moduthtagulse of
duration that is comparable to the nominal pulse width of the radar. The test pulses must
synchronized to the radar operation with a delay such that they are placed withirethe t
window of maximum receiver sensitivity. For advanced radars that are beggsed via
radiated pulses, the pulses will have to be transmitted without synchronization bighat a hi
enough rate to ensure that some of them always fall within this time window.

The same trigger pulse is used to synchronize the oscilloscope display to the pelagaye
For advanced radars being tested radiatively, the pulses cannot be symcheomi they have to
be distinguished by using a somewhat different pulse width than the radar geeesfesncy-
hopping radars are tested on a single frequency at a time. Chirp radestedavith a CW
signal.

Expected image and spurious response frequencies can be calculated as follows:

e _(pFo*Fy)

spurious —
q
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where p and q are integers (1, 2, 3, ...} I5 the local oscillator frequency; ang 5 the

frequency of the first IF. These frequencies should be calculated fotusbwat p and g up to 10

or until FspuriousiS out of the frequency range of Tables 4 and 5. The receiver should be tested at
these frequencies with special care when the frequencies are enauntbeenext several test
steps, since spurious responses are possible at these frequencies. Srgogisraties

associated with low values of p + g equal to three or less are especidiydikeoduce

responses when they fall within the normal operating range of the radar.

To conduct the test, the following steps are performed:

1) The radar is tuned to a frequency near the lower edge of the operating band. The pulse
modulator is adjusted to give a duty cycle of 100% (CW). The signal generatoedstd the
radar operating frequency and the signal generator is set to delivereamce level (nominally

0 dBm, but other values can be used) to the receiver. Whatever the referend¢ataselded,
the signal generator(s) settings must be determined that will gettesdivel at every
frequency that is to be tested; approximately twenty frequencies mayoneedhecked across
this range to determine the signal generator settings required to achieesuhiatreach
frequency.

2) The signal generator is tuned to the radar operating frequency and the sigeatasl.ifjhe

level needs to be high enough to produce an observable effect on the oscilloscope. The pulse
modulator is adjusted to produce pulses with approximately the same duration and RIRE as t
under test. (But for radiated tests, the pulse width and PRF need to be slightindifiem the
radars’, so that they can be distinguished.) If possible, the pulse modulator is syschtorihe
pulse trigger of the radar. The signal amplitude is kept below the saturation pbiatief t
amplifier(s). The displayed amplitude of the pulses on the oscilloscope displagdsasc
reference level.

3) The signal generator level is increased by 60 dB (for a Group B radar) or &0 @Bdup C
and D radars). The signal is tuned above the radar receiver frequency btealioues the
bandwidth of the radar receiver. The nominal 60 dB or 70 dB level adjustment will probably
need to be corrected slightly, using the values determined in Step (1). The agudlssc
monitored constantly for any signals that occur above the referencdfl@sl.such signals are
observed, the signal generator frequencies that produce such responses arthetedrk
progresses.

Steps 1 through 3 are continued until the entire operational frequency range of thasdozen
tested.

4) For each frequency on the list generated in Step (3), the suppression iethegssris
accomplished by tuning back to each of these frequencies and then adjusting thyesignadbr
output level until the level displayed on the oscilloscope is equal to the original reféeeealc
The power level required to produce this level is noted at each of these frequdmeies. T
difference between the nominal signal generator output level origunsgly and this new level
required at each spurious response frequency is the suppression at each of thosxeseguny
suppressions smaller than the RSEC requirements should be noted in the test report.
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8.4 Receiver Local Oscillator (LO) Radiation Measurement

[At the time of this report’s writing, the TSC is considering eliminating LO radiatmn fhe
RSEC.]

Figure 23 shows the instrumentation required for this measurement. The sawer nepat
point should be selected as for the spurious response measurement (above). The pescefor a
meter will be obviated if the signal generator output is accuratelyratdd.

RADAR
ANTENNA
TR
CIRCUITS
DIRECTIONAL
RADAR COUPLER RADAR
XMTR > RECEIVER
y
1
SIG. GEN. (IF
RO FREQ.)

[
POWER
METER

v

SPECTRUM
ANALYZER

Figure 23. Block diagram for local oscillator radiation measurement.

The measurement procedure is as follows. First connect the equipment as sh@ureiR F.i
The spectrum analyzer may be set at a nominal frequency span of 100 MHz with cente
frequency tuned to the radar local oscillator frequency, an IF bandwidth of about 100 kHz
selected, and a sweep time of about 100 ms selected.

Next, tune the radar to an operating frequency near the lower edge of thenggezguiency

band and center the spectrum analyzer display at the nominal LO frequerecgp€ttrum
analyzer and cable combination may be calibrated by disconnecting tbaltiestrom the
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receiver input and applying a —40 dBm signal at the LO frequency to the receivertiead of
cable.)

With the test cable reconnected to the receiver input port, tune the spectryreraitadthe LO
frequency and use the calibration derived in the step above to calculate the k@rereferred
to the receiver input.

Finally, repeat all the steps above with the radar tuned to the mid-band and the uppétlezige
operating band.

8.4.1 LO Radiation Considerations for Advanced Radars

Local oscillator radiation is probably becoming an anachronistic concerroBirmodern

radars, inasmuch as local oscillators are disappearing as a designt @emest modern radar

designs. To the extent that LO’s are still incorporated into radar desidiagiaia from these
elements has not been found to be a significant concern.
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APPENDIX A: DEFINITIONS

For purposes of spectrum management, boundaries within emission spectra are déNifigd by
These are necessary bandwidth, out-of-band emissions, spurious emissions and unwanted
emissions. They are shown in Table A-1.

A.1 Spectrum Regions

Table A-1. Definitions of Spectrum Regions and Related Terms, from Chapter 6 of [1].
Term Definition

Necessary For a given class of emission, the width of the frequency band whigh is
bandwidth just sufficient to ensure the transmission of information at the rate gnd
with the quality required under specified conditions. Necessary
bandwidths for radars as a function of emission type are provided i
Annex J of [1].

Out-of-band Emission on a frequency or frequencies immediately outside the
emissions necessary bandwidth which results from the modulation process, byt
excluding spurious emission.
Spurious emissiong Emission on a frequency or frequencies which are outsid@ﬁssarrwl(:

—

bandwidth and the level of which may be reduced without affecting|the
corresponding transmission of information. Spurious emissions incfude
harmonic emissions, parasitic emissions, intermodulation productsfand
frequency conversion products, but exclude out-of-band emissions
Unwanted These consist of spurious emissions and out-of-band emissions.

emissions

For radars, the necessary bandwidth is defined in Annex J of [1]. It is de¢eratia point that
is 20 dB below the peak envelope of the spectrum.

A.2 Frequency Tolerance

The maximum permissible departure by the center frequency of the frgchertoccupied by
an emission from the assigned frequency or, by the characteristic fregqpiemcgmission from
the reference frequency. The frequency tolerance is expressed in panifipe (ie., in hertz

per megahertz). For example, a tolerance of 800 ppm at a frequency of 1000 MHz would be
800 kHz.
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APPENDIX B: ENSURING ADEQUATE MEASUREMENT SYSTEM INPUT
ATTENUATION FOR RSEC MEASUREMENTS

Radar transmitters commonly produce peak power levels of +90 dBm or more at thtteans
output. Peak EIRP levels radiated into space may be 30 dB higher, on the order of +120 dBm. It
is important to ensure that the maximum allowable input level to spectrum aranzeother
measurement instrumentation is not exceeded by the radar peak output level.

Maximum allowable input power levels are specified by equipment manufactareheir
equipment. The maximum allowable peak level is often higher than the maxinouvaltzlk
average level. For spectrum analyzers, the maximum allowsablagelevel is typically about

+30 dBm, but the maximum allowaljpeaklevel is sometimes not specified by the manufacturer
for these devices. In that case, the maximum allowable average level shouléexoedded. It

is usually also important to keep input signal levels within the linear, cabrasponse range

of measurement devices.

B.1 Hardline Coupling to a Radar Transmitter

For hardline-coupled measurements, some attenuation will likely be requirezthetve
directional coupler output and the measurement device input (see Figure 1)nBédbettnis
diagram, the minimum decibel amount of attenuation, A, required will be:

Aa-xt = I:)p - Lc - An - I:)m (B-l)
where

Aext = external attenuation (dB) as shown in Figure 1

P, = peak power produced by the radar transmitter (dBm)

L. =loss through the coupler (dB)

Ain = attenuation provided internally at the measurement device front end input (dB)
Pn = maximum input power to measurement instrument after input attenuator (dBm).

For example, if the radar transmitter produces 1 MW (+90 dBm) peak power, if theodakec
coupler output is 20 dB lower than that value, and if the maximum permissible signedcalt

the spectrum analyzer input is +10 dBm with 50 dB of internal spectrum anatigaration

invoked at the front end, then the amount of attenuation that needs to be inserted between the
coupler output and the spectrum analyzer input is

(90-20-50-10) = 10 dB.

In this case, even with 50 dB of RF attenuation invoked in the instrument’s front end, an
additional 10 dB of external RF attenuation is required between the directional angptée
measurement device input.
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B.2 Radiated Coupling to a Radar Transmitter

All the caveats regarding maximum allowable input power levels and optimal lesgonse
and calibration range for measurement instrumentation, as describedon 8ttabove, also
apply to the case of radiative coupling between the measurement system addithe r
transmitter. Here, the external attenuatiogg,As inserted between the measurement antenna
output connector and the measurement device (e.g., spectrum analyzer) input port. The
difference is that the term for peak power at the measurement system anigrutaonnector,
P, is [4, Appendix CJ:

P =P, +G, +G, +27.6-20log(f)-20log(r) (5:2)
where

P: = peak power at the measurement system antenna output connector (dBm);
P, = peak power produced by the radar transmitter (dBm);

G: = radar transmitter antenna gain (dBi);

G, = measurement system antenna gain (dBi);

f = measurement frequency (MHz);

r = distance between radar antenna and measurement antenna (meters).

The variable Ptakes the place of,fn Eq. B-1, and the value for the external attenuatiqg, A
becomes:

Aq«=R-A R (B-3)
where all variables are as defined for Eq. B-1.
For example, suppose a radar transmitter operates at 2800 MHz; that thetteapsaduces
1 MW peak power (+90 dBm); that the transmitter antenna gain is +35 dBi; that the
measurement system antenna gain is +25 dBi; that the measurement sygisitioned
0.5 miles (0.8 km, or 800 m) from the radar; that the maximum allowable peak power to be
coupled into the measurement system is +30 dBm; and that 50 dB of RF attenuation is to be
invoked within the measurement instrument RF front end. Then from Eq. B-2,

r = 90+35+25+27.6—20l0g(2800)—-20log(800) = +50.6 dBm
And from Eq. B-3,
Aext = 50-50-30 = —-30 dB.

The negative sign in the answer means that the signal coupled past the medsostmment

RF front end will actually be 30 dB below the maximum allowable limit of +30 d®&rthis
situation. No external attenuation is needed in this case.
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On the other hand, if the goal is to limit the peak power level that couples into theremant
instrument beyond its own RF front end attenuation to a value of —20 dBm or less, then

Aext = 50-50—(~20) = 20 dB.

So in this case 20 dB of external attenuation would need to be inserted between the maasurem
antenna output connector and the input port of the measurement device.
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APPENDIX C: RSEC MEASUREMENT SYSTEM ARCHITECTURE AND
ALGORITHMS

C.1 Hardware Requirements

For spectrum measurements and antenna pattern characterization, a generaR&Ebse
measurement capability requires that the measurement system leahdwearthe following
capabilities:

1) RF tuning across as much as several gigahertz above and below the radagritaddam
The exact amount of tuning capability will depend upon how extensive the radar’s spurious
emissions are.

2) Instantaneous measurement dynamic range of about 60 dB. This dynamicarabge
extended to as much as 120 dB through the use of a measurement algorithm described
below. Note that approximately 90 dB total dynamic range is required for RBBZ
spectrum emission compliance measurements.

3) Measurement system bandwidth as specified in Table 2.
4) Peak detection.
5) Low noise figure, usually no higher than 10 dB.

6) The ability to substantially reject radar fundamental-frequency gmdrgn the system
is tuned to unwanted emission frequencies. In practice, this amounts to usingeeffecti
bandpass filtering (60-70 dB rejection outside the filter's bandpass) thet thec
measurement system’s tuned frequency. Yttrium-iron-garnet (Yl@j)iare a practical
solution to this problem for frequencies between 0.5 GHz and 26 GHz.

7) The incorporation of a variable RF attenuator. This attenuator is used to extend the
dynamic range of the measurement system.

8) A constant-aperture receiving antenna with gain above isotropic on the order of 20-30
dBi. In practice, a parabolic reflector antenna with a 1-m diameter idyuadafuate. This
antenna gain plays two roles:
5. it allows the measurement system to observe low-level spurious emissioas whil
tending to reject energy from other radars in the vicinity of the measnte
system
6.it tends to reject energy from multipath propagation from the radar.

9) A mounting arrangement that raises the receiving antenna to a height above ground of
between 3 m and 10 m is highly desirable. This reduces the amount of multipath energy
arriving at the antenna, while also providing a clear line-of-sight to the trat@mitter
antenna in cluttered environments. A rooftop mount or a telescoping mast on a van are
ideal.
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For pulse-characterization measurements, a general-purpose RSEC meascapibility
requires that measurement system hardware have the following capabilitie

1) Adequate bandwidth to measure 10%—90% rising edges and falling edges on radar
pulses, assuming that this parameter needs to be directly characterizedepseement
system. Since these intervals may be as short as a few nanoseconds, a hahasidt
much as 1 GHz may be requir@this bandwidth should be a single-shot capability in an
oscilloscope; repetitive sampling techniques that effectively incressasurement
system’s bandwidth may not be feasible for some radar pulse sequencesqiiingrrent
often means that the rising edge measurement will have to be performed onree hardli
connection to a radar, through a wideband detector and a high-speed osciltdscope.

2) To measure pulse widths, the measurement system only requires bandwidthsieg spec
in Table 1. This measurement may be performed with a wideband detector and an
oscilloscope connected directly to a hardline coupling on the radar. If such engasiplot
available, or if other factors do not allow for hardline-connected measurementt)ithe
measurement may also be performed by receiving the radiated pulses pétirara

analyzer and connecting an oscilloscope to the analyzer’s video output or (vietarjiate
analyzer IF output.

Measurement antenna: Radar antenna
parabolic, with appropriate feed (rotating normally, or
stationary and aligned for
/ maximum response in
measurement equipment)

\Noise diode calibration
performed at this point
(4
Low-loss RF line;
as short as possible
between antenna and
measurement system
input port Measurement system RF front-end
/
7
Optional notch
L—  bandpass, or X |
other filter TN
1 7 X |
2';:';‘ g::ti:ofr:(tsgﬁta:tefor Variable RF attenuator Low-noise
q Y variable RF (GPIB Tracking bandpass filter preamplifier (LNA)
measurements at radar control from computer) (e.g., YIG filter)
harmonic frequencies -9
| GPIB
YIG tracking voltage bus
GPIB
Spectrum | bus | PC-type
analyzer - i computer
Fixed RF attenuation used to
OD?Im'Z? measurement system LNA used to improved Control of measurement system
gain/noise figure trade-off "
spectrum analyzer noise figure and recording of data

Figure C-1. Block diagram of the RF front end and associated hardware requiR&EGrradar
emission spectrum compliance measurements.

16 Most modern oscilloscopes can record data to either an internal disk, an external

computer via a data link, or a universal serial bus (USB) port connected to aralextemory
unit.
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Radar antenna or array
|

Measurement Aligned for maximum response
antenna (whip) in measurement system

F 4.1

? Clear channel
advisor (optional)
Low-loss RF line;
as short as possible 4.12
between antenna and
measurement system
input port Measurement system RF front-end (optional)
/
‘ R1 or R2
Low-noise
Variable RF attenuator preamplifier
& (LNA)
used to optimize
measurement system
gain/noise figure trade-off

Selective

R1 —— ;
receiver

(Remote operation and data collection)

Spectrum
analyzer

R2

Figure C-2Block diagram of the RF front end and associated hardware required for RSEC radar
emission spectrum compliance measurements on high frequency (HF) radaiagpetaw
about 50 MHz.

C.1.1 Radiofrequency (RF) Front-end Design

The necessary RF front end hardware and associated equipment required for and®8EC r
emission spectrum measurement is shown in Figures C-1 and C-2. The RSEC mqumem
measure radar spurious emissions as low as 80 dB below the peak measured power at the
fundamental has significant consequences for the design of the spectrumemeassystem.
The 80 dB limit effectively forces the measurement system to achieaesafkdB of dynamic
range. In many measurement scenarios using a spectrum analyzersheemeat system has
60 dB or less of total instantaneous dynamic range. The two primary factorsrtrddute to
this condition are the available power from the emitter at the receiver andhéite/gg of the
measurement system. The available power from the radar is fixed anddneealisetween the
radar and the measurement system must exceed the far-field boundary, so somethivey
done to extend typical measurement system dynamic range by 30-50 dB or mousudiys
necessitates the use of a low noise amplifier (LNA) in front of the spectrugzarislinput. But
with the measurement system tuned to a frequency in the radar’s spuriousresgestrum,
energy from the radar fundamental frequency (perhaps 80-90 dB higher thanrtbat bei
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measured) will overload the LNA, driving down its gain and resulting in anibretzd
measurement.

The solution is to build an RF front end as shown in the block diagrams in Figures C-1 and C-2.
In this design, received radar signals first pass through a variable atteuatng a spectrum
measurement, the attenuator setting is varied as a function of measureauegrdy to keep the
received signal level within the dynamic range of the rest of the neasaot system. The

maximum value of the attenuator should be equal to the difference between tmécdamage
required for the RSEC measurement (90 dB) and the maximum instantaneous dgngenif r

the rest of the measurement system (typically 60 dB). That is, the attesluattd go at least as

high as 30-50 dB’

The next stage in the RF front-end is a tunable bandpass filter that traaksetiérequency of
the measurement system. This filter should have 60-70 dB of off-tuned rejectithris Akser
rejects radar fundamental-frequency energy when the measurentent g/tuned to the
spurious spectrum, it prevents front-end overload of the next measurementhatddéAt In
practice, NTIA/ITS engineers have found that yttrium-iron-garnet (Yil@&)s effectively solve
this measurement problem.

The LNA is used to provide sufficient sensitivity to measure spurious emi€fatid below the

measured peak power of the radar at the fundamental. LNA noise figure shuoeriallgebe

10 dB or less. LNA gain should be just high enough to overdrive the noise figure of thie rest

the measurement system. For example, if the signal passes from the frtwaixehrough an RF

line to a spectrum analyzer input, then the following condition should be met by thedilNA g
GLNA = NFSA+ Lline - NFLNA (C-1)

where

Gina = LNA gain, dB

NFsa = noise figure of spectrum analyzer, dB

Line = line loss between RF front-end and spectrum analyzer, dB

NF.na = noise figure of the LNA, dB.

For example, if the spectrum analyzer noise fitlige25 dB, the line loss is 3 dB, and the LNA
noise figure is 8 dB, then the ideal gain specification for the LNA would be (25 +32@}B.

17 NTIA/ITS measurement systems actually use attenuators that gghesshrO dB, in
increments of 10 dB. This provides 110-120 dB dynamic measurement range for these
measurement systems. A dynamic range of 110 to 120 dB may be required whenmgpnduct
interference coupling mechanism measurements.

18 Spectrum analyzer noise figure may be determined empirically es/$olWith the RF

input terminated, tune the analyzer to the frequency (or to sweep across thedyequnee)

where noise figure must be determined. Set spectrum analyzer input attetoiaero. Set the

IF bandwidth (sometimes called resolution bandwidth) to 1 MHz. Set the video bandwidth to 1
kHz. Set detection to either average, sample, or peak (the selection doesn’betatse of the
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Excessive gain in this stage does not improve system sensitivity orggmaike ratio, but
reduces system dynamic range; inadequate gain results in syssenfigiaie exceeding that of
the LNA.

C.1.2 Additional Hardware

In addition to the basic hardware already specified for RSEC measusgisedtrum analyzer;
fast oscilloscope; optional discrete-component detector; RF front-end containatgesa
attenuation, tracking bandpass preselection, and low-noise preamplificationrapdrabolic
reflector antenna with appropriate mount), some additional hardware may bedsgingble.

NTIA/ITS engineers who perform spectrum measurements often utilize mirnotenna and pair
it with a second spectrum analyzer as an auxiliary monitoring systemaiigry monitors

the energy from the radar fundamental during the entire time that the spectreimg
measured. The purpose is to ensure that radar fundamental power does not variieuring t
measuremeri®

C.2 Software Requirements

NTIA/ITS engineers have found that all measurements associated withE@d8 be greatly
augmented in terms of speed, efficiency, reliability, and accuracy thtbegise of software to
control measurement equipment and to record data. And for the spectrum measurerant port
of RSEC testing, software is a virtual necessity.

Unfortunately, as of the time that this report is being written, no software 6CRS
measurement control or data recording has ever been commercially produb®dT SIT
engineers have developed all of the software described here. The softwéreythatve written
is not proprietary, but currently works with only a limited set of commeyciathilable
hardware and a custom-built RF front-end box.

The measurement system software is used to perform the following tasks:

1) Perform measurement system calibrations and store the results;

narrowness of the video filter compared to the IF filter). Observe the Ietred aoise trace.
Subtract -114 dBm from this level. The result is the noise figure of the spectryneanal

19 Although radar fundamental power is nominally very stable, it can happen that radar
modes are changed without warning during a measurement, leading to a chalgted

power. Furthermore, radars having a nominally fixed center frequency arersemgitvitched to
another frequency without warning during a measurement. And, in cases in which a rada
antenna has been aimed directly at the measurement system (“bodSsitfeeradar antenna
sometimes drifts in azimuth during the measurement. Without an auxiliary mogisystem to
watch for these sorts of changes in the radar transmitter’s behavior, mudatirne wasted on
a useless measurement.

65



2) Perform automated radar emission spectrum measurements, correctnesults
calibration tables, and store the results;

3) Store results from manually operated instrumentation during other RSEC eneasts,
including antenna patterns and pulse parameters.

C.2.1 Stepped Measurement Algorithm

If there is a single key to the acquisition of radar emission spectra sdallt SEC compliance
verification, it is the combination of the RF front-end design (Section 4.2.1 and this appendix)
and the software implementation of the specialized algorithm described iedtias Without

this hardware-software combination, a broadband, wide-dynamic range racteurape
measurement is not practical. With this combination, the radar spectrum messgurenomes
relatively easy, and very practical.

The software solves two final problems with the radar spectrum measurebyémwtw(to obtain

the peak power from the radar beam every time it scans across the position aitheement
system; and (2) how to run the measurement with the proper amount of RF attenuatibn at ea
measured frequenéy.

The key to solving these problems iswt sweep the measurement system’s tuned frequency
during the measurement. Instead, the measurement system is always tunededr@guency

at a time (that is, is operated with a frequency span of zero hertz). The spettyreras

effectively made to operate like a slow-motion oscilloscope, but one with an RF tuakeds

This process is callestepping RSEC spectrum measurements cannot be performed in other than
a stepped-measurement mode.

The stepped-spectrum measurement algorithm operates as follows. At eacinetdrequency,
the spectrum analyzer is tuned to a zero-hertz frequency span, and the sweepdiea

value slightly longer than the beam-scanning period of the radar. For repetitiaaned radar
beams, this is trivial: if an air traffic control radar, for example, has a 4cobdeotation

period, then the sweep time is set to 5 seconds. For radars with non-repetitive lmeang sca
periods, empirical observations at the measurement location will reveahthent of time

required to obtain peak values, as described further in Sections 8 and 9 of this repoity Typica
no radar requires a sweep time exceeding one minute before the beam agaanrssartbe
measurement location.

With the system fixed-tuned to the frequency that is to be measured, the iRiatatte can be
verified to ensure that its value is appropriate to keep the radar peak power withynahec
range of the measurement system. If it is not, then either the softwheeapdrator adjusts RF

20 The RF attenuation must be adjusted across the measured spectrum, so as to keep the
received radar signal’s amplitude within the instantaneous dynamic eatigemeasurement
system. For example, 70 dB attenuation may be required when tuned to the radar fuaidament
30 dB may be required when tuned 100 MHz from the fundamental, and O dB may be required
when tuned more than 300 MHz from the fundamental.
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attenuation appropriately. In practice, an experienced operator can adjusatadtewith a
simple keyboard input on a frequency-by-frequency basis, with no delay to the sgeed of t
overall measurement. Software adjustments may work by monitoring the igiddrasvel
relative to measurement system noise and overload levels.

Because the spectrum analyzer sweep time (the step intershalelhrhas been set to exceed the
beam-scanning interval of the radar, it is ensured that one or more (usuaigsateventy or
more) maximum-power pulses will be recorded on the spectrum analyzedtnaicg the dwell
period. Thus, the measurement system software need only retrieve the pealovaline fr
spectrum analyzer trace at each step, correct it for calibratiamrdaand store it in order to
complete the measurement of radar peak power at the frequency in question.

Since each measured frequency takes one radar beam-scan interval, the atmaneqtired

for the entire spectrum measurement is just the number of data points multiptieddegnning
interval of the radar. But how many points should be measured? There is no reasomite meas
points that are separated in frequency by less than the IF bandwidth of theemesaissystem,
nor should the frequency interval between measured points greatly exceecbtied, ifeist
significant behavior in the spectrum be missed. Thus, the interval between poirtsideally

be equal to the IF bandwidth of the measurement system.

For example, an air-search radar with a 10-second rotation period and a 1-p s qithisteuld
ideally be measured with an 11 second dwell interval and a 1 MHz bandwidth, with 1 MHz
between measured steps. It will require about 40 minutes to measure 200 MHzaafahis r
spectrum. As slow as this process may appear, NTIA/ITS engineers have foastenoif more
effective method for measuring radar spectra for RSEC compliance.

While this algorithm might in principle be implemented manually, it would be so tedidos a
put the entire measurement at risk due to operator fatigue. It has been thenerperi
NTIA/ITS engineers that this algorithm needs to be implemented throughasefiov control of
the measurement system, automatic calibration corrections, and dathngcor

C.2.2 Overall Measurement Algorithm and Flowchart
The overall procedure for an RSEC measurement is provided here in the forrovedtzaft and
associated notes. This description is intended to provide a coherent overview of thatederre

steps and procedures that are individually described in greater detali@lsemwthis report.
Figure C-3 contains the overall procedure flowchart.
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Figure C-3. RSEC measurement procedure flowchart.

The following notes are numbered in correspondence with various steps in the meaisureme
process portrayed in Figure C-3.

(1) Find radar operating frequency or frequenciesThe measurement system antenna is
pointed approximately at the radar. The measurement system RF front end anuinspect
analyzer (or any instrument used in place of a spectrum analyzer) is @djustecep across the
frequency range of the operational band of the radar. Measurement syste @tg@a ane
nominally set as shown in Table C-1.

With the measurement system thus adjusted, spectrum is swept repetdiesk/the radar
band, and the peak radar emission spectrum envelope will gradually (but onlyy)dittiail
over a period of a few minutes. The peak spectrum envelope will normally fill isisotfy to
approximately indicate all the fundamental frequencies that are beintethldiathe radar.
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After these frequencies have been approximately identified in this manddrage been noted
by measurement personnel, then the measurement system is used to detehmoheheae
frequencies with more precision. To do this, the measurement system is tunéd to eac
approximately identified frequency on an individual basis. At each identikgdéncy, the
measurement system is center-tuned to that frequency, and the frequencygpaf tlae
measurement system is set to 50 MHz. Then the measurement system ddiaflagenode is
cleared and a new maximum-hold series of sweeps are undertaken. The resateislatailled
spectrum picture of each radar fundamental frequency. The final redudt wiasurement at
each fundamental radar frequency is a maximum-hold data trace that showsltmadntal
frequency with an accuracy of 1 MHz. The resulting set of frequencies & footater use in
the measurement of the radar spectrum.

Table C-1. Measurement System Parameters for Determination of Radiamental Frequency
or Freguencies.

Measurement system parameter Parameter setting

IF bandwidth 1 MHz

Video bandwidth Equal to or greater than 1 MHz

Detection mode Positive peak

Frequency sweep range Operational band of the radar

Frequency sweep rate Maximum allowed for the combination of
measurement bandwidth and frequency sweep range

Trace display mode Maximum hold

Front end attenuation Sufficient to prevent measurement system overload
(adjusted empirically)

(2) Optimize the measurement system antenna configuratiokVith the measurement system
tuned to one of the radar fundamental frequencies, and with the measurement systeiditba
and detection modes set as described in Table C-1, the frequency sweep range shoailsehow b
to zero hertz, so that the measurement system is displaying a time-dochaie @f the radar

beam scanning pattern. Then, the measurement system sweep time should be adjusted to a
amount of time that is substantially longer than a single radar beam-scaalirfter example, if

the radar beam-scanning interval is 5 seconds, then the measurement sysietmssvehould

be set to a value of perhaps 60 seconds. The data display trace mode should be sét to refres
itself with each trace, rather than the maximum hold mode used earlier.

With this done, the measurement system antenna pointing angle should be gradusttyl &l
azimuth, while the maximum received power from the radar is observed at eadiorepethe
radar beam-scan. The process is continued until the azimuth angle that reaximimeasured
power from the radar is identified; the measurement antenna azimuth is then latieed a
position. Next, the measurement antenna elevation angle is gradually adjubedame
manner as the azimuth was earlier adjusted, until the optimal elevation poirgiegsan
determined. The measurement antenna pointing angle has been optimized at thsafioint i
dimensions, and the antenna should be locked into this position.
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Care needs to be taken during this pointing-angle process to ensure that themsdsantnna
pointing angle is optimized on its main beam, and not on a sidelobe. To be sure of this, it is
recommended that the measurement antenna pointing angle be varied enough during the
adjustments to observe the measurement antenna sidelobes on either side of itammain be

With the optimal measurement antenna pointing angle fixed, the next step ighoimetae
polarization that optimizes received signal strength from the radar. Tdosésby measuring the
radar emission with a variety of polarizations and observing the measured peaeh a
polarization. Typical alternative polarizations available to measuremesaurpe in their
antennas are: horizontal, vertical, left-hand circular, and right-hand cirBaliarization is
typically varied by either operating a polarization switch on a measurentenna feed
assembly, or else by mechanically changing measurement antenna Feeggeakurement
polarization setting that maximizes received power from the radar isarsénx fmeasurement,
and should be noted by measurement personnel.

(3) Check measurement system dynamic range and linearityhis step in the measurement
process ensures that the measurement system distance from the rdelguaseato achieve a
large enough dynamic range to check for RSEC compliance, and furthermohethat t
measurement system is not being overloaded by radar emissions.

In general, the measurement needs to achieve a total dynamic range tleass18i dB more
than the —X dB level of the RSEC spectrum envelope. For example, if the radar neeelisan me
ultimate suppression level of —80 dB, then the total dynamic range that is needed in the
measurement will be about 90 dB.

A problem that is commonly encountered in wide-dynamic range measuremewsload of
the measurement system due to the high field-strength environment in which theemeas
system must be operated. Two types of overload may occur. One type may oaaselibe
total measurement system RF front end attenuation is inadequate to keep the peakdnea
radar fundamental-frequency energy below the saturation point of the measisgstem. The
other type of overload is due to feed-through of radar energy directly into thereraast
system amplifiers or detector, bypassing the measurement antennardrahét filtering. Prior
to commencement of a spectrum measurement, these types of overload shoufeeieaserot
occurring.

To perform all of these checks and verifications, the measurement system gisoblgl tiined to
whichever frequency was previously identified as producing the highestimédaemission
power level. The frequency span of the measurement system is set to zerwitiregositive
peak detection and the widest available measurement bandwidth selected. Théessvslepuld
be set the same as it was for the adjustment of the antenna pointing angeal{stantially
longer than a single radar beam scanning interval). In this configur#te maximum measured
power from the radar transmitter is being monitored at one of the radar fundbfreaniencies
by the measurement system.

RF attenuation in the measurement system RF front end should be adjusted to a high enough
value to keep the maximum measured value from the radar well below the mesaggstem
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saturation level (1-dB compression point). If saturation does occur even whenumakiF
attenuation is invoked, then the measurement system is too close to the radar aredi wollose
moved further away.

If the measurement system is not saturated when maximum RF front endtatteisuavoked,
then the next step is to check for feed-through: that is, radar energy fegditige measurement
system without passing through the measurement antenna. This is accomplished by
disconnecting the measurement antenna and replacing it with a terminator.nghewdone, the
amount of energy feeding into the measurement system past the antennahskhbed on the
data display trace. With the terminator in place instead of the antenna, the amourgrof pow
measured on the display should drop many tens of decibels, preferably 60 dB or mohealf suc
drop is not observed, then feed-through may be a serious problem for the measurenment syste
Further use of the approach of disconnecting measurement system components artchgermina
their input ports will allow determination of the location of the feed-through prolmie¢hei
measurement system.

If feed-through is a problem, then some part of the measurement system needstay be bet
isolated from the incident radar energy. This may be done in more than one wappQraeia
is to improve the shielding of the RF front end and/or the measurement systemhi@side t
measurement vehicle, depending upon where the radar energy is feeding intostive mesat
system. Implementation of this approach will likely involve a significardgwarhof time and
engineering effort.

Other, more ad hoc approaches may be implemented at field locations. Ifdttertaegh

problem is occurring in the RF front end, then the front end may be moved inside the shielded
enclosure of the measurement system vehicle, although this may require a soloreyandRF

line connection from the measurement antenna to the front end input, with concomitgrely hi
overall measurement system noise figure.

If the feed-through problem is occurring within equipment located inside theirepsnt

vehicle, then it may be possible to eliminate the feed-through by moving the \teradiecation
behind a building or heavy foliage, and to extend the measurement antenna on a maghto a hei
above the building or foliage, while keeping the vehicle shielded behind the obstruction.

(4) Does measurement system distance from radar need to be changédded-through is
occurring and none of the measures described above eliminates this problem, ¢tméy the
remaining course of action is to move the measurement system to a laerelisbm the
radar, such that the threshold for feed-through coupling is no longer exceeded.

If feed-through is not occurring, but the measured power level at the radar funalament
frequency exceeds the saturation point of the measurement system whenadileafraiht end

RF attenuation has been invoked, then the measurement system must likewise be moved to a
larger distance from the radar, until such saturation does not occur.

If the measurement system is located at such a distance from the ratize tleatived power
levels are too low to permit enough dynamic range in the measurement to detemmafiarce
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with the —X dB ultimate suppression level (e.qg., if the —X dB level is —80 dB but the oraxim
power being received from the radar will only allow measurement of 70 dB ofnitynange in
the spectrum), then the measurement system needs to be moved closer to the rddaredse
in distance must be enough to increase the received signal power from the raghrtenou
observe roughly the —X dB level plus an additional 10 dB (e.qg., if the —X dB level is —80 dB,
then the spectrum needs to be measured with at least 90 dB of total dynamic range).

(5) Determine (and record) radar’s scanning interval and patternThis process is described
in detail in Sections 5 and 6. An abbreviated description of the process of determinirggaada
interval, spectrum measurement step time, and antenna pattern is provided here.

The measurement system is tuned to the radar fundamental frequency (or to one of the
fundamental frequencies, if there is more than one). The frequency rangenjjdosggaveeping

is set to zero hertz. IF bandwidth is set to the widest value available, so lomnglasstthan

twice the spacing between the selected radar fundamental frequency aptantdundamental
frequency, (e.q., if the radar has additional fundamental frequencies spaced Hbddzand
below the fundamental, then the bandwidth should be less than 20 MHz). Detection is set to
positive peak. The measurement system data trace mode is set to acquireswaaplat a

time. The sweep time is set to about 60 seconds (or possibly a somewhat longéy fioterva
some very long-range radars, such as space search or strategic garly sgstems).

The radar emission is observed in this mode for a long enough period of time tolestablis
time intervals between maximum-amplitude occurrences of power. For sexglelream-
scanning techniques (such as might be encountered with a single-frequenoystista
mechanically rotated, 360-degree azimuth scanning antenna and no elevation sciiming)
interval will likely be fixed. For sector-scanned radars, there will be twereéd intervals: a
short, then a long, then a short, then a long, etc. This pattern results from the meaisure
system being off-axis from the center-line azimuth of the radar’ersezdin. The effect will not
be seen if the measurement system happens to be positioned precisely on the tentadai's
range of sector scan azimuths.

For more sophisticated radars, the interval between occurrences of the magireiwad power
level may be somewhat irregular. Examples include radars that scan absawation while
they are moving the beam in azimuth; radars that employ multiple freqeeactradars that
employ fully electronic beam steering techniques. Even for such radamsydmwhere will
normally exist a maximum length of time that is allowed to elapse beforadhescans in any
given direction on any given frequency. This interval can be taken as the rackn'sterval,’
for the purpose of the measurement.

The scan interval for any radar is determined by observing many ocasreinibhe maximum
received power level and noting any repetition that seems to occur in the patteseof t
occurrences. Some repetition in interval will be observed for virtually any. Mtteen such an
interval seems to be observed, the sweep time of the measurement systemas/akte

slightly longer than that interval. Then, many (ten or more) of those intenedsmée observed
sequentially with the measurement system. If the radar consistently mmaximum power to the
measurement system within that interval, then this interval can be takeneffettige scan rate
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for the measurement. If, conversely, the radar sometimes does not sendimngpawer to the
measurement system within that interval, then the interval needs to be lengthenkdnand t
series of observations should be repeated. This process continues until the observaibn inter
that has been selected consistently results in at least one maximumepewnteirom the radar.

For the purpose of spectrum measurements, this time interval is the rackam’srigerval.

The scan interval that is determined from these observations is used to deptheris for the
radar spectrum measurement. The step time is the interval that will be udathfpoints
collected in the radar emission spectrum. The step time needs to be about tenytpeveemni
longer than the radar scan interval. For example, if the radar has a sozal oftdr75 sec, then
5 sec is a reasonable step interval. Similarly, if the radar has a 10+3éctepaal, then a step
interval of 11 sec is reasonable.

When the step interval has been set, at least one data trace should be acquireddaad recor
showing one complete radar scan pattern. This measurement is the effecnantanna
pattern as measured at the location of the measurement system. Additi@maspatiorded at
additional locations can be used to eliminate multipath features in the radareapédtern
measurement.

(6) Determine (and record) radar’s pulse sequencing.his process is described in detail in
Section 4. No additional description is provided here. With the measurement systegurednfi
for the previous measurement of antenna pattern, the measurement bandwidth and pulse
sequencing are measured as described in detail in Section 4.

(7) Measure (and record) radar pulse width(s) and modulation charactestic(s). This

process is described in detail in Section 3. With the measurement system eofiiguhe
previous measurements of antenna pattern and pulse sequencing, the measuremeiti imndwi
set and the pulse sequence measured as described in detail in Section 3.

(8) Determine (and record) radar’s emission bandwidthWith the radar beam scanning
interval having been determined (as described in detail in Sections 5 and 6 and zathmari
Note (6), above), the effective emission bandwidth is determined next. This proonesdrd a
bandwidth progression measurement is described in detail in Section 5.

(9) Set measurement system parameters for spectrum measurementluding IF

bandwidth, video bandwidth, and step interval. The measurement system should now be

ready to begin the spectrum measurement, and the parameter values to betheed for
measurement should be known. The IF bandwidth should be set as described in Table 2 (and
should be consistent with the empirically determined emission bandwidth of thesadar

described in the bandwidth progression measurement of Section 5). The video bandwidth should
be set equal to or greater than the IF bandwidth. The step time should be set to the value
determined previously. The detection should be set to positive peak. Initial RF teneads

to be adjusted to keep the radar energy within the dynamic range of the mmegdggstem at

the initial frequency of the measurement.
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(10) At each frequency step in the measurement, is RF attenuation preyy adjusted?It is
important that the RF attenuation at the front end of the measurement systemdierabns
adjusted from one frequency step to the next to ensure that the received peak power from t
radar remains within the instantaneous dynamic range of the measusgstent. It is also
important to remain vigilant against the possibility of any sort of directtt@@aigh of radar
energy into the measurement system, bypassing the measurement antenna.

To accomplish these goals, the radar measurement personnel should watch the maximum
received power from the radar relative to both the noise floor and the saturagioof lne
measurement system. This is done by watching the radar maximum level oateatthak from

each frequency step, and noting how close it is to noise and saturation levels. Ifgoreany

step, the radar signal level approaches within 10 dB of either level, then RF @teshatild be

either reduced (as the noise floor is approached) or increased (as theosgbaiatiis

approached). A suggested amount of change in RF attenuation per step is 10 dB. Such a routine
can also be implemented as an automatic feature in measurement controksoftwa

C.2.3 Data Units, Graphing and Recording

The RSEC specifies spectrum limits relative to measured peak power addanéundamental
frequency or frequencies. Thus, it is adequate that measured spectrum polwérelegeorded
in decibels relative to an arbitrary power value within the measuremeetrsgstuitry. For
example, NTIA/ITS engineers record spectrum data in units of dBm in 50 ohmrgircuit

If for some reason the radar emission spectrum needs to be specified in teroideot field
strength or EIRP from the transmitter, then the dBm values in the measur@metriyanay be
converted through the use of gain tables for the measurement antenna.

For time-domain data, amplitudes may be measured in terms of relativedeteltage (and
may be converted to dBm if necessary). Time is typically recorded in mammods for easy
insertion into the RSEC equations [1, Chapter 5].

It is the experience of NTIA/ITS engineers that RSEC spectrum dataldigraphed in real
time, point-by-point, as each dwell interval is completed. This allows exaarratthe
measured spectrum for sharp discontinuities that may indicate attenuatisroewoanticipated
changes in the radar’s transmitter mode.

All data should be recorded electronically in real time, preferably witmazaoying
hardcopies. Data back-ups are important, as it may prove impossible to revissLaemsant at
a later date. Pulse characterization data should be captured from an oscilloscmmeded
electronically, with appropriate back-up.
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C.3 Measurement Hardware and Software (More Detailed Descriptions)

Block diagrams of the type of measurement system required for RSEC empesitms
measurements are shown in Figures C-1 and C-2. The first element to be ednsidee
system is the receive antenna. The receive antenna should have a broadband fregpensy,
at least as wide as the frequency range to be measured. A high-gain respacke(@d with a
parabolic reflector) is usually also desirable. The high gain value gegmaiater dynamic range
in the measurement; the narrow antenna beamwidth provides discrimination atfgnsignals
in the area; the narrow beamwidth minimizes problems with multipath propagatiohe
radar under measurement; and spectrum data collected with a parabolic amfemmeare
minimum of post-measurement correction, as discussed in the next paragraph. Thefeadenna
polarization is selected to maximize response to the radar signal. Cpolddration of the feed
is a good choice for cases in which the radar polarization is not ka@wari. The antenna
polarization may be tested by rotating the feed (if linear polarizatiosad) or by exchanging
left and right-hand polarized feeds, if circular polarization is being used.

Corrections for variable antenna gain as a function of frequency should be cethsidgenna
gain levels are usually specified relative to that of a theoreticaifeqt isotropic antenna, in
units of dBi. The effective aperture of an isotropic antenna decreases as 20lbg(é f is the
frequency being measured. This means that, if the measurement antennartséara effective
aperture (that is, has an isotropic gain that increases as 20log(f)), no correctiaisgble
antenna gain need be performed. This requirement is met by a theoretctdist parabolic
reflector antenna, and is one of the reasons that such an antenna is preferreabftoanr
radar spectrum measurement. Conversely, to the extent to which the gain chsheement
antenna deviates from a 20log(f) curve (including a less-than-ideal parabehoanthe
resulting measurements must be corrected for such deviation.

The cable connecting the measurement antenna to the measurement systtaishbael
considered. A length of low-loss radio frequency (RF) cable (which will vary degengdon

the circumstances of measurement system geometry at each meastaidaresite) connects the
antenna to the RF front-end of the measurement system. As losses in this precattéhiuate
the received radar signal, it is desirable to make this line length as shors, landlass, as
possible.

The RF front-end is one of the most critical parts of the entire measureystm sit performs
three vital functions. The first is control and extension of measurement systamidyange
through the use of variable RF attenuation. The second is bandpass filtering Goicrgetio
prevent overload of amplifiers by high-amplitude signals that are not atrteé frequency of
the measurement system. The third is low-noise preamplification to provide xireuna
sensitivity to emissions that may be as much as 130 dB below the peak measlratctihey
radar fundamental. Each of these sections in the RF front end is considered below.

The RF attenuator is the first element in the front-end. It provides vaagéteiation (e.g. O—
70dB) in fixed increments (e.g. 10 dB/attenuator step). Use of this attenuator dering t
measurement extends the dynamic range of the measurement systenmiaxximum amount of
attenuation available (e.g. 70 dB for a 0—70 dB attenuator).

75



The key to using the RF front end attenuator with effectiveness in a radar eneaisuis to tune
the measurement system in fixed-frequency increments (e.g., 1 MHe}l s&ps, rather than to
sweep across the spectrum, as is more conventionally done with manually edrspelttrum
analyzers. At each fixed-frequency step, the attenuator is adjusted to kesqethpeak power
within the dynamic range of the other elements in the measurement systmtl{effront-end
amplifier and the spectrum analyzer log amplifier are the limitiegnents). With the front-end
RF attenuator properly adjusted at each step, a measurement of the radaat postdrequency
is performed. In this way, a nominal 60 dB dynamic range for the measurement gyst
extended by as much as 70 dB, to a total resulting dynamic range of 130 dB (or, more
realistically, 110-120 dB in operational systems). To minimize measurementhis
attenuator and the stepped-frequency measurement algorithm that it ateessih be
controlled by computer.

The next element in the front end, the tunable bandpass filter preselector, ianyatéss
needed to measure low-power spurious emission levels at frequencies thaa@etadjmuch
higher-level fundamental emissions (e.g., 130 dB below fundamental). For examyalg,be
necessary to measure spurious emissions from an air traffic controlr28@0aviHz that are at
a level of =120 dBm in the measurement circuitry, while the fundamental emisabis lat

+ 10 dBm and is only 150 MHz away in frequency (at 2750 MHz). The measurement system
requires an unattenuated low-noise amplifier (LNA) to measure the spuri@sanat

2900 MHz, but the amplifier will be overloaded (and thus gain-compressed) if it iseelxjwos
the unattenuated fundamental emission at 2750 MHz. For this reason, attenuation that has
frequency dependence is required in the front-end at a position before the LNA inpatticep
this tunable bandpass filtering is effectively provided by varactor techndietpyw( 500 MHz)
and by yttrium-iron-garnet (YIG) technology (above 500 MHz). The applicdtdesfmay be
procured commercially, and should be designed to automatically track the tuneshéeqtithe
measurement system.

The final element in the RF front-end is an LNA. An LNA is installed as tkeatement in the
signal path after the preselector. The low-noise input characteristie bNA provides high
sensitivity to low-amplitude spurious radar emissions, and its gain allows for #eeaidhe rest
of the measurement system (e.g., a length of transmission line and a spectyasr)aizabe
overdriven. This means that the noise figure of the LNA dominates the overathgysise
figure.

Considerations for the sensitivity and dynamic range of the measurers@msgs well as for
typical spectrum analyzer noise figures, are the same as those statettbmG.1.1.

Another option for LNA configuration is one in which LNAs are cascaded. Thd NA is
placed between two stages within the YIG or varactor bandpass preselectdt fids a low
noise figure, but only enough gain to allow for the insertion loss of the secondajé& At
second LNA is placed immediately after the YIG. This option will providenaesvhat lower
overall system noise figure because the second stage of the YIG is altovbgdtie first LNA.
However, this option may require more advanced design and engineering niodsita the
preselector filter than an administration may deem practical.
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A third option for the measurement system LNA configuration, and one not requiring any
redesign or retrofitting of the front end preselector filter, is to place adgae LNA in the

front end and a second LNA at the spectrum analyzer signal input. The first I[9¢kedsed to
have very low noise figure and just enough gain to allow for the RF line loss and thegquoese f
of the spectrum analyzer LNA. The spectrum analyzer LNA, in turn, is edlémta gain
characteristic that is just adequate to allow for the spectrum analymese figure in the
appropriate frequency range of the radar measurement. This set of two ddd¢Adanay be
more easily acquired than a single, extremely high-performance LNArdegmof the
configuration of the LNAs, the cascaded gain must be computed at each LNA inputeéciasur
the input linear range of each component is not exceeded.

The remainder of the RF measurement system is expected to be essenbalmercially
available spectrum analyzer. Any spectrum analyzer which can reagmatsover the
frequency range of interest, and which can be computer-controlled to perform the-steppe
frequency algorithm, can be used. As noted above, the high noise figure of curretahiava
spectrum analyzers must be allowed for by low-noise preamplificatiba measurement is to
achieve the necessary sensitivity to observe most spurious emissions.

The measurement system can be controlled via any computer which has a facei(&®IB or
equivalent) that is compatible with the computer controller and interface )chedlig used. In
terms of memory and speed, modern PC-type computers are quite adequate. Tihenmeeas
algorithm (providing for frequency stepping of the spectrum analyzer andetbegutor, and
control of the front-end variable attenuator) must be implemented through reofSeane
commercially available software may approach fulfillment of this need lsulikely that the
measurement organization will need to write at least a portion of their own emasir
software. While the development of software requires a significant ressxpeaditure,
practical experience with such systems has shown such an investment tthivenikif radar
emission measurements are to be performed on a frequent and repeatable basis.

Data may be recorded on the computer’s hard drive or on a removable disk. |deaiéyyecord
is made for every 100-200 measurement steps, so as to keep the size of datadiEeabie,
and to prevent the loss of an excessive amount of data if the measurement sygietarcam
other components should fail during the measurement.

With the radar antenna beam scanning normally, and with the measurementsgjsipras
described above, the first data point is collected. A data point consists of a pair ofsaumbe
measured power level and the frequency at which the power level was measus@niple,

the first data point for the above measurement migh®BedBm at 2000 MHz. The data point is
collected by monitoring the radar emission at the desired frequency, in a fregpanof O Hz,
for an interval (step time) slightly longer than that of the radar antetattzon period, or for a
longer step time for complex radar systems. This time-display of theaattama beam rotation
will be displayed on the spectrum analyzer screen. The highest point on the tracemally
represent the received power when the radar beam was aimed in the direction of the
measurement system. That maximum received power value is retrievedy(bgubhE control
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computer, although it could be written down manually), corrected for measurgys&m gain
at that frequency, and recorded (usually in a data file on magnetic disk).

The second measurement point is taken by tuning the measurement system to tequendyfr
to be measured. This frequency is optimally equal to the first measurediitgquias the
measurement bandwidth (e.g., if the first measurement was at 2000 MHz and theemens
bandwidth were 1 MHz, then the second measured frequency would be 2001 MHz). At this
second frequency, the procedure is repeated: measure the maximum power receigetedur
radar beam rotation interval, correct the value for gain factor(s), andl tbeoresulting data
point.

This procedure, which consists of stepping (rather than sweeping) acrogsdtmara, continues
until all of the desired emission spectrum has been measured. The stepping rsistsaf a
series of individual amplitude measurements made at predetermined (fixedftagadhcies
across a spectrum band of interest. The frequency change between gpipsalby equal to the
measurement system IF bandwidth. For example, measurements across 200sgitirum
might use 200 steps at a 1-MHz step interval and a 1-MHz IF bandwidth. The stegl imizy

be set wider in the spurious emission domain to expedite the overall measuremeneraivev
frequencies that are integral multiples (e.g., 2, 3, 4) of the fundamental radsioarihe
maximum step interval should again be about equal to the measurement system [Btbandw

The measurement system remains tuned to each frequency for a specifiecemeasinterval.
The interval is called step-time, or dwell. The dwell time for each step igisgdxy the
measurement system operator, and is normally slightly longer than the radasdaesing
interval.

Computer control of the measurement system is desirable if this proegssyst, measure,
correct for gain, and repeat) is to be performed with efficiency and agcimaorder to correctly
measure the peak of the fundamental emission it may be required to use astegaitgerval of
the order of half or less of the measurement bandwidth over this region.

The stepped time technique is required to enable the insertion of RF attenudtefraittend
of the measurement system as the frequencies approach the center fréaue ey other
peaks) of the radar spectrum. This ability to add attenuation on a frequentisédlasis makes
it possible to extend the dynamic range available for the measurememtclass about

130 dB, if a 0—70 dB RF attenuator is used with a measurement system having 60 dB of
instantaneous dynamic range. This is of great benefit in identifyingvetyalow-power
spurious emissions. To achieve the same effect with a swept-frequency mespeenotch
filter could be inserted at the center frequency of the radar, but there would betrealpray

to insert a notch filter for all the other high-amplitude peaks that might ocdu spectrum.

It is importantto provide adequate bandpass filtering at the front-end of the measurement

system, so that strong off-frequency signal components do not affect the meaduelow-
power spurious components.
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These measurements may be performed without the radar antenna bé@tg potevided that
the directions of both maximum fundamental emission and any unwanted emission are known.

C.3.1 Clear Channel Advisor for HF Radar Emission Spectrum Measurements

For HF radars, ionospherically propagated transmissions can travel lasgeesstand so much
of the spectrum that is measured by the test antenna will, in general, bedetesternal
signals. It is therefore important to have a device advising of occupied chamatdsably one
that can capture this data and give some indication of the signal strengtpettram
measuring system can be used for this, or an independent receiving systemtaltas de used
to reconcile any unwanted emissions that may have been caused by exteoesl $osinould
also be used to detect a clear channel for the testing within the in-bgrech® OOB domains.

C.4 Dynamic Range of the Measurement System

The measurement system should be able to measure levels of unwanted emissionsgil5[Chapt
and as diagrammed in Figure C-4. To obtain a complete picture of the spectruiallgspebe
spurious emissions domain, it is recommended to be able to measure levels ohei3siB
below the ultimate suppression level [1, Chapter 5].
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Figure C-4 Diagram of out-of-band and spurious emission suppression levels required by the
RSEC. It should be noted that Recommendation ITU-R SM.329 recommends under category B
more stringent limits than those given within Appendix S3 in some cases. This shakdrbe t

into account when evaluating the required range of measurement and the recommeahéc dy
range of the measurement system.

79



APPENDIX D: RSEC MEASUREMENT SYSTEM CALIBRATION
D.1 Calibration Overview

The measurement system is calibrated by disconnecting the antenna frost dfi¢he system,
and attaching a noise diode to the RF line at that point. A 25 dB excess noise ratjov({iExER
ENR = (effective temperatur®, of noise diode/ambient temperatut€)) diode should be

more than adequate to perform a satisfactory calibration, assuming that #ilesystem noise
figure is less than 20 dB. The technique is standard Y-factor measurement witratve

power measurements made across the spectrum, once with the noise diode on ant tmee wit
noise diode off.

The noise diode calibration results in a table of noise figure values and gaictioos for the
entire spectral range to be measured. The gain corrections may be stomukiu@table, and
are applied to measured data as those data are collected. The next secilmesdbsse
procedures in more detail.

The measurement antenna is not normally calibrated in the field. Correctiors flactthe
antenna (if any) are applied in post-measurement analysis.

D.1.1 Gain and Noise Figure Calibration Using a Noise Diode

Measurement system calibration should be performed prior to every radaramspectrum
measurement. As measurements are performed, gain corrections magdt@aidmatically to
every data point. For measurement system noise figures of 20 dB or less, noise-fdicke Y
calibration (as described below) may be used. This appendix describes thatiteprgcedure
for such calibration.

Noise
diode

enr . System
Antenna g output
input
Measurement

nf system gain

summation

Measurement
system
inherent noise

Figure D-1.Lumped component diagram of noise diode calibration.

The noise diode calibration of a receiver tuned to a particular frequency maydsentéed in
lumped-component terms as shown in Figure D-1. In this diagram, the syrméqmesents a
power-summing function that linearly adds any power at the measuremiemt syput to the
inherent noise power of the system. The symbol g represents the total gain eatuzament
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system. The measurement system noise factor is denoted by nf, and the noise dindexbass
noise ratio denoted as enr. (In this appendix, all algebraic quantities denotecdbygdse
letters, such as “g,” represent linear units. All algebraic quantities delpigpper case letters,
such as “G,” represent decibel units.)

Noise factor is the ratio of noise power from a devigg,igW), and thermal n0|se,dk‘f|_—"é°e

where k is Boltzmann’s constant (1.38_-2.60/K), T is system temperature in Kelvin, and B is
bandwidth in hertz. The excess noise ratio is equal to the noise factor minus one, mhking it
fraction of power in excess of kTB. The noise figure of a system is defined as (hoies
factor). As many noise sources are specified in terms of excess nais¢hatguantity may be
used.

In noise diode calibration, the primary concern is the difference in output signakkeéhroise
diode is switched on and off. For the noise diode = on condition, the pow@k)Pis given by:

p,, = (nf, +enr,)x gkTB (D-1)

where nf is system noise factor and gis the noise diode enr.

When the noise diode is off, the powegi@®V), is given by:

Py = (nf,)x gkTB (D-2)
The ratio betweendg and Ry is the Y factor:
y{pmjz(nuena) 0-2)
poff nfs

Y =10log(y) ﬂOlog{ﬁJ =p_-P,

off

Hence the measurement system noise factor canvesz sas:

_eny

nf D-4
sTyo1 (D-4)
The measurement system noise figure is:
NF, =10lo ﬁj = ENR, -10log(y -1) = ENR, ~10log(10"** 1) (D-5)
Hence:
pon - poff
= D-6
J eny xkTB (D-6)
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G =10log(p,, = Pyt )~ 10logent; x kTB)
or
G =10log(16>"°~10™ ")~ ENR, ~10log(kTE)

In noise diode calibrations, the preceding equasarsed to calculate measurement system gain
from measured noise diode values.

Although the equation for NFnay be used to calculate the measurement systise figure,
software may implement an equivalent equation:

_ Poff

nfg = D-7
® gkTB (©-7)

NFs =10log(pyf )-1010g(gkTB) = Pyt —G —10log(kTB)

And substituting the expression for gain into tieceding equation yields:
NF, = P, + ENR, ~10log(L0% *° ~10% ") (D-8)

The gain and noise figure values determined widlse¢hequations may be stored in look-up
tables. The gain values are used to correct thsune@ data points on a frequency-by-frequency
basis.

Excluding the receive antenna, the entire signtll [gacalibrated with a noise diode source prior
to a radar spectrum measurement. A noise diodenisected to the input of the first RF line in
place of the receiving antenna. The connection beagccomplished manually or via an
automated relay, depending upon the measuremamrszeThe noise level in the system is
measured at a series of points across the frequangg of the system with the noise diode
turned on. The noise measurement is accomplishiedtie IF bandwidth set to 1 MHz and the
video bandwidth set to 1 kHz. The noise diode éntturned off and the system noise is
measured as before, at the same frequencies. Tamumeenent system computer thus collects a
set of B, and Ry values at a series of frequencies across the todoel measured. The values of
Pon and By are used to solve for the gain and noise figuth®@imeasurement system in the
equations above.
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APPENDIX E: POSITIONING OF MEASUREMENT SYSTEM FOR RADIATE D
MEASUREMENTS

E.1 Measurement Environment Conditions

1 Regarding the measurement distance, the antetterpshould be measured in the far field
of the radar antenna. But the spectrum can be mezhatidistances at least as close as half
the far field distance, as shown for example iruFege-1. Variation of the peak received
signal should be made less than 3 dB when theuwiageantenna is movekD/2H
horizontally or vertically away from the point wiegemaximum signal is received (H: height
of the transmitting point, D: measurement distancésansmitting wavelength).

2 Regarding the measurement site, it is prefertadlecate the transmitting and receiving
antennas in a fairly high position, such as on tewiote that the height should be
determined considering the vertical beam widthhefradar and measurement antennas, and
no reflective objects should be between the antenna

For the purpose of performing radiated emissionsmesments on a radar, it is important to
position the measurement system so that maximunepsvweoupled from the radar to the
measurement system. This condition will achievehigbest possible dynamic range in the
resulting emission spectrum data.

The question of near field and far field distanicewvitably arises for radiated measurements.
The terms ‘near field’ and ‘far field’ refer to anges in the radiation patterns of antennas as a
function of distance from such antennas. Antenngepe gradually approach a limiting case at
infinite distances, but real-world measurementstrhagperformed at finite distances. Therefore
criteria have been developed for computation dhdises at which radiation patterns are close
enough to the limiting case to satisfy most engingeand scientific requirements. Two
common criteria are 2I\ and B/A. But as noted, these criteria are intended foiirusadiation
pattern measurements, not spectrum measurements.

For RSEC measurements, the far-field limit maydien as BYA, where D is the radar antenna
diameter and is the wavelength of the radar fundamental frequeRor a 2900-MHz radar
with a 7-m antenna diameter, for example, theitdfdistance will be 475 m. For a 420-MHz
radar with an antenna diameter of 40 m, the fdd-figstance will be 2.25 km.

Pulse shape, modulation, and PRR measurementsearagrtormed within the near field limit.
Likewise, spectrum measurements may be performiegsttas close as half of/® with only
small differences from a measurement d\Das shown in Figure E-1.

Antenna pattern measurements within the near liiglitl will be incorrect. Thus a distance of

D% or greater is preferred when the measurementryistbeing positioned for an antenna
pattern measurement.
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Far-field (105 m) and near-field (65 m) radiated spectra of maritime radar

30 T T T
Long pulse mode (830 ns)

10 FWherever curves diverge,
the far-field spectrum

is lower than the near-field
0 'spectrum.

Computed far-field distance

-10 I"is105 m.

-20 .

Power measured in 1 MHz bandwidth (dBm)

8000 9000 10000 11000

Frequency (MHz)

Figure E-1. Emission spectrum measurements of @imaradar made at distances of 105 m

(D% distance limit) and 65 m, well within that distan@éhere the two spectra diverge, the far-
field spectrum is lower than the near-field spauctru

Because of the shape of typical radar beams, intt@ver at ground level does not continually
increase as distance to the radar antenna decr&ahsr, there will usually be a distance at
which incident power is maximized. Within this diste the power level drops because the
measurement system is being moved underneathdheaatenna’s highest-amplitude lobes.
Outside this distance, the effect ofigeometric drop-off is experienced. The measurement
system should be positioned at this maximum indigemwer point, unless it is within the near
field limit of either the radar antenna or the mgament antenna.

The highest-amplitude location may be determineflésnys, assuming that the measurement
system is vehicularly mounted. A low-gain measungna@tenna is mounted on the vehicular
exterior, preferably on the roof. The antenna isnexted to a spectrum analyzer which is tuned
to the radar fundamental frequency. The spectruetyaer span is set to zero hertz, the
resolution bandwidth is set as wide as possible pasitive peak detection is used. The
spectrum analyzer sweep time is set to a valuestti@eds the time it will take to drive the
vehicle from the radar transmitter to a locatidewa kilometers away. In practice, this will likely
be about 300 sec.
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The vehicle is initially positioned at the radartsmitter. As the spectrum analyzer sweep is
triggered (manually), the vehicle begins to driveag from the radar. Every few seconds, the
radar beam will sweep across the vehicle and #eswed power value will be observed. The
received power level will gradually rise as theigehmoves away from the radar. At some

point, the received power level will no longer iease, and at longer distances from the radar the
received power will decrease. The vehicular locatidere the maximum power was received
should be noted by the vehicle’s driver; this is éptimum location for the ensuing spectrum
measurement.

As rough guidelines, the typical optimal distanaaf which to perform measurements on air
search radars and weather radars is between 0t8 krd km. Distances on the order of 0.1 km
(100 meters) or less may be optimal for measuresr@remissions from maritime surface
search radars.

With the measurement vehicle properly positionkd,rheasurement system is configured for the
full RSEC measurement as described in Appendix Codstant-aperture (parabolic) antenna is
substituted for the low-gain antenna used in tleation survey. The measurement antenna
should be raised as high as possible on a maatrfsearch radar measurements. For maritime
radar measurements, the measurement antenna sieopdditioned at a height that maximizes
the coupled power from the radar.
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APPENDIX F: VARIATION IN MEASURED PULSE SHAPES ACROSS EXTE NDED
EMISSION SPECTRA

Since the pulse shape is related to the emissiectrsjn via the Fourier transform, the pulse
shape can in principle be observed in completaldwily if the entire emission spectrum is
convolved within the measurement bandwidth. Byirerctice, a measurement bandwidth that
convolves a large number of the highest-amplitudession lines near the fundamental
frequency of a spectrum (ie., a bandwidth that Egolaexceeds (1/pulse width)) will produce a
pulse shape that nearly replicates the true phlgpes as shown in Figure F-1 for a weather
radar.

But using the same bandwidth at a frequency withénspurious portion of the emission
spectrum, the convolved set of emission lines matl produce the pulse shape of Figure F-1a.
Instead, this sub-set of emission spectrum lindsowoduce a double pulse shape such as that
shown in Figures F-1b through F-1d. (These figaresoff-tuned measurements made on the
same radar as Figure F-1a). This phenomenon igedfto vernacularly as “rabbit ears.” The
spacing between the two spikes will be the santheasominal pulse width. But between the
two spikes low-amplitude noise will be observedp®=ding upon the spurious frequency, the
relative amplitudes of the leading-edge spikelitigiedge spike, and center-pulse noise will
vary.

This phenomenon has important implications forRI$&=C spectrum measurement. The essential
significance is thathe measurement bandwidth at which the measurek p@aer remains
constant varies with frequendy section 5 a measurement of bandwidth progsasstiown in
Figure 12 illustrates the point at which the meadypeak power remains constant despite an
increase in measurement bandwidth. At the fundaahehis point is about 1/t, where t is the
pulsewidth. In the spurious portions of the speutirthis bandwidth is much wider, usually

about 1/t where tis the pulse’s risetime. This variation has imaottconsequences for the
selection of appropriate bandwidth for the RSECG:8pen measurement, as discussed in

Section 5 of this report and shown in Figures 16eflfhat section.
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Figure F-1A weather radar pulse envelope measured at nomaidat center frequency (a), and
at three other frequencies in the out-of-band andigus parts of the emission spectrum ((b)
through (d)). Measurement bandwidth was 8 MHz. @iméssion lines convolved at the center
frequency in the measurement bandwidth yield a gggtoximation of the full-bandwidth pulse
envelope in the time domain. But the subsets ofiEpblines convolved in the same bandwidth
at frequencies in the out-of-band spurious portwithe emission spectrum do not yield the
nominal pulse envelope; instead they tend to predhigh-amplitude features in the leading
edge, trailing edge, or both. (Note however thtltpulse duration of off-tuned detected pulses
is constant, even though much of the structurevisdmplitude and noisy.)
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APPENDIX G: VARIATION IN MEASURED SPURIOUS AMPLITUDES AS A
FUNCTION OF MEASUREMENT BANDWIDTH

G.1 Introduction

Pulsed radar transmitters produce broadband spueimissions at relatively high levels as
compared to emissions from narrowband communicaystems. As documented in [3], radar
spurious emission levels are typically tens of belsi higher than theoretically predicted $inc
spectra of pulsed emissions. These emissions ifiegaency domain probably correspond to
short-term transient behavior in the time domaiarabteristics of the rising and falling edges of
the radar pulses.

For spectrum management purposes, radar out-ofdr@hdpurious emissions are limited in the
U.S. by Government regulations such as the radatispn emission criteria (RSEC). RSEC
spurious emission masks are specified in termsnplitude suppression relative to the power
produced at radars’ fundamental frequencies [4} (suppression might be required to be at
least 60 dB below the fundamental at frequencig)6fMHz or more away from the
fundamental). Mask-compliance limits are computedhe basis of a theoretically perfect
pulsed emission plus a margin that allows for stigliperformance of an economical transmitter
design.

Compliance with emission masks is determined thinaungasurements of emission spectra. The
measured levels of radar unwanted emissions artthimental-frequency emissions both vary as
a function of measurement system bandwidth, But the variation with B differs between
unwanted emissions and the fundamental-frequenéssems. Moreover, the variation of
unwanted emission levels varies as a functionegffency as well as,BThis presents a

problem for radar emission mask-compliance measemésn

Power (dB)

Center Frequency

Figure G-1. Schematic representation of the medquoeer at a radar fundamental frequency
versus power measured at other frequencies as reeszsut bandwidth changes. Units are
arbitrary.

In a peak-detected power measurement, completehcaberent (noise-like) emissions should
vary as 10 log(R), while coherent emissions should vary as 20 lgy(Bince the bandwidth
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progression coefficients of 10 and 20 represerntihgicases, radar spurious emissions should
have a coefficient somewhere between these twesaBut no study is known to have been
undertaken to determine the actual coefficientdoiars. An ideal peak-detected measurement is
shown in Figure G-1. Power measured at the fundtah&aquency (far left) first increases at a
20log rate, but maximizes when measurement banbwexiteeds the values given in Table 2 of
this report. But since the power in the rest ofgdhectrum climbs arbitrarily high as bandwidth
increases, the difference between power valudsatdnter frequency vs. other frequencies
(reading between the left and right sides of tiagichm) thereforeecreases measurement
bandwidth is greater than the values of Table 2.

NTIA/ITS has begun to address this problem by paring emission spectrum measurements on
a maritime surface search (navigation) radar. Turpgse of the measurements has been to
determine the actual variation of spurious emistopls of a radar relative to the measured
fundamental level as a function of the measurerbantiwidth, B, With this value known,

NTIA will be better able to specify appropriate bamndths for RSEC-compliance measurements,
as well as any post-measurement correction fathatamight be required.

G.2 Approach

A magnetron-based X-band maritime surface seadtdr ras set up with an antenna height of
approximately 4 m on a mast at a prairie locatree Df local obstructions. A measurement
system contained in the RF-shielded enclosureeoNfRIA Radio Spectrum Measurement
System (RSMS) was positioned at a distance of 1@%m the radar. The RSMS received radar
emissions via a 1-meter diameter parabolic disbrara with a linear, matched-polarization log-
periodic feed. Figure G-2 shows the radar transmathd the RSMS during the measurement.

Figure G-2. Maritime radar and measurement system.
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The measurement system is shown in block-diagram fio Figure G-3. Following the antenna,

a variable (0-70 dB) attenuator was adjusted srquéncy-dependent basis to keep the
received signal level from the radar within the ayrnc range of the measurement system. That
is, the attenuation level was zero when radar eamssvere close to measurement system noise,
but was gradually increased (in 10 dB steps) tmash as 70 dB as the measured frequency
approached the radar fundamental. The attenuatsngnadually decreased at frequencies above
the radar fundamental, being finally reduced t@ zrthe upper end of the measured spectrum.

-
/ / LNA
Variable Tunable
Attenuator Bandpass
Filter
X k:] Peak sample Max-hold
<:§%§Z> ;:in circuit function
Mixer IF Envelope
down Filter Detector

converter
Figure G-3. Measurement system functional blockdian.

Following the attenuator, a tunable bandpass filteyed on yttrium-iron-garnet (YIG)
technology isolated the system’s broadband lowenbiter (LNA) from the high-power radar
fundamental energy as the spectrum measuremenegeagl. The LNA provided the sensitivity
required to measure out-of-band and spurious eomdsvels as much as 100 dB below the
measured fundamental power level.

The LNA output was fed into a spectrum analyzeee Thtical spectrum analyzer stages are
shown in Figure G-3, including frequency downcosuar; IF filtering; envelope and peak
detection; analog-to-digital conversion; and fiaatput to a data-recording computer.

As noted above, the requisite dynamic range ofrtekasurement (about 100 dB) demanded that
the RF attenuator setting be varied as a functidrequency. Therefore, the measurement
system could not be operated in a swept-frequerarjemnstead, the measurement system was
fixed-tuned to a single frequency with a singlemitiator setting. A peak-detector circuit was
operated at the single frequency for a periodrét(3 sec) slightly in excess of the radar’s
antenna rotation period (2.7 sec). This ensurekhiearadar beam maximum output would be
sampled at each measured frequency.
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With the emission amplitude measured at a singlguiency, the measurement system was tuned
to another frequency, the RF attenuator was adjdteecessary) and the measurement process
was repeated for another 3 sec. This stepped-fneguaeasurement process was used to acquire
all data presented in this paper.

With 100 dB dynamic range available in the measerdnthe radar spectrum was measurable
across 4.2 GHz of spectrum, from 7300 MHz to 118B{z. Because the out-of-band and
spurious emissions are a continuum, lacking disaratrier frequencies, those emissions could
be sampled at arbitrary spacings between frequetepg. For this measurement, the step
interval was set at 6 MHz, for a total of 700 stép®d 701 measured frequencies) across the
range 7300-11500 MHz. Each spectrum run theretagaired about 35 minutes for completion.

Because the 6 MHz step spacing could result imthission of the radar fundamental frequency
from the measured spectrum, a supplemental measotemas made at the radar fundamental
for each spectrum. This ensured that radar pealepaas accurately included in each spectrum
output.

The radar can transmit multiple pulse widths, raggrom 80 nsec to 800 nsec. The radar
spectrum was measured in two pulse modes (80 mske80D nsec) in four IF bandwidths (where
Bm=300 kHz, 1 MHz, 3 MHz, and 8 MHz). Thus a totakgjht spectrum measurements were
performed.

G.3 Results

The measured emission spectra for short-pulseantdpulse radar modes are shown in Figures
G-4 and G-5. Measurement system internal noisere@sia flat floor at frequencies between
7300-8000 MHz, and as a flat area between 110004.0Hz. It is observed that the spurious
emission levels are changing with a progressionisheomewhere between 10 log and 20 log
bandwidth, depending upon frequency.

Figure G-6 shows measured power at the radar fuedi@infrequency (approximately

9410 MHz) as a function of measurement IF bandwi@llle data in this figure confirm that the
radar fundamental power follows a 20 logjBule for values of B that are equal to or less than
(1/pulse width).

In the short-pulse mode, the 80 nsec pulse widthli®in a predicted fundamental-frequency 3-
dB emission bandwidth of 12.5 MHz, which is widean the maximum measurement IF
bandwidth of 8 MHz. Consequently, the measured paveeeases as 20 loggBfor all points.

But in the long-pulse mode of 800 nsec pulse witlith,3-dB emission bandwidth is predicted to
be 1.25 MHz. As a result, the 20 log{Borogression breaks down for 3 MHz and 8 MHz B
values.

Figure G-7 quantifies the decibel differences betwspectra measured in successive values of
Bm. These are shown as deviations from a 20 log pssgwn, computed as follows:
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P -PR
A=|——2~|-20 G-1
{Iog‘BX /B, J (1)

where:

A = deviation from 20 log(B) progression;

Py = log power measured in,Bnd B;

Bixy) = measurement bandwidth;

[X,y] are subscripts for successive measuremehaftdwidths (e.g., 3 MHZ and 1 MHz).

The differences should lie between —10 (correspanth a noise-like 10 log progression) and 0O
(for the 20 log rule that coherent emissions shérildw). Some points lie outside these bounds.
Deviations outside this range could result fromittieraction of spectrum peaks and valleys
with a particular measurement bandwidth; uncenamineasured values; or variation in shape
factors between filters.
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Figure G-4. Maritime radar emission spectrum messur four bandwidths with transmitter
operating in short-pulse mode.
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Figure G-5. Maritime radar emission spectrum messur four bandwidths with transmitter
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Figure G-6. Variation in measured power at the rdaladamental as a function of measurement
bandwidth and pulse mode.
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Some trends are clearly observed in the valuethécurves in Figure G—7. The values of the
deviation curves typically range between —4 andce2esponding to variation coefficients
between 16 and 18. Neglecting the points that ekzeeo, the extreme values range between —8
and 0, corresponding to variation coefficients w12 and 20, respectively.

G.4 Summary and Conclusions

In summary, spurious and out-of-band emissions mred$rom a maritime navigation radar
were found to typically vary at a value betweerddiB,,) and 18 log(B). Extreme values
ranged from a low of 12 log@ to a high of 24 log(R).

These results indicate that the radar spuriousséomis did not vary as would be predicted for
thermal noise (10 log progression). Thus radarisparemissions should not be characterized as
“noise-like,” at least for the radar measured is giudy.

Radar emission spectrum measurements that arempeddor the purpose of determining the
suppression of out-of-band and spurious emissielasive to radar fundamental-frequency
power will show a bandwidth dependent variationaste@ement of spectra in multiple
bandwidths is recommended until this phenomendetter understood.

It may be desirable for future emission masks twatnodate this effect. Such masks might

include a recommended IF measurement bandwidthpassibly a method for computing
correction factors for measurements made in otaedWwidths.
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Figure G-7a. 8 MHz — 3 MHz smoothed difference rspalse radar mode.
Figure G7b. 3 MHz — 1 MHz smoothed difference, short puéstar mode.
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Figure G-7c. 1 MHz — 300 kHz smoothed different®rspulse radar mode.
Figure G-7d. 8 MHz — 3 MHz smoothed difference g@ulse radar mode.
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Figure G-7e. 3 MHz — 1 MHz smoothed differenceglpulse radar mode.
Figure G-7f. 1 MHz — 300 kHz smoothed differencsd pulse radar mode.
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APPENDIX H: RADAR SPECTRUM ENGINEERING CRITERIA (RSEC)
EMISSION MASK SPREADSHEET

H.1 Introduction

NTIA has developed an automated model to plot RBE{Ssion masks as a function of radar
characteristics. The RSEC Emission Mask spreadsVikgtot the permitted emission limits for
primary radar stations operating in the radiodeeation service as required [1, § 5.5].
Measured emission spectrum data can be importedhatspreadsheet for comparison with the
RSEC emission limits. The RSEC emission mask spresat is in Microsoft Excélformat. The
program is available on the following websitétp://ntiacsd.ntia.doc.gov/rse€omments and
suggested improvements to the spreadsheet shoskhbé Robert Sole etole@ntia.doc.gav
A user’s guide for the program is given below.

H.2 System Requirements

The ITU-R emission mask spreadsheet requires Mifr@&xcel 2008 or later version, and
Microsoft Windows 98 or later operating system.

H.3 Opening Program

Start Microsoft Excel. Open the file ITU-R emissiorask spreadsheet. When prompted, enable
the macros. If not prompted to enable macros, ¢joeto the Tools pull down menu, and select
Macro-Security. In the Security level tab, chooseddm and press OK. Close the spreadsheet
and re-open it. Upon re-opening the spreadsheetslyould be prompted to enable macros.
Click on the NEW/Restart button to initialize th@readsheet.

H.4 Importing Measured Emission Spectrum Data

Measured emission spectrum data may be importedhetprogram. If measured data are being
used, they should be imported prior to providing diata in Table 1 since the Excel program
determines some parameters in Table 2 from theursgmission spectra data. The imported
emission spectrum data files must be in ASClIffilenat, Easy PIStfile format, or table entry.
The ASCII file must include the emission spectruatedn two fields: 1) frequency in MHz, 2)
measured emission spectrum data in absolute p@ager BW or dBm), or in dB relative to the
maximum measured signal level. Note: if the dagaimabsolute power the program will
normalize the data to dB relative to the maximunasoeed signal level.

The procedure for importing measured data intsfiteadsheet is as follows.

A. Click on theGet Data button.
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B. An Emission Spectrum Datawindow will pop up. Click on th&ead/Describe Emission
Spectrum Databutton.

C. An Emission Spectrum Inputwindow will pop up. Click on th&ead ASCII File button
if the emission spectrum data are in an ASCII fiéck on theRead CSV Filebutton if
the emission spectrum data are in an CSV file kGt theRead EP Filebutton if the
emission spectrum data are in an Easy“Hit&. If the spectrum data are not in a file, and
are available in a Table Entry form, click ®able Entry.

D. An Open Emission Spectrum Data Filevindow will pop up. Go to the bottom of the
menu and where it says “Files of type”, use thé-golvn menu to select “all files.” Locate
the file to be imported into the spreadsheet usied.ook in pop-down button. Select the
file to be imported, and click c@pen.

E. Select an emission spectrum file to be loadedtimtespreadsheet. Sample emission
spectrum data are available. See H.13 below formm&tion on sample emission spectrum
data files.

F. Click on theOK button,

G. A window will come on the screen that s&mission Spectrum Datawith the ability to
select fixed frequency or frequency hopping. Seleetappropriate radar mode. If you
select fixed frequency, the window will display tBerating Frequency ¢rbased on the
measured data. If you select the Frequency Hoddiode, the Lowest Channel Frequency
(FL) and Highest Channel Frequency®indows will display the selected Bnd K
frequencies based on the measured data. In cases thlere are multiple operating
(fundamental) frequencies, or the radar is a fraquéopping radar, the program may not
select the appropriate Operating Frequengy, (&t in the case of frequency hopping radar
the Lowest Channel Frequency and Highest Channel Frequency)For plotting the
RSEC emission mask. If the appropriatg i, or I values were not selected, type in the
appropriate values. Then click the OK button. Meed data should now be visible on the
spreadsheet. The Excel program will normalize thegy level at the fundamental
frequency (b) to 0 dB. Verify that the Fo data in Row 6 of d@eadsheet is in agreement
with the plotted data. In the case of frequencypgpradars, the value fopkn Row 6
should be midway between Bnd F.

H. If desired, the frequency scale of the measurea ckt be normalized to zero MHz/GHz at
the radar Fundamental Frequency)(F/erify that the value for normalized data in R6w
is correct. Click on th&lormalize to Fobutton in Row 34. The measured data will be
normalized to Fo at zero hertz.
H.5 Changing Graph Title and X and Y Axes
Once the measured data have been imported inspteadsheet, the Titles and the X and Y axes

ranges on the measured data plot can be changeda$sary.
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A. The graph titles, and X and Y axes titles carchanged by clicking on tf&et Graphs
Titles button. Make appropriate changes to the titles,cioll on theOK button.

B. The scale range of the X and Y axes can be chahgedessary by pointing the mouse to
the X or Y scale on the graph and right click whies VValues (X or Y axis) window pop up.
Then click onFormat Axis. A Format Axis window will pop up. Click on th&caletab,
and change the axis values as required. ThenatickeOK button. The measured data
should now be in the desired format.

H.6 Select RSEC Criteria

Click on the RSEC Criteria button in row 3. A windavill appear titled RSEC Criteria which
provides information on Radar Description and Apggtile Criteria. Determine the appropriate
RSEC Criteria, and click on the RSEC button in Ro@olumn B. A pop-down list for RSEC
Criteria A, B, C, D, and E will appear. Click oretappropriate criteria.

If RSEC Criteria D is selected, a window will pop showing the congested areas for radars
operating in the 2700-2900 MHz band. If the raddéirtyve operated in a congested area, click on
the Congestedwindow, Row 8, and insert Y for yes in a congestezh. Otherwise insert N for
not in a congested area. This will change the redwlope roll-off from the —40 dB bandwidth
from 40 dB per decade to 80 dB per decade.

H.7 Radar Peak Power

Enter the radar peak power, Pp, in Row 7 of theagfsheet. The pop-down window to the right
lets you select appropriate units for specifyingkppower. Click on the units then click on the
pop-down window to change the units.

H.8 Table 1 — Pulse/Sub-Pulse Characteristics

Table 1 is provided to input the measured or catedl pulse/sub-pulse characteristics for
determining the RSEC emission mask limits. Thenigdin of the radar parameters in Table 1
are provided in the NTIA Manual [1, § 5.5]. Tabl¢1? § 5.5] shows the calculated RSEC
emission mask parameters and other data needddtEmining the RSEC emission mask for
the radar parameters entered in Table 1 [1, 8 5.5].

The Table 1 spread sheet will let you specify upigint pulse/sub-pulse time waveform
characteristics for multiple waveform radars. Faitiple waveform radars, the RSEC emission
mask limits are determined from the pulse type @f@sm) which results in the maximum

B(-40 dB) bandwidth. Use the following procedure fooviding the pulse/sub-pulse waveform
information in Table H-1.
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. The column labele®ulse Typemust have a value selected. Place the cursoe antiall red
triangle on the upper right side of the cell fordgunce on selecting the proper pulse type.
There are nine pulse/waveform modulation typestwse from. Type in the appropriate
number. Once the pulse type is determined, figldgable 1 that are not applicable to that
pulse type will have an NA in them.

. The column labeleBulse Width or Sub-Pulse Width (t) must have data entered into it for
the pulse/sub-pulse width in microseconds. Plaeetinsor on the small red triangle on the
upper right side for guidance for determining tlisp width.

. The column labele@ulse Rise/Fall Time(t)) must have data entered into it for the rise/fall
time in microseconds. If the pulse/sub-pulse faikt(t) is less than the rise time)(tt is to
be used in place offor determining the emission bandwidth calculatiBlace the cursor on
the small red triangle on the upper right sidegimidance for determining the pulse rise/fall
time.

. For frequency swept (chirped) pulses, the colurbelEdChirp Bandwidth (B.) must have
data entered into it for the chirp range in MHzad@l the cursor on the small red triangle on
the upper right side for guidance for determinimg ¢hirp bandwidth.

. For CW radars, the column label&dtal Frequency Deviation(By) must have data entered
into it for the frequency deviation range in MH#aé&t the cursor on the small red triangle on
the upper right side for guidance for determinimg trequency deviation.

For phase coded pulses, the column labBliechber of Chips per Pulse(N) must have data
entered into it for the total number of chips pelsp. Place the cursor on the small red
triangle on the upper right side for guidance fetedmining the frequency deviation.

. The column labele®ulse Repetition Ratg PRR) must have data entered into it for the
pulse repetition rate in pulses per second (PR&ePRhe cursor on the small red triangle on
the upper right side for guidance for determining pulse repetition rate.

For frequency hoping radars, the columns labemsest Channel and Highest Channel
Frequency (F. and ) must have data entered into them for the lowesthégitest channel
frequency of a frequency hopping radar deviatioNiz. The data for Fand F should be
added to these fields wh&ulse Types3, 4, and 8 are selected in Step A above. Check to
determine if the data in these fields are corieleice the cursor on the small red triangle on
the upper right side for guidance for determinimg &appropriate values for Bnd F;.

After the radar characteristics data have been ietin Table 1, the calculated parameters
related to the RSEC Emission Limits Mask for eaaveform are shown in Row 1 of Table 2.
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H.9 Plotting RSEC Emission Mask

Review the calculated parameters related to the@REBMission Limits Mask data shown in
Table 2. The RSEC Emission Mask can be plottechemteasured data using the following
procedure.

A. The emission mask data that will be plotted overrtteasured data correspond to the
Emission Mask Number shown in Column A of Tabldf Zhe radar mode has multiple pulse
waveforms, review the B(-40 dB) bandwidths showiiable 2 for the various pulse
waveforms. Check the mask number shown in Rowf3&dessary, change the mask
number in Row 38 to correspond to the Emission Maskber in Column A of Table 2,
which has the maximum B(-40 dB) bandwidth. ClicktbeAdd/Del button shown in Row
40. The emission mask will be added in the plot.

B. To delete the emission mask from the plot, ctokheAdd/Del button shown in Row 40.
Check the mask number shown in Row 38. If necesshange the mask number in Row 38
to correspond to the Emission Mask number thatwant to delete shown in Column A of
Table 2.

C. The slope from the B(-40 dB) bandwidth can benged by clicking on th8et S (slope)
button shown in Row 44. Check the mask number shoRow 38. If necessary, change the
mask number in Row 38 to correspond to the Emidsiask number that you want to
change the slope of shown in Column A of Table 2.

D. The X dB Floor can be changed by clicking onXh@B Floor button shown in Row 42. A
specific X dB floor value can be typed in, or trexhitled Proposed New X dB Floorcan
be checked. Check the mask number shown in RoW B8cessary, change the mask
number in Row 38 to correspond to the Emission Maskber that you want to change in
Column A of Table 2.

H.10 RSEC Mask Offset

The RSEC B(-40)dB bandwidth can be offset fromfteguency of maximum emission level,
and can be shifted to center the mask at the me#sd® dB level of the measured data. If there
is a RSEC mask on the graph, click onAgel/Del Mask button. This will delete the indicated
mask. To offset the RSEC mask, click on kesk Shift button and type in the desired
frequency shift in a positive or negative directidhen click on thélot Mask Shift button.

H.11 Plotting Additional Emission Masks
Additional emission masks with parameters othen the RSEC Emission Mask can be plotted
on the measured data. To plot additional emissiasks1to the data plot, it is necessary to

provide additional Pulse/Sub pulse characteristata in another row of Table 1. This can be
accomplished by clicking on the row in Table 1 that want copied, and then click tGepy
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Row button, rows 22-23. The RSEC Emission Mask dathapipear in the corresponding row in
Table 2. Change the appropriate parameter (e @peSiB/dec,) in the row of Table 2. Change
the Mask Number in Row 38 to the appropriate rowalble 2. Click on thé&dd/Del button
shown in Row 40. The additional emission mask kélladded in the plot.

H.12 Printing the Spreadsheet

To print Graph, Table 1, and Table 2, click therappate buttons in rows 48, 50, and 52
respectively. Also, the graphs and Tables can imégor by clicking on th&ummary button on
line 3, and then clicking on tigummary tab at the bottom of the page. (Note: you muskaic
the Summary button on line 3 to import the data prior to cliogion the Summary tab at the
bottom of the page.) From ti&immary page, the spreadsheet can be printed, or copietett
document.

H.13 Viewing Measurement Data and RSEC Emission Mask Data
To view the measurement data and RSEC emission daakclick on th&emp tab at the
bottom left of the Excel screen.

H.14 Sample RSEC Spreadsheet Data

A sample radar emission spectrum is provided beldwe. radar measured was an Aeronautical
Radionavigation radar which operates in the 270002dHz band. Thus the emissions of the
radar must comply with RSEC-D criteria. RSEC Enaisdilask 1 is for a 40 dB per decade roll-
off from the —40 dB bandwidth, and RSEC Emissiorskia is for an 80 dB per decade roll-off
from the —40 dB bandwidth for designated congeateds.

SAMPLE RSEC SPREADSHEET DATA

Aeronautical Radionavigation Radar

RSEC-D
Fo 2844.4 MHz
Py 91.5000 dBm
® (t) (Bo) (Ba) (N) (PRR) (F) (Fr)
Pulse Pulse Chirp Frequency | Number Pulse Lowest Highest
Width or Rise/ Band Deviation of Repetition | Channel | Channel
Sub-Pulse Fall width Chips Rate Frequency | Frequency
Width time (MHz) (PPS) (MHz) (MHz)
(u sec) (u sec)
1 0.6 0.05NA NA 1 1040NA NA
2 0.6 0.05NA NA 1] 1040NA NA
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(Bs) (P (d)= (PG) (Bn(-20)) | B(-40) (S)* (X(dB))
Frequency | Maximum |Compress-|Processing | Necessary | Bandwidth Slope |Floor Level
Hopping | Spectral | sion Ratio Gain Bandwidth | (MHZz) (dB/dec) of
Range Power (no units) (MH2) Mask(dB)
(MH2) Density
(dBm/kHz)

1 0 27.195NA 0.000 10.335 35.796 40 80
2 0.6 27.195NA 0.000 10.335 35.796 80 80
Aeronautical Radionavigation Radar

20
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S 40 ——Data
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s 80 ~
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3
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2550 2650 2750 2850 2950 3050 3150 3250 3350

Frequency, MHz

Mask 1:,t=0.6, tr=0.05, Bc=NA, d=NA, Bc=NA, N=1, PRR=1040, FL=NA, FH=NA, Bs=0, Pt=27.233, PG=0., Bn(-20)=10.335, B(-

40)=35.796, S=40., X(dB)=80.
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