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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SPECIFICATION FOR RADIO DISTURBANCE AND
IMMUNITY MEASURING APPARATUS AND METHODS -

FOREWORD

1)| The International Electrotechnical Commission (IEC) is a worldwide organization for standardization”’comprising
all national electrotechnical committees (IEC National Committees). The object of IEC“is to promgte
international co-operation on all questions concerning standardization in the electrical and-~electronic fields. [To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter ‘veferred to as “IfC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and ngn-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closgly
with the International Organization for Standardization (ISO) in accordancde with conditions determined [by
agreement between the two organizations.

2)| The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an internationpal
consensus of opinion on the relevant subjects since each technigal'committee has representation from jall
interested IEC National Committees.

3)| IEC Publications have the form of recommendations for international use and are accepted by IEC Nationpal
Committees in that sense. While all reasonable efforts are miade to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsiblgy,for the way in which they are used or for any
misinterpretation by any end user.

4)| In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in(their national and regional publications. Any divergenice
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated|in
the latter.

5)| IEC itself does not provide any attestationl.of conformity. Independent certification bodies provide conformijity
assessment services and, in some areas,)access to |IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6)| All users should ensure that they¢have the latest edition of this publication.

7)] No liability shall attach to IECor’its directors, employees, servants or agents including individual experts anhd
members of its technical committees and IEC National Committees for any personal injury, property damage|or
other damage of any nature’ whatsoever, whether direct or indirect, or for costs (including legal fees) ahd
expenses arising out_of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8)| Attention is drawn 1o the Normative references cited in this publication. Use of the referenced publications
indispensable for the correct application of this publication.

S

9)| Attention is\drawn to the possibility that some of the elements of this IEC Publication may be the subject|of
patent rights! IEC shall not be held responsible for identifying any or all such patent rights.

e maifr task of IEC technical committees is to prepare International Standards. However,
technical committee may propose the publication of a technical report when it has collect¢
.;i’ H o s Hg - o i HPR I A O A [ a oo bt oo o aa-clae
example "state of the art."

C O a VV O amny puo U—a a aauolTa alrdalt

CISPR 16-3, which is a Technical Report, has been prepared by CISPR subcommittee A:
Radio-interference measurements and statistical methods.

This fourth edition cancels and replaces the third edition published in 2015. This edition
constitutes a technical revision.

The main technical change with respect to the previous edition consists of the addition of
detailed background information on the large loop antenna system (LLAS) and its
measurement method in general and on the models and equations which apply to calculate
the reference validation factor and conversion factor curves.
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The text of this Technical Report is based on the following documents:

Draft TR Report on voting
CIS/A/1298/DTR CIS/A/1310/RVDTR

Full information on the voting for the approval of this Technical Report can be found in the
report on voting indicated in the above table.

Thi

Allist of all parts of the CISPR 16 series can be found, under the general title Specification for
radio disturbance and immunity measuring apparatus and methods, on the IEC website.

The committee has decided that the contents of the base publication and its amendments will
refmain  unchanged until the stability date indicated on the IEC ,dveb site under
"hittp://webstore.iec.ch” in the data related to the specific publication. "At this date, the
publication will be

e [ reconfirmed,

e [ withdrawn,

e [ replaced by a revised edition, or

e | amended.

that it contains colours which are :¢onsidered to be useful for the corre
understanding of its contents. Users_should therefore print this document using
caolour printer.

II:]‘PORTANT — The 'colour inside' logo on the cover page of this publication indicate

)
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SPECIFICATION FOR RADIO DISTURBANCE AND
IMMUNITY MEASURING APPARATUS AND METHODS -

Part 3: CISPR technical reports

Scope

This part of CISPR 16 is a collection of technical reports (Clause 4) that serve as background

ar
S§
hi
af

(0]
Si
w

At
cd

Pq

W
m
af
cq

N(

diff
th

2

The following documents.are referred to in the text in such a way that some or all of their

cd
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ar

C

d supporting information for the various other standards and technical reports in CISPR

ries. In addition, background information is provided on the history of CISPR, asowell as
storical reference on the measurement of interference power from householddand simil
pliances in the VHF range (Clause 5).

ber the years, CISPR prepared a number of recommendations and-reports that ha
gnificant technical merit but were not generally available. Reportsand recommendatio
bre for some time published in CISPR 7 and CISPR 8.

its meeting in Campinas, Brazil, in 1988, CISPR subcommittee A agreed on the table
ntents of CISPR 16-3, and to publish the reports for{posterity by giving the reports
rmanent place in CISPR 16-3.

ith the reorganization of CISPR 16 in 2003, the significance of CISPR limits material w
bved to CISPR 16-4-3, whereas recommendations on statistics of disturbance complain

ntents of Amendment 1 (2002) of CISPR 1633:2000 were moved to CISPR 16-4-1.

TE As a consolidated collection of independént'technical reports, this document can contain symbols that ha
fering meanings from one clause to the next-Attempts have been made to minimize this to the extent possible
e time of editing.

Normative references

ntent constitutes requirements of this document. For dated references, only the editi

y amendments). applies.

SPR 11:2009, Industrial, scientific and medical equipment — Radio-frequency disturban

d on the report on the determination of limits were moved to CISPR 16-4-4:2007. The

ed applies. For undated references, the latest edition of the referenced document (including
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characteristics — Limits and methods of measurement?

C|SPR" 16-1-1, Specification for radio disturbance and immunity measuring apparatus amnd
mvl‘hudo il Palt 1'1 Radiu dl’atulballbc‘ aud I'llllllulll'ty lucaouu'uy appalatuo - lnvfl;'abull' g
apparatus

IEC 60050-161:1990, International Electrotechnical Vocabulary (IEV) - Part 161:
Electromagnetic compatibility

1 5t edition (2009). This 5™ edition has been replaced in 2016 by a 6 Edition CISPR 11, Industrial, scientific

and medical equipment — Radio-frequency disturbance characteristics — Limits and methods of measurement.
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IEC 60050-300:2001, International Electrotechnical Vocabulary (IEV) - Electrical and
electronic measurements and measuring instruments — Part 311: General terms relating to
measurements — Part 312: General terms relating to electrical measurements — Part 313:
Types of electrical measuring instruments — Part 314: Specific terms according to the type of
instrument

ISO/IEC Guide 99:2007, International vocabulary of metrology — Basic and general concepts
and associated terms (VIM)

3[ Terms, definitions and abbreviated terms

3f Terms and definitions

For the purposes of this document, the terms and definitions given in IEG60050-16/1,
IHC 60050-300, ISO/IEC Guide 99, as well as the following apply.

NQTE While the symbol U is commonly used in CISPR publications to represent uncertainty, in this technigal
report the symbols U and V are used interchangeably to represent “voltage” in ordersto“accommodate the legacy
diagrams contained herein.

3.1

asymmetric voltage
radio-frequency disturbance voltage appearing between the €lectrical mid-point of the mains
terminals and earth

Nqgte 1 to entry: It is sometimes called the common-mode voltage and is half the vector sum of ¥, and V,, ile.
(vl + 72

Nqte 2 to entry: V_ is the vector voltage between one _of the mains terminals and earth, and V¥, is the vecfor
voJtage between the other mains terminal and earth.

3.M1.2

bandwidth
B
width of the overall selectivity( curve of the receiver between two points at a statg¢d
attenuation, below the mid-band response

Nqte 1 to entry: The bandwidh is-fepresented by the symbol B,, where = is the stated attenuation in decibels.

3./1.3

electrical charge time constant
I
time needed after the instantaneous application of a constant sine-wave voltage to the stage
immediately preceding the input of the detector for the output voltage of the detector to rea¢h
63 % of its\final value

Nqte-1 to entry: This time constant is determined as follows. A sine-wave signal of constant amplitude and havipg
a frequency equal to the mid-band frequency of the IF amplifier is applied to the input of the stage immediatély
preceding the detector. The indication ¢, of an instrument having no inertia (for example, a cathode-ray
oscilloscope) connected to a terminal in the DC amplifier circuit so as not to affect the behaviour of the detector, is
noted. The level of the signal is chosen such that the response of the stages concerned remains within the linear
operating range. A sine-wave signal of this level, applied for a limited time only and having a wave train of
rectangular envelope is gated such that the deflection registered is 0,63¢, .. The duration of this signal is equal to
the charge time of the detector.

3.1.4

electrical discharge time constant

Tp

time needed after the instantaneous removal of a constant sine-wave voltage applied to the
stage immediately preceding the input of the detector for the output of the detector to fall to
37 % of its initial value
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Note 1 to entry: The method of measurement is analogous to that for the charge time constant, but instead of a
signal being applied for a limited time, the signal is interrupted for a definite time. The time taken for the deflection
to fall to 0,37D is the discharge time constant of the detector.

3.1.5
impulse bandwidth
Bimp ( )
At
Bimp = A mex (1)
2G0 X Aimp
where

A()max is the peak of the envelope at the IF output of the receiver with amimptise

area Ay, applied at the receiver input;

G is the gain of the circuit at the centre frequency;

(o]

specifically, for two critically coupled tuned transformers,

Bimp = 1,05><Bs =1,31><B3 (2)

where Bg and B are respectively the bandwidths at the —6 dB and -3 dB points (se¢e
C|SPR 16-1-1 for further information)

3.1.6

impulse area
impulse strength
Ainp . . )
vqltage-time area of a pulse defined by the integral:

Aimp = J.E:V(t)dt expressed in pVs\or dB(uVs) (3)

Nqgte 1 to entry: Spectral density D is related to impulse area and is expressed in pV/MHz or dB(uV)/MHz. Hor
Ctangular impulses of pulse duration T(at)frequencies /' <<1/T, the relationship D = 2 x 106/Aimp applies because

_‘
[

D |s calibrated in RMS values of a corresponding sine wave.
3.1.7
mechanical time constant of a critically damped indicating instrument
T
I
Ty = == (4)
27
where T, s the period of free oscillation of the instrument with all damping removed
Nqgte.1to'entry: For a critically damped instrument, the equation of motion of the system may be written as
2 d%a da .
TM —5 +2TM—+a:kl (5)
dt dt
where
a is the deflection;

i is the current through the instrument;
k is a constant.
It can be deduced from this relation that this time constant is also equal to the duration of a rectangular pulse (of

constant amplitude) that produces a deflection equal to 35 % of the steady deflection produced by a continuous
current having the same amplitude as that of the rectangular pulse.
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Note 2 to entry: The methods of measurement and adjustment are deduced from one of the following:
a) The period of free oscillation having been adjusted to 2=T,,, damping is added so that o, = 0,35 «_ ..

b) When the period of oscillation cannot be measured, the damping is adjusted to be just below critical such that
the over-swing is not greater than 5 % and the moment of inertia of the movement is such that o, = 0,35 .-

3.1.8

overload factor
ratio of the level that corresponds to the range of practical linear function of a circuit (or a
group of circuits) to the level that corresponds to full-scale deflection of the indicating
INnptrammeTnt

Nqgte 1 to entry: The maximum level at which the steady-state response of a circuit (or group of circuits)‘does not
dejpart by more than 1 dB from ideal linearity defines the range of practical linear function of the circuit, (or/group|of
cincuits).

3./1.9

symmetric voltage
radio-frequency disturbance voltage appearing between the wires of a_two-wire circuit, su¢h
ag a single-phase mains supply

Nqte 1 to entry: Symmetric voltage is sometimes called the differential mode voltage and is the vector differenjce
between ¥, and V,, i.e. (V, — V). Refer to the NOTE in 3.1.1 for definition of J/~and V.

3./1.10
unsymmetric voltage
amplitude of the vector voltage, ¥, or 7,

Nqgte 1 to entry: Unsymmetric voltage is the voltage measured by the use of an artificial mains V-network. Refer|to
the NOTE in 3.1.1 for definition of ¥, and 7.

3.1.11

weighting (of e.g. impulsive disturbance)
pylse-repetition-frequency (PRF) dependent conversion (mostly reduction) of a peak-detect¢d
impulse voltage level to an indication that corresponds to the interference effect on radio
reception

Nqte 1 to entry: For the analogue~receiver, the psychophysical annoyance of the interference is a subjective
qufantity (audible or visual, usually not a certain number of misunderstandings of a spoken text).

Nqgte 2 to entry: For the digital receiver, the interference effect is an objective quantity that may be defined by the
critical bit error ratio (BER)~or bit error probability (BEP) for which perfect error correction can still occur, or |py
another objective and reproducible parameter.

3n.11.1
weighted disturbance measurement
measurement of disturbance using a weighting detector

30412

weighting characteristic
peak voltage level as a function of PRF for a constant effect on a specific radiocommunication
system, i.e. the disturbance is weighted by the radiocommunication system itself

3.1.11.3
weighting detector
detector which provides an agreed weighting function

3.1.11.4
weighting factor
value of the weighting function relative to a reference PRF or relative to the peak value

Note 1 to entry: Weighting factor is expressed in dB.
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weighting function
weighting curve

relationship between input peak voltage level and PRF for constant level indication of a
measuring receiver with a weighting detector, i.e. the curve of response of a measuring
receiver to repeated pulses

3.2 Abbreviated terms

CISPR TR 16-3:2020 © IEC 2020

ADPCM Adaptive differential pulse code ISM Industrial, scientific and
modutation medicat
AGC Automatic gain control ITU International
AM Amplitude modulation Telecommunications Upjon
AMN Artificial mains network LAN Local area network
APD Amplitude probability distribution LAS Loop antenna system
BEP Bit error probability LCL Longitudinal conversion loss
HER Bit error rate LISN Line-impedanee stabilization
GDN Coupling decoupling network hetwork
GDNE CDN for emission measurement LLA Large ©9p antenna
am Common mode LLAS Lardejloop antenna system
GMAD Common mode absorption LW Leyg wave
device MPEG Moving picture expert group
GOFDM | Coded orthogonal frequency MW Medium wave
division multiplex MWO Microwave oven
OAB Digital audio broadcasting OATS Open-area test site
ODC Digital down-conversion OFDM Orthogonal frequency division
DECT Digitally enhanced cordless multiplex
telephone PC Personal computer
DIF Decimated in frequency PHS Personal handy phone system
DIT Decimated in time PRBS Pseudo random binary sequence
oM Differential mode PRF Pulse-repetition frequency
OPCH Dedicated physical channel QAM Quadrature amplitude
OPDCH | Dedicated physical-data channel modulation
DQPSK Digital QPSK QPSK Quadrature phase-shift keying
ORM Digital radie mondiale RAM Random access memory
QVB-T Digital Video broadcasting — RBER Residual bit error rate
terrestrial RF Radio frequency
gMC Electromagnetic compatibility RMS Root-mean square
gMI Electromagnetic emissions RRT Round robin test
BRP Equivalent radiating power RSA Ring-shaped area
HUT, Equipment under test SAC Semi-anechoic chamber
HER Frame error rate SOLT Short-open-load-through
FT Fast Fourier transform STFFT Short-time FFT
FM Frequency modulation SW Short wave
GSM Global system for mobile TEM Transverse electromagnetic
communications TETRA | Terrestrial trunked radio
GMSK Gaussian minimum shift keying TRL Through-reflect-line
GTEM Gighertz TEM TTE Telephone terminal equipment
IF Intermediate frequency VNA Vector network analyzer
ILS Instrument landing system W-CDMA | Wideband code division multiple

access
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4 Technical reports

4.1 Correlation between measurements made with apparatus having characteristics
differing from CISPR characteristics and measurements made with CISPR
apparatus

4.1.1 General

CISPR standards for instrumentation and methods of measurement have been established

equipment in international trade.

The basis for establishing limits is that of providing a reasonably good correlation, betwe
measured values of the interference and the degradation it produces (Gin a giv

cgtion system is a function of its parameters, including bandwidth, type of{modulation, a
other design factors. As a consequence, various types of measurements® are used in t

The purpose of this subclause is to analyse the dependence of the measured values on t
pdrameters of the measuring equipment and on the waveform of-the measured interference.

4.N.2 Critical interference-measuring instrument parameters

The most critical factors in determining the respense of an instrument for measuri
interference are the following: the bandwidth, the detector, and the type of interference bei
measured. Considered to be of secondary importance, but, nevertheless, quite significant

cqrrelating instruments under particular circumstances, are: overload factor, AGC design

(iff used), image and other spurious response§y and meter time constant and damping.

impulse, random and sine wave. The dependence of the response to each of these on t

bgndwidth and the type of detectoryis given in Table 1. In Table 1, § is the magnitude of the

impulse strength, Afimp is the impulse bandwidth, Af,, is the random noise bandwidth, P(a)
thE pulse response for the qUasi-peak detector, fpg is the pulse repetition frequency, and £’
the spectral amplitude of-the random noise. The relative responses of various detectors
impulse interference for.one instrument are shown in Figure 1.

Table 1 shows that-the dependence of the noise meter response on bandwidth is different f
al| three types.6f interference. If the waveform being measured can be defined as being a

of| the three typé€s listed in Table 1, and if a standard source provides that type of wavefor,

then by using the substitution method, a satisfactory calibration can be obtained for a
instrumentiWwith adequate overload factor independent of its bandwidth. Thus, with a pure
rahdomyinterference or a purely impulsive interference of known repetition rate, calibrati
cgn’be’ made using a corresponding source, or a correlation factor calculated on the basis

laporatory in research and development work in order to carry out the required investigations.

For purposes of discussion, reference is made to three fundamental types of radio noise:

to

cgmmunications system. The acceptable value of signal-to-noise ratio in any_given communi
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If a particular interference waveform is of an intermediate type between these three types,
then the correction or correlation factors will also be intermediate. In any given case, it will be
necessary to classify the noise waveform in such a manner that a significant correlation factor
can be established. Hence, in order to develop this subject to any significant extent, it will be
necessary to examine typical interference sources and to determine the extent to which they

are of impulsive, random, or sine-wave type.

If an interference measuring set with several types of detectors is available, for exampl

e,

peak, quasi-peak and average, the type of interference can be assessed by measuring the
ratios of the readings obtained with these detectors. These ratios will, of course, depend upon

the bandwidth and other characteristics of the instrument being used for the measurement.


https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

24 —

CISPR TR 16-3:2020 © IEC 2020

Table 1 — Comparative response of slideback peak, quasi-peak and average detectors
to sine wave, periodic pulse and Gaussian waveform

Input waveform Detector type
Slideback peak Quasi-peak:1/600 Field intensity RMS
(sb) (ap) (average)

CW sine wave e e e e
Periodic pulse 1,41 6 Af; 1,41 S Af,_ P(a) 1,41 61, [
(no overlap) me mp PR 1416 fPRAfimP
Rgqndom - 1,85 \JAf, & 0,88 AL, & A E
Kdy
e is the RMS value of the applied sine wave.
P(p) is given in Figure 2.
E is the spectral strength in RMS V/Hz bandwidth.
5 is the impulse strength. It is assumed the instrument is calibrated in terms of the RMS value of a sine waye.

It is assumed that characteristics of the envelope are measured by the detectorlon random noise.

Afimp is the impulse bandwidth.
Afl, is the random noise bandwidth.
S is the pulse repetition frequency.
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Figure 1 — Relative response of various detectors to impulse interference
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4.1.3 Impulse interference — correlation factors

The quasi-peak detector response of any interference measuring set to regularly repeated
impulses of uniform amplitude can be determined by the use of the "pulse response curve"
which is shown in Figure 2. This figure shows the response of the detector in percentage of
peak response for any given bandwidth and value of charge resistance and discharge
resistance. Applying this curve, it should be noted that the peak itself is dependent upon the
bandwidth, so that as the bandwidth increases, the peak value increases, but the percentage
of peak, which is read by the detector, decreases; over a narrow range of bandwidth, these
effects tend to counteract each other. The bandwidth used in this curve is the 6 dB bandwidth,
w Iibil fUI LL;IC pdbbludllul bildldbiclibiibb typlbdi Uf IIIUbi iIItUIfUIUIIbU IIIUdbuIillg Uquiplllcllt, iS
about 5 % less than the so-called impulse bandwidth. A theoretical comparison of instruaents
hgving various bandwidths and detector parameters with the CISPR instrument is shown |in
Figure 3.

The response of the average detector to impulsive noise is an interesting case. The reading of
an average detector for impulsive noise is independent of the bandwidth of/the pre-detector
sthges. It is, of course, directly proportional to the repetition rate. In most cases, the readimg
obtained with an average detector for impulsive noise is so low as to be<of no practical valle
urfless the noise meter bandwidth is exceedingly narrow, such as-of the order of a fgw
hyndred hertz. For a repetition rate of 100 Hz and a bandwidth ©f the order of 10 kHz, the
ayerage value would be approximately 1 % of the peak valuek Such a value is too low [to
measure with any degree of precision. Furthermore, for many-communication systems, the
annoyance effect may be well above the reading obtained~with the average meter. This, |of
cqurse, is one of the justifications for the use of the quasizpeak instrument.

Plo)
1,0
0,8 +
0,6 -
04 +
0,2
0 1 1 1 I
10~ 107 107" 10° 10" @
IEC
(xR AF)
a =
(RyfeR)
Key
R, charging resistance, in Q
Ry discharging resistance, in Q
AF 6 dB bandwidth, in Hz
Jer pulse repetition frequency, in Hz

Figure 2 — Pulse rectification coefficient P(a)
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4.1.4 Random noise

The response of a noise meter to random noise is proportional to the square root of the
bandwidth. This result is independent of the type of detector used. The ratio of the random
noise bandwidth to the 3-dB bandwidth is a function of the type of filter circuit. On the other
hand, it has been shown that for many circuits typical of those used in interference measuring
equipment, a value of about 1,04 for the ratio of effective random noise bandwidth to the 3 dB
bandwidth is a reasonable figure.

4.1.5 The root mean square (RMS) detector

Ope of the advantages of the RMS detector in correlation work is that for broadband noise-the
oUtput obtained from it will be proportional to the square root of the bandwidth, i.e. the)noise
power is directly proportional to the bandwidth. This feature makes the RMS: detector
pdrticularly desirable and is one of the main reasons for adopting the RMS$._detector [to
measure atmospheric noise. Another advantage is that the RMS detector makes a correct
addition of the noise power produced by different sources, for example, impulsive noise and
rahdom noise, thus for instance allowing a high degree of background noise:

The RMS values of noise often give a good assessment of the subjective effect of interferenge
to] AM sound and television reception. However, the very wide dynamic range needed when
uging very wide-band instruments for measuring impulsive noise, limits the use of RMS
detectors to narrow-band instruments.

4.1.6 Discussion

ohjtained with different instruments. As mentioned-previously, the possibility of establishing
significant correlation factors depends upon the extent to which noise can be classified and
identified so that the proper correlation factors may be used. In many frequency ranges,
impulsive interference appears to be the mast serious; however, for power lines where corona
interference is the primary concern, random interference would be expected to be more
characteristic. Additional quantitative data are needed on typical interference characteristigs.
Another important parameter is the\overload factor.

The preceding paragraphs have indicated the theoretical basis for comparing measuremerits

4n.7 Application to typical. noise sources
4N.7.1 Commutator motors

The noise generated-hy commutator motors is usually a combination of impulse and randgm
ngise. The random-foise originates in the varying brush contact resistance, while the impulse
nqgise is generated from the switching action at the commutator bars. For optimum adjustment
off commutation, the impulse noise can be minimized. However, where variable loading [is
pgssible, measurements have confirmed that for the peak and quasi-peak detectors, the
ddg
re
of

p

rate of the |mpulse is assumed to be twice the line frequency

Peak measurements show fluctuating levels on such noise because of the irregular nature of
the commutator switching action.

The quasi-peak to average ratio is lower than would be obtained for pure impulse noise for
two reasons:

1) the modulation of the commutator switching transients by line frequency produces many
pulses below the measured quasi-peak level. These pulses do not contribute to the quasi-
peak value but do contribute to the average.
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2) the relatively low level, but continuous, random noise can likewise contribute substantially
only to the average value. Experimental values of quasi-peak to average ratio ranged from
13 dB to 23 dB with the highest ratios for the widest bandwidths (120 kHz).

4.1.7.2 Impulsive sources

Tests on an ignition model, commutator motor appliances, and appliances using vibrating
regulators showed reasonable agreement on instruments with the same nominal bandwidth,
but with time constant ratios of the order of 3:1 on restricted portions of the output indicator
scale. Deviations at higher scale values are without explanation. Relatively poor correlation

wWas abiasined-on—correcoa-oradeinaerc o ranmatitioan vota ~alo o
o ootamCU O SOUTCC S pTrotouCTg—veTy oW TCpCttaoTT TatC—pPuUTtST ST

41.7.3 Ignition interference

“dISPR Recommendation 35” recognizes that correlation between quasi-peak,dand peak
detectors can be established as a practical matter. The conversion factor‘of 20 dB [is
explained partly on the basis of theory for uniform repeated impulses, and partly on the badis
of{the actual irregularity of the amplitude and wave shape of such impulses.

N@PTE “CISPR Recommendation 35", from CISPR 7:1969, Recommendations of theCISPR, is quoted for
reference:

“ RECOMMENDATION No. 35
THE CORRELATION BETWEEN PEAK AND QUASI-PEAK MEASUREMENTS OF INTERFERENCE FROM
IGNITION SYSTEMS
(This Recommendation closes Study Question NO) 45 of 1961)
(Stockholm, 1964)

The C.I.S.P.R,,

CONSIDERING
that for the measurement of interference from the ignition systéms of internal combustion engines there will, in
general, be two types of detector, namely, peak and quasi-peak;

RECOMMENDS
that a correlation factor of 20 dB between peak andquasi-peak measurements of interference from ignition
systems be adopted for frequencies in the range covered by C.I1.S.P.R. Publication 2, i.e. when peak
measurements are made the acceptable limits-aré 20 dB above the corresponding quasi-peak measurements;
for peak measurements the engine may be ‘epérated at any speed above idling speed but for quasi-peak
measurements the speed should be set as.near as possible to 1 500 rev/min for multi-cylinder engines and 2 500
rev/min for single cylinder engines.”

4N.7.4 Dependence)on bandwidth

Cpmparisons of measurements made in the UK with two instruments having bandwidths jof
90 kHz and 9 klzJrespectively have been reported to show that for most interference sources,
the values obtained are in the ratio 14 dB to 18 dB. This figure is consistent with the concelpt
thpt the interference is dominated by impulse type noise but that some random components
ane present:

418 Conclusions

Analysis of data comparing the responses of various instruments shows that, in almost every
case, it is possible to explain the differences in measured values on the basis of theoretical
and practical considerations. In many instances, it is indicated that waveform characteristics
are known to predict correlation factors adequately with an accuracy of 2 dB to 4 dB.

Further studies are needed:

a) to characterize in some detail the waveforms of various sources of interference, and

b) to correlate these waveform characteristics with measured values and the instrument
parameters.
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4.2 Interference simulators

4.21 General

Interference simulators can be used for various applications, in particular to study signal
processing in systems and equipment in the presence of interference (for example,
overloading of receivers, synchronization of TV receivers, error rate of data signals, etc.) and
for assessment of the annoyance caused by disturbances in broadcast and communication

services.

A[simulator should produce a stable and reproducible output signal, which reqU|rementr|is
ngrmally not fulfiled by an actual interference source, and the simulator output wavefo
should show a good resemblance to the actual interference signal.

4.

2.2 Types of interference signals

The following interference sources can be simulated.

a)

m

Narrowband interference sources generating sine-wave signals,~for example receiver

oscillators and ISM equipment. An appropriate RF standard signal.-generator can be usé¢d
to simulate these sources. ISM interference is often modulated by the mains voltage,

which can be simulated by modulating the RF signal with_a”full-wave rectified mai
signal.

Broadband interference sources producing continuous )broadband noise, for example,

gaseous discharges and corona. For simulating purposes a standard broadband noi

source (saturated vacuum tube diode, zener dipde or gas tube followed by a suitable

broadband amplifier) can be used. In mains-fed.sources of this type, mains modulation
present, but because of the non-linear behayiour of gaseous discharges the envelope
the actual noise signal can deviate appreciably from the normal full-wave rectified mai
waveform. In this case, gating the noise of,the simulator at a repetition frequency of twi
the mains frequency can yield a good cerrespondence with the actual interference signal

Thyristor controlled regulators with“phase control generate narrow pulses of constant
amplitude in an RF-channel at arepetition frequency equal to twice the mains frequenaqy.
Standard pulse generators with narrow output pulses (107 s to 10-9 s width) of the same

repetition frequency can be uséd to easily simulate these sources.

Ignition systems, mechanijcal contacts and commutator motors generate short perio
(bursts) of quasi-impulsive noise. This type of noise is caused by very short pulses

regular or irregular height at random time intervals; if the average interval betweg¢n
adjacent pulses is-less than the reciprocal of the channel bandwidth under test (z,, < 1/2
the pulses overlap, and because of the random phase conditions, a random fluctuating

output signal (noise) results. Therefore, bursts of quasi-impulsive interference of this ty
can be simulated by a gated broadband noise signal.

The duration and the repetition frequency of the bursts depend on the type of interferen

S(

urce'(see Table 2).
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repetition frequencies between 30 bursts/s and 300 bursts/s depending on the number of
cylinders and revolutions/min of the engine.

Mechanical contacts produce bursts (clicks) which can vary between some milliseconds
(snap-off switches) and more than 200 ms. In the case of a contact device in a mains-fed
circuit, the noise during the burst is modulated with the full-wave rectified mains voltage.

Commutator motors produce much shorter bursts with durations between 20 us and 200 us at
repetition frequencies between 103 bursts/s and 104 bursts/s, depending on the number of
commutator bars and revolutions per minute of the rotor. Also in this case, the mains supply
causes a similar envelope modulation of the noise bursts.
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4.2.3 Circuits for simulating broadband interference

Simulators of this type should generate gated noise bursts with or without mains modulation
according to the characteristics specified in Table 2. Figure 4 shows a straightforward design
with a noise source followed by an appropriate amplifier of 70 dB to 80 dB gain, a gating
circuit to simulate the bursts, a mains envelope modulator and an output attenuator to adjust
the required output level.

Table 2 — Characteristics of gate generator and modulator
to simulate various types of broadband interference

Simulator signal Burst duration Burst repetition frequency Mains modulation?
Gaseous discharge Continuous Yes/né ?
Igiition 20 ps to 200 ps 30 bursts/s to 300 bursts/s No
Syitches 5 ms to 500 ms 0,2 bursts/min to Yes/no

30 bursts/min, or single
Cgmmutator motors 30 ps to 300 ps 103 bursts/s to 10* bursts/s Yes/no

2 | Depending on AC or DC supply.

In the case of mains modulation, gating at a repetition frequency 2f

mains @nd gate*width of 1 ms to 2 ms may pe
more appropriate.

The disadvantage of this layout is that a wide usablefrequency range requires a broad
bgndwidth for the entire circuit between noise source<and output terminal. The most critigal
part in this respect is the high-gain amplifier. For applications in a wide frequency range (for
eXample, 0 MHz to 1 000 MHz) such a range can~be split up in several smaller ranges or|a
tupable amplifier may be used. Such a design.complicates the construction of the simulatpr
appreciably.

ATother way to produce a gated wideband noise signal is given in the diagram of Figure 5. [In
thijs design, nanosecond pulses are\igenerated in the output stage, for example, a stg¢p
recovery diode or similar device~These pulses of constant height are triggered at randgm
time intervals and at a sufficiently’ high repetition rate to cause overlap in the RF channel
unider test in order to result_ih, quasi-impulsive noise in the output of the channel. Average
refpetition rates of a few megahertz are required for measurements in a TV channel of at legst
100 kHz for measurements in an FM channel and of at least 10 kHz in an AM channel. The
rahdom occurrence of(the trigger pulses is obtained from the zero crossings of a broadband
signal. For this purpése the output of a noise source is fed to an appropriate amplifier whichlis
followed by a gating' circuit for burst simulation. The gated noise signal is fed to a bistable
mupltivibrator which converts the zero crossings into pulses of random varying width frgm
which narrow trigger pulses at random distances are generated by the monostable
mupltivibratory

The advantage of this system over the circuit of Figure 4 is that the usable frequency rangel|is
thermined by the output pulses of the step-recovery diode only. An example of such a circiit
is given in Figure 6, in which circuit output pulses are generated by the step recovery diode
HP0102, the pulse width is determined by the length of a short-circuited coaxial cable L.
Ringing effects are suppressed by the fast switch diode HP2301, and mains modulation can
be effected simply by modulating the supply voltage of the step recovery diode with a full-
wave rectified mains voltage. Pulses of 1 ns duration and 5V amplitude are generated and
offer an output spectrum flat to about 500 MHz. Such a single pulse causes a 50 mV pulse in
a TV channel and a 1 mV pulse in an FM channel; overlapping pulses add up, and the peak
and quasi-peak value of the resulting signal is considerably higher.
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The bandwidth of the preceding stages which generate the trigger signal (noise source,
amplifier and gating circuit) should be sufficient for the required pulse repetition rate, so for
measurements in a TV channel a bandwidth of 5 MHz to 10 MHz is quite satisfactory.
Moreover, the linearity of these stages is not critical because only the position of the zero
crossings is important. The multivibrators have to generate steep pulses of short duration
(about 0,1 us) to drive the step-recovery diode.

In summary, the circuit according to Figure 4 is very useful for broadband interference
simulators to be operated in a limited frequency range, whereas the circuit of Figure 5 is more
suitable for simulators intended for wideband use.
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Figure 4 — Block diagram and waveforms of a simulator generating noise bursts
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Figure 5 — Block diagram of a simulator generating noise bursts

according to the pulse principle
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~24 V

~680

Trigger pulses from

chamber

4.3.1 General

Al present there ,are/limits for use with the open-area test site method of measureme
specified in seyveral CISPR publications. For equipment that can be measured using the
reiverberation €chamber method, a procedure is required to relate the limit to be used with th

monostable multivibrator
[

On ? Oft

Figure 6 —-Details of a typical output stage
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Relationship between limits for open-area test site and the reverberation

offthe open-area test site (OATS) limit. The procedure is described in this subclause.

4.8.2
OATS

Correlation between measurement results of the reverberation chamber and

nt

at

The OATS measurement sets out to find the maximum level of radiation of an EUT (equipment
under test). Whether the measurement is of the field strength or of power density at the
measurement antenna, or of the power into an antenna in substitution of an EUT, the
measured results can be expressed in terms of the equivalent radiated power from a half-
wave dipole. Let this equivalent radiated power be P in dB(pW).

The reverberation chamber measures the total radiated power of the EUT. Let the measured

power be P; in dB(pW).

The two measurements are related to each other by the gain of the EUT as a radiator with
respect to an isotropic radiator. Let this EUT gain be G in dB. The relationship is given by
Equation (6). The equation is derived in Annex A.
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R+G=Py+2 (6)

4.3.3 Limits for use with the reverberation chamber method

Consider the case of an EUT which is exactly on the limit, L,, when measured in the open

ar

ea test site, i.e. Pq = L.

This EUT should also be exactly on the corresponding limit, L, when it is measured in the
reverberating chamber, i.e. P, = L,.

Frlom Equation (6), we can relate the two limits as in Equation (7).

a
g
p
q

o »

It

Py
fo
lo
of

Py

Based on this evidence, the reverberation chamber results can be related to those of In
ATS. In fact, use of a reverberation chamber appears to be a more effective method in the

(0]
ak

4.

The procedure to.determine the reverberation chamber limit is as follows.

i)

i)

The value of L, is dependent not only on L, but also on G. Because G will nafbe the same f
a

An example is given in Figure A.2. A number of microwave ovens were measured for Py a

L =Ly+2-G (7)

EUTs, it is not possible to set L, to treat all EUTs in a manner identical tosthe effect of L.
y L, = L,, then it is correct only for EUTs with G = 2. EUTs with a G gréater than 2 will find
sier to pass the reverberation chamber limit, and vice versa.

is necessary to determine the value of G. This can be done from measurements of P, a

Figure A.1 shows the curves of P, versus P; for various values of G. The shaded region
' negative values of G. (Experimental points appearing in¢this region are caused by failure
cate the maximum open-site radiation, probably due to{th€ maximum radiation lying outsi
the horizontal plane).

It can be seen that:

for points lying in the positive G region,.thre majority have values around 2;

more points lying in the positive G*region as the frequency goes up, indicating that t
radiation pattern is becoming more directional in the vertical direction.

ility to measure a quantity representative of the maximum radiation.

3.4 Procedure for the determination of the reverberation chamber limit

measufed quantities to the equivalent power from a half-wave dipole. Call this quantity A
in dB(pW).

Measure the same sample in the reverberating chamber for total radiated power. Call th

Measureca‘sample of equipment for the maximum radiation on an OATS. Convert the

or
If
it

nd
is
to
e

nd

q’

S

quantity P, in dB(pW).

iii) The relationship between the reverberation chamber limit and the OATS limit can be found

by the graphical method of Figure A.1, or by calculating the gain of each equipment,
obtaining a representative value of G for the equivalent type using statistical methods, and
applying Equation (7).
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4.4 Characterization and classification of the asymmetrical disturbance source
induced in telephone subscriber lines by AM broadcasting transmitters
in the LW, MW and SW bands

441 General

The use of semiconductor devices in telephone terminal equipment (TTE) has created the
need to verify the immunity to RF fields of this equipment, as non-linear semiconductor
devices demodulate the induced RF signals [1], [17], [18], [19], [20].2 The latter effect gives
rise to a DC shift which may alter the operating point of such a device, thus, for example,

regaetgtmeHotsemargtroratghtaraewiee —tRe-tasSe-orampritdae—ro6 atet et6 e

ngn-linearity gives rise to a baseband signal that may become audible in the telephony
system. AM broadcasting transmitters in the LW, MW and SW bands form an important ¢lags
off RF-field sources.

Bécause of the relatively small dimensions of TTE (compared to the wavelength of the
digturbance signal) the asymmetrical (common-mode) source induced in télecommunication
lifes is expected to be the dominant disturbance source. Therefore, a_conducted-immunity
tept (current-injection test) is relevant for this equipment. In this test, thédisturbance signallis
applied via the telecommunication lines. As a consequence, this subclause deals with the
characterization of the unwanted antenna properties of telecommunication lines and with
prediction models supplying information about the probability that’certain parameter valugs
will be met in practice. Moreover, it discusses the parameters) that are of relevance when
specifying the disturbance source used in the immunity test{The various considerations will
be limited to parameters relevant at the subscriber end of{the telephone lines.

In| 4.4.2 the antenna properties will be expressed~in terms of an antenna factor of the
sybscriber lines i.e. the induced asymmetrical open-circuit voltage normalized to the RF figld
strength, and an equivalent resistance of the induced asymmetrical source. The predictipn
mpdels are needed in the classification of;the RF fields and the induced asymmetriqal
dipturbances, i.e. 4.4.3, and when setting immunity limits, i.e. 4.4.4. This subclause takes the
view that the disturbance source in theCimmunity test is to be specified by an open-circtit
vqgltage and a source impedance.

All mathematical relations associated with the derivation of the models and those needed by
the user of this subclause when applying the models to the respective geographical area are
given in Annex B, Annex C{Annex D, and Annex E.

This subclause is based on results of experimental investigations carried out on burig¢d
telephone-subscriber_lines in Germany [21], [22] and in the Netherlands [23]. In thesge
investigations indtced-voltage and current data and magnetic-field-strength data wefre
recorded at aslarge number of locations, permitting a statistical evaluation of the parameter
values. A statistical approach was needed, because the telephone lines have random routing
in[the buildings and, consequently, random orientation with respect to the RF field makes for
raFdom coupling with nearby metal objects, while the buildings cause a random scattering [of

the RE fields.

It is to be expected that the contents of this subclause will also be applicable to other types of
lines running through buildings in a similar manner to telephone-subscriber lines, for example,
bus-system lines and signal and control lines.

4.4.2 Experimental characterization
4.4.2.1 General
A full description of the experimental characterization is presented in [22] and [23]. Therefore,

this subclause contains only a summary of this method with regard to the parameters needed.

2 Numbers in square brackets refer to the bibliography.
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The induced asymmetrical voltage was measured at the outlet of a telephone-subscriber line
using a modified T-network [24] and [25]. As a result of this modification, a voltage U}, could
be measured across a 10 kQ resistor and a voltage U, across a 150 Q resistor. The
investigations showed that U, could be considered as the induced open-circuit voltage. In
practice, the reference for this voltage is generally unknown. During the measurements that
reference was a special metal measuring cart connected via a copper strap to the central
heating system. The equivalent resistance R, of the induced source is estimated from data
pairs {U,,, U}

At

each location two magnetic-field-strength data of the broadcasting transmitter were

a

v
as
te
nd

the subscriber lines measured.

T =Z
S0

measured using a loop antenna positioned in a vertical plane and rotated about its vertict\I

is to find the maximum reading. One datum, H;, was measured near the outlef.lund
inyvestigation inside the building, and one datum, H,, was measured outside the buildjng at| a
diptance of about 10 m from that building. In order to obtain a sufficiently high induced-signal-
torambient-noise ratio, the measurements were carried out in areas with a refatively high

4.|:1.2.2 Field strength and building effect

Huced disturbances. Two aspects of the RF field will be ‘€onsidered in this subclause:

ve dipoleformula in Equation (8) has been used for convenience.

r

lue of the RF field strength. This is not expected to influence the applicability of the resulfs,
the presence of a broadcasting transmitter is not taken into accountin the layout |of
ephone-subscriber lines. Moreover, as mentioned in 4.4.1, the induced voltage will Ibe
rmalized to the field strength and the resulting "antenna factor" will#epresent a property [of

hough the RF field is not a characteristic of the subscriber lines, it forms the origin of the

=

The measured field strength H, outside the buildings compared to the field strength }
calculated from the simple far-field relation for@‘half-wave dipole (in its main direction):

7P
Hg = 7 (8)
OI"
where
P is the transmitter’ power;
Zy is free-space wave impedance (377 Q) and
r the-distance between the transmitter and the point of observation.

In the calculations, the values of P as given in [28] are used.

TE Although™broadcast transmitter antennas usually are monopoles (in the frequencies of interest), the hglf-

The effect of the building on the field strength, which can be expressed in a building-effgct
parameter 4, defined by:

Ay = Hy — Hj (9)

where H, and H; are in dB(pA/m).

This factor is often called the building attenuation. However, this factor not only depends
on the attenuation properties of the building material itself, but also on the re-radiation
properties of metallic structures in and near the building, and on the height above ground
at which H, and H;, were measured. Therefore the term building effect is used in this
subclause.

A consideration of these two aspects is needed in view of the antenna factors to be discussed

in

4.4.2.3 and in view of the prediction models to be discussed in 4.4.2.4.
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Figure 7 — Scatter plot of the measured outdoor magnetic field strength H, (dBpA/m)
versus the calculated outdoor magnetic field strength H, dB(nA/m)

The results of H,(H,) given in Figure 7a) show thatdarge deviations from H, = H_ are possib
(splid line), but that H, < (H, + 10) dB(uA/m) (dashed line), hence the measured value is
mpst a factor of 3 higher than the value calcufated from Equation (8). The largest deviatio

ncern data of SW transmitters. This is uhdeérstandable, because SW transmitters norma
ve a beamed antenna pattern, whereas the antenna patterns of the LW and M

transmitters are generally close to circular. Figure 7b) gives the scatter plot H (H_) aft

jection of the SW transmitter data.
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the reported power [26] versus the distance d (m) to
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Figure 8 — Measured outdoor magnetic versus distance,
and probability of the building-effect parameter

Figure 8a) shows the ratio HO/\/F versus.the distance between the point of observation and

the transmitter, and the dash-dot linexindicates a slope —1. It can be concluded that, ¢n
aJerage, the data follow this slope fairly well. The associated intercept is higher than thfat
expected from Equation (8), whichh\is“in agreement with the (4, + 10) dBuA/m limit observed
in[Figure 7.

Figure 8b) shows the normal probability plot of all building-effect data. If these data wefe
ngrmally distributed, a straight line would have resulted. This is not the case, and the dalta
syggest that, in a firstiorder approximation, two distributions are superimposed. The t}o
diptributions are _fouhd when distinguishing between data associated with buildings
cqanstructed from.brick and/or wood (B/W) and data associated with buildings constructed
from reinforced) concrete (C). The normal probability plots of these distributions are given fin
Figure 9a) and-Figure 9b). The negative values of 4, predominantly stem from measurements
where H; was measured on an upper floor of the building, whereas H, was already measurgd
atf about 1,5 m above ground level outside the building. Effects of re-radiation also influenge
thIe actual field-strength data.
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Figure 9 — Normal probability plot of the building-effect parameter 4, dB

The numerical results have been summarized in Tables3“No clear frequency dependence [of
the 4, data could be observed (see 4.4.2.5).

Table 3 — Summary results of building-effect, 4,, analysis

Building material Average Standard deviation Median Number of data
dB dB dB
Brick and/or wood 1,6 4.0 1,0 138
Reinforced concrete 20,6 8,7 20,1 84

4.4.2.3 The asymmetrical open-circuit voltage normalized to the field strength
4.4.2.3.1 General

The interface for~the voltage measurements was the outlet to which the telephone set was
cqgnnected dufing the measurements. The investigations showed that the influence on the
measured voltages of the telephone set and its standard lead (4 m long) could be neglected.

The measured voltage will be normalized to the measured magnetic field strength in 4.4.2.3 2,
and-.assuming far-field conditions, field strength in 4.4.2.3.3. After thg
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Figure 10 — Scatter plot of the outdoor antenna factor G, dB(Qm)
versus the indoor antenna factor G;

4.4.2.3.2 G factors

To obtain an antenna property of the subscriber lines, the open-circuit voltage U [is
ngrmalized to the field strength (H; or Hy);yyielding the antenna factors G; and G, defined by
Un
G. =
v Hino (10)
where
Gio isin Qmy
Uy, is\ip’ uV, and
Higo) is in pA/m.
Figuee 1 hows th tter plot G, ing all data. The plot ts that there i e

dominant "cloud" of data with a limited scattering and a second "cloud" with much more
scattering. Further investigation revealed that the first cloud stems from data measured in
buildings constructed from brick and/or wood, see Figure 10b), while the other cloud is
associated with buildings constructed (predominantly) from reinforced concrete.
Consequently, the building effect discussed in 4.4.2.2 is of importance.
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The normal probability plots of G; dB(Qm) and G, dB(Qm) associated with the two types of
building material considered, are given in Figure 11. It can be concluded that the data follow a
normal distribution, which means lognormal distributions of the G factors in Qm. The
numerical results have been summarized in Table 4, where G; and G| are the upper and
lower limit of the range of experimental G data (see 4.4.2.3.4). The differences between G;
and G, of the two classes of building material considered are consistent with the building-
effect data for these buildings (see Table 3). No clear frequency dependence could be
observed (see 4.4.2.5).
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Figure 11 — Normal probability plots of the antenna factors
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Table 4 — Summary of results of G-factor analysis

G factor Building Average Standard Median Number of data
material deviation points
dB(Qm) dB dB(Qm)
G, B/W 47,3 11,2 47,5 135
G, C 45,9 10,5 46,5 88
G, B/W 45,8 10,6 46,4 134
& c 265 10,9 260 90
4.4.2.3.3 L factors

In[4.4.2.3.2, U,, was normalized to the measured magnetic field strength, thus-yielding the
Glfactors. Assuming far-field conditions, the electric field strength follows from E = Hzy with
Zd= 377 Q. If the outdoor field strength is considered, this assumption seems to be
reasonable and the G, factor can be converted into an L factor defined.by

G U, U
Ly=—0-—-h _"h (11)
ZO HOZO Eo

where Uy is in pV and E is in pV/m.

The L factor can be considered as the effective length or effective height of the subscriber lipe
agting as an antenna. The results for L, have been"summarized in Table 5, where L; and [
are the upper and lower limit of the range of experimental L factors (see 4.4.2.3.4).

Table 5 — Summary of L, factors (far-field)

L factor Building Average? Standard L L
material deviation
dB(m) dB dB(m) dB(m)
L, B/W -5,7 10,6 18,0 -35,0
L, C -25,0 10,9 3,0 -55,0

2 | Note that dB(m) refers-te_dB with respect to 1 m.

In| the literature an L factor of —3,0 dB(m) average (standard deviation 10 dB, number of data
pqints = 10)\has been reported [27] for a cable running 1 300 m underground and 1 000 m Jto
3 D00 m<ovérhead (aerial cable) towards the subscriber. Broadcasting frequencies wefe
594 kHz~and 1 242 kHz. No details were given about the field-strength measurements, the
erence for the asymmetrical voltage and the properties of the building material. The results

a ) R /\A q an-in hla Howava moere

- < =ro) =, T o o o aa
recent investigations by the same team [29] indicate an average L-factor of 0 dB(m).
L; factors might be derived from the G, factors in a similar way as the L, factors. However, it is
to be expected that inside the buildings the far-field conditions are not satisfied and it has to
be decided which wave impedance has to be taken. Therefore, no L; data have been
presented in Table 5. See also NOTE 2 at the end of 4.4.4.2.

4.4.2.3.4 Truncation

In 4.4.2.3.2 it was concluded that the distribution f{G) of the G factors (antenna factors) is
lognormal or in mathematical form



https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

—44 —

1 (ING—u)/ 252
——e dG
GoW2r

f(g)dG = (12)

CISPR TR 16-3:2020 © IEC 2020

However, by adopting this lognormal distribution it is automatically assumed that a G factor
may range from zero to infinitely large. In practice, infinitely large will never occur as
wavelength effects and effects of coupling with nearby structures create an upper limit (G or
L) of the antenna factors [28]. Consequently, for correct use in the prediction models (4.4.3
and 4.4.4) f{G) has to be truncated. Similarly, truncation has to be applied to the distribution
of the building-effect parameters.

u

ar

in
a

In
at

nfortunately, no theoretical study is known which predicts the upper limit of G (or £)

side the building and, buried, outside the building. However, it has to be expected_that su
imit exists and the best approach is to use the experimental upper limit (G; or L)).

The truncated probability density function reads

T
N

th
in

f(G)dG f(G)dG
G)dG = — =— = ay f(G)dG
" IGUf(G)dG FGy)-F(GL) & (13)
GL

Tle mathematical form of the cumulative distributions F(G;) and F(G|) is given in Annex

ble 6 summarizes the truncation data of the, G factors and the building-effect parameter 4
pte that ¢ differs very little from 1, thatsis from the value of at if —o < G dB(Qm) < «©

-4 < Ay, (dB) < o because F(») = 0,5 and-F(—x) = —-0,5. The upper and lower limit in dB(m)

e L factor range are found by subtracting 51,5 dB(Q2) from the corresponding G facto
dB(Qm).

Table 6 =-<Summary of truncation parameters of f{G)

actual telephone-subscriber line taking into account the length and the routing.‘of a lipe

addition to the upper limit, one may also consider a lower limit (G| or L} \and truncate f{(z
the lower end. It is found that in the range of parameter values to be-considered in 4.4
and 4.4.4, the influence of G| (or L|) is negligible.

of

ch

E.

or
of

G factor Building G, G, F(Gy) F(G)) at
or 4 material dB(Qm dB(Qm
e (©m) (m) F(4y,) F(dy,) at,
Abu Abl
(dB) (dB)
G, B/W 70,5 11,5 0,480 5 -0,499 3 1,021
G, c 78,5 20,5 0,498 5 -0,492 2 1,009
G4 B/W 69,5 16,5 0,487 3 -0,497 1 1,016
G, c 54,5 -3,5 0,495 0 -0,497 1 1,008
Ay, B/W 12,0 -10,0 0,495 3 -0,498 1 1,007
Ay c 41,0 2,0 0,490 5 -0,483 7 1,026
4.4.2.4 The equivalent asymmetrical-source resistance

The equivalent resistance of the induced asymmetrical source can be determined from data
pairs {U,,, U}, where U, is the open-circuit voltage and U, the voltage measured across 150 Q,
using the simple relation:
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U
R, =

h—_U|150 Q)
U

— 45—

(14)

The normal probability plot of R, dB(Q) is given in Figure 12. It can be concluded that
R, in dB(Q) follows a normal distribution and, hence, R, in Q follows a lognormal distribution.
The numerical results have been summarized in Table 7. The average value found is close to
the value 150 Q used in existing immunity tests [24], [14]. In Table 7, R,, and R, are the
upper and lower limit of the range of experimental R, data. The relatively large and small

values of Rau and Rdi r‘nmpnrpd to_the average value of R__stem from resonances and anti-

resonances

in the common mode circuit of the subscriber
dgpendence of R, could be observed (see 4.4.2.5), and no influence of the building mater

was observed.

line.

No clear frequén

Table 7 — Summary results of equivalent-resistance analysis

Cy
al

Figure 12 — Normal probability plot of the equivalent asymmetrical

R, (dBQ)

resistance R, dB(Q)

IEC

R, Standard Median R, Number R, R, R,, R,
(qverage) | deviation (average) of data
points
dB(Q) dB dB(Q) Q dB(Q) dB(Q) Q Q
44,2 6,8 43,5 162 204 63,7 25,2 1531 18
99,9 /,
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o 95
(o))
o]
5 80
o
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o 50
=
g 20
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4.4.2.5 Frequency dependence of the parameters

In the frequency range determined by the measurements in the LW, MW and SW bands, no
clear frequency dependence of the building effect 4, the G factors G, and G;, and the
equivalent resistance R, could be observed. This is illustrated in Figure 13a) and Figure 13b)

the 4, data for brick/wood buildings, the R, data, the G, data for brick/wood buildings, and for

reinforced concrete buildings.
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Because no clear frequency dependence of the various quantities could be observed, it will be
assumed in 4.4.3 and 4.4.4 that the building effect, the G and the L factors and the equivalent
resistance are independent of the frequency in the frequency range of the LW, MW and SW
bands. A possible frequency dependence is then incorporated in the standard deviation of the
respective distributions.
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a) Building effect 4, in the case of brick/wood b) Equivalent resistance R
buildings
c) G, factor for brick/wood buildings d) G, factor for reinforced concrete buildings

Figure 13 — Examples of the frequency dependence of some parameters

4.4.3 Prediction models and classification
4.4.3.1 General

This subclause presents some simple prediction models for fields and voltages needed in the
process of classification of the electromagnetic environment and when setting immunity limits
for the telephone sets to be connected to the subscriber lines.
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Because the measuring locations were not chosen randomly in order to obtain a sufficiently
high induced signal-to-ambient noise ratio, the basic data from which the parameters reported
in 4.4.2 were derived cannot be used directly because they form a non-random sample from
their actual distributions. The models to be discussed permit an estimate to be made of the
complete distributions of the field strength and induced voltage. In addition, the complete
distributions allow for a classification of these quantities. This subclause gives only the
procedure for this classification. The actual class limits are outside its scope.

4.4.3.2 Field-strength classification

As$ mentioned in 4.4.2.2, the field strength is not a property of the subscriber line. Nevgr-
theless, information about the field strength is needed in order to make a prediction ©f -the
induced voltages.

Frlom the results given in 4.4.2.2, it follows that in a first-order approximation the.outdoor fi(jld
strength, to be indicated by E, and H, for the electric and magnetic field component
refspectively, is inversely proportional to the distance r between the point©fiobservation and
the transmitter, and proportional to the square root of the transmitter power. From the results
symmarized in 4.4.2.2 it follows that, in the worst case, the constant)of proportionality is|a
factor of 3 (= 10 dB) larger than the constant of proportionality in“the case of a half-waye
dipole.

A classification of the outdoor electric or magnetic field‘strength may be based on the
probability pr{E, 2 E| } or pr{H, 2 H| } that the outdoor fieldystrength is greater than or equal fto
a [given limit value, indicated by the subscript L. As explained in Annex B, this probability can
be written as

Hmax Emax
priHo 2 HUY = [ folH)dH o petEo = B} = [ fo(E)H (15)
R E
where
SIH) and f(E) are the normalized field-strength distribution, and

are the maximum field strength in the geographical region in

A, max .~ which the probability has to be estimated.

max and E

Under far-field conditions both relations in Equation (15) are equivalent.

Considering aring-shaped area (RSA) around a transmitter having a circular antenna pattern
follows (see Annex B) that

=
>

N - N ) A "
(Erax ~Emin JE2 B
where
Enax 1s the field strength at the inner boundary of the RSA, and
Ein is the field strength at the outer boundary of the RSA.

A similar expression is valid for the magnetic field strength (see Annex B).
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The inner boundary of the RSA has to be specified, as the relation between E, and r derived
from the measuring data will not be valid arbitrarily close to the transmitter, i.e. in the near-
field region of the transmitter. A non-zero outer boundary field strength is needed, as E;;, = 0
would mean that pr{E, 2 E } = O for all values of E| . Note that by definition pr{E, 2 E } = 0 and
that pr{E, =2 E,i,} = 1 (= 100 %). The approximation given in Equation (16) is valid if
Emax >> {Emins £1}, Which is normally the case. Hence, it can be concluded that in the present
model the value of £ ;, to be specified is very important. The choice of E;, and E,, will be
discussed further in 4.4.4.

min

max

: ing
max S,
and Ei, = 0,01 V/m [= 80 dB(uV/m)]. The latter value is of the order of magnitude~of the
mjnimum field strength in the service area of a broadcasting transmitter. Note.'that the

probability values are almost completely determined by E ;.

Table 8 — Example of field-strength classification

pr{E, 2 E} E, Enmin P =500 kW,

E. >E k=1 k=22

pr{ o L} R] R,

% Vim m m
0 60 - (80) (260)

100 0,01 - 495 000 1 550 000

101 0,32 0,33 15 652 49 193
1072 1,00 1,00 4 950 11 556
1073 3,16 3,16 1565 4919
1074 9,86 10,00 495 1556

By expressing the RSA boundaries.in terms of a field strength, and not, for example, in terms
of| the distance between the transmitter and the point of observation, Equation (15) [is
applicable to any transmitter producing a field strength which is inversely proportional to the
distance. However, after thesclasses have been established, a certain transmitter will have|a
cgrtain value of the constant of proportionality k. Then class boundaries can be associatéd
with distances R| = (k/P)/E, between transmitter and point of observation. In Table |8
examples of R are given, assuming k = 7 (as in the case of a half-wave dipole) and k = 22
(the worst-case value’ found in 4.4.2.2), while the transmitter power P = 500 kW. The R
vglues for E_ =-60' V/m have been put in between brackets, because, in the consider¢d
frequency range,the far-field condition is not valid at these distances.

The advahtage of choosing the field-strength boundaries first is that the classes are the same
for all Kinds of transmitter, while the choice of a class is then determined by the probabil{ty
thpt-vietim equipment will be at a certain distance from the chosen class of transmitters. |In
g nefal an estimate of the latter prnhnhili’ry is easier than an estimate of the fipld-Qtrpngﬂ;h

probability.

4.4.3.3 Asymmetrical-voltage classification

A classification of the induced open-circuit common-mode voltage U,, may be based on the
probability pr{U, 2 U} that U, is equal to or larger than a given limit value U . If f(G)
describes the truncated distribution of G factors (see 4.4.2.3.4), f,(H,) the normalized field-
strength distribution and use is made of the relation U,, = G, x H,, in Annex C it is shown that
this probability can formally be written as
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priUy 2 UL} = [dG, deh—f(—“th(Go) (17)
Gr U Go Go

where G4, G,, Uy and U, are suitably chosen boundaries (see Annex C). In Equation (17) the
product of the two distributions, i.e. the joint distribution, is needed because pr{U, 2 U,}
depends on simultaneously meeting a certain field-strength value H, = (U,/G,) and a certain
value of G,. In Equation (17) the factor 1/G, stems from the transformation of f{H,) into
f(Uh/Gn)-

N

bte that Equation (17) is not an explicit function of the distance between the transmittera

the point of observation as a consequence of the fact that the boundaries of the RSA ha

b
E

C
cl
cl
ag
EI’
ol
A

en defined by field-strength values. A similar remark was made in connection w
quation (15), and similar conclusions are possible here.

bnsidering again the ring-shaped area as introduced in 4.4.3.2,7‘examples of t
bssification of Uy, i.e. U values corresponding with chosen values pr{Us-2 U, }, are given
bssification of Table 9. The relations used can be found in Annex-G. As in 4.4.3.1, it w
sumed that the outdoor field strengths FE, =60 V/Im-\{(H,x =0,16 A/m) a
Lin = 0,01 VIm (H.,, = 27 pA/m) have been specified. When wsing G; and specifying t
tdoor field strength, the building effect has to be taken into)account, as is explained
nex C.

Table 9 — Example of voltage classification assuming for the outdoor field strength:

nd
e
ith

ne
in
hS

d
he

in

Eax = 60 Vim and E;;~='0,01 V/m
G, G,

Building material B/W C B/W C
A, dB 1,6 20,6 - -
Sy dB 4,0 8,7 - -
Ay, dB 12,0 41,0 - -
A, dB -10,0 2,0 - -
Gil, dB(Qm) 4753 45,9 45,8 26,5
S dB 1,2 10,5 10,6 10,9
G| dB(Qm) 70,5 78,5 69,5 54,5
G| dB(Qm) 11,5 20,5 16,5 -3,5

pr{U, 2 U} U, U, U U,

dB(uV) dB(uV) dB(nV) dB(nV)

100" 115 101 114 96
10[2 125 111 124 106
103 135 121 134 116
19-4 145 131 143 125
Key
B/W s brick and/or wood

C

is concrete
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4.4.4 Characterization of the immunity-test disturbance source
4441 General

The results presented in 4.4.2 and 4.4.3 may be used to specify the open-circuit voltage and
the internal impedance of the disturbance source in a conducted-immunity test that would be
needed to achieve a sufficiently high probability that TTE to be connected to the subscriber
lines will be electromagnetically compatible.

The specification of the open-circuit voltage U}, should be based on the distribution of the
vdltages over all telephone outlets to be considered. Therefore, this distribution is calculated
first, using models and parameter values derived in the preceding subclauses. Once\ihe
diptribution is known it is possible to calculate N (U 2 U)), i.e. the number of outletsin the
respective geographical region showing a voltage U,, 2 U, where U may be considered as
the open-circuit voltage in the immunity test. The internal impedance may be chosen direcily
uging the results given in Table 5. After that, the relevant parameters for the specification jof
the disturbance source in the immunity test will be summarized in 4.4.4.3.

This subclause gives only the procedures to arrive at a specification of the parametefrs
ngeded. The assignment of actual values is the prerogative of the Product Committees.

4.’r.4.2 Outlet-voltage distribution

The derivation of the outlet-voltage distribution is described, in"detail in Annex C and Annex D.
In|this derivation, the following steps have been taken.

(1) Determine the total probability density n(H,) of\the telephone outlets experiencing an
outdoor magnetic field strength H, in ring-shaped areas around the N transmitters to be
considered, where the inner boundary of.the areas is specified by a maximum figld
strength H,,,« and the outer boundary by a minimum field strength H,;,.

(Again, the magnetic field strength is considered first, because this field strength was
measured in the experimental characterization procedure. If far-field conditions are valid,
so that the magnetic and electric-field strength have a constant ratio, the results can be
converted directly in terms of therelectric field strength.)

(2) Determine the joint probability density f({H,,G,) = filH,) X f{G,) describing the density |of
outlets where the field -Sstrength has a magnitude H, and, simultaneously, the antenna
factor of the subscriber-lines has the magnitude G,, then and convert the result into the
joint probability density’f{U},,G,), by using the relation Uy, = H,G,,.

(3) Calculate the probability pr{Uy, 2 U }. If N1 is the total number of outlets in the respectiye
geographical_tegion, and the boundary conditions are taken into account such that
No(U, 2 Up=Nt (or = 0) if pAU,, 2 U } = 1 (or = 0), then the number of outlets N, (U, 2 {,)
equals Ny X pr{Uy, 2 U }.

It is the prerogative of a product committee to choose a value of N, (U, 2 U\ ) from which U
follows)and hence the open-circuit voltage of the disturbance source in the immunity test.

Assuming the field strength to be inversely proportional to the distance between the oullet and
the transmitter, and assuming constant densities of outlets around the transmitters, it is
shown in Annex D that the field-strength distribution n(H,) can be written as

N
27y ks Py (18)
=1 _C
n(HO): 4 3 = fo
EO EO
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where
K is the outlet density,
kj is the constant of proportionality of the j-th transmitter and
N is the total number of transmitters considered.

If the density u is the same around all transmitters and all transmitters have the same
cqnstant of proportionality k, CH, is simply a constant times the sum over all transistor
powers.

When considering the electric field strength £, = (k/P)/r, the distribution n(£,) reads

N
23 k2,
= ~cp (19)
n(Ey) = = 0
o 3 3
Ep Es

sq that C,, =C,,Z’. In Annex B and Annex C it is explained how the various relatiofs

change when the indoor field strength H; or E; is to be used:

AN

v MK

(A IPII TSI

0 2 4 6 8 10 E (VIm)

IEC

NQTE The svarious shadings indicate schematically the contributions from various transmitters and ngn-
homogeneous-outlet densities; in this example the field-strength increment is AE_ =1 V/m.

Figure 14 — Example of the frequency histogram AN(E,,AE,)

The outlet density, in general, will not be homogeneous around a transmitter. To derive n(H,)
in that case, a possible procedure is to determine a frequency histogram AN(H,,AH,) so that
n(H,) is approximated by n(H,) = AN(H,,AH,) | AH,.

In practice, the magnitude of the electric field strength is mostly considered, so n(E,) may be
determined first, after which n(H,) follows after assuming far-field conditions. An example of
AN(E,,AE,) is given in Figure 14, where the different shadings indicate the various
contributions resulting from various transmitters and non-homogeneous outlet densities
around these transmitters.
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A drawback of the method leading to Figure 14 and a drawback of the model leading to
Equations (18) and (19), is that the fields of the various transmitters overlap, particularly in
the lower field strength regions. As a result, the same outlets in these regions are counted
more than once if no discrimination is made with respect to the broadcast frequency. In
4.4.2.5 it was explained that no real frequency dependence could be observed, so this
discrimination is not possible, which leads to an over-estimate of AN(E,,AE,) at the lower
field-strength values.

A procedure which might be followed is then to determine n.(E,), i.e. the distribution of the
maximum field strength in the respective geographical region resulting from the N relevant

transmitters in (and in the direct vicinity of) that region. An example of such a distribution [is
given in Figure 15. This distribution is a result for a part of Germany (having an area |of
2,6 x 10° km and 42 x 105 outlets) by calculating the maximum field strength in eachnede [at
a[l km by 1 km grid over this region as caused by one of the seventy-nine actual broadcasting
transmitters in the respective frequency range, with a total ERP of 12,2 MW. Therésolution |of
the field strength, i.e. AE, was taken to be 0,1 dB(uV/m). It was assumed that the density|u
was a constant (42 x 108/2,5 x 105 = 168 km=2) throughout the region{ When performing
these calculations it was found that »,(E,) does not vary much beyond ajcertain number (fifty
in[this case, with a total power of 7,5 MW) of transmitters taken into acCount.
o .\ R ———
N
1E8
s
1E7 N
£
> 1E6 :
:E
1E5
K
1E4
183 [ i
0,01 0,1 1 10
Maximum Eq, (V/m)
IEC
NQTE Thesolid line represents n(£,) = _CEoIEg with n(E, =1V/m)=n_(E,=1V/m)x E_. chosen such that
the integral-over the field strength of n_(E,) and n(E,) both yield the total number of outlets in that region.

a maximum field strength E, resulting from a given number of transmitters
in (or near) the respective geographical region

The solid line in Figure 15 represents n(E&,) = —CEO/ES’ with Cr, taken such that n,(E,) = n(£,)

when E, =1 V/m. This value is somewhat smaller than Cr, calculated from Equation (19), due
to the aforementioned fact that n,(E,) seems to "saturate” when the number of transmitters is
increased.

When integrating the distributions over the entire respective region, the total number of
outlets N1 shall follow the equation
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E max
C 1 1
NT = J n(EO )dEO = 50 I 2 - 2 (20)
Emin 1Emin EmaX

where the right-hand side of Equation (20) follows when Equation (19) is used. Equation (20)
indicates that for a given or agreed maximum field strength £ .., the value of E;, follows
when Cp, is given or that Cp, follows when E,;, is given. The former approach was used to

calculate E;, = 008 V/m, as indicated in Figure 15,  assuming
nlEe=1VIM) = Cpo/ES = Cp,) 5.4 x 105 V2/m?
Table 10 — Summary of the parameters used in the numerical
examples presented in Figure 16 and Figure 17

Figure 16 17 a) 17 b)

Curve - 1 3 4 2 3 4

. -factor L, L, L, L, L? L, L:?

Building B/W B/W B/W B/W B/W c

material
M|  dB(m) -5,7 -5,7 -5,7 -5,7 42 -25,0 -5,6
S, dB 10,6 10,6 10,6 10,6 11,2 10,9 10,5
L dB(m) 18,0 +00 18,0 18,0 19,0 3,0 27,0
L, m 7,9 +00 7,9 7,9 8,9 1,4 22,4
L, dB(m) -35,0 -0 -35,0 35,0 -40,0 -55,0 -31,0
L, m 0,02 -0 0,02 0,02 0,01 0,002 0,03
M dB - - - - 1,6 - 20,6
s, dB - - - - 4,0 - 8,7
A, dB - - = - 12,0 - 41,0
Ay dB - - - - -10,0 - 0,0
N millions 42 42 42 42 42 42 42
Cl, V¥m?| 54x10° 5,4-x.10° 5,4 x 10° 5,4 x 105 - 5,4 x 10° -
Ccl  VZm? - - - - 3,3 x 10* - -
El.,  Vim 10,0 10,0 3,0 10,0 3,0 3,0 3,0
Elhax  V/m - - - - 9,5 - 2,4
El. ~ Vim 0,08 0,08 0,08 0,008 0,08 0,08 0,08
Ely, VM - - - - 0,02 - 0,000 7
Ulox \% 79 +00 24 79 85 42 53
a2 | S€e.NOTE 3 at the end of 4.4.4.2.
NOFE—Seme-—ctrreshave-thesamepatametervatves—TigaretHFarcurve2andFiguret6—andFigure 4 7byeurve
1 and Figure 17 a) curve 3.
Key
B/W is brick and/or wood
C is concrete
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This subclause is concluded by giving several numerical examples of Ny(U,, 2 U)), i.e. of the
number of outlets in the respective geographical region showing an induced open-circuit
voltage U,, 2 U, where U may be considered as the open-circuit voltage in the immunity test.
The region in these examples is the aforementioned part of Germany. The relations used in
the calculation of N,(U, 2 U.) can be found in Annex C and Annex D. The values of the
various parameters used in these calculations are summarized in Table 10.

Figure 15 shows an example of Ny (U, 2 U, ) in the voltage range U| < U5 = 79 V, based on
L, data for buildings constructed from brick and/or wood (B/W) and assuming that all
42 million outlets are in these types of building. U,,., (see also Table 10) is given by
Umax = EmaxLy, Where E_ .. is the maximum outdoor field strength in the respegtiye
geographical region, and L, the upper limit of the range of L (B/W) data (see 4.4.2.3.3)! Ul
is|quite large in this case. The maximum value measured in the experimental investigations|is
22 V.

No(Up2U,)
N

1E-3 0,01 0,1 1 10 100

IEC

NQTE The total number of dutlets Ny = 42 x 10° .

Figure 16 <~ Example of the number of outlets with an induced asymmetrical
open-circuit voltage U S U, £ U1, = 79 V (see Table 10)

To set the_ specifications for an immunity test, the higher range of U, values is of interest.
erefore;*the results given in Figure 16 have been replotted as curve 2 in Figure 17a). Curye
1lin Eigure 17a) gives N, (U, 2 U|) for the same situation as in Figure 16 but neglecting t
tryneation of the L factor distribution. In that case U, is infinitely large, which is not v
re ;
modified when E ., is reduced from 10 V/m to 3 V/m; then U, ,, = 24 V. Finally, curve 4 in
Figure 17a demonstrates how the results represented by curve 2 are modified when E,;, is
reduced from 0,08 V/m to 0,008 V/m. The latter curve clearly demonstrates the importance of
the minimum field strength in the geographical region.

In Figure 17b) the influence of the building material (B/W or reinforced concrete, C) and the
choice of L factor (L, or L;) on the results can be observed. Curve 1 in that figure is identical
to curve 3 in Figure 17 a), so it concerns L, data for B/W-buildings. When using L; data the
building effect has to be taken into account because there is no direct model to predict the
indoor field-strength distribution. By doing so, the results represented by curve 2 are found.
As for curve 1 the maximum outdoor field-strength £, ,, = 3 V/m, but due to the building effect
the maximum indoor field strength E; .., = Eqax Api, Where 4y; is the lowest building effect as
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determined from the experimental data. In this case 4y, = =10 dB, so that Ej 5, = 9,5 V/m,

— 55 —

hence there is an amplification of the outdoor field strength.

104 \ 104F
A 4102 41072
107k \ 10°F N
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= £ Sh =
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10 V/m,
10 V/m,
3V/m,
10 V/m,

Figure 17 — Examples of numpber (left-hand scale) and relative number
(right-hand scale) of outlets with U < U, < U, .

Epin = 0,08 V/m
Epin = 0,08 V/m
Epin = 0,008 V/m
Emin = 0,08 V/m

by to Figure 17 curves:
B/W buildings
Curve 1:  nontruncated L, factor, E
Curve 2:  truncated L, factor, E
Curve 3: truneated L, factor, E
Curve 4: truncCated L, factor, E
Truncated L factors, maximum outdoor field strength 3 V/m
Curve.T: B/W buildings, L, factor
Ctrve 2:  B/W buildings, L; factor
Curve 1:  C buildings, L, factor
Curve 2:  C buildings, L; factor

TE See Table 10 for the various parameter values used, and below for key. Total number of outlets 42 x 1(
mogeneous density of the outlets: x = 168 km™2.

EC

One might argue that a negative value of 4, is not realistic. As mentioned in 4.4.2.2, the
negative values predominantly originated from measurements where the indoor field strength
was measured at an upper floor of the building, and the outdoor field strength at 1,5 m above
ground level. Furthermore, re-radiation effects also influenced the actual field-strength data.
One may decide to truncate the building-effect distribution at the lower end at 0 dB. In that

case, E;

I,max

and U,

reduce from 85V to L

max

E

u—max

=8,9x3=27V.
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Assuming that all 42 million outlets are located in reinforced concrete buildings, the results
represented by curve 1 in Figure 17 b) are modified into those represented by curve 3, while
curve 4 follows if the L; data are used. In practice, the outlets will be distributed over the B/W
and C buildings. Then Nt in the calculations is the total number of outlets in a given type of
building, and the results for both types of building have to be added.

NOTE 1 Although the number of outlets N (U, 2 U ) as given in Figure 17 may have non-negligible values, t
relative number is very low. This stresses the importance of the "tails" of the various distributions used and of the
applied truncation. In addition, if the analytical expressions given in the annexes are not used, but a full-numerical
calculation is made [for example, one starting with n,,(E,)], care has to be taken that the accuracy of the numerical

ca

culations is sufficiently high. The very low values of the relative number N (U, = U,)/Nt form an indication of t

he

he

ac]

N¢
re
lo

curacy needed. The relative number is identical to pr{U, = U, } in %.

TE 2 In all calculations the density of the outlets x was considered to be a constant over the entire_respécti
pion. The results can be improved, for example, when the calculations leading to n,,(E,) (see Figure.15), takg
ation-dependent u into account.

N(
A

fofmally speaking L; cannot be derived from G;. In addition, 4,, was determined from magnetic field-strength d4
and 4, for the electric field need not be the same. In the calculations leading to curves_ 2 and 4, it was tac

as|
CO|

Hy

4.

A<
by
i

4.4.4.3.3 The open-circuit voltage

B
or
fof:
pH
fo

4.|:.4.3 Summary of disturbance source parameters

4.’r.4.3.2 The internal impedance
T

TE 3 Curves 2 and 4 in Figure 17b) are based on L; and 4, data, and a warning has to.be given he
mentioned in 4.4.2, it is not very likely that inside the buildings the far-field condition,will- be satisfied an

umed that L; = Gi/Zy (Z, = 377 Q). However, the same curves for Ny(U,, 2 U ) would have been found wh
frectly using the G; and 4,, but quoting rows 15 and 16 of Table 10 meansithe magnetic field quantiti

ax = Emax/Zp etc., and replacing Cg; by Cy; = Crif Zg (see B.4).

.4.3.1 General

an open-circuit voltage and internal impedahce, the following parameters are
portance.

agnitude is chosen on the basis of\the results for the equivalent asymmetrical resistance H

given in 4.4.2.4. The choice depends on the reference for the asymmetrical disturban
urce considered to be relevant in the situations where interference problems have to |
evented. An often used value is R, = 150 Q [24], [25], [14] which is not in conflict with the |
sults presented in 4.4.2.4,

bcause the jnduced asymmetrical voltage has been measured at non-random locations

nnot bel used and the procedure described in 4.4.4.2 has to be followed. From t
ocedure;* described in more detail in Annex C and Annex D, it can be concluded that t
lowing parameters have to be considered (see also Table 10).

ssuming that the disturbance source in the conducted-immunity test is sufficiently describéd

e internal impedance may be speécified as a purely resistive quantity, for which the

der to havela sufficiently large induced-signal-to-ambient-noise ratio, the raw U, da’[aa
h

e.

ta

tly
en

of

a!
ce
pe
is

a

in

t
e

Nt The total number of outlets in the geographical region (country) to be

considered. Nt is either the grand total of outlets or the total numb

er

of outlets in a certain type of building (brick/wood or reinforced

concrete).

Mg or M. The average value of the G or L factor, in dB(Qm) or dB(m) (see
Table 4 and Table 5). If the G; or L; factors are used, the following

building effect parameters shall be known (see Table 3 and Table 6
M,: the average building effect 4, in dB
S,: the standard deviation of 4, in dB

Ap,,: the maximum building effect

)
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Ag,: the minimum building effect

c) SgorSy The standard deviation (in dB) associated with Mg or M|

d) Gy, G The upper and lower limit of the G-factor range or the L-factor range
Ly Ly

) Hpax OF Eax The upper boundary of the outdoor field strength, in A/m or V/m,

which determines the inner boundary of the areas around the
transmitters to be considered.

This—vatue—ay be—chosenmr—after considermgradiationm—hazards.
However, in particular in the case of mass-produced appliances; ;‘lLe
following consideration seems to be relevant. Choose (or agree\on) a
maximum field strength of X (A/m or V/m) such that therg-issa high
probability that all equipment will be electromagnetically .compatible
when the field strength is equal to or smaller than XNA/m or V/m),
and agree that special EMC hardening measures are.to be taken |in
that part of the region where the field strength is“targer than X (A/jm
or V/m) and (simultaneously) a complaint occurs

~

or Enin The minimum field strength determining thie)outer boundary of the

areas around the transmitters (see 4.4.4.2).

min

This value needs to be chosen, anly when the field-strength
distribution n(H) or n(E) is unknown.\{f this distribution is known, H
or Enin is calculated from an equatien like Equation (20).

g) n(H) or n(E) The field-strength distribution, as discussed in 4.4.4.2 and Annex B.

in

45 Predictability of radiation in vertical directions at frequencies above 30 MHz
4.5.1 Summary

C|SPR 11 sets limits for the electromagnetic disturbances emitted in situ near the ground frgm
infustrial, scientific and medical -(ISM) radio-frequency equipment. In CISPR 11:2003 with
Amendment 1 (2004) [5], referring-to protection of safety of life services, it was stated, "Many
agronautical communicationstrequire the limitation of vertically radiated electromagnetic
dipturbances. Work is continiing to determine what provisions may be necessary to provigle
protection for such systems:”

This subclause considers the calculated vertical radiation patterns of the E-field which will e
emitted at frequencies above 30 MHz from electrically small sources physically located close
to|the surface of\real homogeneous plane ground. Its purpose is the study of the predictability
off radiation in-vertical directions based on in situ measurements of the strength of the E-fidld
ngar the ground. The sources considered are electrically small balanced electric and magnefic
dipoles.excited in the frequency range from 30 MHz to 1 000 MHz.

The-effects on the vertical radiation patterns caused by a wide range of the electridal
properties of the ground, varying from wet ground to very dry ground — and the special case of
a ground that behaves like a near-perfect conductor — have also been considered.

These studies show the limitations of the predictability of radiation at elevated angles when
based on measurements near the ground. The subclause identifies some of the factors to be
considered when developing and specifying limits of radiated electromagnetic disturbances
and methods of measurement which are intended to protect aeronautical radionavigation and
communication systems operating at frequencies above 30 MHz. For example, it shows that
vertical patterns of the fields over good conductors do not represent the field patterns over
real grounds. Moreover, the subclause shows that for good predictability of the field strengths
at elevated angles, the in situ measurements near the ground shall not be made at fixed
heights but instead they shall use height scans and, in particular shall be made at a known
distance from the equipment which is the source of the radiation.
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4.5.2 Range of application

This subclause considers the predictability of radiation in vertical directions based on
measurements of the strength of the electric (E) fields emitted by electrical equipment near
the ground. It is intended to give guidance about the predictability of radiation emitted at
elevated angles by electrical equipment in situ, in particular industrial, scientific, and medical
(ISM) radio-frequency equipment. For that purpose, it studies the calculated vertical radiation
patterns of the E-fields which will be emitted at frequencies above 30 MHz from electrically
small sources located close to the surface of real homogeneous plane ground.

The vertical radiation patterns of the horizontally and vertically polarized E-fields, including
the surface waves, have been calculated at distances of 10 m, 30 m and 300 m from various
elpctrically small sources, so that the field variations with distance can be quantified,\In tHis
way, a general knowledge has been obtained of the shapes of the vertical radiation.patterns,
showing the magnitudes of the E-field strengths near ground compared with the magnitudes |of
the E-field components at elevated angles, and the ways in which the relative magnitudes can
be expected to vary with distance over a plane ground.

The sources considered were electrically small balanced electric and magnetic dipoles excitId
in[ the frequency range from 30 MHz to 1 000 MHz. For the purposes of the study, an
electrically small source is defined as one whose largest linear dimension is one-tenth or legs
of|the free-space wavelength at the frequency of interest.

Siibclause 4.5 also considers the effects on the vertical radiation patterns caused by a range
of| electrical properties of the ground, varying from eleetrical conductivities and dielectric
canstants of wet ground to those of very dry ground)[31], [32], and the special case of|a
ground that behaves like a near-perfect conductor.

The effects on wave propagation near the ground of walls, buildings, terrain irregulariti¢
watercourses, vegetation cover, and so ony\are not within the scope of this subclause. It|is
important to note, therefore, that the additional uncertainties in wave propagation caused by
the presence of such discontinuities; and their effects on predictability based o¢n
measurements in situ, have not been(considered.

[

4.5.3 General

Table E.1 of CISPR 11:2009 provides radiation limits for the protection of specific safetfy-
refated radio services I he limits apply to ground level measurements of the electromagnefic
disturbances emitted-by/ISM radio-frequency (RF) equipment in situ, not on a test site. Aboye
30 MHz the five frequency bands listed in Table E.1 of CISPR 11:2009 are all used fpr
agronautical services, including the instrument landing system (ILS) or instrument low-
approach system”marker beacon, localizer, and glide path frequencies, as well as a surviyal
frequency and other radio-navigation and communication frequencies bands.

The in situ measuring distance specified in Table E.1 of CISPR 11:2009, for all five frequengy
bands 'above 30 MHz, is 10 m "from the outer face of the exterior wall outside the building |in
W Ilbh thc Ublu;'JIIICIIt ;D o;tuatcd." :t ;O ;III'JUItGIIt tU IIUtC that thc FIUL;;OU IIIUGDUI;IIy d;OtGII \e

from the ISM apparatus itself is not specified.
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The heights at which measurements of horizontally and vertically polarized E-fields in the
frequency range from 30 MHz to 1 000 MHz are made using a balanced dipole, and are
specified in 7.3.4 of CISPR 11:2009. “The nearest point of the antenna to ground shall be not
less than 0,2 m. For measurements in situ the centre of the antenna shall be fixed at 2,0 m %
0,2 m height above the ground. For measurements on a test site the centre of the antenna
shall be varied between 1 m and 4 m height for maximum indication at each test frequency”.
CISPR 11:2009 specifies that “Class A equipment may be measured on a test site or in situ,
as preferred by the manufacturer” and notes that “Due to size, complexity or operating
conditions, some equipment may have to be measured in situ in order to show compliance
with the radiation disturbance limits”. It goes on to say that “Class B equipment shall be
mEasured on a test site.

After considering the methods of specifying in situ measurement distance and measuring
antenna height in CISPR 11, it is useful to address the following questions:

a) How well do measurements of the vertically and horizontally polarized E-fields; in a height
scan of 1 m to 4 m at a horizontal distance of 10 m from the source,over real groun(d,
predict the field strengths emitted at elevated angles? (See 4.5.5.2)

b) How predictable are the field strengths at elevated angles when the horizontal measuring
distance is greater than 10 m but, beyond that fact, the actual _distance is not known (njot
specified)? (See 4.5.5.3)

c)| How is the predictability affected when the height above'\.ground to the centre of the
measuring antenna is fixed, for example at a nominal 3,m? (See 4.5.5.4)

d) What errors in judgement of the predictability of ‘the vertical patterns may arise |if
calculations are made using the common approximation that the influence of the real
ground can be simulated by replacing it with a perfect conductor? (See 4.5.6)

To provide some answers, in the frequency range 30 MHz to 1 000 MHz a number of vertidal
pglar patterns and linear height scan patterns*have been calculated for the E-field radiatipn
emitted by four kinds of electrically small sources located close to the surface of rdal
homogeneous plane ground. Predictability has been assessed by judging how well, or hqw
badly, the calculated patterns show-.that ground-based measurements of the vertically and
haorizontally polarized E-fields emitted from the various sources will correlate with t;Ee
mpximum strengths of either vertically or horizontally polarized E-fields (whichever are
greater) at elevated angles. The patterns have been calculated for the simplest of sources
radiating into the half-space above ground. If these patterns identify problems of
priedictability, it is unlikety~that predictability will be improved when real ISM devices, like
plastics welders or RF diathermy machines, are the sources.

Vertical polar patterns and linear height scan patterns have also been calculated for t:l:e
EAfield radiation*emitted from the small sources over a copper ground plane. A copper grou
plane provides. boundary conditions which distinguish, in effect, a perfect conductor from|a
refal ground;yand allows identification of the differences between the vertical radiation patternps
that will exist close to the surface of a real ground when compared with those calculated cloge
to| thesurface of a perfect conductor. The differences determine how large the errors will be] if
priedictability is judged by considering vertical patterns calculated over a perfectly conductilpg
groumdptame:

The four kinds of sources considered were electrically small vertical and horizontal balanced
electric and magnetic dipoles. There is justification for the use of small dipole sources as
models in the study of the predictability of radiation at elevated angles from real ISM
equipment. Airborne measurements of the fourth harmonic field radiated from 27 MHz ISM
apparatus over real ground reported in [33] have been studied further in [34]. In [34] it is
shown that the vertical distribution of horizontally polarized fields at approximately 109 MHz,
encountered by an aircraft during any single flight pass over the ISM apparatus, can be well
matched with a field distribution produced at elevated angles by a simple small electric or
magnetic dipole source. Some of the work in [34] is summarized in Annex F.
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4.5.4 Method used to calculate field patterns in the vertical plane
4.5.4.1 General

The E-field vertical polar patterns and linear height scan patterns have been calculated using
a double precision version of the method of moments computer code known as the Numerical
Electromagnetics Code (NEC) [35]. NEC2 with the companion code SOMNEC allows the
Sommerfeld integral evaluation of the field interactions at the air-ground interface [36], and so
includes the contribution of the Sommerfeld-Norton surface wave when calculating the total
E-fields above real grounds (discussed in 4.5.6.4). The near fields were also included in the

Aloplatione £fapr pao i lba 1 dhio ol alo oo
CareurattoRS—Tofr+FeStHtSHi—tS—StberatuSe:

The small vertical and horizontal balanced electric dipoles, and vertical and herizon{al
bdlanced loops (magnetic dipoles) used as the models for the calculations eachfrad a unit
dipole moment [i.e. a dipole (current) moment of 1 A-m for the electric dipolescand a dipdle
mpment of 1 A-m2 for the loops]. All were positioned with their centres at a“height aboye
ground of either 1 m or 2 m in order to show the effects of variations in the‘source height ¢n
thE vertical radiation patterns. The effects include the appearance of additional major lobes |of
radiation — called grating lobes — as the spacing between the sourceand its image in the
ground increases beyond /2 with increasing frequency [37].

The geometries of the models, and the paths of the scans in vertical planes at constant radilis
about each source for the vertical polar pattern computations, are shown in the top right
cqrner of each polar pattern plot.

The planes in which the linear height scan patterns’ were calculated are shown in the
dipgrams accompanying each linear height scan pattern plot.

5.4.2 Frequencies of interest and the electrical constants of the ground

N4

4
The five frequencies of interest at which,.the models were excited, in the five ITU designatg¢d
b

ands [38] listed in Table E.1 of CISPR 11:2009, are shown here in Table 11.

Table 11 — Frequencies of interest in ITU designated bands
from Table 9 of CISPR 11:2009

Excitation ITU designated bands
frequency
MHz
75 74,8 MHZzto 75,2 MHz, Aeronautical Radionavigation (Instrument Landing System (ILS) marker
beacons, horizontal polarization)
110 108 MHz to 137 MHz, Aeronautical Radionavigation and Aeronautical Mobile (R) (including ILS
|6calizers (108 MHz to 112 MHz), horizontal polarization)
243 243 MHz is for use by survival craft stations and equipment used for survival purposes
330 328,6 MHz to 335,4 MHz, limited to ILS (glide path, horizontal polarization)
1000 960 MHz to 1 215 MHz reserved on a worldwide basis for the use and dn\lnlnpmnnf of airborne.

electronic aids to air navigation

Most attention has been devoted to the small sources placed above a “medium dry ground”
[31] (CCIR: medium dry ground; rocks; sand; medium sized towns [32]). The electrical
constants, the relative permittivity ¢, and the conductivity o (mS/m), for “medium dry ground”
at 30 MHz and the other five frequencies of interest are listed in Table 12.
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Table 12 — Electrical constants for “medium dry ground” [31]
(CCIR: medium dry ground; rocks; sand; medium sized towns[32])

Frequency &, o
MHz mS/m
30 15 1
75 15 1,5
110 15 2
4949 o 4,0
330 15 7,5
1000 15 35

Near the lower and upper ends of the frequency range, at frequencies of 75 MHz and
1000 MHz, examples of two other types of grounds have been used with the electrically small
vegrtical loop model (horizontal magnetic dipole) to illustrate the influencé/of differing values |of
the ground constants on the vertical radiation patterns (see 4.5.6.2)~The electrical constants
for “wet ground” and “very dry ground” at 30 MHz, 75 MHz and-1 000 MHz, are list¢d
in[Table 13.

Table 13 — Electrical constants for “wet ground” [31]((CCIR: marshes (fresh water);
cultivated land [24]) and “very dry ground” [31] (C€CIR: very dry ground; granite
mountains in cold regions; industrial areas [32])

Frequency Wet ground Very dry ground
&, a &, o
MHz mS/m mS/m
30 30 10 3 0,1
75 30 13 3 0,1
1000 30 140 3 0,15

4.5.5 Limitations of predictability of radiation at elevated angles
45.5.1 Influence-of‘the electrical constants of the ground

4.5.5.1.1 General

—

It|lis useful to~observe the relatively small influence of widely differing values of the ground
cqnstantsien the predictability of the field strengths at elevated angles. A small vertical logp
(horizontal magnetic dipole) at a centre height of 2 m above ground was chosen as the sourge
mpdeh, ‘The geometry of the model is shown in Figure 18. For this source, the bdst
priedictability is obtained when the vertical £, field component is measured near the ground fto
estimate the maximum strength of either the horizontally oriented E_ field or the vertically
oriented E, field at elevated angles.

4.5.5.1.2 Influence of the ground constants at 75 MHz

In Figure 18, the vertical polar patterns at 75 MHz show the horizontally polarized E, field
strengths in the Y-Z plane at scan radii R of 10 m, 30 m, and 300 m, over real grounds having
the electrical constants in Table 12 and Table 13. It can be seen that at each of the three
scan radii, the total spread in the maximum £ fields in the vertical direction is less than 3 dB.
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In Figure 19, the height scan patterns calculated up to a height of 6 m at 75 MHz show the E,
field strengths in the Z-X plane at the three corresponding horizontal distances over the same
three types of real ground. It can be seen that the spread in magnitudes of the E_ field
strengths at ground level for the three ground types is much greater than 3 dB. However, if
measurements of E, are made at heights from 1 m to 4 m, then at a horizontal distance of
10 m the underestimates of the maximum E_ field strengths in the vertical direction vary from
about 3,9 dB to about 4,7 dB (a spread of only 0,8 dB), at a horizontal distance of 30 m, the
underestimates vary from about 5,1 dB to about 5,7 dB (a spread of only 0,6 dB), and at
300 m, the underestimates vary from about 18,4 dB to about 22,1 dB (a spread of 3,7 dB).
Thus, for the range of values of the ground constants and measuring distances considered
hmtmmmm
the vertical direction is only 3,7 dB, and this occurs at the largest measuring distance’of

300 m.



https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

— 63 -

CISPR TR 16-3:2020 © IEC 2020

punoub |eau }
onjoubew |ejuoziioy)
pIay “7 pajuauio Aje

([6€] wouy paonpouday) aueld
ZW-y | Juswouw ajodip ‘w g }

D sadA} Juauayjip 9aayj 190 (ajodip
dooj |e21343A [Jews wouy pajjiwa syjbuauys
01319A Jo suldajyed uess JybioH — ¢ ainbi4

o3
w/SW L0 =0 ‘e="3 LPUNOIB AIp AIBA,  weeeeresienane
w//sw et =0 ‘5L="3 bunoib Aip wnipaw, JRE—
wp/SW EL =0 ‘oc="3 Jpunoib jem, @ —————
ZHIN G2 = AONINOINS
w/Arigp ‘ybuags play-7
o'ovk o'oel o'ozk o'oLL 0'00k 0'06 0'08 0'0L o,owo

H
H
H
H
H
}
H
H
H
}
:
:
H
H
H
H
1
i
:
H
H
H
H
:
H
H
H
:

wol woe

ANNO¥O

304N0S
dOOT IVOILY3A

woog

HLlyd
NVOS,
LHO|IH

= soue)sIp ueag

9

X-Z ‘ZHW G/ ‘W 00€ PuUe W Q€ ‘W Q| seduejsip |ejuoziioy
Biay aJjusd doo| ‘w L0 x w L‘Q suoisuswip doo] JION

sdyaw bl

punoub |eas jo sadA) juaisyjip 9294y} 19A0 (9jodip
onjaubew |ejuoziioy) dooj |ea1Ji9A ||jeWS punoJde papiwd syjbuauls
pio1} X7 pazuejod Ajjejuoziiol Jo suigjed dejod [esijuap — gL 84nbi4

‘([6€] wouy paonpoiday)eueld z-A ‘ZHIN G/ ‘W Q00E PUB W Qg ‘W Q| JO lIpEeJ Ueds
ZW-Y | juswow sjodip ‘w z wbiey aiusd doo| jw L0 x w L0 suoisuswip doo] JION

o3l w/swL‘0=9 ‘c='3 LPUnoIb Ap KISA, weeeeeeennes
w/sw gL =0 ‘GL="3 Lpunoib Aip wnipsw,
w/sw gl =0 ‘oc="'3 Jpunoiblem, — - _

ZHIN G = AONINO3.

WA gP ‘Gbusss pioy-

o'ovl 00€k 0°0zk 0'0LL 000k 006 008 00L 009 005

o0

|
ﬂ
1
\

206

30dN0S
dOOT VOILY3A

ANNO¥O

A

dv10d



https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

- 64 - CISPR TR 16-3:2020 © IEC 2020

4.5.5.1.3 Influence of the ground constants at 1 000 MHz

In Figure 20, the vertical polar patterns at 1 000 MHz show the horizontally polarized E, field
strength in the Y-Z plane at the same three scan radii R around the small vertical loop over
the same three types of real ground with the electrical constants at 1 000 MHz given in
Table 12 and Table 13. It can be seen that for a source height of 2 m at this frequency,
multiple grating lobes are established.

Figure 21 shows the vertical polar patterns of the vertically oriented E, field strengths in the Z-
X nlqnn and qurn 22 shows the homhf scan n::H-arnc of the F‘ flolri cfrnnnfhe calculated up
to| a he|ght of 6 m in the Z-X plane, at the three scan d|stances and over the three typés,fof
rejal ground.

Figure 20 shows that the maximum strength of the E_ field occurs at an-elevation
angle between 77° and 78° at all three scan radii. A comparison of Figure 21 with Figure 20
also shows, in the case of a “very dry ground”, that the maximum field strength is contributéd
by E_ at the scan radii of 30 m and 300 m at an elevation angle of 2° (that'is, at heights |of
agproximately 1,1 m and 10,5 m at the two radii respectively).

Inspection of Figure 20 through Figure 22 reveals the following information. If a vertically
pqlarized antenna measures maximum E_ in height scans from 1T m to 4 m, then at 10m
hgrizontal distance the resulting underestimates of the maximun’E, field strengths range frgm
alhout 1,8 dB to about 3,2 dB, a spread of only 1,4 dB.<A{»30 m horizontal distance, with
‘medium dry ground” or “wet ground,” a 1m to 4/m" E_ height scan measurement
underestimates the maximum E_ field strengths by about 1,4 dB (“medium dry ground”) por
about 2,9 dB (“wet ground”), a spread of only 1,5 dB.“Over “very dry ground,” the maximum
figld strength, E_, is reached at a height of about.},¥'m, and will therefore be measured within
the height scan from 1 m to 4 m.

Al 300 m horizontal distance, over “medium-dry ground” and “wet ground”, a 1 m to 4 m height
sdan of E_ underestimates the maximumi.E field strengths (at about 77° elevation) by abdut
44 dB (“medium dry ground”) or about 5,2 dB (“wet ground”) a spread of only 0,8 dB. Ovfer
“very dry ground” a measurement of E_ at a height of 4 m underestimates the maximym
figld strength (maximum E, at an/elevation angle of 2°, height approximately 10,5 m) by
about 5,1 dB. The overall spréad in the underestimates at 300 m distance therefore remaips
only 0,8 dB.

Thus, at 1 000 MHz, the) calculations show that the differing values of the electrical constants
of| the ground we _have considered here produce a worst-case variation or spread of orly
1,6 dB in the undefestimates of the maximum E-field strengths at elevated angles, when the
egtimates arebased on 1 m to 4 m height scan measurements of E_ at horizontal distances
ranging from4.0 m to 300 m.

4.5.5.14 Predictability estimated over a “medium dry ground”

Thedoregoing shows that in the frequency range from 75 MHz to 1 000 MHz it is justifiable to
make general judgements of the predictability of the strength of radiation in vertical directions
above ground by considering the E-field patterns calculated over a real ground having the
electrical constants of a “medium dry ground.”
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NOTE Loop dimensions 0,02 m x 0,02 m. Loop centre height 2 m. Dipole moment 1 A-m2. (Reproduced from [39]).

Figure 22 — Height scan patterns of vertically oriented E field strengths
emitted at 1 000 MHz from the small vertical loop (horizontal magnetic dipole),
at horizontal distance of 10 m, 30 m and 300 m in the Z-X plane
over three different types of real ground
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4.5.5.2 Predictability based on height scan measurements near real ground at 10 m
distance from the source

4.5.5.21 General

Here we can provide an answer to the first question raised in 4.5.3.

In summary, the answer is that the predictability of the maximum E-field strengths at elevated
angles by means of 1 m to 4 m height scan measurements at a horizontal distance of 10 m,
for all four types of sources placed either 1 m or 2 m above a “medium dry ground” is very
gc[aod. Underestimates at all 1ive of the irequencies used for aeronautical Services are leks
than 6 dB.

Af the two lower frequencies of 75 MHz and 110 MHz, the larger underestimates éecur when
the source is either a small horizontal electric dipole 1 m above the ground or a(rhall vertidal
lopp (horizontal magnetic dipole) with a centre height 2 m above ground.

Al the frequencies of 243 MHz and 330 MHz, the larger underestimates occur when the
squrce is either a small vertical electric dipole or a small vertical loop.with a centre height 1 [m
above ground.

Af 1 000 MHz, the larger underestimate occurs when the sourcé_is a small vertical loop with| a
cgntre height 2 m above ground.

4.5.5.2.2 Predictability at 75 MHz

Figure 23 shows polar plots of £ in the Y-Z plane.and £, in the Z-X plane, at 75 MHz, around
the horizontal electric dipole placed 1 m above ground. At a scan radius of 10 m, E_ reaches
mpximum field strength of almost 138 dBuV/m-at an elevation angle near 73°. The polar pldts
of|E, in the Z-X plane — the vertically polarized radiation emitted from the tips of a horizonfal
electric dipole over real ground [36] — show that vertically polarized measurements near the
ground do not give the best predictions of field strength at high elevation angles. Therefore,
Figure 24 shows the height scan calculations of horizontally polarized E_ in the Y-Z plang,
reaching an E, magnitude of almost 133 dB(uV/m) at a horizontal distance of 10 m and|a
hgight of 4 m. In consequenge, .1 m to 4 m height scan measurements of £, at a distange
ofl 10 m will underestimate the:maximum E, at 73° elevation by almost 5 dB.

TrLe vertical polar plotstin Figure 18 show that measurement of £, at a distance of 10 m nefr
the ground will not give a good prediction of the maximum field strength emitted at 75 MHz by
a small vertical loop,placed at a height of 2 m above a “medium dry ground.”

E) field strength reaches a maximum of over 142 dB(uV/m) in the vertical Y-Z plane. The
cglculatedtheight scan patterns in Figure 19 show that a vertically polarized measurement [of
E[| at a horizontal distance of 10 m in the Z-X plane will reach a maximum of almdst

138 dB(uV/m) at 1,2 m height. This underestimates by less than 5 dB the maximum strengrh

of{ the radiation in the vertical direction.

Column (4) of Table 14 summarizes the estimated errors to be expected in the predictability of
radiation in vertical directions when based on measurements in height scans from 1 mto 4 m
at a horizontal distance of 10 m from each of the four sources operating at 75 MHz. Column
(1) lists the radiation sources and their heights. Column (2) lists the field components that
contribute the maximum field strengths in the vertical polar patterns, and the elevation angles
at which the maximum field strengths occur. Column (3) lists the field component that should
be measured in a linear height scan at a horizontal distance of 10 m to provide the best
estimates of the maximum field strengths.
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Table 14 — Estimates of the errors in prediction of radiation in vertical directions based

frequency = 75 MHz (adapted from [39])

on a measurement height scan from 1 m to 4 m at known distances, d;

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Source of Max. E, At hor. Estimate | Max. E, At hor. Estimate | Max. E, At hor. Estimated
radiation at angle, [d=10m, d at angle, [d=30m, d at angle, |d =300 m, | prediction
at height in 10 m | measure | predictio | in 30 m | measure | predictio | in 300 m | measure error, at

polar plot | this field | n error, |polar plot| this field | n error, |polar plot| this field | 4 =300 m

at at
u' - ‘IG L1k} u' - 3\’; L1}
Vertical E, E z 0 dB E, E, -2 dB E, E. £1759 dB
elecfric at 15,25° at 17,75° at 18°
dipole
at1m
Vertigal E, E, 0dB E. E, -1dB E, E; -16 dB
elecfric at 8° at 12,75° at 13°
dipole
at2m
Horizontal E, E, -5 dB E, E, -12 dB 74 E, -31,9dB
electric at 72,5° inY-Z at 67,5° inY-Z at)66° inY-Z
dipole inY-Z plane inY-Z plane inY-zZ plane
at1m plane plane plane
Horizontal E, E, -1,5dB E, E, -7 dB E, E, -26,9dB
elecfric at 30° inY-Z at 28,75° inY-Z at 28,5° inY-Z
dipole inY-Z plane inY-Z plane inY-Z plane
at2m plane plane plane
Vertical loop E, E, -0,5dB E, E; -2,5dB E, E, -18 dB
(horigontal at 17,5° in Z-X at 19,75° in(Z-X at 20° in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at1m
Vertical loop E, E, -4,5 dB E. E, -5,5dB E, E. -20,9 dB
(horigontal at 90° in Z-X at.90° in X-Z at 90° in Z-X
magnetic plane plane plane
dipole
at2m
Horizontal E E 2,5 dB E, E -9 dB E E -28,9dB
loop|(vertical | at 3'},5° in 2-X at 36,75° in 2-X at 3é,5° in 2-X
magmnetic in Z-X plane in Z-X plane in Z-X plane
dipole plane plane plane
at1m
Horizontal E E -1dB E E -6,5 dB E, E -25,4dB
loop |(vertical at 27° in 2-X at 25,5° in Z-X at 25° in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at2m
4.6:5.2.3 Predictability at 110 MHz

Figure 25 shows vertical polar plots of E, in the Y-Z plane and E, in the Z-X plane, at
110 MHz, around a small horizontal electric dipole placed 1 m above the ground. At a scan
radius of 10 m, E_ reaches a maximum field strength of over 141 dB(uV/m) at an elevation
angle of 41°. The polar plots of E, in the Z-X plane show that vertically polarized
measurements near the ground will not give good guidance to high-angle field strength.
Figure 26 shows height scan calculations of E_ in the Y-Z plane. At a horizontal distance of
10 m the magnitude of E_ reaches almost 139 dB(uV/m) at a height of 4 m, and a height scan
measurement of horizontally polarized E, therefore underestimates the maximum strength of
E_at 41° elevation by less than 3 dB.
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Figure 27 shows vertical polar plots of E, in the Y-Z plane and E, in the Z-X plane, around a
small vertical loop (horizontal magnetic dipole) placed at a centre height of 2 m above ground
and excited at 110 MHz. The maximum field strength reached at a scan radius of 10 m is the
vertical £, component, 146 dB(uV/m) at an elevation angle of 40°. The height scan plots of E_
in Figure 28 show that at a horizontal distance of 10 m the magnitude of E_ is almost
144 dB(pV/m) at a height of 1 m, which underestimates the strength of E_ at 40° elevation by
less than 2,5 dB.

Column (4) of Table 15 summarizes the errors expected in the predictability of radiation in

v
di

rtical directions based on measurements in height scans from 1 m to 4 m at a horizon

al

stance of 10 m from each of the four sources operating at 110 MHz.
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Table 15 — Estimates of the errors in prediction of radiation in vertical directions based

frequency = 110 MHz (adapted from [39])

on a measurement height scan from 1 m to 4 m at known distances, d;

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Source of Max. E, At hor. |Estimated| Max. E, At hor. |Estimated| Max. E, At hor. Estimated
radiation at angle, | d =10 m, | predictio | at angle, | 4 =30 m, | predictio | at angle, | d = 300 m, | prediction
at height in10 m measure |n error, at| in 30 m measure |n error, at| in 300 m | measure error, at

polar plot | this field | 4 =10 m | polar plot | this field | 4 = 30 m |polar plot| this field | 4 =300 m
Vertic‘al E E_ 0dB E E_ —-15dRB E_ E_ =17 5dB
electfic at 13,5° at 15,25° at 15,25°
dipolp at 1 m
Vertital E, 1 -1dB E, E, -0,5dB E, E, 215,94 dB
electfic at 36,5° at 10,75° at 11°
dipole at2 m
Horigontal E, E, -2,5dB E, ) -9,5 dB E, C -29 [dB
electric at 41° inY-Z at 40° inY-Z at 39,75° inY-Z
dipoleat1m| jnv-z plane inY-Z plane inY-Z plane
plane plane plane
Horizontal E, E, -0,5dB E, E, -4,5 dB & E, -23,9dB
e!ectrlc at 20° inY-Z at 19,25° inY-Z at19,25° inY-Z
dipoleat2m| jnvy-z plane inY-Z plane in Y-z plane
plane plane plane
Vertital loop E E, -2dB E E, -345,dB E, E, -19 dB
(horizontal at 90° in Z-X at 90° in Z-X at 90° in Z-X
magretic plane plane plane
dipole)
at1m
Vertital loop E E, -2,5dB E_ E, -2,5dB E, E, -17,9 dB
(horizontal at 40° in Z-X at 48° inZ-X at 47,5° in Z-X
magnetic in Z-X plane inY-Z plane inY-Z plane
dipole) plane plane plane
at 2 @n
Horizontal E, E. -1,5 dB E; E. -8 dB E. E. —-27dB
loop (vertical | at 31,75° | in Z-X At31° in Z-X at 31° in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at 1
Horizontal E, E. -0;5 dB E. E. -4 dB E. E. -23dB
loop (vertical | at 19)25° | in 2-X at18,5° | in2-X at18,25° | in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at 2 @n
45.5.2.4 Predictability at 243 MHz
Figure 29 shows vertical polar plots of £, and E_ in the Z-X plane, at 243 MHz, around the
srall vertical electric dipole placed at a centre height of 1 m above ground. At a scan radius

off

1Tm-to 4 m at a horizontal

10 m,.the maximum field strength of almost 144 dB(uV/m) is contributed by E, at an
elpvation angle of 33,75°. Calculations of the vertical field component £, in a height scan frﬂam
distance of 10 m produce a peak magnitude of almgst

143 dB(uV/m) at a measuring height of 1,65 m, as shown in Figure 30. This underestimates
the maximum field strength by only 1 dB.

Figure 31 shows vertical polar plots of £ in the Y-Z plane and E_ in the Z-X plane, around the
small vertical loop placed at a centre height of 1 m above a “medium dry ground.” It can be
seen that, at a scan radius of 10 m, the maximum field strength of more than 159 dB(uV/m) is
reached by E_ at an elevation angle of 36,25° in the Z-X plane. The calculated E_ height scan
patterns shown in Figure 32 produce a peak field strength of 157 dB(uV/m), at 10 m horizontal
distance and a height of 1,65 m. This underestimates the maximum E_ by approximately

2,5 dB.
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The vertical polar plots of horizontally polarized E-field emitted at 243 MHz by a small
horizontal loop placed at a height of 1 m above a “medium dry ground” are shown in
Figure 33. The peak of the major lobe, nearest the ground, occurs at an elevation angle of 17°
and is therefore reached at a height of 2,9 m at a horizontal distance of 10 m. The height scan
plot at a horizontal distance of 10 m in Figure 34, which is of E, in the Z-X plane in
this example, underestimates the maximum field strength in a vertical polar scan by less
than 0,5 dB.

Column (4) of Table 16 summarizes the errors expected in the predictability of radiation in
vertical directions based on measurements in height scans from 1 m to 4 m at a horizontal
distance of 10 m from each of the four sources operating at 243 MHz.



https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

— 75 -

CISPR TR 16-3:2020 © IEC 2020

ajodip 2113099

|e211JoA [[ewS wouy _ooz_w:m syjbuauils pjaly 7 pojuslio Ajjejuoziioy
1

pue °g pajuaiio Ajjeol

X-Z ‘W/SW Gy = O ‘G| = '7 :sjug
|ejuozuoy ‘w-y | juswow sjodip

oA jo suudpied uess jybioH — o a.unbi4
‘([6€] wouy peonpoiday) sueld

1suod punoub ‘ZH\ €42 ‘W Q0E pPue w Qg ‘w Q| dduelsip

‘w | ybiey ssuso sjodip ‘w GO0 yibus| ejodid ILON

o3l  PAJUSLIO A|[BJUOZIIOH seeeeveernen
27 pajualio A|ledisp —_—
ZHIN €4 = AONINO IS
w/Angp ‘ybusns pRy-g
0'0s} o‘orl o'oel (o) 4} o'okb 0'004 0'06 0'08 0'0L
T T T T ™ 0
ﬂ | \ |
o ‘ z
: T
i o
&
: Es
T O / 4 ¢ 3
\ 14
- \ y S
L 9
0

I woe

AaNNO¥O

\
30d¥N0s

370d1a TVOILY3A P

w 0og = 9due}SIp UEOS

Hlvd
NYos
LHOIIH

ajodip o14)]
|EDIIBA [[eWS punoJe pajIwa syjbual

bo|o
s p|eyy 7 pajusnio Ajjejuoziioy

pue °g pajuaiio A|jes1jax o suiaped aejod |eo13uop — 62 4nbi4

sue|d X-Z ‘W/SW Gy = O ‘GL.=7"2 :SJUBJSUOD P

JO lipeJ ueods ‘w-y | Juswouw ajodip ‘w | jybiay ai
o7

ZHIN €72 = AONINO:
w/Argp ‘wybusAs P

0'sel  0'szl 0'SLL 0'S0L  0'G6

o'syl

‘([6€] wouy peonpoiday)
nosb ‘ZHN €vZ ‘W 00E PuB W 0E ‘W 0l
uao sjodip ‘w 50‘0 Yibus| sjodia I1ON

W Q€ 10 Ssnipel uess e je “7

wooclosnpelueoseleXy T
w Qg Jo shipel ueos eje ’g
w Qg Jo shipes ueos e je Xy
woQljosnipelueosejey Tt

w Q| Jo shipes ueos eje Xy
=E]

u-7

ANNOY¥O
Hlvd
NVOS

¥v10d

30dN0S
370dI0 TvOILY3A



https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

CISPR TR 16-3:2020 © IEC 2020

— 76 —

(ajodip

|EDIIBA [[EWS WO} PO}
pue °g pajualio A|jesiian jo suiajied uess jJybiaH — z¢ a4nbig

G'y = O ‘Gl = 7 :S)UB)SUOD pung
ZW-Y | juswow ajodip ‘w | 1ybig

o1joubew |ejuoziioy) dooj
wo syjbuauys pjaly g pajuaiio Ajjejuoziioy

([6€] wouy paonpoiday) aueld X-7 ‘w/Sw
U6 ‘ZHIN €pZ ‘w 00E PUB W QE ‘W Q] 92UB)SIp |BJUOZIIOY
y 8Jjusd doo| ‘w GO0 x W GO‘0 suoisuswip doo] JI1ON

ANNOY¥O

304N0S
dOOT IVOILY3A

o3I XZ PoJusSLIO AJ[BJUOZUOH weeesessvenes
?7 pajuauio Ajfedap _—
ZHI £+Z = AONINOIYA
w/Arigp ‘yibuais play-7
0'09} 0'0sk oork ofost o'ozk 0oLk 0‘00L 006 008
0
. \ T T T
~4
- 4z
I
3
@
E
. 4 ¢ 3
14
El
9
wol wog w00e ="Souejsip ueog

Hlvd
NVO$’
1HOIAH

Aloanoadsala saue|d x-7 pue z-A ui-<(d|pdip s139ubew |ejuoziioy) dooj
|EDIJIBA |JRWS punoJe papiwa.syybudils pjaly “g pejusiio Ajjeaiian
pue *7 paziejod Ajjejuoziioy-4o suid

W/SW Gy = 0 ‘GL = 7 :sjueysuaPUNOIB ‘ZHI ¢
ZW-Y | juswow ajodip ‘w | 14biey aiuso dooj ‘u

o3l

dviod

aueld X-|

aueld z-|
aued
sueld A
aued
sueld A

ZHIN €¥C = AON3ND)

W/ABEP ‘WUaHS Piafy-

0'09L 005k 00k 00k 00zk 00LL
Il ! 1 1 L il

jed aejod |eoi1juoA — L€ 9unbi4

‘([6€] wouy peonpoiday)

bZ ‘W 00E PUB W OE ‘W O} JO lIpeJ ueds
§0'0 x W 00 suoisuawip doo7 J1ON

P au) Ul W QOE 40 shipes ueds e je ’g
3y} Ul W QOE 40 Snipes ueds e je ¥y
-7 au) ul w og Jo snipes ueds e je “7
A @Y} Ul W O 4O SnIpes ueds e je *7
-7 auy ul w 0} Jo snipes ueds e je “7
A @Y} Ul W 0} JO SNIpel ueds e je X7
Hyd

30¥N0S
dOOT IVOILY3A

Hlvd
NVOS
¥viod

206



https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

- 77 -

CISPR TR 16-3:2020 © IEC 2020

(o10dip 2139ubew |e21313A)

(o10dip 2139ubew |esjian) dooj jejuoziioy |jews woly pajjiwad yjbuails dooj |ejuoziioy jjewsipunagie pajpiwa yjbualiys
piol-7 pazuejod Ajjejuoziioy jo suidjjed uess JybioaH — p¢ ainbi4 pio1y-7 pazuejod Ajjejuoziioy Jo susajjed iejod jeoijuop — €€ ainbi4
([6€] wouy paonpoiday) aueld X-7 ‘w/Sw ‘([6€] wouy peonpoiday) sueld

Gy =9 ‘GL = 2 :syuejsuod pundib ‘ZHW €pZ ‘W QOE PUB W OF ‘W Q| S2UBISIP |BIUOZIIOY X-Z ‘W/SW Gy = O ‘G| = ‘2 :S)UBISUoo punoib ‘AHIN €72 ‘W 00E PUB W QE ‘W Q| JO el
Wy | juswow sjodip ‘w | Jybrey doo| ‘w600 x W GO0 suolsuswip doo T JLON Ueds Lw-y | juswow ajodip {N[“Iybrey dool ‘w|g0‘0 x W GO‘0 suolsuswip doo] JION

o3l o3l A
ZHIN €4 = AONINOINS w Qo¢ Jo snipes ueds eje 'y

w g Jo snipes ueds e je Az —————
w Q} Jo snipes ueds e je iz [
W/ATgp ‘GbUSHS plRY-7
ZHW €¥Z = AONINOFNL

0‘0LL 0‘09L 005k o‘ovk ook oozt ookt 0‘00L 006 008
T T T T .\\ 0 w/Argp ‘ybusns plog-7
\ 006 008 0'0L
r il
i 0
L. i L
NSRRI (5 OOV SNNROR TSNS SV ST USROS SOy AUV ST S 4z
I
o
. Q
: E
: € 3 /
3 /
d
14 - ]
S -
9
woL wog w 00e = 3dueysip ueog
06
X
X
aNnoys
A HLlvd
ANNOYD o
A HLVd yviod
Ny 304N0S
dOOT V.LNOZIYOH
— JTTGE

304N0S
dOOT TV.LNOZIHOH



https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

78—

CISPR TR 16-3:2020 © IEC 2020

Table 16 — Estimates of the errors in prediction of radiation in vertical directions based

frequency = 243 MHz (adapted from [39])

on a measurement height scan from 1 m to 4 m at known distances, d;

(1) (2) (3) (4) (5) (6) (7) (8) (9 (10)
Source of Max. E, At hor. |Estimated| Max. E, At hor. |Estimated| Max. E, At hor. Estimated
radiation at angle, | d =10 m, |prediction| at angle, | d = 30 m, |prediction| at angle, | d = 300 m, | prediction
at height in10 m measure | error, at in 30 m measure | error, at | in 300 m | measure error, at

polar plot | this field | d =10 m |polar plot | this field | 4 = 30 m |polar plot | this field | 4 =300 m
Vertical E E_ —1dB E. E_ -0 5dB E E_ —16 dB
electfic at 33,75° at 10,5° at 10,5°
dipolg at 1 m
Vertigal E. E, -0,5dB E, E, -0,5dB E. E, -13dB
electfic at 18,25° at 18,25° at 7°
dipolg at2 m
HoriZontal E, E, -0,5dB E, E, -4 dB E, E, -22,9 dB
electfic at 17,5° inY-Z at 17,5° inY-Z at 17,5° inY-Z
dipolg at 1 m inY-Z plane inY-Z plane inY-Z plane
plane plane plane
Horizontal E, E, 0 dB E, E, -0,5dB £ E, -17 dB
electfic at 9° inY-Z at 8,75° inY-Z at'8,75° inY-Z
dipolg inY-Z plane inY-Z plane inY-Z plane
at2m plane plane plane
Vertigal loop E. E, -2,5dB E, E, =24dB E. E, -17 dB
(horizontal at 36,25° in Z-X at 36,5° in Z-X at 36,5° in Z-X
magrjetic in Z-X plane in Z-X plane in Z-X plane
dipolg) plane plane plane
at1m
Vertigal loop E, E, -2,5dB E, E. -3 dB E, E, -15dB
(horizontal at 70,5° in Z-X at 69,25° in Z-X at 69° in Z-X
magrjetic inY-Z plane inY-Z plane inY-Z plane
dipolg plane plane plane
at2m
HoriZontal E, E -0,5dB E E -3,5dB E, E -22,9dB
loop [vertical at 17° in Z-X at 16},75° in Z-X at 16,75° in Z-X
magrjetic in Z-X plane in Z-X plane in Z-X plane
dipolg) plane plane plane
at1m
Horizontal E E, 0dB E, E, 0dB E, E -17 dB
loop [vertical | at §° in 2-X at 8,75° | in 2-X at 8,75° in Z-X
magrjetic in Z-X plane in Z-X plane in Z-X plane
dipolg) plane plane plane
at2m
45.5.2.5 Predictability at 330 MHz
Figure 35 shows vertical polar plots of £, and E_ in the Z-X plane, at 330 MHz, around the
srhall*vertical electric dipole placed at a centre height of 1 m above ground. At a scan radius
of L 10 m the maximum field strength of almost 148 dB(uV/m) is contributed by E_ at an

elevation angle of 26°. Calculations of the vertically oriented E, field in a height scan from 1 m
to 4 m at 10 m horizontal distance produce a peak magnitude of almost 146 dB(uV/m) at a
measuring height of 1,45 m, as shown in Figure 36. This underestimates the maximum field
strength by less than 2 dB.
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Figure 37 shows vertical polar plots of £ in the Y-Z plane and E_ in the Z-X plane, around the
small vertical loop placed at a centre height of 1 m above a “medium dry ground.” It can be
seen that, at a scan radius of 10 m, the maximum field strength of almost 167 dB(uV/m) is
reached by E_ at an elevation angle of 69° in the Y-Z plane. The calculated E, height scan
patterns in the Z-X plane shown in Figure 38 produce a peak magnitude greater than
162 dB(uV/m) at 10 m horizontal distance, measured at a height of 1,45 m. A height scan
measurement of the vertical E, field therefore underestimates the maximum strength of the
radiation in vertical directions, the horizontal polarized E, at an elevation angle of 69°, by
approximately 4,5 dB.

It|is interesting to observe the vertical polar plots of horizontally polarized E-field emitted, [at
330 MHz by a small horizontal loop placed at a height of 1 m above a “medium dry ground,”
shown in Figure 39. The peak of the major lobe, nearest the ground, occurs at an €levatipn
angle of only 12,75°. It is therefore measured at a height of only 2,2 m at a horizontal distan¢e
ofl 10 m, see Figure 40. Thus, there is virtually no error in this example of the (estimation |of
mpximum field strength at elevated angles.

Column (4) of Table 17 summarizes the estimated errors in the predictability of radiation |in
v@rtical directions based on measurements in height scans from 1 mdo 4 m at a horizonfal
distance of 10 m from each of the four sources operating at 330 MHz,
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Table 17 — Estimates of the errors in prediction of radiation in vertical directions based

frequency = 330 MHz (adapted from [39])

on a measurement height scan from 1 m to 4 m at known distances, d;

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Source of Max. E, At hor. Estimate | Max. E, At hor. Estimate | Max. E, At hor. Estimated
radiation at angle, [d=10m, d at angle, [d=30m, d at angle, |4 =300 m, | prediction
at height in 10 m | measure | predictio | in 30 m | measure | predictio | in 300 m | measure error, at

polar plot | this field | n error, |polar plot| this field | n error, |polar plot| this field | 4 =300 m
at at
u' - ‘Ic m u' - 3\’; L1

Vertical E, E, -2 dB E, E, -0,5dB E, E, 315'dB
electric at 26° at 26° at 9°
dipole
at1m
Vertical E, E, -0,5dB E, E, 0dB E_ . -11,4dB
electric at 27,25° at 5,75° at 5,5°
dipole
at2m
Horizontal E, E, 0dB E, E, -2dB £) E, -20dB
electric at 13° inY-Z at 12,75° inY-Z at 12,75° inY-Z
dipole inY-Z plane inY-Z plane inY-Z plane
at1m plane plane plane
Horizontal E, E, 0 dB E, E, 0,dB E, E, -14,5 dB
electric at 6,5° inY-Z at 6,5° inY-Z at 6,5° inY-Z
dipole inY-Z plane inY-Z plane in Y-Z plane
at2m plane plane plane
Vertical loop E, E, -4,5dB E, Ef -3,5dB E, . -17,%dB
(horizor)tal at 69° in Z-X at 68,25° inZ-X at 68° in Z-X
mag etic inY-Z plane inY-Z plane inY-Z plane
dipole) plane plane plane
at1m
Vertical loop E, E. -2,5dB E, E, -2,5dB E, E. -12,4 dB
(horigontal at 66,75° in Z-X at\66° in Z-X at 66° in Z-X
mag etic inY-Z plane in’Y-Z plane inY-Z plane
dipole) plane plane plane
at2m
Horizontal E, E, 0 dB E, E -2 dB E E -20 @B
loop |(vertical | at 12,75° | in Z-X at12,5° | inZ-X at12,5° | inZ-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at1m
Horizontal E, Eg 0dB E, E, 0dB E, E, -14,9dB
loop |(vertical | at 6,5° in 2-X at 6,5° in Z-X at 6,5° in Z-X
mag etic in Z-X plane in Z-X plane in Z-X plane
dipole) plang plane plane
at2m

4.5.5,2'6 Predictability at 1 000 MHz

Figure 20 to Figure 22 show vertical polar plots of £ _and E_at 1 000 MHz _around a small

vertical loop placed at a centre height of 2 m above ground. At a scan radius of 10 m over a
“medium dry ground” the maximum field strength of 187 dB(uV/m) is contributed by the
horizontally polarized E_ at an elevation angle of 77,5° in the Y-Z plane. Calculations of the
vertically oriented E_ field in a height scan from 1 m to 4 m at 10 m horizontal distance in the
Z-X plane produce a peak field of almost 184 dB(uV/m) at a height of 3,2 m, as shown in
Figure 22. A vertically polarized height scan measurement therefore underestimates the
maximum field strength by approximately 3 dB.
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It is interesting to observe the vertical polar plots of horizontally polarized E-field emitted at
1 000 MHz by a small horizontal loop placed at a height of 1 m above a “medium dry ground,”
shown in Figure 41. The peak of the major lobe, nearest the ground, occurs at an elevation
angle of only 4,25°. Shown again in Figure 42, it occurs at a height of 0,74 m at a horizontal
distance of 10 m, and therefore will not be measured in a 1m to 4 m height scan
measurement. The next grating lobe is encountered at a height of 2,3 m, and its measurement
contributes to an underestimate of less than 0,5 dB to the prediction of maximum field
strength of the major (lower) lobe.

Column (4) of Table 18 summarizes the errors estimated for the predictability of radiation in
v@rtical directions based on measurements in height scans from 1 m to 4 m at a horizenfal
distance of 10 m from each of the four sources operating at 1 000 MHz.
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Table 18 — Estimates of the errors in prediction of radiation in vertical directions based

frequency =1 000 MHz (adapted from [39])

on a measurement height scan from 1 m to 4 m at known distances, d;

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Source of Max. E, At hor. Estimate | Max. E, At hor. Estimate | Max. E, At hor. Estimated
radiation at angle, [d=10m, d at angle, [d=30m, d at angle, |4 =300 m, | prediction
at height in 10 m | measure | predictio | in 30 m | measure | predictio | in 300 m | measure error, at

polar plot | this field | n error, |polar plot| this field | n error, |polar plot| this field | 4 =300 m
at at
u' - ‘Ic LA} u' - 3\’; L1}

Vertical E, E. -0,5dB E, E, 0dB E, E. —9;5(dB
elecfric at 17,5° at 4° at 3,75°
dipole
at1m
Vertigal E. E, -0,5dB E, E, 0dB E, E; -5 dB
elecfric at 17,75° at 2° at 2°
dipole
at2m
Horizontal E, E, -0,5dB E, E, 0dB 74 E, -11dB
elecfric at 4,25° inY-Z at 4,25° inY-Z at4,25° inY-Z
dipole inY-Z plane inY-Z plane inY-zZ plane
at1m plane plane plane
Horizontal E, E, 0dB E, E, 0/dB E, E, -5,5(dB
elecfric at 2,25° inY-Z at 2,25° inY-Z at 2,25° inY-Z
dipole inY-Z plane inY-Z plane inY-Z plane
at2m plane plane plane
Vertical loop E, E, -2,5dB E, E; -1dB E, E, -9,5|dB
(horigontal at 64,5° in Z-X at 64,25° in(Z-X at 4° in Z-X
magnetic inY-Z plane inY-Z plane in Z-X plane
dipole) plane plane plane
at1m
Vertical loop E, E. -3 dB E. E, -1,5dB E, E. -5 dB
(horigontal at 77,5° in Z-X at\z7,25° in Z-X at 2° in Z-X
magnetic inY-Z plane inY-Z plane in Z-X plane
dipole) plane plane plane
at2m
Horizontal E, E 0,5 dB E, E 0dB E, E -11dB
loop |(vertical | at4,25° | inZ-X at425° | inZ-x at 4.25° in Z-X
magmnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at1m
Horizontal E, E 0dB E, E 0dB E, E -5,5(dB
loop |(vertical | at 2;25° (%in Z-x at225° | inZ-x at 2/25° in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at2m

4. height scan measurements near real ground

Here we can answer the second question posed in 4.5.3. This measurement situation is
analogous to making measurements in situ at a distance of 10 m from the wall outside a
building containing ISM equipment that is located at an unknown distance inside the building.
As mentioned earlier, we do not consider here the attenuation that may be introduced by
intervening building materials.

Calculations have been made of vertical polar patterns and linear height scan patterns at
distances of 30 m and 300 m. The reader will have already seen that patterns for those
distances have also been included in the figures.
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The figures, together with the comprehensive summaries presented in columns (7) and (10) of
Table 14 to Table 18, show that the predictability of fields at elevated angles based on height
scan measurements near real ground becomes more prone to underestimation as the
horizontal measuring distance increases beyond 10 m, especially at the lower frequencies.
Underestimation can become very large at a distance of 300 m. At the lower frequencies
underestimates can reach more than 30 dB at that distance when the source behaves as a
small horizontal electric dipole. The underestimates for both horizontally and vertically
polarized fields occur in spite of the significant contributions that can be made by surface
waves at the lower frequencies near 30 MHz [40]. Predictability improves as the frequency
increases, primarily because at higher frequencies, the surface wave contributions decrease
af € maximum field strength measured In the height scan Is created by the sum o1 _the
difect and reflected space wave components (the sum is sometimes called, somewhfat
mjsleadingly, the “ground wave”). The contributions of the space wave signals increase [at
lowver elevation angles as more grating lobes form with increasing frequency.

—

It|is particularly important to recognize that, at horizontal distances of 30 m and more, the
worst-case underestimations of the maximum levels of field strengths at elevated angles will
generally occur when the fields are horizontally polarized. This is very unfortunate, becausge
the signals for the ILS (marker beacons, localizer, and glide path,/sée Table 11) are all
haorizontally polarized transmissions and therefore require the maximum protection frogm
hgrizontally polarized disturbances.

The figures also provide guidance to the rates of change of the fields with distance.
Calculations and measurements made at a constant height, avoiding nulls, show that the
mpximum rate of change of the fields with distance can approach a rate that is inversgly
proportional to distance squared. When surface wave,contributions are negligible, then fopr
grazing incidence in the far field a field strength inversely proportional to distance squared|is
to| be expected at a constant measuring height([40], [41]. However, the space wave fidld
strengths along radial paths at constant elevation angles vary in simple proportion with
inverse distance, which is to be expected @f such far fields propagating freely in space.
Therefore, it is to be expected that the fieldss measured near the ground (the so-called “ground
waves”), in general, will attenuate more-rapidly with increasing distance than do the fields
from the same source which are propagating radially up into space.

If [the horizontal distances at which height scan measurements are made in situ are not
known, very large errors can.arise — all of them underestimates — in the predictability of the
strength of radiation in vertical directions from all four types of source and at all frequencigs
from 75 MHz to 1 000 MHzJ

4.5.5.4 Predictability based on measurement at a fixed height

In| its measurement procedures relating to the ways in which measuring antennas are to e
uged, CISPR>41 does not distinguish between measurements made in situ for the protection
of| specific safety-related radio services and those made for the protection of other services.
Thus, if.a-measurement of emissions is made in situ from a Group 2 Class A ISM equipmelnt
in| aceordance with the specification, the measuring antenna is placed at a height jof
2,0+ 0,2m (7.3.4 of CISPR 11:2009); no height scan is specified.

The obvious risk with fixed height measurements is that a measurement will be made at a null
in the field strength pattern. The risk of this happening is increased if the electrical height
above ground of the radiation centre of the source increases — for example with increasing
frequency — which contributes to the formation of an increasing number of grating lobes, and
hence nulls. A few examples of the effects these nulls can have on a measurement made at a
height near 3 m (or any other fixed height) are shown in several of the figures.
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For example, Figure 22 shows that, depending on the type of ground over which the
measurements are made, at a horizontal distance of 10 m from a small vertical loop source
located at a height of 2 m, the measured vertically polarized field strength at 1 000 MHz might
vary by more than 6 dB for measurements made somewhere in the height tolerance range of
2,8 m to 3,2 m, and that at 30 m horizontal distance a measurement made at 3 m height is
also close to a null.

Figure 40 shows that a horizontal distance of 10 m from a small horizontal loop source
located 1 m above ground with the measured horizontally polarized field strength at
1 000 MHz might vary by more than 12 dB in the CISPR measurement height tolerance range
from 2,8 m to 3,2 m. It also shows how the field strength can vary with distance in-an
agparently anomalous manner when measurements are made at a fixed height. Note that at{ a
hegight of 3 m, the field strength at 30 m distance is the same as the field strengthrat’10|m
distance. At other heights, the field strength at 30 m distance becomes greater than”that [at
10 m distance.

Comparison of the height scan curves in Figure 43 with those in Figure<40, at 1 000 MHz,
shows that as the small horizontal loop source height varies between 1 mand 2 m, deep nulls
will pass through the measuring height of 3 m at horizontal measuring’distance of 10 m and
30 m. These effects can be encountered at greater horizontal measuting distances and lower
frequencies if the height of the radiating source is increased.

We are now in a position to answer the third question poeséd in 4.5.3. The answer is that
priedictability is degraded by fixed height measurements."Measurements at a fixed height
should not be permitted, especially if they are being made*to determine protection for specific
sdfety services.

Height scans shall be specified or, for measuring convenience, the measuring height in situ
cquld be specified in the manner of [42], s0" that at a horizontal distance of 10 m, the
measuring height would be specified as 4\m” above the immediate terrain or at such lower
height at which the field strengths may exceed that at 4 m.
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HORIZONTAL LOOP
SOURCE
HEIGHT
SCAN

PATH GROUND

Scan distance = 300 m 30m 10m

6 [ 27

w
i

0 L
120,0 130,0 140,0 150,0 160,0 170,0 180,0 190,0
E-field strength, dBpV/m

FREQUENCY =1 000 MHz
IEC

NOTE Loop dimensions 0,02 m x 0,02 m; loop height 2 m; dipole moment 1 A-m?; horizontal
distance 10 m, 30 m and_300'm; 1 000 MHz; ground constants: ¢ = 15, o = 35 mS/m; Z-X plane
(Reproduced from [39]),

Figure 43 — Height scan patterns of horizontally polarized E-field strength
emitted from small horizontal loop
(vertical magnetic dipole)

4.5.6 Differences between the fields over a real ground and the fields over a perfect
conductor

4.506.1 General

There are significant differences between the field distributions above a real earth plane and
over a perfect conductor. There are several reasons for the differences, not the least
being that the reflection factors for both polarizations over a perfect conductor always have
a magnitude of unity at all angles of incidence, whereas over real ground they have a
magnitude less than unity except at grazing incidence. In addition, for vertically polarized
waves over a perfect conductor there is no Brewster's angle, or expressed in another way, at
all reflection angles a vertically polarized image in a perfect conductor is always in phase with
the vertically polarized source above the conductor. This contrasts with the situation of
vertically polarized waves impinging upon a lossy dielectric such as real ground, where
reflections taking place below Brewster's angle experience a large phase change, and the
image can be visualized as being in approximate anti-phase with the source. It should also be
observed that the reflection factor for a vertically polarized wave reflecting at Brewster's angle
has a very small magnitude for most types of real ground encountered in practice.
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The behaviour of the fields above a metal ground plane compared with the fields over an
earthen ground plane is discussed at length in [40]. The brief discussion below, derived from
[40], serves to provide an answer to the fourth question posed in 4.5.3.

4.5.6.2 Vertically polarized fields over a perfect conductor

The contribution of the vertically polarized surface wave over real ground can be significant.
However, it cannot increase the total field strength created by a small vertical electric dipole
over real ground to equal the strength of the fields created by the same vertical dipole
moment over a perfect conductor. Figure 44 displays the vertical components of the fields
emitted at 30 MHz from a small vertical electric dipole situated 1 m above a “medium d'Lry
ground,” calculated using NEC and SOMNEC to include the surface wave, compared with-the
figlds calculated over an almost perfect conductor (in this case annealed copper).

Comparisons of the fields over real ground with those over the good conductor show why
v@rtically polarized measurements at 30 MHz on a measuring site with a metal ground plange
are not comparable with measurements made on sites with earthefi*.ground plangs.
Specifically, they show why measurements of vertically polarized disturbances made on|a
metal ground place for comparison with field strength disturbance limits:developed for earth
sifes may penalize the equipment under test (EUT). The fields measured over a metal grou:I:d
plane can exceed the limits, even when the fields from the same EUT over an earthen ground
plane are comfortably below the limits. The comparisons also, show why calculations of the
vartically polarized fields created at 30 MHz over a perfect cenductor or a metal ground planfe,
for a given dipole moment, are a bad guide to the predictability achievable for the fields
created at elevated angles by that dipole moment overa real ground. If the fields over the
ggod conductor are mistakenly believed to resemblexthose over a real ground, they will
encourage a false sense of confidence that ground based measurements over real ground will
give good guidance to the field strengths to be expected at elevated angles.

In| Figure 45, the height scan patterns of thelwertical components of the E-fields emitted frgm
the small vertical dipole show that at 17000 MHz, just as was the case at 30 MHz, the
vartically polarized fields developed near a metal ground plane at 1 000 MHz are muc¢h
stronger than those developed near'a “medium dry ground.” The same conclusions whi¢h
were reached at a frequency of 30 MHz regarding the possible penalties imposed on an EU[T,
when the disturbances measured” on a metal ground plane site are compared with figld
strength disturbance limits developed for earth sites, also apply at a frequency of 1 000 MHz.
Similarly, it can be seen in(Figure 45 that at 1 000 MHz the patterns of the vertically polarizeéd
fields over a metal groundjplane are a bad guide to the predictability of the fields created [at
elpvated angles by the same dipole moment over a real ground.

TiLe height scan-patterns in Figure 45 also clearly illustrate the effect of the phase reversal jof
the vertical dipalé image in a lossy dielectric when reflection take place below Brewsterl's
angle. The dashed horizontal line across the height scan pattern for 10 m distance shows the
hegight to the'field point, approximately 1,6 m, which corresponds with a reflection taking plage
at| Brewster's angle when the source is 1 m above the “medium dry ground.”

In I:igllrn 45 it is qui’rn clear that at 10 m distance the field nulls and maxima at hnig ts

greater than 1,6 m above both the copper ground plane and the “medium dry ground” are in
phase, signifying that the images in the two kinds of ground planes have similar phases when
reflection from the real ground takes place at elevation angles above Brewster's angle.
However, it is also quite clear that vertically polarized waves reflected below Brewster's angle
over the “medium dry ground” are reversed in phase with respect to the corresponding
reflected waves over the copper ground plane. In other words, the vertical image in the lossy
dielectric is reversed, producing destructive interference (a null) at the surface of the “medium
dry ground” whereas constructive interference (a maximum) occurs at the surface of the
copper ground plane (the direct and reflected path lengths being the same in both cases).
With the vertical dipole source at a height of 1 m, a maximum occurs in the field at 10 m
distance at a height of 0,75 m above the “medium dry ground”, whereas a very deep null
occurs at that height over the copper ground plane (the direct and reflected path lengths differ
by 4/2 in both cases).
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The height scans at 30 m and 300 m, up to a height of 6 m, take place below Brewster's
angle. Maxima in the height-scanned fields over the metal ground plane therefore coincide
with minima in the fields over real ground in both those height scans. This is largely the
reason why it shall not be believed that the height scanned vertically polarized fields
calculated over a good conductor will resemble those over real ground, especially at the
larger horizontal distances. Such a belief will create false confidence that measurements
made near real ground, without regard for the horizontal distance from the source, can give
good guidance to the field strengths to be expected at elevated angles.
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4.5.6.3 Horizontally polarized fields over a perfect conductor

Although the contribution of the horizontally polarized surface wave over real ground at
30 MHz is small, nevertheless the height scan patterns in Figure 46 show that the horizontally
polarized fields near the “medium dry ground” are stronger in this case than
the corresponding fields near the copper ground plane.

In both cases a null is required in the vertical field pattern at the ground, to satisfy the
boundary condltlons and the nuII |s deeper |n the copper ground plane example Th|s

m asurements of honzontally polarlzed f|elds made on a metal ground plane for comparls DN
with radiated disturbance limits developed for earth sites may slightly favour the EUF whén
megasuring for compliance with the limits.

In| Figure 47, the height scan patterns of the horizontally polarized E-fields” emitted Jat
1000 MHz from the small horizontal electric dipole show that at height scan/distance of 30 [m
and more, with no useful contribution from the surface wave, the maximum horizonta(ly
pglarized fields over a “medium dry ground” are very similar to those @ver a copper groumnd
plane. The similarity of magnitude in regions of constructive interference is caused by the
similar reflection factors (magnitudes close to unity) over both  surfaces at low angles [of
reflection. At higher reflection angles, and a shorter measurement distance of 10 m, the
mpximum horizontally polarized fields over a metal ground (plane exceed those over an
egrthen ground plane because the magnitude of the refleCtion factor over the earth plaie
bgcomes significantly less than unity. The reflected mwave then contributes less to the
cqnstructive interference occurring at the field maxima.

The behaviour of the horizontally polarized fields over an earthen ground plane is nfot
cqmplicated by a Brewster's angle phenomenon:'In general, at frequencies of 30 MHz amd
above, the horizontally polarized field patterns-over a real ground resemble the shapes of the
cqrresponding patterns over a metal ground-plane. Some small differences in field strengths
ane created over real ground comparedcwith those over a metal ground plane at the lowgr
frequencies by the presence of the surface wave over a real ground. Differences are al§o
created at short horizontal distances, and higher frequencies at which the surface wave [is
ingignificant, because the magnitude of the horizontal reflection factor decreases below unity
ag the waves reflect at higher angles from the earth plane.
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4.5.6.4 Fields over a perfect conductor as guides to the fields over real ground

We can now answer the fourth question raised in 4.5.3.

In summary, the horizontal polarized field patterns created over real ground at frequencies of
30 MHz and above resemble the corresponding patterns over a metal ground plane. There are
some differences of a few decibels in field magnitudes. At the lower frequencies some small
differences are also created by the existence of the surface wave over a real ground. At the
higher frequencies, the field strength differences at short measuring distances are caused by
the—decrease below unity of the maghnitude of the horizontal reflection factor for real ground
when reflection takes place at angles significantly above grazing incidence. Constructiye
interference of direct and reflected waves over real ground then produces field strength
mpxima of somewhat smaller magnitudes than those produced over a good conductar whigh
hgs a reflection factor close to unity at all reflection angles.

However, very large differences are found when comparing the patterns of véttically polarized
fields over a metal ground plane with those over a real ground. The differences are primar|ly
created by the existence of Brewster's angle for the reflections of vertjcally polarized waves
from a lossy dielectric like real ground. When reflections from real ground take place belqw
Brewster's angle the minima in the fields occur at the same heights\at which the maxima are
produced with the same measuring geometry over the metal ground-plane, most notably at the
syrface of the ground plane. This contrapositioning of minima and maxima is the main reas¢n
why the height scanned vertically polarized fields calculatedover a good conductor shall not
beg assumed to resemble those over real ground, especiallyvat the larger horizontal distances
when reflection takes place near grazing incidence.* An assumption that there is |a
reisemblance encourages false confidence that measurements near real ground, without
regard for the horizontal distance from the source, can give good guidance to the figld
strengths to be expected at elevated angles.

Vertically polarized field patterns over a metal ground plane do not resemble the shapes and
mpgnitudes of the vertically polarized field patterns to be expected from the same sourcgs
oyer a real ground.

4.6.7 Uncertainty ranges

The information summarized.in Table 14 to Table 18 can also be used to show pictorially the
ranges of uncertainties in the predictability of the radiation emitted at elevated angles Jat
frequencies above 30 MHZ. The information has been used to construct bar charts illustrating
the uncertainties for-electrically small sources located 1 m or 2 m above ground when
priedictions of the field strengths at elevated angles are based on E-field measurements in 1|m
to]4 m height scans at horizontal distances of 10 m, 30 m and 300 m.

Figure 48<illustrates the uncertainties in predictability based on measurements made at|a
hgrizontal-distance of 10 m. The bar for the uncertainty range at 330 MHz shows that the bgst
predictability at 330 MHz is obtained when the source behaves as either a small horizonfal
dip6le (dh) or as a small horizontal loop (lh). There is nominally zero error predicting t
m ;
330 MHz results in an underestimate of approximatehly 4,5 dB for the maximum horizontally
polarized field E,, emitted at elevated angles from a small vertical loop (Iv).

When measurements are made in a height scan at a horizontal distance of 30 m, the bar for
the uncertainty range at 110 MHz in Figure 49 shows that the best predictability at 110 MHz
occurs when the source behaves as a small vertical dipole (dv). There is a negligible
underestimate, by 0,5 dB, predicting the £, vertical component of the vertically polarized field.
The poorest predictability at 110 MHz produces a greater underestimate, by 9,5 dB, of the
horizontally polarized E,, field emitted at elevated angles from a small horizontal dipole source
(dh).
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Figure 50 graphically illustrates the very large uncertainties in predictability that occur if the
horizontal measuring distance is as great as 300 m. At 243 MHz, the bar illustrating the
uncertainty range shows that the poorest predictability at 243 MHz introduces a very large
underestimate by 22,5 dB for the horizontally polarized E,, fields emitted at elevated angles
from a small horizontal dipole (dh) and from a small horizontal loop (lh). The best
predictability at 243 MHz also produces a large underestimate, by 13 dB, of the vertical E,
component of the vertically polarized field emitted at elevated angles from a small vertical
dipole (dv). Figure 49 and Figure 50, in particular, graphically illustrate the very large
underestimates which can occur when attempts are made to predict the strength of radiation
in vertical directions based on measurements near the ground at unknown horizontal
diptances greater than 10 m irom the sources.

75 MHz 110 MHz 243 MHz 330 MHz 1000 MHz
Over- '
estimate
E, (dv) E, (dv) E, (dh) E, (dh)and (Ih) Ey,_(dh)and (Ih)
Uncertainty, 0 0 ] 0
B 0 i log frequency
2,5 2,5 3
5L 5 En (Wand(dh) £ and £, (v) 45 E, (V)
Under- Ep, (dh) Ep (v)
estimate
oL

1-4 m height scan at 10 m hotizontal distance

NQTE The predictability is based on measurements of the horizontally’ and vertically polarized E-fields in a height
scpn from 1 m to 4 m at a horizontal distance of 10 m from the sources. The following example shows how the har
chirt can be interpreted. At 243 MHz, the bar shows that thecbest predictability, with nominally zero error,|is
obtained when estimating the maximum strength of the horizontally polarized E}, field emitted at elevated angles
frdgm a source behaving as a small horizontal dipole (dh). The'poorest predictability at 243 MHz, an underestimgte
bylas much as 2,5 dB, can occur when predicting the maxinium strengths of the horizontally polarized E, fields apd
the E_vertical component of the vertically polarized fields-emitted at elevated angles from a source behaving ag a
small vertical loop (lv). (Reproduced from [39])

Figure 48 — Ranges of uncertainties in the predictability of radiation in vertical
directions from electrically small sources located at a height
of 3m or 2 m above ground

o 75 MHz 110 MHz 243 MHz 330 MHz 1000 MHz
ver- | I |
cstimate  ° E,. (dv) E, (dv)
Ey, (h) E, (h) E,, (dh)and (Ih)
Uncertainty, g L0 0 L0 >
dB = -0,5 i T log frequency
Sy (dv) BE, (dv) 4 35 )
5 fu Ey (Iv)
E, (dh) E, (Iv)
-9,5
R\ = )
eLthri]ggte -12 En (dh)
1-4 m height scan at 30 m horizontal distance
15 i~ Eh (dh)

NOTE The predictability is based on measurements of the horizontally and vertically polarized E-fields in a height
scan from 1 m to 4 m at a horizontal distance of 30 m from the sources. The following example shows how the bar
chart can be interpreted. At 330 MHz, the bar shows that the best predictability, with nominally zero error, is
obtained when estimating the maximum strength of either the horizontally polarized E, field emitted at elevated
angles from a small horizontal loop (lh) or the E_ vertical component of the vertically polarized field emitted at
elevated angles from a small vertical dipole (dv). But at 330 MHz the height scan measurements can provide an
underestimate by as much as 3,5 dB when predicting the strength of the horizontally polarized £, field, which is the
maximum field emitted at elevated angles from a source behaving as a small vertical loop (lv)
(Reproduced from [39])

Figure 49 — Ranges of uncertainties in the predictability of radiation in vertical
directions from electrically small sources located at a height
of 1 m or 2 m above ground
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75 MHz 110 MHz 243 MHz 330 MHz 1000 MHz
Over-
estimate 5+
Uncertainty,
dB 0 7 log frequency
E, (dv)and (lv)
5L 5
E, (dv)
10k \
E, (dv) 115 -1
En (dh)and (Ih
a5 B @) B (@) -13 h (dh)and (Ih)
-16 -15,5
20 -20
Under- 225 E,, (dh)and (lh)
estimate
25 |- E, (dh)and (Ih)
-29
-30 -315 Ep (dh) 1-4 m height scan at 300 m horizofitahdistance
Ey (dh)
350

NQTE The predictability is based on measurements of the horizontally. and vertically polarized E-fields in a heid
scpn from 1 m to 4 m at a horizontal distance of 300 m from the sources. The following example shows how the 4
chirt can be interpreted. The bar at 1 000 MHz shows that the“hest predictability at that frequency, which is
underestimate by as much as 5 dB, will be obtained when_predicting the maximum strength of the E_ verti
component of the vertically polarized field emitted at elevated angles from a source behaving as a small verti
logp (lv) or a small vertical dipole (dv). However, an underestimate by as much as 11 dB can occur at 1 000 M
wilen predicting the maximum strength of the horizontally polarized E, field emitted at elevated angles from
sojurce behaving as a small horizontal loop (lh) or a small horizontal dipole (dh). (Reproduced from [39])

Figure 50 — Ranges of uncertainties in the predictability of radiation in vertical
directions from electrically small sources located at a height
of *m or 2 m above ground

4.5.8 Conclusions

The in situ measurement“procedures at frequencies above 30 MHz which are specified
CISPR 11 can lead to-significant underestimates of the field strengths emitted at elevat
angles from ISM equipment. The underestimates can arise due to the ill-defined measurem
digtance; the measuring distance from the radiating ISM equipment is not defined.

The largestunderestimates of the fields at elevated angles will generally occur for horizonta
pglarized-fields. This is a cause for concern, because the aeronautical safety of life servic
requiring~greatest protection from disturbances originating at the ground are those provids
by the" horizontally polarized marker beacon, localizer, and glide path signals of the aer
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Under some conditions, measurements are specified in CISPR 11 at a fixed height of 2,0 m.
Measurements at a fixed height should not be specified if they are being made to determine
protection for specific safety services. There is a risk that fixed height measurements will be

made in, or close to, a null. The risk increases at the higher frequencies and when the heig

ht

to the radiation centre of the source is unknown. Fixed height measurements can seriously
underestimate the true field strength near the ground and, in consequence, the maximum field

strength at elevated angles.
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Calculations or measurements of the field strength patterns of vertically polarized fields over a
perfect conductor or metal ground plane do not provide good guidance to the fields to be
expected over a real ground. At reflection angles below Brewster's angle over real ground the
field minima and maxima are contraposed with those created by the same source over a metal
ground plane.

To provide protection for aeronautical safety of life services, and other communication
systems, height scan measurements and limits for radiated disturbances from in situ ISM
equipment located near the ground shall be specified at a known horizontal distance from the
equipment. Height scan measurements at a horizontal distance of 10 m from an ISM
equipment in situ allow accurate estimates to be made of the fields emitted at elevatg¢d
angles. If for practical reasons the in situ measurements shall be made at a distance greater
than 10 m from the equipment which is the source of the radiation then the limits at the-larger
diptance, particularly if it is more than 30 m, shall be derived from the 10 m limits by-adjusting
them in inverse proportion with increasing distance squared. This shall be sO~in order fto
prevent relaxation of the protection when limits are intended to provide for communication pr
radionavigation systems that are operated high above ground.

46 The predictability of radiation in vertical directions at frequencies up to 30 MHz
4.6.1 Range of application
T

fhis subclause considers the vertical radiation patterns of the, magnetic (H) fields and electtic
(H) fields emitted at frequencies up to 30 MHz from electrically small sources located close [to
the surface of real homogeneous plane ground, for the purpose of studying the predictabilfty
of| radiation in vertical directions based on measurements of the strength of the H-field negr
the ground.

3

The vertical radiation patterns of the fields have been calculated at a distance of 30 m fro
vgrious electrically small sources, and then the patterns of the fields at greater distances ha
bgen calculated so that the field variations with distance can be quantified. In this way,
general knowledge has been obtained of'the shapes of the vertical radiation patterns, showi
the magnitudes of the field strengths™near ground compared with the magnitudes of the fig|l
cgmponents at elevated angles,~and the ways in which the relative magnitudes can be
ejxpected to vary with distance over'a plane ground.

oOQ O O

The sources considered are electrically small balanced electric and magnetic dipoles excit¢d
in[the frequency range 100'kHz to 30 MHz. For the purposes of the subclause, an electrically
small source is defined as one whose largest linear dimension is one-tenth or less of the frege
space wavelength atthe frequency of interest.

This subclause~also considers the effects on the vertical radiation patterns of locating the
electrically-small sources close to real grounds having several different values of electriqal
canductivity/and dielectric constants [43], [44], and includes the special case of a ground thiat
behaves-as a perfect conductor.

T:‘IU pUOO:b:C Cfoth \YAN] thc VCIt;\/Gl |ad;at;un pattUlllO pluduucd by VVG”O, bu”d;llgo, IU;IIfUI\J d
concrete structures, and the like, in the vicinity of the sources, and the effects on wave
propagation near the ground that could be produced by changes with distance of the electrical
constants of the ground, caused by intervening roads, watercourses, buried metallic pipes,
and so on, are not within the scope of this subclause. It is important to note, therefore, that
the errors in predictability that may be produced by such effects have not been considered.
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4.6.2 General

CISPR 11 sets limits for the electromagnetic disturbances emitted near the ground from
industrial, scientific and medical (ISM) radio-frequency equipment. The limits are intended to
provide protection of the reception of radio services. At frequencies below 30 MHz the limits
apply to the horizontally oriented components of the H-fields emitted by the ISM apparatus.
For measurements on a test site, the limits apply at a distance of 30 m from the source. When
measurements are made in situ the distance to the measurement point is defined as 30 m
from the exterior wall outside the building in which the ISM equipment is situated; the distance
from the source is not defined. Measurements are to be made with a vertically oriented loop,
thebaseof whichstrattbe—tmabovetheground:

—

Itlis acknowledged in CISPR 11 that many aeronautical communications require the limitation
of| vertically radiated electromagnetic disturbances, and that work is necessary tohdetermine
what provisions may be required to provide protection of such systems.

The aeronautical radio services to be protected may be either horizontally or vertically
polarized transmissions. Thus, the field components at elevated angles, emitted from potential
intferference sources located near the ground, that are of interest in a’study of field strength
priedictability include the vertically and horizontally oriented H- and E*~field components.

In| this subclause the judgements of predictability of radiation imyvertical directions are bas¢d
on the accuracy with which ground-based measurements of‘the horizontally oriented H-fielgds
emitted from a variety of sources will indicate the maximum strengths of the horizontally pr
vertically oriented H-fields at elevated angles.

As$ might be expected, at a distance of 30 m fram an electrically small source there are
significant changes in the field behaviour with changing wavelength as the frequency is vari¢d
from 100 kHz to 30 MHz. The subclause, therefore, concentrates attention at four frequencigs,
ngmely 100 kHz, 1 MHz, 10 MHz and 30 MHz-"At 100 kHz the distance of 30 m lies well within
the electrostatic or inductive near-field region close to the source. At 1 MHz the distance [of
30 m is within A/10 of an electrically. small source, and places the measurement position [in
what might be called the radiating near-field region. At 10 MHz, a distance of 30 m represents
approximately one wavelength ffom the source, a region where the far field has become
egtablished. At 30 MHz, a distance of 30 m represents approximately three wavelengths frgm
the source and places the mégasurement position well into the far field.

In| addition to the variations in field behaviour produced by changes from near-field to far-figld
cqgnditions as the wavelength is varied, in the frequency range 100 kHz to 30 MHz the
electrical behaviour ef real ground varies. In general, real ground has the characteristics ofl a
lopsy conductoriat low frequencies, and the characteristics of a lossy dielectric at the higher
frequencies. Moreover, the values of the electrical constants of real ground can vary widely;
they may range typically from a conductivity of 104 S/m and relative permittivity of 3 to|a
cgnductivity” of 10~2 S/m and relative permittivity of 30 [43], [44]. Even this wide range [of
v3lues '0f-the ground constants does not encompass all of the values that may be encounter¢d
in[same localities.

The subclause shows the limitations of the predictability of radiation in vertical directions. In
particular, it identifies the critical importance of a knowledge of the precise measurement
distance — the actual distance between the source and the field measuring point near the
ground — if it is to be possible to make predictions of the radiated field strengths at elevated
angles with a known margin of error.
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Subclause 4.6 indicates the ranges of magnitude of the significant errors in predictability that
can still occur when the precise measurement distance over real ground is 30 m from the
sources, and the large errors that can arise from the approximation that the influence of real
ground can be determined by assuming it behaves like a perfect conductor. It also shows how
magnitudes of the errors in predictability above real ground may be reduced, although they
remain significant, by supplementing measurements of horizontally oriented H-fields near
ground with height scan measurements of vertically oriented H-fields at heights up to 6 m,
when the measurements are made at a distance of 30 m from the sources.

4.6.3 Method of calculation of the vertical radiation patterns

The H- and E-field vertical radiation patterns in this subclause were calculated using a Method
off Moments computer code known as the Numerical Electromagnetics Code (NEGC){35]. (A
dguble precision version, NEC2D, with the companion code SOMNEC2D, was usedy»NEC W:l:h
SOMNEC allows the Sommerfeld integral evaluation of the field interactions at the”air-ground
inferface [36] to be included in the determination of the E-fields above real grounds.

>

In| the version of the NEC codes that were first released for public use,/a section of code for
cglculation of the near H-field in the presence of real ground was omitted, which can lead [to
lafge errors in the H-field calculations [45], [46]. In the version of NEC2D used to calcula£e

the radiation patterns in this subclause the missing code has)been restored, allowing
cdlculation of all the H-field components close to the surface ofta real ground. The restorg¢d
sgction of code calculates the H-field components by using a six-point finite-differente
approximation of the curl of the E-field obtained by the Sommerfeld method.

The spatial sampling interval used in the finite-difference calculation of H-field in NEC [is
normally fixed at 10=3 4. For the H-field radiationcpatterns calculated at the frequencies [of
100 kHz and 1 MHz the spatial sampling interval  has to be altered to 105 1 and 1044,
refspectively, in order to obtain accurate calculations of the near H-field [46], [47].

Spme remaining problems of numerical stability, arising from the finite-difference
approximation of the H-fields from E-fields, which in some cases have components whose cyrl
is|mathematically zero but which have become numerically non-zero due to small numeriqal
inpccuracies [48], have required yjsmoothing of some of the calculated H-field radiatipn
patterns.

4.6.4 The source modejls

The electrically small-sources that form the basis of this subclause consist of small vertidal
and horizontal balanced electric dipoles, and vertical and horizontal balanced magnetic
dipoles (horizontally and vertically oriented loops respectively), each having a unit dipdle
mpment [i.e..addipole (current) moment of 1 A-m for the electric dipoles and a dipole moment
off 1 A-m2 for{the magnetic dipoles]. All were located very close electrically to the air-ground
intferface~(within a small fraction of a wavelength); the height above ground of the base |of
each dipole was varied between either 7 cm or 15 cm and a maximum of 1 m to determine the
sq
p2
with height.

The geometries of the models used for the field-pattern computations are shown in Figure 51
to Figure 52, including the paths of the radial scans about each source; advantage has been
taken of the verified azimuthal symmetry of the fields around the vertical magnetic and vertical
electric dipoles to confine attention to the radial scans around those sources in only the Z-X
plane.
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It is seen in Figure 53 and Figure 54 that two generators drive each loop. Although the loops
used in the models were electrically small, it was found that when driven by one generator
only, each displayed sufficient current asymmetry to produce a significant electric dipole
contribution to the electromagnetic fields — because of their finite size the small loops did not
behave as electrically infinitesimal magnetic dipole sources. In the models used here,
therefore, each loop was driven by two identical aiding generators located as shown, and the
electric dipole contribution produced by current asymmetry arising from the use of a single
generator was reduced to insignificance. Of course, in the case of the horizontal magnetic
dipole (vertical loop), there is always a loop current asymmetry (and a resultant electric dipole
moment) caused by proximity to the ground and this effect also occurs in the models used in

thjssubcrause.
z z
A b
SCAN PATH
R
SGAN PATH VERTICAL DIPOLE SCAN PATH
- SOURCE ~-
o Y -
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Rigure 51 — Geometry of the small vertical Figure 52 — Geometry of the small
electric dipole model horizontal electrical dipole model
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Figure 53 — Geometry of the small
horizontal magnetic dipole model
(small vertical loop)

IEC

Figure 54 — Geometry of the small vertical
magnetic dipole model
(small horizontal loop)
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4.6.5 Electrical constants of the ground

20

Most attention in this subclause has been devoted to radiation sources located close to a

ground having a conductivity, o = 10~3 S/m and a relative dielectric constant, & of 15; the
electrical constants are in the CCIR category of a medium dry ground [43], [44].

At the upper and lower extremes of the frequency range, i.e. 30 MHz and 100 kHz, exampl
of two other sets of values of ground constants were used with the small horizontal elect
dipole model to illustrate the influence of differing values of the ground constants on t

se

es
ric
he

vertical radiation patterns. The electrical constants mentioned in 4.6.2, with the numerical

vglues of o = 10~2 S/m and & = 30 (ITU-R — cultivated land and fresh water marshes)ca
ofF 1074 S/m and & =3 (ITU-R — very dry ground and granite mountains in cold region
were chosen as the examples [43], [44].

For each type of source, the field patterns above a perfectly conducting ground were al
bgen compared with the patterns generated above real grounds, to identify the errors that c
arise from the approximation which is sometimes made so that the influence of real grou
cgn be determined by assuming it behaves as a perfect conductor.

In| general, it is necessary to recall that specific boundary conditions\apply to the fields at t
sUrface of a perfect conductor that do not necessarily apply at the 'surface of a real ground.
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thpat this is why a horizontally polarized surface wave cannot exist at the surface of a perfect

[ef¢

rticular, the H-field component normal to the surface of a perfect conductor shall go to zefo
the surface, as shall the tangential E-field component at-the surface, and it will be recall¢d

nductor. Further, a vertically polarized surface wave. travelling on a perfectly conducting

ground plane experiences no ohmic loss — it merely attenuates with distance at the free spa

ground; thus the boundary conditions identify théimost general set of differences between t
v@rtical radiation patterns that will exist close-to the surface of a real ground when compar
with those calculated close to the surface of:a-perfectly conducting ground.

4.6.6 Predictability of radiation in vertical directions

4.6.6.1 Tabular summaries of predictability

presented in Figure 55 to _Figure 112 (see 4.6.8), which are polar patterns showing fi
strength plotted against‘elevation angle above the ground. To summarize the informati

presented in those figures, the summary information of Table 19 through Table 22 wefe

prepared, one for each frequency considered in this subclause.

rate. Those boundary conditions, however, certainly do not apply at the surface of a rgal

The vertical radiation patterns on which the judgements of predictability are based 'je
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Table 19 — Predictability of radiation in vertical directions at 100 kHz, using ground-
based measurements of horizontally oriented H-field at distances up to
3 km from the source (figures are located in 4.6.8)

Type of source

Predictability based on

measurements near real

ground at 30 m distance
from the source

Predictability based on in
situ measurements near
real ground when the
measurement distance
from the source is not
precisely known

Predictability based on
vertical radiation patterns
calculated at a known
distance from the source,

assuming the ground behaves

as a perfect conductor

Electrically small Excellent Excellent Excellent

vertical electric (see Figure 57, Figure 59) |(see Figure 57 to Figure 60) (see Figure 57)
dipole

Electrically small Excellent Very good Poor

horizontal electric (see Figure 61 to (see Figure 49, Figure 63 (see Figure61)
dipole Figure 63) Notes 1, 2 to Figure 65) Note-3
Electrically small Excellent Very good Very good
horizontal magnetic (see Figure 66, Figure 68) | (see Figure 66, Figure 68 (see Figlire=66, Figure 67)
dipole (vertical loop) Note 4 to Figure 70) Note 5
Electrically small Poor Impossible Impossible
vertical magnetic (see Figure 71, Figure 81) | (see Figure 71, Figure 73 (see Figure 71, Figure 72)
dipole (horizontal Note 6 to Figure 76) Note 8

loop) Note 7

NOTE 1 The measurement of the horizontally oriented H-field emitted by the~small horizontal electric dipole near

tHe ground can overestimate the maximum vertically oriented H-field strtength emitted at an elevated angle |
approximately 1 dB (see Figure 61). Note, however, that the measurement overestimates the strength of th
horizontally oriented H-field emitted in the vertical direction by 5 dB.

NOTE 2 The small influence exerted on the small horizontal eleetfic dipole vertical radiation patterns at 100 kH
by a wide range of the electrical constants of the ground is shéwn in Figure 62.

NOTE 3 The horizontal electric dipole's H-field pattern_calculated assuming a perfectly conducting ground shoy
tHat such an assumption causes an underestimate of (more than 20 dB in the absolute field strength, and false|
indicates that the ground-based measurement.\underestimates the maximum field strength by 6d
(refer to NOTE 1) (see Figure 61).

NOTE 4 The measurement of horizontally- ofiented H-field emitted by the small horizontal magnetic dipo
(vertical loop) near the ground can overestimate the maximum vertically oriented H-field strength at elevatd
gles by less than 1 dB (see Figure 66)._Note, however, that the measurement overestimates the strength of th
rizontally oriented H-field emittedn the vertical direction by more than 3 dB.

o0

Z

OTE 5 Vertical patterns of the horizontally oriented H-fields emitted by the small horizontal magnetic dipo
ertical loop), calculated assuming a perfectly conducting ground, can overestimate absolute values of fie
frength over real ground /by, 6 dB, but the shapes of the patterns are a good guide to those over real groun
bwever, boundary conditiens are such that the vertically oriented H-field goes to zero at the surface of th
erfectly conducting ground which is not the case at the surface of a real ground. See Figure 66 and Figure 67.

To

o

NOTE 6 The measurement of horizontally oriented H-field emitted by the small vertical magnetic dipo
(Horizontal loop) hear the ground at a distance of 30 m underestimates the H-field strengths at elevated angles |
more than 16~dB (see Figure 71). However, measurement of the vertically oriented H-field, in Hz, near the grour]
improves _predictability; it provides an underestimate of the vertically oriented H-field emitted in the vertic

® <

(]

ly

® Q0

® T Qo o

difrection.by approximately 6 dB, and an underestimate of the maximum horizontally oriented H-field emitted pt

elevatediangles by about 3 dB.

Nf‘\TI: Z Ih ralating maceitid f th LI fiald meanant naar-th araornd-—o at laviat aal = tronal
Fe—+—The—relativemagritudes—of-theH-field-componrentshrearthe-ground-and-atelevatedangles—are—strengly

ad
dependent on the actual distance from the small horizontal loop. See Figure 71, Figure 73 and Figure 74.

NOTE 8 The small horizontal loop field patterns calculated close to the ground assuming a perfectly conducting

ground have no resemblance, in shape and absolute magnitude, to the field patterns calculated close to a real
ground. See Figure 71 and Figure 72.
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Table 20 - Predictability of radiation in vertical directions at 1 MHz, using ground-based
measurements of horizontally oriented H-field at distances up to
300 m from the source (figures are located in 4.6.8)

Type of source

Predictability based on

measurements near real

ground at 30 m distance
from the source

Predictability based on in
situ measurements near
real ground when the
measurement distance
from the source is not
precisely known

Predictability based on
vertical radiation patterns
calculated at a known
distance from the source,

assuming the ground behaves

as a perfect conductor

Electrically small Excellent Excellent Excellent
vertical electric (see Figure 77, Figure 78) | (see Figure 77 to Figure 79) (see Figure 77)
dipole

Electrically small Very good Good Poor
horizontal electric (see Figure 80, Figure 82) |(see Figure 80 to Figure 83) (see Figure80)
dipole Note 1 Note-2
Electrically small Excellent Good Fair
horizontal magnetic (see Figure 82, Figure 87) | (see Figure 82, Figure 86 (see Figtire=84, Figure 85)
dipole (vertical loop) Note 3 to Figure 88) Note 4
Electrically small Excellent Impossible Poor
vertical magnetic (see Figure 89, Figure 92) | (see Figure 89, Figure 91 (see Figure 90)
dipole (horizontal Note 5 to Figure 92) Note 7

loop)

Note 6

NPTE 1
ground can overestimate the maximum vertically oriented H-field strength emitted at elevated angles |
approximately 3 dB (see Figure 80). Note, however, that the measurement can overestimate the strength of th
horizontally oriented H-field emitted in the vertical direction by more than 9 dB.

The measurement of the horizontally oriented H-field emitted by the horizontal electric dipole near th

o< @

NOTE 2 The H-field patterns calculated at a distance of 30 m\from the horizontal electric dipole assuming
erfectly conducting ground show that such an assumption calises an underestimate of 20 dB in the absolute fie
sfrength at 1 MHz, and falsely indicates that the ground-based measurement underestimates the maximum fie
sfrength emitted in vertical directions by 5 dB. See Figure.80.

o
[e Ny o Ry )]

Z

OTE 3 The measurement of the horizontally oriented H-field emitted by the small vertical loop near the ground
n overestimate the maximum field strength emitted at elevated angles by less than 3 dB (see Figure 84).

2]

Z

OTE 4 The patterns of horizontally oriented H-field calculated at 30 m from the small vertical loop assuming
erfectly conducting ground are very similanto the H-field patterns over a real ground. See Figure 84 and Figure 8%.

©

NOTE 5 The measurement of theghorizontally oriented H-field emitted by the small horizontal loop near th
gfound at 30 m distance can un@derestimate the maximum vertically oriented H-field strength emitted in tH
vertical direction by more than_2 dB, and the maximum horizontally oriented H-field emitted at elevated angles
lgss than 1 dB (see Figure 89).) A measurement of the vertically oriented H-field, Hz, near ground reduces tH
derestimate of the strength of the vertically oriented H-field emitted in the vertical direction to about 1 dB, an
oyerestimates the maximum-horizontally oriented H-field strength by more than 1 dB.

O 0< ® @

c

OTE 6 The relative.magnitudes of the H-field components near the ground and at elevated angles are strong|y
bpendent on the) ‘actual distance from the horizontal loop source. The horizontally oriented H-field near the
ound is a radially directed component which attenuates more rapidly with increasing distance than does the
rizontally oriented H-field at elevated angles. The vertically oriented H-field near the ground is a component pf
He horizontally polarized ground wave launched by the horizontal loop and attenuates very rapidly with
nicreasingdistance from the source at 1 MHz. See Figure 89 and Figure 91.

Sa oz

[

NOTE, 7 At 1 MHz, the vertical radiation pattern of the horizontally oriented H-field emitted by the small
hari i than 15 dB less than the field
strength calculated above a real ground. The shape of the vertical pattern of the vertically oriented H-field
calculated close to a perfectly conducting ground bears no resemblance to the vertical pattern calculated close to
the real ground. Compare Figure 89 and Figure 90. In general, the boundary condition which requires the
vertically oriented H-field strength to be zero at the surface of a perfectly conducting ground means that the
pattern of vertically oriented H-field at the real ground, which is non-zero, does not resemble the corresponding
pattern at the perfect ground.
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Table 21 — Predictability of radiation in vertical directions at 10 MHz, using ground-
based measurements of horizontally oriented H-field at distances up to 300 m
from the source (figures are located in 4.6.8) (7 of 2)

Type of source

Predictability based on

measurements near real

ground at 30 m distance
from the source

Predictability based on in
situ measurements near
real ground when the
measurement distance
from the source is not
precisely known

Predictability based on
vertical radiation patterns
calculated at a known
distance from the source,

assuming the ground behaves

as a perfect conductor

Electrically small Excellent Excellent Impossible
Vertical electric (see Figure 93, Figure 94) |(see Figure 93 to Figure 95) (see Figure 93)
dipole Note 1 Note 2
Blectrically small Poor Good Impossible
Horizontal electric (see Figure 96, Figure 97) |(see Figure 96 to Figure 98) (see Figure)96)
dipole Note 3 Note 4 Note 5
Blectrically small Very good Impossible Impossible
Horizontal magnetic |(see Figure 99, Figure 100) | (see Figure 99, Figure 100) (see-Figure 99)
dipole (vertical loop) Note 6 Note 7 Note 8
Blectrically small Poor Impossible Fair
Vertical magnetic (see Figure 101, (see Figure 101, (see Figure 101)
dipole (horizontal Figure 102) Figure 102) Note 11
lpop) Note 9 Note 10

NOTE 1 The horizontally oriented H-field near the ground is a component of-the vertically polarized ground walve
gmitted from the vertical electric dipole. At 10 MHz the vertically potarized wave near the ground attenuates
rapidly with increasing distance, such that there is an excess 8 dB~ground-wave attenuation in addition to the
40 dB sky-wave attenuation over the distance from 30 m to 300 m..See Figure 93.

NOTE 2 At a distance of 30 m from the vertical electric dipole,'over a perfectly conducting ground the verti¢al
radiation pattern of the horizontally oriented H-field is within‘@bout 3 dB of the pattern of the H-field over a rgal
dround. However, the vertically polarized wave near a perfectly conducting ground attenuates with increasing
distance at the free space rate and therefore does not\attenuate with distance in the way it does over a re¢al
dround at 10 MHz (see NOTE 11). It is thus misleading as a guide to the vertical radiation patterns over rgal
dround at distances much beyond 30 m.

NOTE 3 The measurement of the horizontally~oriented H-field near the real ground at 30 m from the smiall
Horizontal electric dipole can underestimate the field strength of the horizontally oriented H-field emitted in the
ertical direction by approximately 8 dB,~and’the vertically oriented H-field strength emitted at elevated angles [py
gbout 3 dB. Measurements of vertically._oriented Hz near ground cannot improve the predictability in this cage.
See Figure 96.

NOTE 4 At 10 MHz, the horizontally oriented H-field components near real ground attenuate more rapidly wjth
increasing distance from the thorizontal electric dipole than do the sky-wave components. The excess attenuatipn
i$ approximately 7 dB overthe distance from 30 m to 300 m. See Figure 96.

NOTE 5 The horizentally oriented H-field near a perfectly conducting ground attenuates by 40 dB as the
distance from the small horizontal electric dipole increases from 30 m to 300 m, an excess attenuation of 20 (B
more than the sky*wave attenuation over the same distance. Near a real ground the excess attenuation is abqut
71 dB over the_same distance at 10 MHz. The vertical radiation patterns over real and perfectly conductipg
drounds therefdre differ significantly in that range of measuring distances. See Figure 96.

NOTE 6. \I'he measurement of the horizontally oriented H-field near the real ground at 30 m distance from the
gmalllvertical loop can underestimate the horizontally oriented H-field strength emitted in the vertical direction |py
less-than 3 dB, but it overestimates the strength of the vertically oriented H-field emitted at elevated angles py

pptroximately 3 dB_Sge Figure 99
L g Y b4

NOTE 7 The horizontally oriented H-field components near real ground attenuate much more rapidly with
increasing distance from the small vertical loop than do the sky-wave components, at 10 MHz. The excess
attenuation is approximately 8 dB over the distance from 30 m to 300 m. See Figure 99.

NOTE 8 At a distance of 30 m from the small vertical loop over a perfectly conducting ground the vertical
radiation pattern of the horizontally oriented H-field is within about 4 dB of the pattern of the H-field over a real
ground. However, the vertically polarized wave near a perfectly conducting ground attenuates with increasing
distance at the free space rate, unlike a vertically polarized wave over a real ground which attenuates more
rapidly with distance at 10 MHz — see NOTE 11 and Figure 99 and Figure 100. Vertical radiation patterns
calculated over a perfectly conducting ground can therefore be very misleading as guidance to the patterns to be
expected over real ground at distances much beyond 30 m at 10 MHz.
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NOTE 9 The measurement of the horizontally oriented H-field components near the real ground at 30 m distance
from the small horizontal loop can underestimate the maximum horizontally and vertically oriented H-field
strengths at elevated angles by more than 6 dB. Note, however, that a measurement of the vertically oriented H-
field, Hz, at a height of 6 m underestimates the maximum H-field, the vertically oriented H-field, at elevated
angles by approximately 5 dB at 10 MHz. See Figure 101.

NOTE 10 The relative magnitudes of the H-field components near the ground and at elevated angles are
strongly dependent on the actual distance from the horizontal loop source at 10 MHz. The horizontally oriented H-
field near the ground is a radially directed component which attenuates more rapidly with increasing distance than
does the horizontally oriente -field at elevated angles. The vertically oriente -fileld near the ground iy a
domponent of the horizontally polarized ground wave launched by the horizontal loop and attenuates very rapigly
with increasing distance from the source. See Figure 101.

NOTE 11 The shape of the vertical radiation pattern of the horizontally oriented H-field calculatedat a“distanjce
df 30 m from the small horizontal loop over perfectly conducting ground is very similar to that calculated over a
real ground at 10 MHz. The absolute value of the field strength calculated over perfectly conducting ground|is
gbout 5 dB less than the field strength calculated over real ground. Both calculated vertical radiation patterns|at
30 m distance indicate that ground-based measurement of horizontally oriented H-fieldtUnderestimates the
maximum field strength at elevated angles by more than 6 dB. The measurable horizontally oriented H-fi¢ld
domponents near the ground in both cases are the remnants of radially directed near-field-components, not a part
df propagating waves, and they attenuate more rapidly with increasing distance from‘the source than do the fields
gt elevated angles. See Figure 101. In general, the boundary condition which requites the vertically oriented |H-
fleld strength to be zero at the surface of a perfectly conducting ground means: that at all frequencies up |to
30 MHz the patterns of vertically oriented H-field which are non-zero at the real ground do not resemble the
dorresponding vertically oriented H-field patterns which go to zero at the perfectly conducting ground.

Table 22 — Predictability of radiation in vertical‘directions at 30 MHz, using ground-
based measurements of horizontally oriented H-field at distances up to 300 m from the
source (figures are located in 4.6.8) (7 of 3)

Type of source Predictability based on | Rredictability based on in Predictability based on
measurements near real Situ measurements near vertical radiation patterns
ground at 30 m distance real ground when the calculated at a known

from the source measurement distance distance from the source,
from the source is not assuming the ground behaves
precisely known as a perfect conductor
Electrically small Verytgood Impossible Impossible
vertical electric (see Figure 103, (see Figure 103, (see Figure 103)
dipole Figure 104) Figure 104) Note 3
Note 1 Note 2
Electrically small Poor Impossible Impossible
horizontal electric (see Figure 105, (see Figure 105, (see Figure 105, Figure 106)
dipole Figure 106, Figure 108) Figure 106, Figure 108) Note 7
Notes 4, 5 Note 6
E|ectrically small Good Impossible Impossible
horizontal magnetic (see Figure 109, (see Figure 109, (see Figure 109)
dipole (vertieal loop) Figure 110) Figure 110) Note 10
Note 8 Note 9
E|ectrically small Poor Impossible Good
verteal-magnetie {seetigure—444; {seeFigure—4+44 {seetgure—444)
dipole (horizontal Figure 112) Figure 112) Note 13
loop) Note 11 Note 12

NOTE 1 The measurement of the horizontally oriented H-field near the real ground at 30 m distance from the
small vertical electric dipole underestimates the maximum field strength at elevated angles by about 3 dB at
30 MHz.

NOTE 2 The horizontally oriented H-field near ground is a component of the vertically polarized ground wave
emitted from the vertical electric dipole. At 30 MHz the vertically polarized wave attenuates rapidly with increasing
distance near ground, such that there is an excess 13 dB attenuation of the ground wave in addition to the 20 dB
sky-wave attenuation over the distance from 30 m to 300 m. See Figure 103 and Figure 105.
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NOTE 3 At a distance of 30 m from the small vertical electric dipole over a perfectly conducting ground, the
vertical radiation pattern of the horizontally oriented H-field is within about 8 dB of the pattern of the H-field over
real ground. However, the very high rate of attenuation with a distance of a vertically polarized ground wave over
real ground at 30 MHz is apparent even at the short range of 30 m (see Figure 103). Moreover, at 30 MHz there is
an excess 13 dB attenuation of the ground wave in addition to the 20 dB sky-wave attenuation over the distance
from 30 m to 300 m. Over a perfectly conducting ground the excess ground-wave attenuation does not occur, so
that the vertical radiation patterns over perfectly conducting ground cannot give guidance to the patterns over real
ground at the distances from the small vertical electric dipole that are considered in this subclause.

tHan 16 dB at 30 MHz (see Figure 105). Note, however, that a measurement of the vertically oriented H-field, Hf,
al a height of 6 m improves predictability and underestimates the magnitude of the horizontally oriented-/A-fi€ld |n
tHe vertical direction by approximately 12 dB. The height scan measurement of Hz underestimates the.magnitude
ol the vertically oriented H-field at elevated angles by approximately 7 dB.

o

NOTE 5 The small influence exerted by a wide range of the electrical constants of the real ground on the shap
and magnitude of the small horizontal electric dipole vertical radiation pattern at 30 MHz is shown in Figure 107.

OTE 6 Excess attenuation of the horizontally oriented H-field component of the vertically polarized grour
pve emitted by the small horizontal electric dipole at the real ground is almost 12dB ‘more than the sky-wa
tenuation over the distance from 30 m to 300 m from the source. If the true measurement distance is not know
e amount of excess attenuation suffered by the ground wave cannot be known“when making predictions of tH
rength of radiation in vertical directions based on measurements at the ground.

nsusZ
®> 0D Q

OTE 7 The horizontally oriented H-field near a perfectly conductingsground attenuates by 40 dB as th
istance from the small horizontal electric dipole increases from 30 m<t0)300 m, an excess attenuation of 20 d
ore than the sky-wave attenuation, as the far-field radiation patternibecomes established over that distance. Q
e other hand, the excess attenuation of the H-field component of‘\the vertically polarized ground wave is abo
P dB near a real ground over the 30 m to 300 m distance. Thecvertical radiation patterns over real and perfect
nducting grounds therefore differ significantly at 30 MHz in that range of measuring distances. See Figure 1(
d Figure 106.

Qo Z
O< =5 Wo

L O =3

Z

OTE 8 Measurement of the horizontally oriented FH-field near real ground at 30 m distance from the sma
ertical loop can underestimate the maximum horizontally oriented H-field strength emitted in the vertical directiq
less than 6 dB. It gives an exact indication of thé~strength of the vertically oriented H-field emitted at elevate
gles. See Figure 109.

0T <
[oRg=}

OTE 9 The horizontally oriented H-field.€omponents near real ground attenuate more rapidly with increasing
istance from the small vertical loop than’do the sky-wave components, at 30 MHz. The excess attenuation [is
proximately 13 dB over the distance.from 30 m to 300 m. See Figure 109.

» oz

Z

OTE 10 At a distance of 30,m,from the small vertical loop over a perfectly conducting ground the verticpl
diation pattern of the horizontally oriented H-field is within about 8 dB of the pattern of the H-field over a repl
ound. However, the vertically.polarized wave near a perfectly conducting ground attenuates with distance at the
be space rate, unlike the )vertically polarized wave over a real ground which attenuates more rapidly with
stance at 30 MHz (see~Figure 109 and Figure 110). Vertical radiation patterns calculated over a perfectly
nducting ground cafi.therefore be very misleading as guidance to the patterns over real ground at a distance pf
m and beyond.

-
Q)

wo o @

Z

OTE 11 Me@asurement of the horizontally oriented H-field components near the real ground at 30 m distang

bm the smallyhorizontal loop can underestimate the H-field strengths emitted at elevated angles by more thg
dB. Nete,” however, that a measurement of the vertically oriented H-field, in Hz, at a height of 6
derestimates the maximum H-field strengths at elevated angles by less than 6 dB. See Figure 111.

cC -~
350

NOTE 12 The relative magnitudes of the H-field components near the ground and at elevated angles afe
strongly dependent on the actual distance from the horizontal loop source. The horizontally oriented H-field near
the ground is a radially directed component which attenuates more rapidly with increasing distance than does the
horizontally oriented H-field at elevated angles. The vertically oriented H-field near the ground is a component of
the horizontally polarized ground wave launched by the horizontal loop and at 30 MHz it attenuates very rapidly
with increasing distance from the source. See Figure 111 and Figure 112.
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NOTE 13 The shape and magnitude of the vertical radiation pattern of the horizontally oriented H-field
calculated at a distance of 30 m from the small horizontal loop over perfectly conducting ground at 30 MHz are
very similar to the shape and magnitude of the pattern calculated over real ground. Both the calculated patterns
indicate that ground-based measurement of horizontally oriented H-field will underestimate the maximum field
strength at elevated angles by 16 dB or 17 dB. However, the measurable horizontally oriented H-field components
near the ground in both cases are the remnants of radially directed near-field components, not a part of
propagating waves, and they attenuate more rapidly with increasing distance from the small horizontal loop than
do the fields at elevated angles. See Figure 100. In general, the boundary condition which requires the vertically
oriented H-field strength to be zero at the surface of a perfectly conducting ground means that at all frequencies
up-te-30-MHzthe-patterrs—of-rerticalhy-orientedH-field-which-are-ron—zero—at-thereal-greunrd-donoetresemble—the

corresponding vertically oriented H-field patterns which go to zero at the perfectly conducting ground.

4.6.6.2 Error ranges

—

It|is possible to present pictorially the ranges of errors of the predictability of radiation |in
vartical directions at different frequencies, when the precise horizontal measurement distange
from the sources is known to be 30 m. Figure 55 and Figure 56 show in bar chart form the
error ranges to be expected; Figure 55 is for measurements of thé~horizontally oriented f1-
field near the ground at 30 m distance from the sources, and Figure 56 is for the
measurements of horizontally oriented H-field supplemented wjth. measurements of vertically
offiented H-field in a 6 m height scan near the ground at 30 m/distance from the sources.

The error range bar charts summarize the information.presented in the various notes to t:I:e
taples and in the radiation pattern diagrams. The fellowing examples serve to illustrate the
ways in which the error range bar charts can be intespreted.

In|Figure 55, which is used when predictability.of radiation in vertical directions is to be basg¢d
only on measurements near ground of the h@rizontally oriented H-field components at 30 [m
hgrizontal distance from the sources, the charts show that at 100 kHz the largest ovs
egtimation of the strength of radiation in” vertical directions occurs in the case of a sourge
bghaving as a small horizontal electric:dipole, and the error is an overestimate by 5 dB of tme
mpximum strength of the horizontally oriented H-field. The largest error in overestimating the
mpximum vertically oriented H-field strength at 100 kHz is an overestimate of only 1 dB, as
inficated in the chart by the.solid bar, again for the case of a source behaving as a small
hqrizontal electric dipole . At)100 kHz, Figure 55 shows that the largest error in prediction |of
the strength of radiation‘in vertical directions occurs in the case of a source behaving as|a
small vertical magnetic_dipole (horizontal loop) and the error is an underestimate by 16 dB |of
the maximum vertically oriented H-field. The largest error at 100 kHz in predicting the
mpximum horizontally oriented H-field strength emitted in vertical directions is an undgr-
egtimate by 157dB, again in the case of a source behaving as a small vertical magnetic dipdle
(hprizontal loop).

N4

—

=

on measurements near ground of the horizontally oriented H-field components supplementgd
with=6 m hnight-er‘an measurements of the \/prfir‘ally oriented H-field components at 30Im
distance, the charts show that at 100 kHz the worst error in the prediction of the strength of
radiation in vertical directions still occurs for the vertically oriented H-field components
emitted from a source behaving as a small vertical magnetic dipole (horizontal loop), but that
the magnitude of the error has been reduced to an underestimate by 6 dB (solid bar). The
magnitude of the largest underestimate at 100 kHz of the maximum strength of the
horizontally oriented H-field emitted in vertical directions has been reduced to 3 dB, and this
also occurs for the case of a source behaving as a small vertical magnetic dipole (horizontal
loop).

In|Figute-56, which is used when predictability of radiation in vertical directions is to be bas¥d
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= error range of predictability of horizontally oriented

+10 r dh 9 H-field strength at elevated angles
Overestimate mmm= = error range of predictability of vertically oriented
+5 dh 5 H-field strength at elevated angles
dhg 3 Iv 3
dh 1 I I 0 log frequency
Error, dB 0 dv 0 v >
I av [ o
Ih ®.-2
dv j§ -3
-0 F
Ih ®-6
Underestimate dh -8
-10 |
-15 L Ih §-15
lh =-16 dh,lh ®-16
| | | |
100 kHz 1 MHz 10 MHz 30 MHz IEC

bctrical constants of the ground: o= 1 mS/m, ¢ = 15.

Sdurce identification:

dh| = horizontal electric dipole

dv| = vertical electric dipole

-m

= vertical magnetic dipole (horizontal loop)

F horizontal magnetic dipole (vertical loop)

gure 55 — Ranges of errors in the predictability of radiation in vertical directions fro

electrically small sources located close\to’'the ground, based on measurements of th

horizontally oriented H-field near ground at a distance of 30 m from the sources

¥
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= error range of predictability of horizontally oriented
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+10 r dh 9 H-field strength at elevated angles
Overestimate mm== = error range of predictability of vertically oriented
+5 dh 5 H-field strength at elevated angles
dhg 3 Iv 3
dh 1 I I 0 log frequency
Error, dB 0 | S v >
LI av o
Ih f -3 dv j -3
.5 | I h ®.5
lh ® -6
Underestimate dh -8 dh © -7
-10 |
dh -12
-15 -
| | | |
100 kHz 1 MHz 10 MHz 30 MHz IEC

bctrical constants of the ground: o= 1 mS/m, ¢ = 15.
urce identification:

= horizontal electric dipole

= vertical electric dipole

= vertical magnetic dipole (horizontal loop)

= horizontal magnetic dipole (vertical loop)

horizontally oriented H-field at the:ground supplemented with measurements of the
vertically oriented H-field-in a height scan up to 6 m at a distance
of:30 m from the sources

6.7 Conclusions

brtical radiation patterns have been calculated for electrically small sources located close

scontinuities intthe electrical constants of the ground. Nevertheless, even with such
mplification, the) studies still show that in the case of solitary electrically small sourc

rections{can be subject to large errors, when the predictions are to be based
casurements of the strength of the horizontally oriented H-field at the ground in the mann
esently described in CISPR 11.

gure 56 — Ranges of errors in the predictability of radiation in vertical directions froI'n
electrically small sources located closeto the ground, based on measurements of th

cated closg “to a plane homogeneous ground the predictability of radiation in vertidal

to

al homogeneous plane ‘ground, ignoring the possible contributions to pattern distortion that
ght arise from thé-presence of nearby buildings or other field disturbing objects, or frdm

a
ES

pn
er

In particular, this subclause has identified many examples of the impossibility of making
predictions of field strength at elevated angles with a known margin of error, using ground-
based measurements, when the measuring distances from the sources are not precisely
known. The limits and methods of measurement of radiation in situ for which the precise
measurement distance from the ISM equipment is not defined in CISPR 11 cannot provide a
known level of protection of aeronautical communication services. For example, this limitation
applies over the entire frequency range from 100 kHz to 30 MHz if the radiation source
behaves like an electrically small vertical magnetic dipole (horizontal loop).
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The large errors in calculation of the vertical radiation patterns that can arise from the
approximation, which is sometimes made, that the influence of real ground can be determined
by assuming it behaves like a perfect conductor have also been indicated. Apart from the
more complex interaction between the source and its image in a real ground, two more
obvious reasons for the errors are: that the boundary condition that requires the vertically
oriented H-field strength and the horizontally oriented E-field strength to be zero at the
surface of a perfectly conducting ground does not apply at the surface of a real ground, and
the vertically polarized ground wave attenuation with distance over real ground is greater than
the attenuation with distance over a perfectly conducting ground, especially at the higher
frequencies.

SjAbcIause 4.6 has also shown, even when the measurement distance over real grotnd
precisely known, that predictability of the strength of radiation in vertical directions based
measurements near the ground at a distance of 30 m remains subject to significantrerrors.

+
fr

Sy

ground. It can be seen that the potential overestimate of 9 dB at 1 MHz remains a possibilit

by
ur

Th
a

disturbances from ISM apparatus to ensure the protection of aeronautical communicati

Sq

In
pH
ag
cq
te

4,

Fi

Figure 55 depicts the error ranges that can apply when predictability is based solely
measurement of the horizontally oriented H-field near ground at 30 m distance. It can be se¢n
thft over the frequency range from 100 kHz to 30 MHz the margin for ere0r_can be as much

Figure 56 illustrates the reduced error ranges obtained for predictability of radiation in vertig
directions when measurements of horizontally oriented.{H-field near the ground a'L'e

quency range, i.e. 100 kHz and 30 MHz.

pplemented with measurements of vertically oriented H-field at heights up to 6 m above t

t the potential underestimate of 16 dB at 100 kMz>and 30 MHz has become a possib
derestimate of 6 dB at 100 kHz and of 12 dB at 30,MHz.

e studies described in 4.6 have identified~some of the factors that shall be taken in
count when determining limits and methods of measurement of radiated electromagne

rvices operating below 30 MHz.

addition, the comparisons of the-vertical radiation patterns over real ground with those ov|
sessments of the potentjalfor interference made by measurements on a test site having

nducting metal ground(plane compared with assessments using measurements made on
5t site having a real ground reference plane.

6.8 Figures.associated with predictability of radiation in vertical directions

gures referenced in 4.6.6.1 are provided in this subclause.

dB (overestimate) at 1 MHz, or as much as —16 dB (underestimatej.at the extremes of the

rfectly conducting ground have also shown the large differences that can occur in the
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4.7 Correlation between amplitude probability distribution (APD) characteristics of
disturbance and performance of digital communication systems

4.71 General

The relationship between the degradation in quality of digital communication systems and
APD of disturbance is shown in the following experimental results. Actual microwave ovens
(MWO), such as the transformer and the inverter types, and a noise simulator, were used as a
noise source in the following experiment. Bit Error Rate without error correction was basically
used as a parameter of communication system performance (e.g. W-CDMA and PHS).
Throughput is used if error correction could not be removed (e.g. W-LAN, Bluetooth -and
PHS).

Qlantitative correlation between noise parameters and system performance is shown'in 4.7.6
and 4.7.7 by using measured and simulated results.

These results show that APD measurement of disturbance is suitable®\for evaluating {ts
intferference potential on digital communication systems. Therefore APD<measurement may lbe
applicable to the compliance test of some products or product famijlies, such as microwaye
oyens.

4,)7.2 Influence on a wireless LAN system

measurement conditions are shown in Table 23. Throughput was chosen as a measure
cqmmunication quality evaluation. It was calculated from the time taken to transmit and ti
to|receive data of a fixed size.

The set-up for measuring communication quality degradation is shown in Figure 113, aiw)d

Access point
PC

(FTP server) Carrier power
APD measuring point

Ethernet cable

HUB Co-axial cable
Signal
Wireless >

Wireless ;
Terminal
AP LAN LAN PC
card card
ISO: Isolator
ATT: Attenuator
AP ~Aecess point
WNG: White-noise generator
Full anechoic chamber
Noise 1m
simulator / < > Mwo
Double ridged
guide horn antenna IEC

Figure 113 — Set-up for measuring communication quality degradation
of a wireless LAN
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Table 23 - Conditions for measuring communication quality degradation

Frequency (channel number) 2 462 MHz (channel 11)
Wireless Transmission data 20 MB
LAN Protocol FTP (GET command from terminal PC)
Transmission mode Packet transmission
Others Noise power density (dBm/Hz) | _ 15, 48m/Hz (set by ATT4)

The APDs of disturbance are shown in Figure 114. The horizontal axis shows the level
radiated noise normalized by Ny, which has been approximated as the noise level. from t
white noise generator. The main frequency for measuring APD was 2 462 MHz. The avera
and root-mean-square (RMS) values of the noise level normalized by N, derived‘trom APD
the MWO noise and noise simulator noise are shown in Table 24.

of

Ic

of

APD of the noise simulator at ATT2 = 0 dB was in good agreement with“APD of the inverter

type MWO at ATT2 = 10 dB.
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Figure 114 — APD characteristics of disturbance
Table 24 — Average and RMS values of noise level normalized by N,
ATT2 White noise
0dB 10 dB 20 dB 30 dB
Transformer Average (dB) 111,2 101,0 92,6 77,6
type MWO
RMS (dB) 117,1 107,0 98,8 78,7
Inverter type Average (dB) 100,6 91,4 83,4 77,6
MWO
RMS (dB) 104,4 94,8 86,2 78,7
Noise Average (dB) 100,6 91,9 83,8 77,5
simulator
RMS (dB) 105,1 96,2 87,6 78,6

The measured communication quality degradation for various amounts of attenuation of
injected noise is shown in Figure 115. The horizontal axis shows C/Ng, where C is the sub-
carrier power and N is the noise power density.
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Figure 115 — Wireless LAN throughput influenced by noise
The throughput influenced by a transformer type MWO is 400 kbytes/s or more when C/Ng|i
90 dB or more, and decreases rapidly when C/N, is below 90 dB. This tendency is almost t
sgme irrespective of-ihe noise level. On the other hand, the throughput influenced by
inverter type MWO"™ decreases almost in proportion to the noise level. The throughpjut
influenced by a/noise simulator has almost the same degradation characteristics as that for
inperter type . MWO.
4)7.3 Influence on a Bluetooth system

L

eé~-set-up for measuring communication quality degradation is shown in Figure 116, and

measurement conditions are snown in [ able Z£95.

Throughput was chosen as the measure for communication quality evaluation.
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Carrier power
APD measuring point

Co-axial cable
Signal
Terminal PC Bluetooth Bluetooth Terminal
(FTP server) card card PC
(client)

ISO: Isolator
ATT: Attenuator
WNG: White-noise generator

Fully anechoic
chamber

Noise >) i 1m
simulator ’ ¢ ¢ > MWO

Double ridged /
guide horn antenna

IEC

-

igure 116 — Set-up for measuring the communication quality degradation of Bluetoot

-

Table 25 — Conditions for measuring communication quality degradation of BluetootH

Frequency 2 400 MHz to 2 483,5 MHz
Transmission data 2,5 MB
Bluetooth
Protocol FTP (GET command from terminal PC)
Transmission mode Packet exchange'data transmission mode
Noise power density
Others (dBm/Hz) -148 dBm/Hz (set by ATT4)

The APDs at a frequency of 2 441 MHz are*shown in Figure 117, and the average and RMS
vglues of noise level normalized by N, ar€yshown in Table 26.

1005...... T T T T T T T T T T T T TR T T T T 10° prr .v—K....HH....HH....E
E - E B i \3 E
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a) Transformer type MWO b) Inverter type MWO
IEC

Figure 117 — APD of disturbance of actual MWO (2 441MHz)
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Table 26 — Average and RMS values

of noise level normalized by N,

ATT2 White noise
0dB 10 dB 20 dB 30dB
Transformer type Average (dB) 89,8 80,8 73,7 67,1
Mwo RMS (dB) 99,2 90,2 82,5 68,3
Inverter type Average (dB) 70,7 65,4 63,5 67,1
MWO RMS (dB) 80,6 73,3 66,0 68,3

The APDs measured at 2 460 MHz, where the noise level of an MWO is at maximum, afe

sh
in

own in Figure 118, and the average and RMS values of noise normalized by Nyrare” shoy
Table 27. The noise level is about 10 dB larger than that at the frequency of-2 441 MH
The APD of the noise simulator at ATT2 = 0 dB is in good agreement with that'of the invert

type MWO at ATT2 = 10 dB.
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Figure 118 — APD characteristics of disturbance (2 460 MHz)
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Table 27 — Average and RMS values of noise level normalized by N,

ATT2 White noise
0 dB 10 dB 20 dB 30 dB

Transformer Average (dB) 87,8 78,4 71,4 67,1
type MWO

RMS (dB) 94,9 85,4 78,0 68,3

Inverter type Average (dB) 70,7 65,4 63,5 67,1

MWO

RMS (dB) 80,6 73,3 66,0 68,3

Noise Average (dB) 77,6 69,8 67,1
simulator

RMS (dB) 84,1 75,5 68,3

The measured communication quality degradation for various amounts of attenuation [of
injected noise is shown in Figure 119.

TIere is only a minor difference in degradation caused by the level 'of noise between|a
transformer and an inverter type MWO. This is because Bluetodoth performs frequengy
hgpping, and is hard to be influenced by noise continuously. Furthermore, there is almost no
difference in communication quality degradation for a noise simulator.
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Figure 119 — Throughput of Bluetooth influenced by noise
Ac¢cording to thecspecifications, Bluetooth controls the transmission power automatically
d¢pending on the~“communication situation. The sub-carrier power at the reception point
cgdnnot be obtained uniquely since transmission power may change when ATT1 is change(d.
The horizontal axis in this figure shows the attenuation of signal power.
47.4 Influence on a W-CDMA system
The—=set-up—fer—measdring—eommunicaton—quality—degradationr—is—shown—n——gure—426,—and

measurement conditions are shown in Table 28.

Bit error rate (BER) was chosen as the measure for communication quality evaluation.
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Figure 120 — Set-up for measuring the BER of W-CDMA

Table 28 — Conditions for measuringccommunication quality degradation of W-CDMA

Frequency 2 137,6 MHz (downlink)
Chip rate 3,84 Mc/s
Spread rate Uplink: DPDCH 64 / downlink: DPCH 128
B.aseband Data'rate 12,2 kb/s (acoustic)
simulator
Transmission data 6 Mb
RMC communication test (UE turn)
Transmission mode
3GPP TS34.121 [84]

The measured APDs of the noise are shown in Figure 121, and the average and RMS valug¢s
of|the{noise level normalized by Ny are shown in Table 29. The APD of the noise simulator jat
ATT2)= 0 dB is in good agreement with the APD of the inverter type MWO at ATT2 = 10 dB.
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Figure 121 — APD characteristics of disturbance
Table29 — Average and RMS values of noise level normalized by N,
ATT2 Receiver noise
0dB 10 dB 20 dB 30 dB
Transformer Average (dB) 71,1 67,7 67,2
type MWO
RMS (dB) 75,1 69,4 68,6
Inverter type Average (dB) 71,6 68,0 67,2
MWO
RMS (dB) 74,7 69,4 68,6
Noise Average (dB) 77,1 70,4 67,7 67,2
simulator
RMS (dB) 83,3 74,7 69,3 68,6

The measured communication quality degradation for various amounts of attenuation of
injected noise is shown in Figure 122.
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For both types of MWO, the BER was degraded by several dB after a 10 dB change in no

ise

level. Moreover, BER characteristics influenced by the noise simulator are in good agreement

in these measurement results.

10_2?I' \é}“%\;vl o o I'I'? 10_2?\3\0
3 > 3 E Q‘\n

10 10‘3é :"".g\a
% 107 i \’H \n & 10“‘5 X \\1
3 o g Y \\‘
1075 ; \hﬁ\\" ; 107 ; \g I
10° [ o om \u \3 ] 10° L) 28 hm s \“ \ !
E | —1—ATT2=104B 'z)\n E E | -0 Without noise ;5\1 X’ 3
---<0---- Without noise ]
10_7_||A||||||lllxllllllll 10‘7_....i.... IS I L
40 45 50 55 60 65 40 45 50 55 60 5
C/No dB C/No dB
a) Transformer type MWO b) Invertertype'MWO
10° E
—1 a % )
10 \El ;
1072 \ \:‘\ \E\ ]
\ 4
BN N R
10 g = o e
: N N
D g0t ? % ]
107 g\ \1 \D\u
—{—ATT2=10dB x x E
L | ——ATtT2=204B ) 4
10—6 L..] —A—ATT2=3048 1} 1 d
% ===>---- Without nois¢ Ib ?
1()_7 Lo I 1 ' B 1
40 45 50 55 60 65
CIN, dB
¢) Noise simulator (adjusted with inverter MWO) ke
Figure 122~ BER of W-CDMA caused by radiation noise
4)7.5 Influence on'Personal Handy Phone System (PHS)
The set-ups for measuring communication quality degradation are shown in Figure 123 and
Figure 124, and\conditions for measuring throughput and BER are shown in Table 30 apd
Table 31.
Throughput and BER were chosen as measures for evaluating the communication quality |of
PHS.
The measured APDs are shown in Figure 125, and the average and RMS values of noise

normalized by N, are shown in Table 32.
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Figure 123 — Set-up for measuring the PHS throughput
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Figure 124 — Set-up for measuring the BER of PHS

Table 30 — Conditions for measuring the PHS throughput

Transmission data About 376 kB data
PHS Transmission system Non protocol
Transmission mode 32 kb/s real time data transmission

Noise power density N

Others —160 dBm/Hz (set by ATT4)

(dBmMrHZ)

Table 31 — Conditions for measuring the BER of PHS

Frequency (channel number) | 1 907,15 MHz (channel 41)
PHS Transmission data 5 Mb PN9
Data rate 32 kb/s

Noise power density

Others (dBm/Hz)

-160 /Hz (set by ATT4)
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Figure 125 — APD characteristics of disturbance
Table'32 — Average and RMS values of noise level normalized by N,
ATT2 White noisg
0dB 10 dB 20 dB 30 dB
Transformer type Average (dB) 60,6 58,1 61,2
MWO
RMS (dB) 64,9 59,4 62,4
Inverter type MWO Average (dB) 72,6 64,9 59,9 58,0 61,2
RMS (dB) 76,7 68,9 62,5 59,3 62,4
Noise simulator Average (dB) 72,3 64,2 59,1 57,8 61,2
RMS (dB) 77,0 68,2 61,1 59,0 62,4

NOTE The values of ATT2 are 22 dB, 32 dB, 42 dB and 52 dB, respectively for the noise simulator.

The measured throughput for various amounts of attenuation of injected noise is shown in
Figure 126.
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Figure 126 - PHS throughput caused by radiation

milarly, the measured BER is shown in Figure 127. The BER characteristics caused by tie

ise simulator were in good agreement in the measurement results of the invertg

pe MWO.

r
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Figure 127 —BER of PHS caused by radiation noise
47.6 Quantitative correlation between noise parameters and system performance
4)7.6.1 General
Correlations between the noise parameter of the disturbance (levels of disturbange
cqrrespond to{certain probability that is derived from APD) and degradation of systgm
pgrformance (throughput and/or bit error rate) are evaluated for the communication systems
dgscribed-in'4.7.2 to 4.7.5.
4.7(6)2 Wireless LAN (throughput)

From Figure 114 a) and Figure 114 b), the disturbance voltage for each probability, e.g. 101,
102, 10-3, 104, was read. C/Ny values that are necessary to assure the throughput of
500 kByte/s under microwave oven disturbance were obtained from Figure 115 a) and
Figure 115 b). The correlation between the disturbance voltages and the C/Ng values is
plotted in Figure 128 a) and Figure 128 b) for a transformer type oven and inverter type oven,
respectively.
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Figure 128 — Correlation of the disturbance voltages
with the system performance (C/V)

Bluetooth (throughput)

Figure 128, the linear regression line by using the values for 10=% probability is also plott¢d
{th the equation and correlation coefficients R. It is found that*10~4 probability values afe
Il correlated to the C/Ny and thus these values are sujtable for the noise parameters
timate the degradation of the system performance.

Flom Figure 118 a) and Figure 118 b), the disturbance voltage for each probability was rea'l‘d.
5 shown in Figure 116, not only MWO disturbance but also white noise was injected to the
mmunication link. Then, disturbance voltages are meaningful only when MWO disturban
ceeds the white noise. Therefore, probability of 10~! value was ignored and probability
=2,10-3 and 104 values were used jn\the evaluation below.

plative C/Ny values that are hecessary to assure the throughput of 40 kByte/s under
jcrowave oven disturbance were obtained from Figure 119 a) and Figure 119 b) (relati
[Ny = dB corresponds to ATF1 = 43 dB). The correlation between the disturbance voltag
d the relative C/N, values/are plotted in Figure 129 a) and Figure 129 b) for a transformer
be oven and inverter.type oven, respectively.
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Figure 129 — Correlation of the disturbance voltages with the system performance
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In Figure 129, the linear regression line by using the values for 10~# probability is also plotted
with the equations and correlation coefficients. The same results were obtained as in 4.7.6.1.

4.7.6.4

W-CDMA (BER)

From Figure 121 a) and Figure 121 b), disturbance voltages for each probability, e.g. 1072,
10-3, 10~* were read. C/N, values that are necessary to assure the BER of 10~4 under
microwave oven disturbance were obtained from Figure 130 a) and Figure 130 b). Because
only two curves available are in the APD and BER, regression analyses were not performed.

Level of disturbance dB

4.[7.

Bé¢cause only one set of data*was usable in the APD and BER for the transformer type oven,
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Figure 130 — Correlation of the disturbance yoltages with the system performance
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b) Inverter type microwave oven

Same analyses were performed on PHS data. C/N, values correspond to the signal input thiat
is|necessary to assure the BER of 10=% under microwave oven disturbance. The correlatipn
bgtween the disturbance level and’ the C/N, values is plotted in Figure 131 a) and
Figure 131 b) for a transformer type oven and inverter type oven, respectively.

IEQ

regression analysis was_Jnot performed. On the other hand, excellent correlation was
cqnfirmed in the case Of)inverter type oven.

95

95

Figure 131 — Correlation of the disturbance voltages with the system
performance (C/N)
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Additional analyses were performed on PHS data. From Figure 125 a) and Figure 125 b),
disturbance voltages for each probability were read. C/N, values corresponding to the signal
input that was necessary to assure the throughput of 3,5 kByte/s under microwave oven
disturbance were read from Figure 115 a) and Figure 115 b). The correlation between the
disturbance level and the C/N; values are plotted in Figure 132 a) and Figure 132 b) for a
transformer type oven and inverter type oven, respectively. The same results were obtained
as for the correlation with BER.
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Figure 132 — Correlation of the disturbance voltages with the system

performance (C/V)

Quantitative correlation between noise parameters of repetition pulse and

system performance of PHS and W-=CDMA (BER)

SG1
W-CDMA downlink
or PHS

brrelations between APD of repetitionspulse noise and communication quality degradation
1S and W-CDMA are obtained by the following additional experiment and simulation. The
perimental set-up for measuring.€emmunication quality degradation of the PHS or W-CDIM
shown in Figure 133. Repetition pulses combined with Gaussian noise are used as
sturbance. The Gaussian nojse level is adjusted to the same noise floor level of vect
jnal analyzer for BER/measurement and spectrum analyzer for APD measurement.
bncerning repetition pulses, the pulse width is constant (100 us) and the repetiti
Figure 134 shows a block-diagram of numerical simulation f
timating communijcation quality degradation. In this simulation, the same noise paramete
e used as for thé-experiment.

b) Inverter type microwave oven
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Figure 133 — Experimental set-up for measuring communication quality
degradation of a PHS or W-CDMA
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Figure 134 — Simulation set-up for estimating communication
quality degradation of a PHS or W-CDMA

without repetition pulse.
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Figure\135 — APD of pulse disturbance

Figure 136 b) for PHS system and W-CDMA system, respectively. Measured BER can

Measured APD are shown in Figure 135. Marker type represents the duty cyclesof the pul
disturbance, i.e. circle, inverted triangle, triangle, diamond, square and star indicate 40
10 %, 4 %, 1 %, 0,4 %, respectively. The dashed line shows the APD ,of{Gaussian noi

Measured BER and estimated BER by numerical simulations are shown in Figure 136 a) and

b€
0,
5 €

he

vgrified by the numerical 'simulation results. In the case of PHS results, simulation results ¢o

not show full agreement at high signal level since the simulation model of receiver

simplified as 7/4.QPSK with a synchronized detector that is different from the experimen{al

sqgtup.

is
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a) BER degradations of PHS system b) BER degradations of WXCDMA system
Figure 136 — BER degradation of PHS and W-CDMA caused by repetition pulse
(Carrier power, —35 dBm)
Figure 137 explains the evaluation method for quantitative corretation between BER and AP

ar
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PN

For the level comparison, ALggr and ALapp can be defined(as disturbance effects on BE
d APD. They are measured by the difference of level|‘between Gaussian noise (witho
petition pulse) and disturbance (with repetition pulse)“at a certain rate of BER and at

D,
R
ut
a
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rtain probability of APD, respectively. Similarly;spger and papp are defined as the
obabilities caused by disturbance on BER and ARB, respectively.
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Figure 137 — Evaluation method of the correlation between BER and APD
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Figure 138 where the pulse has constant duty cycle (10 %, pulse width: 100 us). The
disturbance is generated by modulating a carrier with the repetition pulse. The carrier power
is set from —-45 dBm to —-35 dBm with 2 dB step. Black mark and white mark show the
characteristics of W-CDMA and PHS, respectively. BER and probability values (BERy, APDy)
selected for these evaluations are (a) 102, (b) 10-3 and (c) 10-4.
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Figure 138 — Correlation between measured A Lggg and A Lppp

Correlation between measured pggr and papp for several duty cycles of the pulse-disturbange
ane also shown in Figure 139, where the disturbance has constant carrier gower (-35 dBm).
The duty cycle is changed as 40 %, 10 %, 4 %, 1 %, 0,4 % and 0,1 %. Blaek mark and wr;]!e
mprk show the characteristics of W-CDMA and PHS respectively. Diamend, circle, triangle
and square marks indicate the results for the pulse width 1 000 pus,~100 ps, 10 pus and 1 s
respectively. BER and probability values (BERy, APD,) selected for'these evaluations are (jg)
192, (b) 10=3 and (c) 10~4.
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Figure 139 = Correlation between measured pggr and papp

In all cases, APD indices (ALppp, papp) have close correlation with BER degradation indices
(MLggr: PBeR). 'espectively. It is therefore concluded that APD measurement of t:l:e
dipturbance is one-of the most effective methods for evaluating the interference potential ¢n
dipital commudqication systems.

4.8 Background material on the definition of the RMS-average weighting detector
for measuring receivers

4.8 1% General = purpose of weighted measurement of disturbance

Generally, a weighted measurement of impulsive disturbance serves the purpose of
minimizing the cost of disturbance suppression, while keeping an agreed level of radio
protection. The weighting of a disturbance for its effect on modern digital radiocommunication
services is important for the definition of emission limits that protect these services. CISPR
16-1-1 defines a detector that is a combination of an RMS and an average detector. The
selection of the type of detector and of the transition between these detector functions is
based on measurements and theoretical investigations.
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4.8.2 General principle of weighting — the CISPR quasi-peak detector

The effect on radiocommunication services depends on the type of interference
(e.g. broadband or narrowband, pulse rate etc.) and on the type of service itself. The effect of
the pulse rate was recognized a short time after CISPR was founded in 1933. As a result, the
quasi-peak weighting receiver for the frequency range of 150 kHz to 1 605 kHz was defined
as shown for band B in Figure 140. However in CISPR 1 [1] it was already accepted that
“Subsequent experience has shown that the RMS voltmeter might give a more accurate
assessment” but the quasi-peak type of voltmeter has been retained for certain reasons —
mainly for continuity.

34
I T TTTITI I
32 | 30 MHz to1 000 MHz (band C and D)
1 I
28
11

B o4 | 0,15 MHz to 30 MHz (band}\\
B 20 -H-.I\ \\
8 wl W RN
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E N
g 12 \\\ \\\ 435 d8
. N \\\\
[ N
j% 4 \\\ \\\\
D s
B !
B 0 \G“\ I \
D
4 _8 TN

-12 N A

Single pulse 1 10 100 Pulse rate 1 kHz

NQPTE The weighting factor is shown relative to a reference pulse rate (25 Hz or 100 Hz).

Figure 140 — Weighting curves of quasi-peak measuring receivers
for the different frequency ranges as defined in CISPR 16-1-1

4.8.3 Other detectors defined in CISPR 16-1-1
48.3.1 Peak-detector

The peak detector follows the signal at the output of the IF envelope detector and holds the
mpximum alue during the measurement time (also called dwell time) until its discharge |is
forced. This indication is independent of the pulse repetition frequency (PRF).

4.8.3.2 Average detector

The average detector determines the linear average of the signal at the output of the IF
envelope detector. It should be kept in mind that for low PRFs, CISPR 16-1-1 specifies the
average detector measurement result as the maximum scale deflection of a meter with a time
constant specified for the quasi-peak detector. This is necessary to avoid reduced level
indication for a pulse modulated disturbance by using long measurement times. The weighting
function varies with 20 dB per decade of the PRF (see Figure 141).
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4.8.3.3 RMS detector

The RMS detector determines the RMS value of the signal at the output of the IF envelope
detector. Despite being mentioned in [1] and being described in CISPR 16-1-1, at the time of
writing of this subclause it has not been put to practical use in CISPR product standards. The
weighting function varies with 10 dB per decade of the PRF (see Figure 141). Up to now, no

meter time constant applies for the RMS detector for intermittent, unsteady and drifting
narrowband disturbances.

Comparison of detector weighting functions
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Figure 141 — Weighting curves for peak, quasi-peak, RMS
and linear average detectors for CISPR bands C and D

4.8.4 Procedures for'measuring pulse weighting characteristics of digital
radiocommuhnications services

4.8.4.1 General

All modern radjo services use digital modulation schemes. This is not only true for mobljle
radio but also for audio and TV. Procedures for data compression and processing of analgg
signals {voice and picture) are used together with data redundancy for error correction.

Usuallyy"up to a certain critical bit-error ratio (BER) the system can correct errors so that
perfect reception occurs.

Whereas analog radio systems require signal-to-noise ratios of as much as 50 dB for
satisfactory operation, in general, digital radio communication systems allow error-free
operation down to signal-to-noise ratios of approximately 10 dB. However the transition region
from error-free operation to malfunction is small. Therefore planning guidelines for digital
radio are based on almost 100 % coverage. When a digital radio receiver operates at low
input levels, the susceptibility to radio disturbance is important. In mobile radio reception, the
susceptibility to radio disturbance is combined with the problem of multi-path propagation.
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4.

8.4.2 Principles of measurement

The significance of the weighting curve for band B is as follows: to a listener the degradation
of reception quality, caused by a 100-Hz pulse, is equivalent to the degradation from a 10-Hz
pulse, if the pulse level is increased by an amount of 10 dB. In analogy to the above, an
interference source with certain characteristics will produce a certain BER, e.g. 103 in a
digital radiocommunication system, when the interfering signal is received in addition to the
radio signal. The BER will depend e.g. on the pulse repetition frequency (PRF) and the level
of the interfering signal. In order to keep the BER constant, the level of the interfering signal
will have to be readjusted while the PRF is varied. This level variation versus PRF determines

th
deq
Fi

The test set-up shown in Figure 142 consists of a radio signal generator that transmits t
hnted radio signal to the receiver. For the determination of the BER, the radio receiver either

w
F:
la
SY
b4

4.

A
Si
th

narrowband,\Vwhere the definition of broadband and narrowband is relative to tLT
cqmmunication channel bandwidth. Figure 143 gives an example of an interference spectr
uged forthe determination of weighting characteristics.

termine the required level of the interfering signal for a constant BER as e.g. shown)|i
gure 142.

EC O

L I

Radio signal I
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Radio

receiver

Interference /

source

IEC

Figure 142 — Test setup for the measurement of the pulse weighting characteristics
of a digital radiocommunication system

s to know the original bit sequence for comparison with the detected bit sequence or t
ter shall be looped back to the(adio signal generator for comparison with the original. Bot

ck principle.

8.4.3 Generation-of-the interference signal

an 60 dB. Using the appropriate pulse width, the interference spectrum can be broadband

stems are available and have-been used for tests. Mobile radio testers, e.g. apply the loop-

signal generator-with pulse-modulation capability can be used to generate the interferenge
gnal. For correct-measurements, the pulse modulator requires a high ON/OFF ratio of mofe
or

to

n

e

m
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Wjith increasing pulse duration, the main lobe of.the spectrum becomes narrower. This is al
ded to study the effect of narrowband pulses on radiocommunication systems. The

u

advantage of using a band-limited pulse spegtrum instead of a broadband pulse generator
to| avoid overloading the receiver under “test. Otherwise non-linearity effects could cau

d
u
n

E
mpdulated signal, thus keeping the spectrum width wider than the system bandwidth ev
w
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Figure 143 — Example of an interference spectrum: pulse modulated carrier
with a pulse duration of 0,2 us and a PRF < 10 kHz

gterioration of the weighting characteristics. In addition to pulse-modulated carrier
nmodulated carriers can be used:te determine the sensitivity of different systems
arrowband (CW signal) EMI.

tensive measurements have: also been presented in [49] with on/off-keying of a QPS

50

S
5e
S,
to

K-

was regarded as distorted when more than one visible erroneous block was shown on t

S

P9

green within an-observation period of 20 s. Alternatively, any picture-freeze, also for shq

the system shewed more than one dropout in a 20 s observation time.

S
S

tudy “\the effect of spread-spectrum clock interference on wideband radiocommunicati

riods, was regarded as a failure. For DRM, the reception was considered as distorted whéen

n

fth longer pulse duratiohns. Since actual receivers do not provide BER indication, the meth¢d
gscribed in ITU Recommendation 1368 [59] was used as the failure criteria: DVB-T receptipn

e
rt

to

F]:rther measurements have been made with spread-spectrum modulated carriers in order

rvices (see [50] and [51]). Refer to Table 33

Table 33 — Overview of types of interference used in the experimental study
of weighting characteristics

Interference signals Pulse-modulated On/Off-keyed QPSK- Spread-spectrum
modulated modulated
Pulse width in relation T < 1/B to 100/B T < 1/B to 100/B Continuous
to signal bandwidth

T = pulse width, B = radio signal bandwidth
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4.8.4.4 Other principles of measurement

The receiver under test should receive a signal that is just sufficient to give quasi error-free

re

ception (e.g. a BER = 107 or a factor of 10-3 lower than the critical BER). Thus the receiver

operates like a receiver at the edge of a coverage area, where a disturbance above the
emission limit can easily cause interference.

For radio telephone systems, where the downlink (base station to mobile) and uplink (mobile

to
to

base station) frequencies are in different bands, the use of a pulse modulated carrier helps
concentrate the interference on the mobile receiver and thus avoids interference with the

lopp-back connection.

4.8.5 Theoretical studies

The work of developing measurement procedures considering a digital radio_receiver as|a

di
ar
dq
pr
ag

R
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A

st
of:
bi
(ole
(ole
(ole
bi
A

an
to
in
Cd

sturbance victim, is a very complex problem because there are many different modulation
d coding schemes to consider as digital communication services aresyndergoing ragid
velopment. The results of theoretical studies for radio systems using-error correction afe
esented for example in [52] and [53]. These studies are based on/the same fundamenial
sumptions that are explained above:

the BER is the performance parameter of interest for the digital communication system;

the repetitive pulsed disturbance is the waveform of particular interest;

the disturbance pulses have a pulse duration that is short compared to the digital symbd
transmitted.

S

bsults for some selected convolutional codes . .include the following — for more details,
e [52].

convolutional code is generated by passing the information sequence through a linear finite-
bte shift register. In general, the shiftuegister consists of K stages and » algebraic functipn
nerators. The input data to the channel encoder is shifted into and along the shift registeq &
s at a time. The number of outputbits for each k-input sequence is n bits. The rate R of the
de is defined as n/k. The parameter K is called the constraint length of the convolutional
de. In Figure 144 a) and b) as well as Figure 145 a) and b) the RMS and peak valugs
rresponding to a constant"BER of 10=3 are shown for different convolutional codes and
nary phase shift keying=(BPSK) modulation. These results have been simulated with
COLADE®© (Advanced, .Communication Link Analysis and Design Environment). In the
aphs, the pulse repetition frequency of the disturbance is presented as related (normalized)
the gross-bit rate,(or symbol rate) R of the communication system. The simulation is dofe
the band-pass)domain. This means that the results can be transformed to an arbitrary
rrier frequencCy. The disturbance pulse width is 10 % of the bit duration time. For the lowdst

rate R = Ya\the RMS value is approximately constant down to the critical point where]it

in
Cd

py

creases~rapidly. Thus, for a well-protected system, the RMS value corresponding to|a
nstant~BER is constant with respect to the pulse repetition frequency of the repetitiye
Ised*disturbance.

NOTE ACOLADE® is an example of a suitable product available commercially. This information is given for the

co

nvenience of users of this document and does not constitute an endorsement by IEC of this product.
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Figure 144 — The\RMS and peak levels for constant BEP for three K = 3,
convolutional codes of different rate
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Figure 145'— The RMS and peak levels for constant BEP for two rate .,
convolutional code

The results)in Figure 144 show the following: above the symbol rate Rg, the weighting
characteristic follows the RMS value of the impulsive signal that causes the interferen
Below, R, the weighting characteristic depends on the amount of coding; for the uncoded
siEnal, the peak value increases with less than 10 dB per decade as the PRF decreases. With
better coding, the part of the weighiing characierisiic with flat response becomes shorter.
Therefore, it is important to characterize real radiocommunication systems in order to obtain
meaningful results.

4.8.6 Experimental results
4.8.6.1 General

The methods described in 4.8.4 have been used for the measurement results in this part. The
test signals are described where necessary.
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4.8.6.2 Weighting in band A

For band A, i.e. below 150 kHz, no measurement results of digital radiocommunication
systems are available.

NOTE Weighting of radio disturbance generally requires a consideration of intermittent, unsteady and drifting
narrowband disturbances. Therefore the concept of defining a corner frequency, below which the average detector
becomes effective has been applied to band A as well, using the corner frequency proposed for band B, because
the original CISPR specification of the RMS detector does not apply a meter time constant.

4.8-6-

L
nmu o

eighting of interference to the Digital Radio Mondiale (DRM) Broadcast System

A{ the World Radio Conference (WRC) in June 2003, the new Digital Radio Mondiale was
officially started. During the four-week duration of the conference, a great number of special
DRM transmissions became available from many radio stations. The measurement results
refported below were acquired on 8 July 2003, when a great number of transmissions were sfill
available.

bgndwidth of each transmission is 10 kHz. In addition to the digitized audio signal, a certgin
amount of data (radio station information, etc.) is transmitteds A~conventional AM receiver can
be used to downconvert the signal to an IF of 12 kHz, which*is then decoded using a digifal
signal processor and a special DRM software radio.

DRM uses OFDM (orthogonal frequency division multiplex) with 2Q0 carriers. The occup%d
i

Dtyring the time of measurement, the radio stations,in Table 34 were received at the station
ngar Munich, Germany, using amateur-radio dipole antennas mounted on a rooftop with|a
higher receive input voltage (50 dBuV to 60 dB4V) than required for the experiment.

Table 34 — DRM radio stations received for the measurement
of the weighting characteristics

Frequency Beam?? TFarget® Average Program Transmit sitp
kHz DRM power
kW

5975 060 W Europe 40 T-Systems Jilich
Media Broadcast

6 095 ND Europe 35 RTL/music and Junglinster,

short Luxembourd

announcements

6 140 ND W and C Europe 40 DW English Jilich

7 320 105 W and C Europe 33 BBCWS Rampisham

13 605 037 C Europe 6 IBB/R. Sawa Morocco

15440 040 W and C Europe 80 DW English Sines

a Il‘lID ib IIUII'UIiIUL:tiUIIdi (Ulllllidilcbtiulldi}.

b “Beam” indicates antenna beam direction in terms of angle measured clockwise from 0° = north. For example

090 is east, 180 is south, 270 is west. Thus, 105 is approximately east-south-east.

¢ W is west and C is central.

The various transmissions were available for 1 h or 2 h. The measurement results (weighting
characteristics) were essentially the same for all frequencies, even if the amount of data
transmitted in addition to the audio signal was not the same. Time-dependent fading of the
input signal had to be manually compensated using a step attenuator that was inserted in the
antenna connection (see Figure 146).
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Principally the same type of interference signal was generated as in Figure 132. However, for
a signal with an occupied bandwidth of 10 kHz, it is possible to use a longer pulse duration

(10 pus or more).

Step attenuator
Antenna for manual
fading compensation

;|3 ; N\ IF out

Bé¢cause no indication of BER was available, the “Audio”(status indication on the PC (DRM
ftware radio display) was used as a criterion. As soon ‘as the interference becomes too

s
hi

A
m
in
m
fo
th
th
th
dn

Jj— AMrec . PC
Sig. gen.

With pulse
modulation IEC

ersonal computer (PC).

Figure 146 — Test setup for the measurement of weighting curves
for Digital Radio Mondiale (DRM)

hh, the “Audio” status indication will turn from green toxred.

nimum sufficient. The weighting characteristic’ (see Figure 147) shows a 10 dB/deca
crease of the interference signal for PRFs pbetween 1 kHz and 5 Hz. The non-linearities a
binly due to uncompensated fading of the\input signal. A detailed weighting curve is shoy
I a pulse width of 10 ps. For higher pulse widths, the weighting curve was measured only
ree (respectively, four) points to verify the 10 dB/decade behaviour. Below a PRF of 5 H
weighting curve rises suddenly:>And below about 2 Hz, the signal cannot be disturbed

pulse width of 500 us. However lightning strokes are reported to generate long
opouts, which indicates thattlonger clicks might cause such dropouts as well.

TE The received signal is downconverted to an IF of 12 kHz for decoding by special-hardware and softwarel|i

5 explained earlier, the signal level is attenuated~so that the reception quality is to be t%e

e
e
n
at
Z,
DYy
er
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DRM at 5,975 MHz; 6,095 MHz; 6,140 MHz; 7,320 MHz; 13,605 MHz;
data rate 20,9 kBit/s; signal level kept at constant SNR

The report [49] describes the following DRM signals® and two receiver types for the

70 [ [ [TT]
Q ——width 1E-05s
60 2 width 5E-05s
dB(uV) \\$%& —5—width 1E-04s
50 S —o—width 5E-04s || |
o | R Pl
gi\::\ e A v )
N 5 mE:
\ ]
10 \< ‘
0
1 10 100 1000 10 000
Jo/Hz
IEC

TE Because the DRM signals are actual radio signals, the exact modulation scheme is not known.

Figure 147 — Weighting characteristics for DRM signals for various pulse widths

of the pulse-modulated carrier

measurements:

The interference signal for Figure 148cand Figure 149 is a pulse-modulated carrier wi
ditional QPSK modulation, in order ‘to generate a wide bandwidth of the interferen

aq
SK

Mode B, Modulation 16/64 QAM, Interleave 2.8, protection level 1/ 0
Mode B, Modulation 16/64 QAM, Interleave-2 s, protection level 0/ 0

ectrum as explained in 4.8.4.2.

e
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DRM Mode B 16/64QAM prot. level 0: Trend
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Figure 148 — Weighting characteristics for DRM protection level 0:
average of results for twoyreceivers
DRM Mode B 16/64QAM prot. level 1: Trend
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Figure 149 — Weighting characteristics for DRM protection level 1:
average of results for two receivers

The weighting characteristics in Figure 148 and Figure 149 show a 10 dB/decade slope down
to approximately 100 Hz. Because there is no other digital radio system in band B, the corner
frequency of the proposed RMS/AV detector between RMS and linear average detection for
this frequency band can only be based on the results of DRM (see 4.8.7). A corner frequency
of 10 Hz is therefore proposed for band B as a compromise between the two results.
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4.8.6.4 Weighting in bands C/D

4.8.6.4.1 Weighting of impulsive interference to Digital Video Broadcast Terrestrial
(DVB-T)

4.8.6.4.1.1 Test setup

One test setup for DVB-T consists of a DVB-T signal generator and a DVB-T measuring
receiver. The components are connected via coaxial cables. The interference signal (a pulse-
modulated carrier, see Figure 132 for an example of the spectrum) is fed into the signalling

cqhnection-via-a-combiner

The parameters used are detailed in the following paragraphs.

DVB-T uses COFDM (coded orthogonal frequency division multiplex) with 6 817(8K) or 1 705
(2k) carriers. The OFDM carriers may be modulated either with QPSK (Quadrature Phage
Shift Keying) or with 64 QAM (quadrature amplitude modulation), respectivély-16 QAM. QAM
is|preferred to QPSK as QAM allows higher data transfer rates. The transmission code rafte
CR is defined by CR = number of information bits/(number of informationyhits + error protection
bifs). Values of CR = 2/3 and 3/4 are used in actual systems. Each COFDM symbol is followéd
by a guard interval GI which is G/ = 1/8 in actual systems.

The DVB-T modulation and coding system allows many combinations, of which only a few afe
refevant. Therefore the parameters used in systems opefating in some European countri¢s
have been selected. These allow transmission rates betiveen 14,745 Mb/s and 24,88 MHb/s
(ske Table 36) depending on modulation and code rate. Different coders and decoders aLe
uged in the system. The bit-error ratio (BER) reading can be taken before the Viterbi decoder
ag well as before and after the Reed Solomon~decoder of the measuring receiver. [A
cgmparison is given in Table 35. The transmission level is set so that the BER after the Reg¢d
Solomon decoder without interference is justcbelow 10-8. This produces different signal levdls
d¢pending on the system parameters. Thelinterference levels have then been adjusted to|a
critical value of BER = 2,0 x 10~4 before.the Reed Solomon decoder.

For the BER measurement, the )modulator generates a Pseudo Random Binary Sequenge
(HRBS) as a data stream. The.evaluation of the data stream is done in the receiver in tyo
different procedures. The BER before Viterbi and before Reed-Solomon is evaluated by
cqrrelation. Flags in the bit stream are used to determine the BER after Reed-Solomon. If the
dgcoder does not recognize a flag as correct, the following bit combination is determined |to
be false.

The relationship-in-Table 35 was found experimentally between the bit error ratios before and
affer the Viterbirand Reed Solomon decoders for two pulse rates.

Table 35 — Comparison of BER values for the same interference level

Pulse rate 10 k 500 k
Hz
BER before Viterbi decoder 1,5 x 10-2 4,4 x 10-3
BER before Reed Solomon 2,0 x 104 2,0 x 104
BER after Reed Solomon 1,0 x 10-6 1,0 x 10-8

So, the results with BER measured before Reed Solomon (with 2,0 x 10-4) and after Reed
Solomon (with 1,0 x 10-6) are roughly comparable.
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Table 36 — Transmission parameters of DVB-T systems used in various countries

Country Modulation Code rate Guard interval Transfer rate

France/UK 64 QAM 2k 3/4 1/8 24,88 Mb/s
Spain 64 QAM 8k 3/4 1/8 24,88 Mb/s

Germany 16 QAM 8k 2/3 1/8 14,745 Mb/s

T A : . s,
thE interference signal leading to these results are pulse-modulated carriers.

DVB-T f=500 MHz, 64 QAM 2k, CR 3/4, GI 1/8, BER before RS = 2 x 10_4,
-61,5 dBm, 24,88 Mbit/s (FR, UK)
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Figure 150 — Weighting characteristics for DVB-T with 64 QAM 2k, CR 3/4
(as used in France and UK)
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DVB-T /=500 MHz, 64 QAM 8k, CR 3/4, GI 1/8, BER before RS = 2 x 10—4,
-61,7 dBm, 24,88 Mbit/s (ES)
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Figure 151 — Weighting characteristics for DVB-T with'64 QAM 8k, CR 3/4
(as used in Spain)

DVB-T f=500 MHz, 16 QAM 8 k, CR 2/3, GI 1/8,BER before RS = 2 x 10—4,
-61,8 dBm, 14,745 Mbit/s (DE)
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Figure 152 — Weighting characteristics for DVB-T with 16 QAM 8k, CR 2/3
(as used in Germany)

Six different receiver types were tested in report [49] for DVB-T with 16QAM 8k, CR 2/3 and
for DVB-T with 64QAM 8k, CR 2/3. To get receiver independent results, the individual
characteristics were combined using average values inside the range where all receivers
offered a result. Excluded were two receivers in PRF ranges, where they showed a non-
typical behavior. These combined results are shown in the “trend” characteristics in
Figure 153 and Figure 154. The interference signal for both figures is a pulse-modulated
carrier with additional QPSK modulation in order to generate bandwidth of the interference
spectrum at least as wide as the DVB-T signal spectrum as explained in 4.8.4.2.
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DVB-T 8k 16QAM 2/3: Trend
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Figure 153 — Average weighting characteristics of 6 receiver types
for DVB-T with 76QAM

DVB-T 8k 64QAM 2/3: Trend
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Figure 154 — Average weighting characteristics of 6 receiver types
for DVB-T with 64QAM
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8.6.4.1.2 Interpretation of the results

In Figure 150, the corner frequency can only be assumed to be approximatively 100 Hz,
whereas in Figure 151 and Figure 152, the corner frequencies can clearly be seen. They
however depend on the interference pulse width as in Figure 150 and Figure 152. Since all
weighting curves are given for the shortest pulse (see Figure 140), also for the corner
frequency, the shortest pulse is always relevant. The system used in Germany shows the
most robust performance against impulsive interference due to its lower code rate and 16QAM
8k modulation.

4.8.6.4.2 Weighting of impulsive interference to other digital radiocommunication

systems operating in CISPR bands C and D

4.8.6.4.2.1 Digital audio broadcasting (DAB)

DAB operates in the VHF (174 MHz to 230 MHz) and the L (1 452 MHz to 1 492-MHz) ban

w
M
M
of]
M
ch
W

Luitiplex (COFDM) to minimise multipath fading. The audio signal data ‘rate is reduced
USICAM (a masking pattern adapted for Universal Coding and Multipléxing), which is a pa
the MPEG-2 (Moving Picture Expert Group) standard. The total transmitted bit rate is 2

aracteristics in Figure 144 were measured using a test yersion of a DAB receivg
eighting characteristics of commercial DAB receivers have beén presented in report [49].

DAB DQPSK BER=1,0 x 10—4
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Figure 155 — Weighting characteristics for DAB (signal level -71 dBm)
with a flat response down to approximately 1 kHz

th a bandwidth of 1,5 MHz per channel using Coded Orthogonal Freguency Divisipn
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DAB (QPSK 2/3): Trend
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Figure 156 — Weighting characteristics for DAB:
average of two different commercialreceiver types

The differences between the results in Figure 155 @nd Figure 156 are possibly due to t
different types of the impulsive signal: for Figure #55 a simple pulse-modulated carrier was
uged, whereas for Figure 156 an on/off-keyed QRSK-modulated signal was used.

4.8.6.4.2.2 Terrestrial trunked radio (TETRA) system

TETRA is wused in workshops, .thev building and construction industries, airporfs,
transportation/trucking and safety .services. It operates in the frequency range 380 MHz [to
520 MHz (in some areas also in 870 MHz to 990 MHz) with a data rate of 36 kb/s per carrigr,
an occupied bandwidth of ~ 25 kHz and channel separations of 12,5 kHz, 20 kHz or 25 kHz.
Speech data reduction is done using Algebraic Code Excited Linear Prediction (ACELP)
4,8 kb/s per traffic channgl\Up to four traffic channels are normally transmitted on one carrigr.
The error protection may’ be high or low, depending on the code rate. The modulatipn
procedure is 7/4-DQPSK. Figure 157 shows the measured weighting characteristics for a hi
cqde rate = 1 (low.error protection).
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TETRA downlink /=394,0 MHz, BER=2%
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Figure 157 — Weighting characteristics for TETRA (signal level — 80 dBm)
for a code rate of 1

nce the pulse spectrum is much wider than  the* channel bandwidth, all weighting
aracteristics are separated by the PRF ratio in dB: Above a PRF of 10 kHz, the slope |of
rves is 20 dB/decade, corresponding to the ingrease of the voltage of the centreline of the
erference spectrum. Therefore the weighting, characteristics below 10 kHz PRF should be
garded as relevant.

8.6.4.2.3 Global system for mobile communication (GSM)

T
1

to| base station) and downlinkyis' 45 MHz (GSM 900) and 95 MHz (GSM 1800) respectively.

is digital cellular telecommunication system operates in the 900 MHz (GSM 900) anpd
00 MHz (GSM 1800) frequency-bands (outside the US). The offset between uplink (moblile

The occupied bandwidth isr300 kHz and channel spacing is 200 kHz. Modulation for constalnt

SK
CQ
2

(H
us

ectrum envelope is achieved with Gaussian Minimum Shift Keying (GMSK). The errpr
rrection mechanismg applied are different for traffic channels (1b bit) and other bits (Clags
bits). Therefore different bit error rates apply: BER, RBER 1b and 2 (residual BER) and FHR
rame error rates);" The test set-up and signals of Figure 129 and Figure 130 have beg¢n
ed, with a mebile communication tester as a signal source.
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GSM 900 Type 1 downlink /= 947,4 MHz RBER 1b =0,4 % 400 frames -90 dBm
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Figure 158 — Weighting characteristics for RBER 1b of GSM*(signal level —90 dBm)

GSM 900 Type 1 downlink f=947,4 MHz RBER 2 = 2 %400 frames -90 dBm
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Figure 159 — Weighting characteristics for RBER 2 of GSM

er

Tlte eharacteristics typically rise at 10 dB/decade between 100 kHz and 2 kHz with a steep
sl

possible due to instability of th

e test system. The results shown in Figure 158 and Figure 159

ot

are very similar to the BER and RBER 1b curves of Figure 160 similar to those published in
[54] and [55] using the simulation software COSSAP. The values obtained in Figure 160 have
been calculated assuming a pulse-modulated carrier with a pulse duration of 2 us as the
interference signal.
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C/l Improvement for z= 10 ps
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Figure 160 — Carrier-to-interference improvements
with decreasing PRF in dB computed for GSM using COSSAP

4.8.6.4.2.4 Frequency modulation (FM) broadcast system

Based on the assumption that FM broadcast will survive past the transition from analog
digital radio systems for some time, measurementschave been made based on the methods
rejport [49] resulting in Figure 161. The FM signal contained a pilot carrier only; the increa
ofl noise due to the interference was measured in the demodulated signal. The interferen

signal is a pulse-modulated carrier with additional QPSK modulation in order to generate

bgndwidth of the interference spectrum.at least as wide as the FM signal spectrum
ejplained in 4.8.4.2.
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Figure 161 — RMS and quasi-peak values of pulse level
for constant effect on FM radio reception

Figure 161 is not a weighting characteristic! It shows that the RMS value of the pulse level
with 2 us width is closer to being constant than the quasi-peak value. This has been shown

for other pulse widths as well but is not presented here for reasons of space.
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4.8.6.5 Weighting for band E (1 GHz through 18 GHz)
4.8.6.5.1 GSM system

The weighting characteristics found for a mobile operating in the 1 800 MHz (GSM 1 800)
frequency band is very similar to the system operating in the 900 MHz (GSM 900) frequency
band (compare Figure 162 with Figure 158 through Figure 160). The offset between uplink
(mobile to base station) and downlink is 95 MHz for GSM 1 800. As in Figure 158 through
Figure 160, the curves are rising below 2 kHz PRF with a slope of more than 20 dB/decade.
See Figure 162.

GSM 1 800 Type 2 downlink /=1 850,8 MHz RBER 1b =0,4 % 400 frames -90 dBm
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Figure 162 — Weighting characteristics for RBER 1b of GSM
(signal level —90 dBm)

4.8.6.5.2 Digitally’Enhanced Cordless Telephone (DECT) system

DECT is used in homes and offices for distances up to 300 m (in picocells). It provides 10
channels spaced )1,728 MHz apart in the frequency range 1,88 to 1,90 GHz. The occupiId
bgandwidth is“& 1,5 MHz. For speech data reduction Adaptive Differential Pulse Codge
Mpdulation~(ADPCM) is used. Modulation is done with Gaussian Mean Shift Keying (GMSK).
The data-stream for testing is Pseudo Random Binary Sequence (PRBS). See Figure 163.

~
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DECT FP f=1897,344 MHz, BER =2 %, Evaluationtime=5,0s
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Figure 163 — Weighting characteristics for DECT (signal level —83 dBm)

tween 50 kHz and 500 kHz PRF in the upper PRF-areas for narrow pulses and a ste
bpe below about 10 kHz PRF. Only for longer pulseowidths, the weighting characteristic
t.

8.6.5.3 Code Division Multiple Access;{CDMA) systems 1S-95 and J-STD 008

-95/J-STD 008 have been specified by~TIA (US Telecommunications Industry Associatio
d are used in the frequency ranges 825 MHz to 900 MHz (1S-95) and 1,8 GHz to 2,0 GH

The occupied bandwidth is =~ 1,4MHz (3 dB: 1,23 MHz). The modulation is done wLiJl

Lladrature Phase Shift Keying (QRPSK). For the uplink (mobile to base station) the optim
tting of the receive power ‘at the base station is controlled via power control bif

e

p
is
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IS-95 forward f=878,49 MHz, FER =2 %, -83 dBm, full rate
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Figure 164 — Weighting characteristics for 1S-95 (signal level -97 dBm)
with comparatively high immunity to-interference

J-STD 008 forward f=1955,0 MHz FER =2% full rate -97 dBm
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Figure 165 — Weighting characteristics for J-STD 008 (signal level —-97 dBm)

4.8.6.5.4 Third generation digital radiocommunication systems
Two different systems have been investigated:

— wideband CDMA (W-CDMA), which is going to be deployed in Europe, and
— CDMA2000, which is mainly going to be applied in North America and some other areas.

Tests have been made on both systems. However at the time of testing, available mobile
phones for W-CDMA did not give stable BER results in the test setup (loop back) with the
mobile testers. So, only results for CDMA2000 are available now. Results for W-CDMA will
certainly become available at a later date. They have been used later with success for
evaluating the interference effect to spread-spectrum clock signals (see [50] and [51]).
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CDMAZ2000 as described by Third Generation Partnership 2 (3GPP2) is an access method
intended for use in the IMT-2000 proposal for Third Generation (3G) cellular telephone
systems. The system is based on spread-spectrum codes and provides high and variable data
rates. It is an evolutionary development of 1S-95 (cdmaOne) which is also based on Code
Domain Multiple Access (CDMA) to the air interface. This means that the individual channels
are separated from each other by individual codes. The basic chip rate is 1,228 8 MHz. All
IMT-2000 compatible systems feature transmitted bit rates of up to 384 kb/s up to a cruising
speed of 500 km/h, in urban areas up to 120 km/h. See Figure 166 and Figure 167.

CDMA2000 forward f = 1955 MHz; FER = 0,5 %; data rate 9,6 kBit/s; signal level -112 dBm
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Figure 166 — Weighting characteristics for'the Frame Error Ratio (FER) of CDMA2000
(measured at a receive signal level-off —112 dBm) for a low data rate of 9,6 kb/s

CDMA2000 forward.7=1955,0 MHz; FER = 0,5 %; different data rates;
sighal level -106 dBm; pulse width 0,1 ps

100 | [T TIT]]
90 —»— data rate 9,6 kB/s
dB(nV) j —8— data rate 76,8 kB/s

80

70 |5~

60 N

30 S
20

10

0 L

100 1000 10 000 100 000 1 000 000

fHz

IEC

Figure 167 — Weighting characteristics for the Frame Error Ratio (FER) of CDMA2000
(measured at a receive signal level of =106 dBm) for two different data rates
(9,6 kb/s and 76,8 kb/s)

For higher data rates (e.g. 384 kb/s, which was not available for the test), the system would
still be more susceptible to impulsive disturbance. For the higher data rates, the faster rising
knee (corner frequency) is shifted to lower PRFs but remains high compared to 1 kHz.
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4.8.7 Effects of spread-spectrum clock interference on wideband
radiocommunication signal reception

It was argued that the classical impulsive (i.e. broadband) and unmodulated or pulse-
modulated narrowband interference may not completely reflect today’s sources of
interference. In this context, the question on the effect of spread-spectrum-clock signals came
up. This type of emission has in the recent past raised the concern of spectrum regulators and
some studies have been published. Spread-spectrum clocking reduces the measured
emission level of computer clocks, but what is the effect of spread-spectrum clocking on
victim radiocommunication systems? Spread-spectrum clock interference was expected to

T £E " ) ! ' H s H e o} £ BPA-LR
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and W-CDMA as well as CDMA2000 were selected for tests and presented in [50] and [51].

The application of frequency modulation or other spread spectrum modulation teythe clogk
signal distributes the clock power over a frequency band wider than the EMI measurement
bandwidth and thus reduces the emission level, when measured with a bandwidth as narrqw
ag e.g. 120 kHz. In Table 37 measurements are shown for a frequency-modulated clock signal
sgectrum and of the corresponding unmodulated clock signal with f,on4re =500 MHz, 1. 4| =
30 kHz (sinewave), spread amount § = 3,5 MHz (i.e. the spectrum width due to modulation)
and a peak level reduction A = 5,0 dB.

Table 37 — Example of measurement results in dB(pV) of unmodulated
and FM modulated carriers for various detectors (bandwidth 120 kHz)

. FM modulated carrier FM modulated carrier
Detector Unmodulated carrier L
for highest peak for centre frequency
Pk in dB(nV) 55,6 50,39 443
Qp in dB(uV) 55,4 49,30 43,16
Av in dB(nV) 55,38 38,38 37,12
RMS in dB(uV) 55,38 42,50 38,87

Using the measurement bandwidth of 1 MHz at 2 GHz (with a proportionally higher spread
amount) reduces the differences-between unmodulated and FM modulated carriers to 1,2 4B
for the peak detector, 17 dB-for the average detector and to 11 dB for the RMS detector.

The measurement resglts in [50] and [51] show that the high immunity of the DVB-T and Wv-
CDMA systems to unmodulated carriers (i.e. clock signals) is lost to frequency modulation.
Considering

—| that due to<a lower measured emission level, the interference level may be increased by
the amount of A (e.g. 6 dB) to reach the same emission limit and

—| thatfrequency modulation causes a reduction of up to 25 dB of the original immunity [of
the_ system to clock signals,

frequency modulation causes a total increase of possible interference effect of up to
25dB + 6 dB = 31 dB.

It is agreed that some digital modulation systems have been especially designed to suppress
unmodulated interference. In general, however it shall be pointed out that the EMI
measurement bandwidth should match the bandwidth of possible victim radiocommunication
receivers. It might therefore be an advantage to describe the detector function for various
measurement bandwidths. If an RMS detector is used for the measurement of spread-
spectrum modulated emissions, the measured value will be proportional to the square-root of
the measurement bandwidth. For the frequency range of CISPR bands C and D, the
radiocommunication signal bandwidths have always had a wide range of values. Narrowband
FM with as few as 7,5 kHz on the one hand and the amplitude-modulated TV signal spectrum
including the residual sideband with as much as 6 MHz on the other were in use until recently
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and the 120 kHz was used as the measurement bandwidth. This situation has not changed
very much with the introduction of TETRA (bandwidth approximately 25 kHz) and DVB-T
[bandwidth 6,6 MHz (VHF) and 7,6 MHz (UHF)].

4.8.8 Analysis of the various weighting characteristics and proposal of a weighting
detector

Looking at various results of weighting characteristics in the subclauses above, we can see
that above a certain corner frequency, the weighting function decreases with approximately
10 dB per decade of pulse repetition frequency. A decrease of 10 dB per decade corresponds
to| the weighting function of an RMS detector (see Figure 130). Below this corner frequendy,
the weighting function decreases with a higher rate. A higher rate of decrease (20 dB/decadg)
cgn be achieved using the linear average detector function. This behaviour~can be
approximated by a combination of two detectors, the RMS and the linear average.détector.
The average detector applies the meter time constant as described in CISRR/16-1-1 for
infermittent, unsteady and drifting narrowband disturbances. Figure 168 serves to understand
the meaning of the corner frequency. It is not possible to satisfy the protection requirements
ofl all services with the same perfection, therefore the selection of. the various corner
f;Equencies between the proposed average and RMS weighting functions{in each band can Ipe

regarded as a compromise. Where corner frequencies for different ptlse widths are different,

the corner frequency for the shorter pulse widths apply, as the detector weighting always
apgplies to the shortest possible pulse width, which is detefmined by the measurement
bgndwidth. It is proposed to keep the measurement bandwidths-specified in CISPR 16-1-1 for
CISPR bands A through E.
Table 38 — Survey of the corner frequencies found
in the various measurement results
- - . a
System Bibliographic e Comment
references kHz

DRM 49, 57 0,1/0,005 10 Hz chosen for feasibility
D\YB-T 49, 58 0,1 to,10 * |/, depending on wpb, modulation and coding
DAB 49, 56 5 /., partially depending on wo
THTRA 56 0,5 narrowband system, mainly used below 1 GHz
G$M 900 52, 55, 56 1,5 abovefc:very close to RMS
FNI 49 <0,5 weighting characteristics follows RMS down to 0,5 kHz
G$M 1800 52, 55,66 1,5 above f_:very close to RMS
DECT 57 50 above f_: flatter than RMS
1S}95 57 2 very similar to J-STD 008; above f, close to RMS
J-$TD 008 57 5 very similar to IS-95; above f, close to RMS
CIPMA2000 57 50 data rate 9,6 kb/s; above f, curves are very close to RMS
CDOMAZ2000 57 10 data rate 76,8 kb/s; above f_, curves are very close to RMS

& TJ_Ts the corner frequency.

b w, is the pulse width.

As a result of the values found in Table 38, the following corner frequencies were selected:
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Band A: 10 Hz (same as Band B)
Band B: 10 Hz
Band C/D: 100 Hz

Band E: 1000 Hz

ilar to the one of band B and in addition to allow the use of the meter time constant in order to provide

mptote for the purpose of measuring intermittent, unsteady and drifting narrowband disturbances with the'R
deftector.

RMS+average weighting detector compared to existing detectors
(example as proposed for bands C and D)

70 ‘ ‘
60 :
TN RMsAY \ = Average
m 50 = RMS-AV n
g 20 dB/decade \ Quasi-pealy
o \ " Peak
8 40 \ N
g ‘ | N \
= 30 PN c N
8 ot | N0 dBidecade N\ |
; 20 | ‘ \\..\ ! \
NA \\
N
\
10 \\
N N\
o
0 I I \k
1 10 100 1000 10 000 100 000 1 000 000
fo/Hz

IEC

The asymptote of 58,7 dB near 1 Hz is due to the average detector meter time constant.

Figure 168 — The proposed RMS-average detector for CISPR Bands C and D
with a corner frequency of 100 Hz

Linear Peak
RMS detector > average A
detector reading

IEC

THe linearaverage detector has an inherent meter time constant.
The /maximum output of the average detector is taken using a peak reading function.

Figure 169 — RMS-average detector function by using an RMS detector
followed by a linear average detector and peak reading

In Figure 169 a digital RMS detector with RMS computing times of 10 ms, followed by a digital
linear average detector results in the RMS-average weighting curve of Figure 168 for the
shortest pulse width allowed by the measurement bandwidth of 120 kHz. RMS computing
times of 10 ms will give RMS values of the disturbance signal within 10 ms. The 10-ms
packets are then weighted using a linear average function. The peak reading function after a
meter time constant of 100 ms is effective then for low repetition pulses (fp below 10 Hz),
which causes the weighting curve to approximate the asymptote of 58,7 dB.
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Conclusion: it has been shown experimentally and partly numerically that some detector
functions that are currently in use in CISPR product standards

4,

F
in
T
th

\'%:

either indicate a higher interference potential of impulsive disturbance than the interferer
actually represents (i.e. they overweigh the disturbance) if “peak” and “quasi-peak”
detectors are used, or

indicate a lower interference potential of impulsive disturbance than the interferer really
represents (i.e. underweigh or de-emphasize the disturbance) for the “average” detector
with respect to the possible interference effect on digital radiocommunication systems,
whereas using the RMS-average detector represents the interference effect rather well.

Figure 170 shows theoretical weighting curves. In practice, the weighting factors apply up o
lues \of* approximately 40 dB for broadband emissions. If wider pulse widths, e.g. pulse-

mpgdulated carriers are measured, then the weighting function will change depending on the
lsel width_If e g the pulse width is 10 times the shortest pulse width this will shift the

o]

9 Properties of the RMS-average weighting detector

erse of the measurement bandwidth, corresponding to the response to the\Dirac pul
erefore the weighting functions of the RMS-average detector are shown in Figure 170
shortest pulse widths allowed by the bandwidths specified.

r CISPR weighting functions, the pulse width is always assumed to be defined as ;:Ee

RMS+ average weighting functions for bands A, B, C/D and.E
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Figure 170 ~RMS-average weighting functions for CISPR Bands A, B, C/D and E
for the'shortest pulse widths allowed by the measurement bandwidths

weighting curve by an amount of 10 dB, if the PRF is above the corner frequency, and by
20 dB, if PRF and reciprocal of pulse width are below the corner frequency.

If the RMS-average weighting detector is used with a wider measurement bandwidth than the

one specified, then the weighting curve will be shifted due to the shorter pulse width as shown
in Figure 171.
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Cc

sybstantially faster than with the quasi-peak measuring receiver. The definition Jof

m

The process of defining limits that are-based on the RMS-average detector has to take infto

Measurement speeds: Measurement times and scan.rates for the RMS-average measuring
receiver can be made similar to those of measuringéreceivers using the average detector (s

RMS+average weighting detector for bands C/D used
with 120 kHz and 1 MHz bandwidths
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Figure 171 — Shift of the RMS-average weighting function
for CISPR band C/D by using a bandwidth of 1 MHz instead of 120 kHz,
if the shortest possible pulse widths-are applied

SPR 16-2-1, CISPR 16-2-2 and CISPR \16-2-3), i.e. measurements can be ma

casurement times will have to take the characteristics of the disturbance into account.

agcount the effects of different types”of disturbances on digital communication systems. Fpr
unmodulated sinewave signals, all’detectors will yield the same result. For Gaussian noise,
the RMS-average measuring feceiver will indicate a level approximately 1 dB higher than the

a
le
in
di

Table 39 shaws examples of measurement results for some broadband disturbance sourcds,

m
B
2

10 dB lower than the peak,detector indication. Measurements of impulsive noise will result|in

004~

erage detector level, 6 dBloewer than the quasi-peak detector (for bands C and D) level and

vels between the average detector level and the quasi-peak detector or peak detectpr
dications. In genetal,”the RMS-average detector is applicable for all types of continuous
sturbance.

casured‘with the average, RMS-average and quasi-peak detectors at frequencies in ban{ls
and C.\The measurements were taken in a small round-robin test, conducted in Germany [in



https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

- 196 — CISPR TR 16-3:2020 © IEC 2020

Table 39 — Measurement results for broadband disturbance sources
(measurements with RMS-average and quasi-peak detectors are normalized
to average detector values)

EUT f Average value R’_MS-average _Quasi-peak
minus average minus average
MHz dB(nV) dB dB
Hairdryer 1,0 32,75 +3,39 +11,81
Hairdryer 35 33,80 +8,49 +26,84
Weashirg-rreechire— 8768 28-6F 474 2479
Washing machine 1 124 13,68 +3,80 +19,91
Washing machine 2 0,71 26,98 +1,71 +9)22
Washing machine 2 116 18,90 +3,92 +22,04

Taking into account that the RMS-average measuring receiver addresses disturbance effedts
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.9 Common mode absorption devices (CMAD)

9.1.1 Purpose and application of CMAD

all types of continuous emissions, it is possible to define one limit-only, i.e. a single Iirxit
uld be used and the limits for average and quasi-peak (or peak) detectors could be merg¢d
o one single limit, except for cases of discontinuous disturbances and disturbances like
crowave oven emissions. However, this decision is ultimately to be made by produyct
mmittees i.e. the committees responsible for the definition of emission limits. The
plication of the RMS-average detector for measurements\of discontinuous disturbances |is
be discussed.

9.1 General

bmmon mode absorption devices (CMAD) are applied on cables leaving the test volume
ring radiated disturbance tests at(a*test site. The purpose of this part of CISPR 16 is [to
fine the common mode (CM)(impedance at the point where the cable leaves the tgst
lume.

gure 172 shows an example of an EUT in a radiated emission measurement test set-up for

taple-top equipment. Fhe” cables (e.g. the power supply cable, telecom cables, or other

e
CH§

the cable acting{as”an antenna. The EUT together with the cable and the ground plane of t

te
deq
(d
o

ternal connections-used to exercise the EUT during the test) leave the test volume at the
ntre of the turntable. Radiation at frequencies between 30 MHz and about 200 MHz is frgm

st site behave like a “top-loaded monopole antenna.” The radiation of such an anten
pends on\the HF source (at the EUT connection of the cable), on the current distributi
M current’ on the cable), and length of this unintended antenna. The current distributi
pends~upon the CM impedance at both ends of the antenna.

SO0 O
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EUT
— 1
L ——| External Point A Top loaded
cable monopole
antenna
Point B
—
Ground plane Ground plane

IEC

Figure 172 — Example of a simple EUT model

The CM impedance is unknown at both ends of the cable (points A and B in Figuré*72). The

C

the

i
b¢
aq
e

It
le

value is fixed whenever the test is performed with an identical EUT. However, the
pedance at point B (Z;55arent)
cause actual test procedures give no requirements for the CM impedanceat this point. T
tual value depends on the construction and layout of the test labagpatory outside the te
lume. Examples are given in [60].

bd to variations as shown in Table 40 for radiated emissions measured from small EUT|

The sizes of these small EUTs were between 20 cm by 10«cm by 10 cm and 50 cm by 30 ¢

by

N
in

The purpose of‘a)CMAD is to reduce the influence of the CM impedance at point B upon the

Cd

4,

30 cm.

Table 40 — Expected deviations between different laboratories for small EUTs
due to variations of the impedance Z,, ..., at point B

Frequency range Possible maximum deviations of the
radiated emission results between
different laboratories

30 MHz to 50 MHZ 10 dB to 25 dB
50 MHz to 120\MHz 5dB to 15 dB
120 MHz 10200 MHz 2dBto7dB

TE The variations of the cable layout in the test volume are not considered in this context. Table 40 does 1
lude the variations of,the radiation emission results due to variations in the cable layout.

mpliance uncertainty to a negligible amount.

0.1.2 Important properties of CMADs

T
Fi

e-main purpose of a CMAD is to ensure that the CM |mpedance Zapparent at the pomt B

has been shown [60] [61] that the variation of the undefined (€M impedance at point B cén

M impedance at point A is determined by the EUT and can have any value. For(aygiven EUT,

M

may vary at each test laboratory, and can{have any vallie

e
st

S.
m

ot

gure way e aepenaer [ Ur pedd

entrance to the test volume in the dlfferent Iaboratones Therefore the foIIowrng two propertles
are important:

the cable including the CMAD should have a CM impedance Z
within a specified tolerance;

apparent (or S11apparent)

the CMAD impedance Z,nnarent (OF Sqq1apparent) Should be independent of the CM

impedance at the other end of the CMAD.

An additional purpose of a CMAD can be to attenuate disturbance signals not produced by the
EUT, in order to distinguish between the EUT as a disturbance source and other disturbance
sources. For this purpose, the insertion loss 4, of the CMAD can be used as a figure-of-
merit.
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NOTE 1 The insertion loss 4, is comprised of two components:
a) loss due to dissipation inside the device, and

b) loss due to mismatch between CMAD and line.

If two CMADs are used in cascade, the resulting insertion loss in general is not the sum of the
individual insertion losses.

NOTE 2 The primary function of the absorbing clamp described in Clause 4 and Annex B of CISPR 16-1-3:2004,
CISPR 16-1-3:2004/AMD1:2016 and CISPR 16-1-3:2004/AMD2:2020 [6], is for the measurement of interference
power. Depending on the ferrite material used, some types of absorbing clamps are suitable as CMAD.

N$TE 3 The EM clamp defined in IEC 61000-4-6 for RF-injection immunity testing is not suitable for use asl a
CMAD as described herein.

4.9.2 CMAD as a two-port device
4.9.2.1 Simple model of a CMAD

Usually CMADs are constructed using multiple ferrite clamps. Ferrite clamps have the
advantage of being applicable to any type of cable, within a rafge of diameters. Fr
measurements of the CMAD characteristics, the test cable is replaced by a well-defined tgst
cqnductor. In Clause 9 of CISPR 16-1-4:2010 [7] a test conductor of 4 mm diameter |[is
d¢fined, located above a ground plane at the height defined by-the dimensions of the CMAD
(typically 30 mm). The CMAD (ferrite clamp) along with the 4dest conductor above the ground
plane is regarded as a two-port device (see Figure 173).

Reference planes
close to the mechanicalend
of the CMAD undenr{est

CMAD under test

|/////////////////////////////////I
L 1

Grpound plane \

Metal rod of 4 mm in diameter
as test conductor

Reference Reference
plane plane
| .

2-port device

1| Port1 Port 2 l:

IEC
Figure 173 — Representation of a CMAD as a two-port device

A two-port device is completely described by the S-parameters measured at ports 1 and 2.
The S-parameters are referenced to the characteristic impedance, Z ., of the test conductor
above the ground plane without the CMAD in place, given by
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Zy 1 2h) .
Zief =—-Cosh™'| — | in Q 21
ref o ( d j ( )
where
Zy is the free-space impedance (1207) in Q;
d is the test conductor diameter (defined to be 4 mm);
h is the height of the centre of the test conductor above the ground
plane.

EXAMPLE Typical values of Z  for various heights /:

h Zos
30 mm 204 O
65 mm 248 Q
90 mm 270 Q

Any two-port network may be represented using various sets of parameters; each of the
gives a complete characterisation of the two-port device. Examples of two-port parameter sg
are:

| S44, Soq, Sy and S,, — S-parameters: four complex numbers, related to a referen
impedance Z;
e| 4, B, C, D (ABCD matrix: 4 complex numbers);

Other types of two-port parameter representations are)described in the literature, but do n
offer any advantages in the present context.

2.2 Parameters of a CMAD represented as a two-port device

The performance of a CMAD can basically be defined by the four complex S-parameters whg
measured as a two-port device in a test jig. The test conductor in the test jig has a diameter
4 mm. The height above the ground,plane, 4, is defined by the dimensions of the CMA

These two parameters define(” the reference impedance, Z.,

b S
ts

BN
of
D .

for the S-parameter

measurements. If the CMAD is symmetrical, S, and S5, have the same value. If the devicel|is
ngt symmetrical, the test report shall describe which port was used for the S,4 test (the eﬂ:d
e

clpsed to the EUT to be used for radiated emissions measurements), or the results shall
rejported for both ports of\the CMAD.

2.3 Conversion between S-parameters and ABCD-parameters for a two-port
network element

The conversion from S-parameters to 4BCD-matrix representation is given by the following

equations\(Z,s is the reference impedance to which the S-parameters are referred):

4o (1+ 544 )1 - S22) + S12S21

25, (22)
1+ S 1+ SS90 )= 5458
B=( 11)( 2522) 12921 Zrot (23)
21
C- [(1= 5111 = S22) - S12521]/ 2554 (24)
Zrefc
1-S14 1+ S92 )+ 5158
D=( 11)( 22) 12921 (25)
The inverse equations are:
2
Spt = — (26)

A+B'+C'+D
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A+B' -C'-D
SMM=———r— (27)
A+B' +C'+D
20AxD-BxC
512=(,—,) (28)
A+B'+C'+D
-A+B'-C'+D
Sop =—=n—— T 29
27 yB'+C'+D (29)
where
B
b= (30)
Zref
C'=CZ et (81)

NQTE All operations in the preceding equations are for complex numbers. All parameters are functions
frgquency. The equations are valid at each frequency point.

4.9.2.4 Range of variations for §;4 due to undefined impedance(at.the far end of a

CMAD
The apparent impedance of a two-port network element characterized by its ABCD-paramete
is|given by:
AZeng + B
7 _ end
apparent -CZend +D (32)

Fqom this equation the §,4 parameter can be calculated using:

Zapparent =20 (A_CZO)Zend +(B—DZ0)

S11apparent = = (33)
PP Zapparent + Z0 (A+ CZy )Zend + (B+DZO)
Zdoparent @Nd S11apparent are the values.seen at port 1 if port 2 is connected to an impedan
ofl Zgpg-
Both quantities Z,,4rent @NA3S 1 apparent @re a conformal mapping of Zg, 4, expressed as:
GBend +D
7 _ end
fCena) T2z (34)
The general form of the equation for this type of conformal mapping is:
az+b
z)= 35
O R — (35)

is-type of function has the property that it transforms straight lines and circles in the z-pla
This-t f function has th ty that it t f traight li d circles in th I

of

e

intaeither er:aight lines ar circles in the f-pl:mp In parfimllar if the values of = are restrictéd

to positive real values, the transformation of this half plane results in a circle in the f~plane, as

shown in Figure 174.
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Figure 174 — Conformal mapping between z-plane and f-plahe

The centre of this circle is at:

IEC

1 be—ad  a (complex value) (36)
0= -5 - /. . "
2¢%Re(d/c) ¢

The radius of this circle is:

|ar|= SC;M (scalar value) (37)

2¢%Re(d/c)

The maximum value of |f| is then:

/] = /0] +[87] (scalar value) (38)
The minimum value of |f] is then:

Vlwin =10l =871 ik l70]>|a7] else ], =0 (39)
Using these relations for Z,, 4, ent gives the following parameters:
Position of the centre-of'the circle:

BC—- 4D

Zgppatent centre = ZCZT(D/(T)—l—? (complex value) (40)
Radius efthe circle:

gyl BC-AD (sealarvalue) 7

PEERPEE 202 Re(D /) 1)
Maximum value of Z,,,, ent:

|Zapparent | = |Zapparent centre| + |AZapparent| (42)

max
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Minimum value of Z

apparent:
Zapparent min = apparent/center _‘AZapparent if
|Zapparent centre| > |AZapparent| else (43)
|Z<':1pparent|min =
For S, the relevant parameters are given by:
Position of the centre of the circle:
(BC - 4D)z, A4-CZy
S11centre = BiDZ + 1+ CZ m
(4+CzyPRe| — 220 0 (44)
A+CZ,
Radius of the circle:
‘ BC - 4AD)Z, ‘
[As1| = | B+DZ (49)
(4+CZy)?Re| — 220
A+ CZO
Mpximum value of |S11apparent|:
|S11apparent|max = |S11centre|+|AS11| (46)
Mjnimum value of |S11apparent|:
|S11apparent|min = |S11centre|_|AS11| if |S11centre| > |AS11| else |S11apparent min (47)
40.3 Measurement of CMAD
40.3.1 General
The CMAD parameters are defined as parameters of the two-port network measured at tTe
reference planes with the reference impedance Z. given by the dimensions of the test jig
crpss section at-the reference plane. Vector network analysers (VNA) used to measure the |S-
parameters-@perate with coaxial connectors having a characteristic impedance of 50 {.
Between this 50 Q coaxial connection and the non-coaxial configuration of the two-port devige
to| be,measured, an adaptor is needed to convert the 50 QO coaxial connector to the geomefry
of| the two-port device to be measured. Figure 175 illustrates the relevant set-up.
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Figure 175 — Conversion from 50 Q coaxial system to the geometry
of the two-port device-under-test

the TRL (through-reflect-line) calibration method is used, it is possible to define calibrati

clude the adaptors. Measurements . based on TRL calibrations are therefore recommend
I accurate measurements of CMAD characteristics. The details of the TRL calibrati
cthod are described in [62], [63].

ailable. If this calibration at reference plane 2 is used, the properties of the adaptors a
cluded in the meastrement result.

The effect of the adaptors can be compensated partially using other “simplified” methods

W

a
b

o alternative‘methods are described in 4.9.3.3 and 4.9.3.4:

measurement with SOLT calibration and position shifting (matching adaptors);
measurement with SOLT calibration and transformation to Z,.; (lossless 50 Q adaptors).

Teirre classical SOLT (short-open-load-through) calibration method for a VNA is made at the
reference plane 2 of Figure’ 175 for which the necessary calibration kits are commercia
a

n

reference plane 1 of Figure 175. The~measurement result is directly referred to the
nnections of the two-port device at reference plane 1, and the measurement result does njot

d
DN

ly
re

4.
4.

9.3.2 Measurement with TRL calibration method

9.3.2.1 General

The TRL calibration method is based on the model shown in Figure 176 [62] [63].
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Reference Reference
plane plane

50 0 2-port device

e10

— » b3

S$11 §22

! S12
b1 az

e00 e11 e22 e33

e01 e23

Error due to
adapter A including
cables
(Port 1)

adapter B including
cables
(Ports2)

1
1
1
1
1
1
1
1
1
1
1
:
1
' Error due to
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

IEC
Figure 176 — Basic model for the "TRL calibration

The four S-parameters are the true values of the'measured two-port device. The parametefrs
of| the two adapters A and B are unknown_and need to be derived from the calibratipn
measurements with different external connegtions.

Four calibration configurations are necessary for the TRL calibration:

a) ‘“reflect” (port 1): measuring the complex value S, of the adaptor section and adapter jat
port 1 without any other connection (simulating an open) — see Figure 177 a);

b) “reflect” (port 2): measuring the complex value S,, of the adapter section and adapter [at
port 2 without any other-connection (simulating an open) — see Figure 177 b);

c) “through”: measuring the complex values Sq4, Sq5, S51, Soo With the two adapter sections
directly connected together (without the transmission line section in between) |-
see Figure 1272¢);

d) “line”: measuring the complex values Sy4, Sq5, Soq, Spp With the transmission line sectipn
introdueed — see Figure 177 d).

e results of these calibration measurements are 10 complex numbers for each frequeng
ny VNAs have flrmware for the TRL calibration included. If the VNA includes f|rmware

for the TRL measurement If the VNA does not support the TRL callbratlon the necessary
corrections can be made externally according to the procedure described below (4.9.3.2.2 to
4.9.3.2.5).

The characteristic impedance of the “line” section has to be known exactly and is introduced
into the calibration data used by the firmware of the VNA. Some firmware also asks for the
electrical length of the “line” section, but theoretically only the impedance is needed. The
properties of the adaptor section and adaptors outside the calibration plane do not need to be
known for the TRL calibration. These properties are measured in the calibration procedure
and are compensated directly by the TRL calibration. Any type of adaptors may be used.
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Reference
plane

aomanttrafl t oort 17 LEC.
eRt—rerreetport—

St
2N40/NA

Reference
plane

50 Q

[ ]

| IEC

20RN/NA

o
-

Configuration for the calibration measurement “reflect port 2”

Reference
plane

1
1
1
1
|

50 | 50 Q
! t
|

: . . ! . | IEC
c) Configuration fof the calibfation medsurement “throtigh” 2051/0A
1
Reference Reference
plane plane

| |
1 1
> Line X

50 Q | i 50 Q

1

1

|} 1

; '

! ! IEC
1 20R2/NA
1

d) |Configuration for'the calibr:ation measurement “line”
NQTE The length!E of the reference line for the calibration needs not to be the same as the length
used for the.-measurement of the CMAD. The length of the reference line for the calibration
prqcedure is\selected according to the frequency range needed.

The length of the “line” section during the TRL calibration establishes the frequency range for
which the TRL calibration may be used. This limitation results from the mathematical
procedure used in the TRL calibration, where for some frequencies a divide-by-zero (or very
small values) is possible and shall be avoided.

If the length of the “line” reference is L, the frequency range shall be limited to between low
and high frequencies f; and f}, as follows:

fi = 0,05% and (48)


https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

- 206 —

C
- 0455
JH 7

(49)

CISPR TR 16-3:2020 © IEC 2020

where ¢ is 3 x 108 m/s. A “line” length of 0,6 m is appropriate for calibration in the frequency
range 30 MHz to 200 MHz. If the measurement has to be extended to higher frequencies, a
second “line” calibration is necessary. A second calibration with a “line” length of 0,12 m

would be appropriate for the frequency range 150 MHz to 1 000 MHz.

4.0-3-2:

The results of the four calibration measurements shall be recorded in the format shewn i

Table 41, where the subscript M denotes measured value.

Table 41 — Calibration measurement results format

Reflect port 1 Siim
Reflect port 2 S22,M
Through roo_| T Tozme | 1 S12MtS 24M—STIMEO 22Mt - S11Mt
Mt = =G
Toymt Toomt|  S2qmt =S oMt 1
Delay Tg = Tyama Taomd |- 1 | S120d521Md=S11MaS22Md - S11Md
Toimd Toomd | S21vd =822 Md 1

The conversion between T-parameters and S-parameters is given by:

{Tﬂ T12}: 1 {512521—511522 511} and
Ty1 Tl So —S22 1

{511 512} _ 1 {712 T11T22—T12721}

S21 Sa2] T2 | A —T'24

40.3.2.3 Calculation-of the conversion parameters

following procedure:

1) Defingrthe Matrix M as:

(50)

(51)

mqq Mg -1
M=( JETMdTMt (52)
maq M2
2) Define the Matrix N as-
g nq2 -1
N=[ ]ETMt Tvd (53)
ngq N2
3) Solve the preceding equations with respect to x:
mopx? +(mp —mqq Jx = myp =0 (54)

This gives two solutions. Give the two solutions the names x; and x, such that |x| > |x,|.

4) Solve the equations with respect to y:

may? +(ngp —m1)y=npy =0

NOTE Take note of the indices — not the same as the previous equation.

(55)

Flom the calibration.measurements, the conversion parameters are derived according to the
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This gives two solutions. Give the two solutions the names y; and y, such that [y|>[yp|.

5) Define a, b, ¢, and d as follows:

a=Xxq
b=x
2 (56)
c=N
d=y;
6) Define also the following variables:
eoo Ib
633 = —d
Sy4m —b
fr= i —
S1am—a
(87)
f _ S22,M +c
2 SZZ,M +d
s = Syamt —b
S1ame —a

7) Now compute the following variables:

e11=+/1/2/3 (58)

e10e01 = eqq(b—a)
We now have to distinguish which root to take and.therefore we compute the real part
the reflection coefficient:

1 Syym—b
r,=—-2um=o (59)
e11 Syqm —a
other root for e44, and redefine e4geqy.
8) Perform the further computations:
e22 = f3/en
ep3e32 = e2p(c — d) (60)
e10es2 = Sl ¢11e22)
9) Determine the forward conversion parameters e, €41, €29, €33, as well as:
Ay = egoei1 —€10€01
A, -=exe33 —e3ner3

of

It should be near a value of 1 for OPEN-~and near a value of -1 for SHORT. If not, take the

(61)
€10€32
k=eq/exy =——=
€23€32
1Q)Determine the inverse conversion parameters:
oinv = eorn /A
jvjv) UuU7/ X
inv
ey =eqq/A
inv
e3 =ex/A,
(62)

ey =es3/A,
Ai!cw = 1/Ax
AV =1A,
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gy 018y _Tegperi—Ar Ay 1 eggert/Ay 1 (63)
ezpA, kA, epesz—A,  keypesz/A, —1
4.9.3.2.4 Forward conversion (from Sg¢ective 10 Smeasured)

If §;; are the effective S-parameters of a network, then the measured S-parameters, A, are
computed using:

AL {4 (el V4 (el \ (el (el LA
T NT O POTIST AT 022522 ) P 219012511522 (V%)

1= (ego — 112, 1= Sapen2 ) So1S12e20A /N
:(S [k Negper1 — A )/N 65
M21 (521k)(€22€33 A )/N (63)

Moy = [(933 =824, X1 — S11e11) = S12521ey 1Ay]/N

4.9.3.2.5 Inverse conversion (from S ..sured t0 Seffective)

The effective S-parameters S;; are determined from measured,S-parameters A;; using:

N = (1 — Mysefy x1 — Mppe5y )— MpMygefy e5y (66)

Keb”(}’—MﬂA 11—M22€i2n2) M21M12€'2n2VAmVJ/NinV
(M12/k|nvx inv |nv _Alnv )/Nlnv
(M21k VX inv |nv Amv)/Ninv

S22 —[(633 —MzzA X1—M11€1n1v)—M12M21e%n1vAi;V]/Ninv

(67)

These four S-parameters are the result of measurements using the TRL calibration method.

4.9.3.3 Measurement with\SOLT calibration and position shifting — simplified methqgd
4.09.3.3.1 General

The SOLT (Short-Open-Load-Through) calibration method is only possible at the referenge
planes 1 and 6 shown in Figure 178. The influence of the adaptor section (between referenge
planes 1 and 2;'and between reference planes 5 and 6, of Figure 178 and the open length |of
the test conductor (between reference planes 2 and 3, and between reference planes 4 and 5,
off Figure{ 178 upon the final result may be partially compensated by making tWo
measurements with the CMAD at two different positions inside the jig, then combining resu£s

from-hese two measurements. This compensation is optimal if matching adaptors are us¢d
(to ‘match the impedance of the 50 Q coaxial connection to the reference impedance Z, . [of
the test jig). The following simplified method may be applied in the frequency range from
30 MHz to 1 000 MHz.

4.9.3.3.2 Scattering parameter representation

Figure 178 shows a scattering parameter representation of the CMAD measurement. A
network analyzer is connected to the reference planes 1 and 6. Hence the measurement can
yield only the S-parameters, S;; 1, of the total system, while the S-parameters of a CMAD,

o are to be determined. The total S-parameters are express in terms of the S-parameters
ohhe various sections as:
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St1_oe A=) + Sp1 oS1p oSy 1_be[_j2ﬁ(LA +1s)]
A-X)1-7)-Z

(511_T)CMAD =511_a +521_a%12_a

» (68)
521 aS12_a$1 1_ce( J2PLA)
~S819 a+t T x
(S ) _ 521_a321_c321_b9[7jﬂ(LA+LB)]
21_T/cmap A-x)1-v)-z
[iptLa+ip)] (69)
_ S21.a821 6521 pe" AT
(1-x)1-7)
where
—j2L
X = Spp_aStq_cel /2
—j2L
Y = Spp oSy pel B (70)
—j2B(La+L
Z =522 aS21 c¢S12_cS1 1_be[ J2(Ln+ 1)
The approximate expressions in the above equations are derived assuming that the insertipn
lops of a CMAD is relatively large, i.e. |Syq ;|, [S42 | << 1, because disually the insertion logs
is|more than 20 dB. Due to the symmetrical structure of a CMAD, (the unknown parameters fto
bg determined are Sy . (= Sy» o) and Sy . (=545 ) only.
1 1
1 w L] 1
: : L 1 1 I : 1
1 Ig 1 g Lema ) 1 ! '
: [l | r:‘ V:‘ , L} :
1 IA ! LA ! 1 LB 2! 1B 1
! ———Dl——p < > —> :
50 Q I, |: Zo 1///////:://///// i ! 50 Q
|:. ............. T ................... e ,, ....................................... : .............. ]
! l/////;//rz///// [ __
L | : St ! : |
A ! ; ! ! "
! $21_a 1 exp (JBLANY 8§21 _c i exp (-jBLB) ! S$21_b 1
|- i l |- »n!
| | | i | |
:S11_a $22_a; 1S11_c 22_0I 1S11_b S22_b|l
| &7S12.aN k(L) $12_c | ep(JpLB) & S126\ |
< - 1€ ¢ :: !
Reference '
blane 1 2 3 4 5 6
Addpter A P CMAD _ Adapter B
+—F> < > —> E
Figure 178 — Measurement of CMAD characteristics
4.|9.3.3.3 Estimation of |Sy4 .|
ThetS57of a CMADunder testisapproximatety giverr by
_ ‘S21—T‘CMAD -
‘521 c‘ . =
~Clsimple ‘S ‘
21_Tomoty 1)
‘1 ~(S2 a )26[—12/3(LA+LB+LCMAD)]‘ ‘S ‘
- T - 7[921 ¢
—j2L — 2L -
“1—522_a511_c9( 72 A)l1_S22_aS11_ce( ! ﬂB)j
where
Sa1 aS21 pe' P S21.a521 b
‘SZ‘I_T‘ ‘ e ‘ ‘ T ‘ (72)

- —2p0)| - —j2BxL
emely ‘1*522_a511_be( V2 )‘ ‘1*522_a511_be( /2 )‘
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0

This equation apparently demonstrates that if the adapters have a good match with the line
section (i.e. S22 a = 0), the simplified method may yield an accurate value of |S21_C|.

4.9.3.34  Estimation of T (= |54 )

The |S14 | of a CMAD under test is approximately given by

[(51 1T )1,_ (S1 1_T)2 ]e(f‘wL) .
(726U _ g 727irs)| (73)

Tsimplo =
simple (S21_T)empty [e

w
rel

Si
in
o[

E

Ci
ad

The following preliminary check of.the test set-up shall be made with the SOLT calibratipn

b

49.3.3.5 Uncertainty of |.S5, |

nere (Sq44 1)1 and (Sqq 7)o denote S;4 1 parameters measured with Lp= Lpq and)y,,

spectively. Both adapters are assumed to be identical, i.e. [Sy1 p|=[S12 4l-

nce the adapters may cause mismatch to some extent, uncertaintysin~the estimat¢

sertion 10ss 4j gimple (51/1521 clsimple) should be evaluated using the following equati¢

rived from Equation (71) with L, Lg << 4 assumed:
‘1 ~2|S22_a|*|S11_6 H 142|525 4| %[S11.o|

[2 (74)

> < error in A gimple <
1+ S22 4| 1-[522_a

quation (74) can provide a good estimate for a test/set-up having matching adapters

bwever, it overestimates the uncertainty in the case\of simple adapters without matchim
rcuit. Hence, the following expression should apply*to a set-up that does not have matchi
apters:

(1 + ‘S22_a‘ x ‘51 1c ‘)2
‘2

( )2
< error in A|L silple <

> (75)
1+ ‘Szz_a‘ 1- ‘SZZ_a

fore the CMAD measurement:

1) |S24 7l empty is the magnitude of S,4 1 measured in the test set-up without a CMAD

introduced, as shown_in Figure 179 a);

2) | Soq4 1| open is~the magnitude of S,4; 1 measured in the test set-up with truncatt
metal rods &sshown in Figure 179 b). The lengths of the rods, L, and L,, a

determined”according to Figure 178. The | S,4 1 |open data provides information about

possible@dverse effects of direct coupling between the adapters.

iring the-above measurements, the distance between the flanges, L, is the same as in th
MAD measurement.

d
n

g
g

d
e

e
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a) Empty jig

b) Open jig

1EC.
Figure 179 — Preliminary measurements of the test set-up

4.9.3.3.6 Uncertainty of I' (= |S11_c|)

Equation (74) provides approximations for the uncertainty in the/estimated |I'| caused by
mjsmatch. Theoretical and experimental analysis yields they'same expressions for the
unicertainty as shown in Equation (74) or Equation (75), Estimation of the uncertainty |in
ITkimple| caused by mismatch is done using Equation (74).or Equation (75), assuming a V-
shaped probability distribution.

Another error is introduced by the position of a CMAD during actual measurements. Errors fin
|erp|e| can be estimated using the equation

sin(S(AL + 6
error in |1"|=|(_m—)1 (76)
lsin(B(AL)|
for the case of an error 6 in ALF|Lp4-Lpo|- Uncertainty is estimated using Equation (7§),
agsuming a uniform distribution.
490.3.3.7 Mismatch of the adapters
The ratio of the maximum and minimum values of |(S31 7)empty| May be expressed as
(5550 Yempty | 14[S52 o
20T Jempty | ax - 22_a (77)
= 2
|(S21_T)empty|min 1_|S22_a|
in| which the adapters A and B are assumed to be identical. Thus, variations in [S,, T|pm,ty

versus frequency gives information about the reflection coefficients of the adapters.

4.9.3.4 Measurement with SOLT calibration and ABCD transformation to Z . level

The SOLT calibration is only possible at the reference planes 1 and 6 shown in Figure 178
and in Figure 180. If lossless 50 2 adaptors are used, it is possible to measure the two-port
parameters at the 50 Q level then convert the results to the Z, level by applying the 4BCD
matrix method described in 4.9.2.3. The reference planes in Figure 180 have slightly different
positions to those shown in Figure 178.
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Figure 180 — Position of the reference planes for the measurement
with SOLT calibration and ABCD transformation to Z, ¢ level

The VNA is calibrated at reference planes 1 and 6. The S-parameters of interest are t

S-
b¢
af
sq
bd
de
of

the result of an open circuit. The S-parameters measured by the VNA with electrical del

ad

u
ng

2(

th
di

fregquencies up to about 300-MHz).

The most significani‘contributions to the uncertainty in this measurement are:

transform the 4BCD parameters back.to S-parameters, as referred to a new Z; (for examp
4 Q for typical CMAD dimensions). These S-parameters are the values referred to t:l:e
reLerence planes 2 and 5. If the lengths L, and Lg, between the reference planes 2 and 3 a

lay. The length may be determined by calculation, er by measurement of the S, with t
en adaptor and adjusting the delay by observing the.Smith chart until the result approach

justed and activated are then the S-parameters.at reference planes 2 and 5.

5ing the Equations (22) to (25) with Z 4= 50 Q, the 4BCD parameters of the two-pd
twork between reference planes 2 and)5 are obtained. Equations (25) to (30) are used

reference planes 4 and §, are small (for example less than 30 mm for typical CMA
mensions), the influence~of*the line elements L, and Lg may be neglected (at least f

tolerance ofthe calibration kit used for the calibration at the reference plane 1 and 6;
tolerance\of the mechanical dimensions of the test jig;
impedance value of the adapter section between reference plane 1 and 2 or 5 and 6;

electrical length of the adapter section between reference plane 1 and 2 or 5 and 6;

e

parameters at reference planes 3 and 4. The error due to this difference of reference shall
kept as small as possible, considering the following. If a losstess 50 Q adapter is used,
d if the construction of the adapter is such that the 50 Q,impedance is maintained in the
ction between reference planes 1 and 2, it is possible te;compensate the electrical delay
tween the two reference planes. Most VNAs allow an internal compensation for an electridal

e
S
Ay

rt
to
le

d
D
or

4,
4,
In

a)
b)

toterance—of —the—detay —compensatiom—for —the—adapter —sectiom—betweenmr——Teferen

plane 1 and 2 or 5 and 6;
distance between adaptor and CMAD (L, and Lg).

10 Background on the definition of the FFT-based receiver
10.1 General
this subclause the following nomenclature is used:

upper case letters such as X are used to describe signals in the frequency domain;
lower case letters such as x are used for signals in the time domain;
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c) gapless non-sampled signals are written with round brackets x(¢);
d) square brackets such as x[r] describe sampled signals;

e) two dimensional signals (arrays) are described with two indices e.g. Z[n,m] and in upper
case letters.

4.10.2 Tuned selective voltmeters and spectrum analyzers

Initially, tunable selective voltmeters were used to carry out emission measurements. This
type of instrument routes the received signal through a preselector using a band-pass filter,
th i i i= ical
provements to instrumentation then offered the possibility of performing stepped scans.
ch instruments are referred to as EMI receivers.

S

For pre-compliance and compliance measurements, spectrum analyzers are also. used, whi¢h
ugually perform a swept scan. The disadvantage of tuned selective voltmeters is the rather
lohg time it takes to complete a scan across an entire frequency band of intérest (e.g. Bands
Cland D). Such scans can take considerable time, especially when an intermittent signal is [to
be measured or when the quasi-peak detector is used. Spectrum analyzers usually haye
sweep times shorter than the scan time of a stepped scan. However<éuch instruments may
have a lower dynamic range than EMI receivers. Spectrum analyzers-and EMI receivers haye
the disadvantage that the measurement can only be performedcat-a single frequency at any
pgint in time.

Research and development activities on signal processifng methods offered the possibility fo
replace analogue filters and detectors in EMI measurement equipment. Modern EMI receivers
and spectrum analyzers have digital filters at the intermediate frequency and digital circuits [to
simulate detectors such as the quasi-peak detectof&OThe implementation of digital technology
in[these instruments improved their accuracy, stability and reliability.

ith availability of fast digital circuits and-high-speed analogue-to-digital converters (ADQ),
g]stems can be implemented that calculate the spectrum at several thousand frequencigs.
The discrete Fourier transform (DFT)\is. a numerical mathematical method that calculates tIe
spectrum for a periodic signal. Methods with a reduced number of multiplications are appli¢d
by the fast Fourier transform (FFT)/that uses decimation in frequency (DIF) and decimation|in

tithe (DIT) [68].

However, a single FFT 'calculation will not yield the same result as measurements with|a
tuned selective voltmeter. Thus FFT analyzers are not suitable for use in emissipn
measurements. Simitar results can be obtained only if the IF filters and the detectors afre
mpdelled such that they do meet the requirements in CISPR 16-1-1. Research has beg¢n
performed on this/topic and it has been proven theoretically and through experiments that an
FET-based measurement system can be implemented that will provide the same result within
the given{measurement uncertainty as a tuned selective voltmeter. Its advantage is tlpe
significantly reduced scan time that is achieved by the parallel calculation at several
frequéncies [69]. Such instruments are called FFT-based receivers.

4.10.3 General principle of a tuned selective voltmeter

EMI receivers measure emissions in the frequency domain. The measurement for a given set
of frequencies is performed sequentially. Modern EMI receivers are based on the
superheterodyne principle. The block diagram of a conventional superheterodyne receiver is
shown in Figure 181.
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Figure 181 — Superheterodyne EMl/receiver

T:I:e preselection filter suppresses signals that are far outside the frequency range of intere

is filtering process improves the dynamic range ofthe instrument for measurements

xer to avoid overload and thus ensure linear\6peration. A mixer and a local oscillat
rform a downconversion of the signal to an intermediate frequency (IF). The signal
ered by an IF band-pass filter. CISPR 16-171"defines certain IF bandwidths for each CISH
nd. Each IF filter has to meet the requirements defined by a mask. The IF signal S|(¢)
bde available as an analogue output signal.

The analogue output signal S| isdéscribed in the frequency domain by:

SiE(S)=S(f - fsel + fiF 3iE (f) (7
nere

Ssel is the-Selected frequency,

NE is.the intermediate frequency, and

Hglf)y" is the amplitude response of the IF filter.

4.
4.

pulsive signals. A selectable input attenuator allows*the control of the amplitude level at tie

I8
of

or
is
R
s

e measured signal is shifted to the intermediate frequency fr and multiplied by t

10.4 FFT-based receivers — digital signal processing

10.4.1 Fast Fourier transform

Digital spectral estimation is achieved by the discrete Fourier transform (DFT). Algorithms for
DFT computations that exploit symmetry and repetition properties of the DFT are defined as
FFT. The DFT formulation that considers periodic repetition of the signal in the time-domain is
defined as follows:

N-1

X[k] =) x{n]x e /2N (79)

n=0
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where
x[n] is the sampled signal in the time domain; and
X[k] is the discretized amplitude spectrum;

n is an integer ranging from 0 to (N-1) that stores the element number of the signal in
the frequency domain;

k is an integer ranging from 0 to (N-1) that stores the element number of the signal in
t;lﬁ flﬁqucllby UIUIIIdiII.

The properties of the Fourier series have been described by J. B. Fourier [82].-Fhe exdct
mpthematical proof was performed by Dirichlet [83]. DFT uses signals that consist.of a serigs
with a fixed number in time and frequency domains. These signals are equidistantly sampléd
in[time domain, as well as in frequency domain [70].

4.10.4.2 Short-time FFT

In| general, EMI signals include both periodic and transient signats;as well as noise, so the
EMI receiver cannot be modelled with a single FFT calculationk In” order to model the exdct
behavior of an EMI receiver, the short-time FFT (STFFT) is used. With the use of a Gaussian
window function the IF filter is modeled according to its impllse bandwidth, noise-bandwidth
and the filter masks as defined in CISPR 16-1-1. A spéctfogram is calculated by applying
STFFT [70]. This spectrogram shows a discretization in\both the frequency and time domains.
The resolution in the frequency domain is described by'the bin width, Af; the resolution in the
time domain is described by a time step, 7g,,.be inverse of the time-step is called the
bgseband sampling rate, fg,.

The STFFT, Z[m,k], is calculated as follows:
N-1

Z[m, k] = Zx[n—m]xw[n]xe'jzmm (8p)
n=0

where

x[n-m] is theZsampled signal in the time domain;

wn] is the discretized window function in the time domain, which is real, positive and
symmetrical;

N, is the length of a single DFT calculation;

n is an integer ranging from 0 to (N-1);

k is an integer ranging from 0 to (N-1) that stores the element number of the

spectrogram Z[m,k] in the frequency domain;

m is an integer ranging from 0 to (N-1) that stores the element number of the
spectrogram Z[m,k] in the time-domain.

and where w[n] is the Gaussian window function that models the IF filter of an EMI receiver
[71]. The result is a spectrogram at discrete points in both the time and frequency domains
illustrated in Figure 182. Further, m is the integer index for the discrete steps in the time-
domain and k is the integer index for the discrete steps in the frequency domain of the
spectrogram.
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Figure 182 — An example spectrogram Z[m,k]

e relationship between the samples that are processed by a single FFT, and the number [of

e shifting in the time-domain is performed, to getia series of FFT spectra over the complete

dwell time, which compose the spectrogram Z[m;k}. The time interval of N samples is typically

much smaller than the dwell time. The index miis shifted by a number which is a fraction of }v.

T

4.10.4.3 Window function

T:I:e window function determines the IF filter response of an FFT-based measuring receiver.
The multiplication in the time-domain is described according to:

2[n] = x{n] x wi4] (8R)
where

e number of FFT calculations, Ny, that haye’to be performed for N samples is described by:

1 _ Jsbb

T1-Fy A @)

o

w[n]~Xis the sampled window function; and
x[w] is the sampled input signal;
n is an integer ranging from 0 to (N-1).

In

the frequency domain, the multiplication presented in Equation (82) becomes a convolution

according to:

Zlk] = X[k]xW[k] (83)

where W[k] is the IF filter response discretized in the frequency domain. A Gaussian window
function is preferable, because this will yield a Gaussian IF filter in the frequency domain. In
order to obtain the same result as with a tuned voltmeter, its equivalent noise bandwidth as
well as impulse bandwidth shall be same as the IF filter bandwidth of the FFT-based
measuring receiver. The filter shall also meet the selectivity criteria called out in CISPR 16-1-

1.

Derivation of the Gaussian window from the 6-dB bandwidth specification in CISPR 16-1-1

is outlined with the following equations.
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For a continuous (non-sampled) signal, the window function is used to create an IF filter
bandwidth B¢ (6 dB). It is calculated according to:

2 n 2[2
w(t)':(%‘/%JB":e(” /4In2JBig (84)

In the frequency domain, the following transfer function is obtained:

2(5 2
W(f)= e_f (213|F /8In2) (85)
Slampling the input signal with sampling intervals of T, the discretized window function w[z}|is
derived:
2
winf= 1 olv2lervznz ser) n=-2 0.+ (8B)
8c(NTs)N 2 2
where g, is called coherent gain. The coherent gain is defined by:
4 N1
ge =— Dy vinl (8f7)
N n=0

The output result for sinusoidal signals is independent of the window function and the numbgr
offlsamples N used during the FFT when divided by the coherént gain:

M:% (8B)

The equivalent noise bandwidth is calculated numerically by:

N

Bengw = fs ZW[H]2 (8P)
n=0

where f; is the sampling rate. The impulse bandwidth B of the filter is determingd
agcording to:

fs
B, = ¢] 0]
IMP Neg (9p)

10.4.4 Comparison to EMI receiver — mathematical equivalence

eiver ig{shown below. A comparison of the virtual IF signal at a single frequency, f,, thiat
n be_extracted from the output of the STFFT and the analogue output signal of an EMI

4.

The mathematical equivalence between a superheterodyne receiver and an STFFT-baséd
r

c

refceiver is used for this determination.

At a single frequency, Equation (80) is taken and fs¢ =kn/ Nfg. The output of the STFFT at a
single frequency is obtained as follows:

N-1

Sbb, f,sellm] = D x[n—m]xwn]xe
n=0

—J27fsel — x[m]xw[m]xe_jzﬂfselt (91 )

The convolution between x[m] and w[m] in the time domain is a multiplication in the frequency

domain. The factor e /?7sel describes a frequency shift by the selected frequency. The signal
Spb.f.sel [m] shows a discretization in time that is the inverse of the baseband sampling rate
Jsbb- The baseband signal for a non-sampled signal is described in the frequency domain by:
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Sbb, 1,sel (/) =W()X(f = fsel) (92)

4.10.5 Measurement errors specific to FFT processing
4.10.5.1 Measurement error for sinusoidal signals

The calculated spectrum shows a frequency step that is dependent on the number of
frequency points and the sampling rate. If the sampled signal is sinusoidal, but at a frequency
that does not align exactly with a calculated frequency point, the calculated amplitude shows
a}amplitude error. Such effects are described in [70]. For FFT calculations the term ‘pickiet

fepce effect’ is generally used to describe this error. Sequential measurements with a steppé¢d
frequency scan performed with a tuned selective voltmeter show also an amplitude error that
is| dependent on the frequency step as well as on the shape of the IF Filter. In order o
dgcrease the step size in the frequency domain, the number of samples for FEF/ calculation
cgn be increased. A further method to increase the number of frequency bins is to combine
digital I-Q Mixing with FFT as shown in [72].

4.10.5.2 Numerical behavior of the window function

Due to the finite number, N, of samples, the first and the last value jof the vector w(n) are not
exactly zero. The results are sidelobes. These sidelobes should be suppressed by jat
lepst 40 dB. A detailed description on such effects for a Gau$sian window function as well as
other window functions, e.g. the Kaiser window is shown in{[73]. An example of such an effdct
is[shown in Figure 183.

1 1 i
0 a0 100 150 200 250 300
Frequency’ INdex K IEC

Figure 183 — Sidelobe effect due to the finite length of window

4.10.5.3 Measurement error for an isolated pulse

The baseband sampling rate f,, has to be high enough to fulfill the Nyquist criterion. FFT-
based receivers show a measurement uncertainty for single pulses that is dependent on the
overlapping factor F,. With a very low overlapping factor, the number of overlapping FFT
calculations is reduced, however the measurement accuracy for single pulses is reduced. The
effect is shown in Figure 184.
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Figure 184 — Measurement error for a-single pulse

1
Tspb

Jsbb = (9B)
The dependence of the maximum measurement\érror for the measurement of an isolat¢d
pylse in the peak detector mode, egp (“SP” forisingle pulse), described by using an IF filter |of
thie Gaussian filter type:

esp = e(ﬂ2/4|n2XB|Ffsbb)2 (9¢)

where B|g is the 6 dB bandwidth of the IF filter. The baseband sampling rate f;,, is normaliz¢d
to|the 6 dB bandwidth of the IE filter:

Ssbb

beb/B”: = B|F (95)

The maximum erronof the measurement of an isolated impulse is calculated in dB according
to

10m 1 |4B~579)

(In10)V81n2 | fifys, faonis,

For“EMI measurements, FFT-based measuring instruments shall sample and evaluate the
signal gapless during the measurement time.

dB @

[2]
~

Cspup’ =

4.10.5.4 Measurement error for a sequence of pulses

The maximum measurement error that may occur for an isolated impulse can be calculated
according to Equation (96). However this effect is not limited to isolated pulses. During the
measurement of a sequence of pulses, a measurement error may occur that is always smaller
than the measurement error calculated by Equation (96). An example of the recalculated
IF Signal for different overlapping factors is shown in Figure 185. A detailed description and
evaluation of this effect using the histogram method has been described in [74].
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Fjgure 185 — IF signal for different overlapping factors for the same sequence of pulse

410.6 FFT-based receivers — examples
410.6.1 General
Two different types of FF-based measuring instruments are available:

1) those that digitize the signal in the baseband; and
2) those that digitize the IF of a superheterodyne receiver.

For both types-the digitized signal is processed digitally by STFFT.

410.6.2~ FFT-based baseband systems

400621 OQOverview

EC

FFT-based baseband systems digitize the input signal in the time domain with an ADC.

Spectral calculations are performed using FFT algorithms. The block diagram of such
system is shown in Figure 186.

a


https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

Cl

SPR TR 16-3:2020 © IEC 2020 - 221 -

Measurement instrument

Ultra broadband Low
antenna pass Float Siaital
»—0 oating igita .
V.
O/O > R > point > signal > Ampltltude
ADC processing spectrum
AMN

The EMI signal is fed into the receiver input via a transducer [e.g. broadband antenna pr

ar
al

A
SY
in
bn
fil
ar
ar
b4
as
pr
C
m
[7

A

E
dd
m
cd
g’
ddg
of:

4.
A

IEC

Figure 186 — FFT-based baseband system

tificial mains network (AMN)]. The low-pass filter shown in Figure 186 is used to suppregs
asing.

multi-resolution ADC system performs a floating-point conversion[75]. A multi-resolution
stem consists of several ADCs with different gains to support a highier dynamic range of the
but signal. Such a system improves the dynamic range, especially for measurements [of
oadband signals (i.e. impulsive signals). The baseband system does not use pre-selectipn
ers. The digitized EMI signal is further processed by/digital signal processing and the
hplitude spectrum is displayed. An algorithm that allows_measurements in the peak, average
d RMS detector modes to be simulated has been:presented in [69]. One of the fifst
seband measuring instruments was based on a digital storage oscilloscope and used FKT
presented by C. Keller [76]. An algorithm for(the quasi-peak detector mode has beg¢n
esented in [77]. With both algorithms almost all requirements that are called out |in
SPR 16-1-1 can be met except the gapless*processing. However, gapless processing [is
bndatory in order to provide the mandatory IF-signal and quasi-peak response [71], [78],
O].

solution for the implementation of-gapless processing is real-time processing. Due to the

refal-time operation, the system can emulate the complete behavior of an EMI receiver. The

M| signal is digitized by an ADC system. The frequency range of the EMI signal considerg¢d
ring the emissions measurement is subdivided into several sub-bands. The sub-bands afe
pasured sequentially. Each’sub-band is down-converted into its baseband by a digital dowp-
nversion (DDC) unit, .The down-converted signal is down-sampled and processed by
[FFT. STFFT generates a spectrogram that shows a discretization in time and frequengy
mains as shown.ifi Figure 182. At each calculated discrete frequency the evaluation |is
rformed by a digital detector.

10.6.2.2C ")'Real-time digital signal processing

h oyerview of the digital signal processing system elements is presented in Figure 187.
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Figure 187 — Real-time FFT-based measuring instrument

order to perform measurements in the frequency range 30 MHz to 1 GHz, the sampling rate
has to be at least 2 GSa/s (giga-samples per second) to meet the Nyqguist criterion.
bcause of the limited processing speed of the digital real-time signal-processing unit, the
but of the digital down-conversion (DDC) is subdivided into eight parallel,inputs with at legst
0 MSa/s per channel. As a consequence the maximum frequency has, to"be reduced by|a

S
A
cd

Fi

The signakx[n] is the sampled signal of at least 2 GSa/s. The selected band is shifted into

b4

facror of 8. Thus, the frequency range 0 GHz to 1 GHz is subdivided)into eight bands. The
t

ectrum of each band is processed separately by DDC, STFFT .and the digital detectors.
er selection and measurement of each band one by one, (the complete spectrum |is
mposed of those eight subparts.

2
N
-sin(2xnfpr) cos(2nfbr)
% Im{u[n]}
—> NN 8 >
/\/  Z
x[n]
v /\/\/V 5 Re{uln]}
- 8 /\_/ 7
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Figure 188 — Digital down-converter

~.

gure 188-shows the block diagram of the DDC unit; fp; is the centre frequency of band

sebanpd. This is done in order to process the output signal by the STFFT.

T

e Teal part IS oDtalned DYy multiplication with a cosSine Sighal. The Imagihary part is

calculated by multiplication with a sinusoidal signal. In this way the complete spectrum is
shifted by fp. In order to get the signal of a single frequency band, two identical polyphase
decimators [80] are used.

4,

10.6.2.3 Short time fast Fourier transform

Overlapping is achieved by three cascaded shift registers. A block diagram is illustrated in

Fi

gure 189. Alternately, decimation in frequency (DIF) [76] can be used to calculate only a

fraction of the discrete spectral values, resulting in an increase in the measurement time by a

fa

ctor of 4.
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Figure 189 — Short time fast Fourier transform — An example of implementation

410.6.2.4  Multi-resolution ADC

Figure 190 provides the block diagram of an ADC system(s The input signal is distributg¢d
through a power splitter as three channels. Each channekl consists of a limiter, a low noise
amplifier, and an ADC. While the upper channel digitizes. the amplitude range from 0 mV Jto
1,8 mV, the lower channel digitizes the amplitude range from 0 V to 5 V. The middle channel
is| used to digitize the intermediate amplitude range from 0 mV to 200 mV. The signal |is
reicorded at all three channels simultaneously{“A signal digitized in high resolution |is
reconstructed by extracting each sampled value from the ADC where the signal shows tie
mpximum nonclipped value.

Power splitter A
-2dB J +>>>D+J > /b
-22 dB A Digital
> >J+>> +J» DT> signal [—>
processing
A
-22°dB > -10dB > /DT>

IEC

Figure 190 — Floating-point analogue-to-digital conversion

4.10.6.2.5 Dynamic range

The dynamic range of a broadband system strongly depends on the linearity of the system,
and the number of bits of the ADC. Multi-resolution systems allow enhancement of the
dynamic range for pulses and bursts. With the development of the technology, ADCs with a
larger number of bits will be available. With a single ADC more than 16 bits are required to
fulfil the requirements of CISPR 16-1-1. With multi-resolution at least three ADCs with 8 bits
are required. For higher dynamic range additional pre-selection may have to be used.

By using a Gaussian window function, which is equivalent to the use of a Gaussian IF filter,
the requirements to the selectivity masks are fulfilled.
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frequency of the band) are provided in Table 42.

The realtime STFFT calculation unit as well as the realtime detectors can calculate the resxlt
the frequencies for a segment with the resolution of /., Fry. However in order to avoid the
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.10.6.2.6 Scan times
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Figure 191 — Example of a 120 kHz Gaussian filter

strument is shown.

pical scan times for quasi-peak measurements with a dwell time of 3 s (at each individu

Table 42 — Scan times

Band Noeg fstep FFT Lstep final Scan time, approximate
Band A 1 248 Hz 62 Hz 12's
Band B 1 36 kHz 4,9 kHz 12s
Band C 2 159 kHz 3,97 kHz 24 s
Band C+ D 7 159 kHz 3,97 kHz 84 s

cket fence effect during the measurement, a higher frequency resolution (fsiep final)
eferred. Thus theCscan time takes the dwell time multiplied by the ratio of fgep Frr
op final- Becauseé~the presented system splits the range into eight subbands, sever
bbands also.éxist. The total scan time has to be additionally multiplied by the number
bbands where the measurement has been performed during the scan.

10.6.3 "Heterodyne receivers with FFT applied to the wideband IF signal
10:6.3.1 General

Figure 191 the measured transfer function of an IF-Filter of an FET-based measuring

al

s
o
al
of

— —-

Generally, heterodyne receivers with FFT applied to the wideband IF signal offer the following
advantages:

high dynamic range by limited bandwidth and high resolution ADC, e.g. 14-bit;

frequency range not limited by the Nyquist criterion, but by the maximum receiv
frequency;

long maximum dwell time by low sampling rate;
use of receiver preselection, preamplifier, RF-attenuation;

receiver can be used in the standard receiver mode.

er
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4.10.6.3.2 System type 1 based on a receiver with wideband IF
4.10.6.3.2.1 General

The measurement system consists of a measuring receiver with preselector. Figure 192
shows a schematic diagram of the essential parts of the system. An ADC with up to 81,6 MHz
sampling rate converts the IF signal with a spectrum width of up to 7 MHz at a time. The
restriction to 7 MHz is due to the built-in analogue IF filter, which precedes ADC. The ADC
has 14-bit resolution, which in combination with the preselector ensures a higher dynamic
range than many other available FFT analyzers where 8-bit ADCs are used.

Receiver Wideband
preselection

"%M" A P ADC [*{Resample | UMOD P| RAM

20,4 MHz ﬁ

Main
processo
IEC

Figure 192 — Essential parts of an FFT-based heterodyne receiver

The resampler provides data reduction where needéd, avoiding unnecessary oversampling [at
rrower IF bandwidths, which saves processing.time. The universal digital module (UMOD)
ves the data in the 16 M-words RAM for measurement times up to 3 s without any gap. The
nin processor accesses the RAM, applies;@“Gaussian window to the time domain signal (to
oid leakage effects) and calculates the FFT for the frequency segment around the receiye
requency. For a resolution bandwidth~of 120 kHz this results in an acceleration of the
measurement speed by a factor of 4% and by a factor of up to 150 with a 9 kHz resolutipn
bandwidth.

2323

—h

T¢ avoid any picket fence effect, the frequency step of the FFT is B /4, where B is the

refsolution bandwidth. In (order to provide an overview of the emission spectrum over a wide
frequency range, the system applies a combination of receiver frequency steps in segments |of
the FFT span, called-time domain scan (TD SCAN).

The system applies FFT to the IF time domain signal and not to the baseband signal. THis
also allows digitizing very high frequencies (here up to 40 GHz) with a rather low sampling
rate withgut) 'violation of the Nyquist criterion, and reduces the throughput of data. The
inherent \level errors appearing at the border of the frequency range provided by the FRET
cglcutation are minimized by means of a corresponding pre-correction of the analogue [F
filters.

The filtering and band-limitation (preselector) is performed with the same circuitry that the
measuring receiver is using for the conventional stepped frequency scan. This reduces the
risk of overloading by strong out-of-band signals to a minimum.

In order to avoid missing impulsive signals, several FFTs with a certain overlap are applied to
the time-domain signal. The system provides a rather high degree of overlap (90 %), which
ensures that even very short impulsive signals at the border of the time domain window are
calculated without significant amplitude error.
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10.6.3.2.2 Application of the system to prescan and final measurements

The prescan is used to get a detailed overview of the emission spectrum [81]. With
conventional EMI receivers this measurement may take up the major part of the overall

m

easurement time.

The prescan result is then analyzed and the critical frequencies can be determined. At the
critical frequencies, the signal can be reconstructed in order to calculate the weighted
measurement results using [81] or, if further maximization with antenna mast and turntable
movement is needed, the receiver can be used in its conventional measurement function for

final measurements with quasi-peak and/or average detection to provide a measureme
refsult which complies with CISPR 16-1-1 even for the single pulse. So, the system combin

th

4,

D
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w
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For EMI measurements, the dynamic range for broadband emissions «is_of importanc

conventional receiver with FFT-based measuring receiver functions.

10.6.3.2.3 Dynamic range for broadband emissions

namic range may be measured with a CISPR pulse generator in the time-domain scan.
der to see the difference between the maximum pulse level and noisg$ the pulse generat
switched to a pulse repetition frequency (PRF) of 40 Hz whereas the measurement time

hereas the neighboring segment presents the noise level at a time when no pulse is preser

The dynamic range is significantly reduced by the bandwidth ratio By, /B for broadband

Ises, which determines the overload factor F,, according to:
B
Fg = 20log—MF_ 9
B
nere

Bwig is the bandwidth of the.wideband IF Filter, that serves as a preselection,
B\ is the bandwidth of(the by window function modelled IF Filter, and

Fy is the overload.factor.

For By = 10 MHz and B\ = 120 kHz, the reduction is 38,4 dB. For a B|g of 9 kHz £

comes 60,9 dB, resdlting in further reduction of the dynamic range.

ms (see Figure 193). This results in a display where one FFT segment catches a pul$

nt
bS

ol
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Figure 193 — Dynamic range for broadband emission
as measured with the peak detector

[10.6.3.3 System type 2 based on a receiver with wideband IF

10.6.3.3.1 General

this system the broadband IF-output of an EMI receiver.is digitized, stored and process

ocessing are performed using an external PC with, commercially available digitizer card a
ntrol software. See Figure 194.

CISPR 16-1-1 compliant EMI-peceiver

- IF-output frequency ~10...26.MHz PC with IEEE488/IEC625 interface
- IF-bandwidth > or = 1 MHz and digitizer card > or = 50 MS/s; > or = 12 bit

‘ 46,8H -10,8‘

O O O

e O =
o= —

IEEE 488 interface

IEEE488/IEC825

IF-Signal

[ o |

B as .
oigrizercara

IEC

Figure 194 — Set-up of FFT-based system type 2

d

STFFT. The EMI receiver-specific parts such as preselection, preamplifier, RF-attenuatipn
d IF-bandwidth are more or less identical with system type 1. Digitizing and signal

d
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The complete frequency range is split into frequency intervals according to the bandwidth of
the down converter. Usually, the wideband bandwidth By, is 1 MHz. The signal is sampled
and the weighted spectrum (peak, quasi-peak, average and RMS) is calculated for the
specific band. The whole band is calculated by merging of consecutive spectra. The
measurement step size depends on the frequency and the available maximum IF-BW of the
receiver:

up to ~ 300 kHz: By =9 kHz

up to ~ 2 MHz: By = 120 kHz
above 30 MHz: By = 10 MHz (depending on the receiver)

For increased operating range each single measurement is auto-ranged. As a resdlt, the
operating range for disturbances outside the calculated frequency band is increased:

4.10.6.3.3.2 FFT parameter settings
In|the first step the software determines the optimum sampling rate. Parameters are IF outplut

frequency, down-converter bandwidth and the bandwidth for -40ldB spurious-free signal
dgtection.

The relationship between the wideband IF bandwidth By, and the sampling rate f is showyn
infTable 43. Possible sampling rates are integer divisions of the digitizer basic sampling rate|.

Table 43 — Sampling rates for different By,

Byir fs
10 MHz 100 MSa/s
4,76 MSals to 7,69 MSa/s
1 MHz depending on receiver IF filter
shape
120 kHZ 1 MSals
9. kHz 200 kSals

The total number of recorded samples is given by:

Niotal = fstdwell (98)

The frequency step is given by:

fupd L (99)

Alradix-2 FFT processor is used; thus the step is given by:

N=2" (100)

where n is a natural number (starting with 1).

The IF bandwidth B is given by:

Bie = fstepkw (101)

where k,, is between 1,8 and 3,6 depending on the window function.
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The frequency step size can be set as a factor of 2. Finer adjustment for the resulting IF
bandwidth is accomplished by using different window functions. For getting exact values of IF
bandwidth a variable k, factor will be necessary, which can be done by zero padding [70] or
using a variable window function.

A Kaiser window is used, which has a shape calculated with Bessel functions. Its shape is
close to the Gaussian window, but gives a significant improvement in selectivity. An
advantage is the variation of the value k, which is used to adapt the window for different
step sizes and sampling rates.

4.10.6.3.3.3

An overview of the comparison for typical scan times between the system type (2 (using
FTemi” software) and a scan performed with a tuned selective voltmeter (“réceiver”) |is

“H
sh

a

Fi
fr
fr
né

own in Table 44.

Results

Table 44 — Scan times for a scan 30 MHz to 1 GHz

Dwell time B =120 kHz B~=9 kHz
ms Receiver “FFTemi” Receiver “FFTemi”
10 <3 min <3 min 32 mih <3 min
50 > 13 min <3 min >160 min <3 min
1000 ~4,5h <0,5h ~50h <0,5h

For short dwell times the scan time is limited by speed of data transfer. For longer dwell tim
Feduction of the scan time by up to two orders‘of magnitude is achieved.

gure 195 shows an example measurement. The displayed signal is received in the
quency range at 105 MHz. The 3D“view allows viewing the disturbance at time
quency in one graph and direct.telationship, which can help to decide if broadband pr
rrowband noise is present, and(tofind the noise source.

1%
[/}

afd
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Left-top: The entire frequency scan (black and red — different
detectors;blue — different IF-bandwidth)
Right-top: Levelyversus time at the marker frequency

Left-bottom: Detailed frequency domain at marker frequency (black and

red — different detectors)
Right-bottom; 3D view of the signal at marker frequency
X-axis = frequency (CF % half down converter-BW
Y-axis = time from 0 to top to ¢4, on bottom

Colour = level of signal

Figure 195 — FFT Software (“FFTemi”) screen shot

4.010.6.3.3.4 Dynamic range

In addition to the dynamic range, the system provides an improvement of the indication range
via autoranging of the individual measured spectra. Especially, signals that show a different
level over the frequency range require additional indication range. An example of such a
phenomena is shown in Figure 196.
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Figure 196 — Example of pulse generator measurement with antenna

Both curves are a measurement performed withyEFTemi. The upper curve is a measurement
with B|g = 120 kHz and the lower curve is a measurement with B, = 9 kHz. The marks are
cqmparison measurements performed with a funed selective voltmeter.

In|this case the additional indication range by the frequency response is approximately 50 dB.
Systems without auto-ranging or full proadband FFT solutions may not be able to evaluate
sych phenomena even if CISPR 16-1-1 compliant.

410.6.4 Applications

410.6.4.1 Measurement of intermittent signals

The measurements\of intermittent signals are difficult with an EMI receiver. The dwell time
shall be kept to-a~minimum level in order to make the measurement feasible. On the othfer
hand a large dwell time is required for a reproducible measurement.
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Figure 197 — Radiated emission measurement of a motor — peak detector
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FFT-based instruments have the advantage that scans are faster by several orders of
magnitude. Thus longer dwell times can be selected which reduces the measurement
uncertainty. In Figure 197 the radiated emission of a motor was investigated. The
measurement was performed with the peak detector. A dwell time of 100 s gives a very
accurate result. A pre-scan with 20 ms dwell time results in measurement errors up to 15 dB.

4.10.6.4.2 Azimuth characterization of an EUT

Figure 198 shows the result of a full characterization with quasi-peak detection of a partially
opened personal computer enclosure. Such a measurement can be used to enhance the
gyality of emission measurements.

f/MHz
E-Fieldstrength 7 dBpV /m

¢ Angle /°
@ IEC

6 re 198 — Angular characterization of a PC

410.6.4.3 Usi \‘-’FT for IF analysis

Previously, l§'ﬂalysis required extra hardware in order to give the user an overview of the
spectrum cent to the signal within the IF resolution bandwidth when using the tune-ang-
lidten fu@u n on an OATS (open area test site). Now, the extra hardware can be replaced by
FET % sis. As a result the user can see the level display, listen to the demodulated signal

% |th AM or FM demodulator) and see the spectrum dlsplay W|th sufficient span. An

where two FM signals are adjacent to the S|gnal to be measured, the level dlsplay shows
results with three detectors and B¢ is 120 kHz.
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Figure 199 — Example FFT IF analysis display
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11 Parameters of signals at telecommunication ports

F N

.11.1  General

The maximum signal levels that can be presen{at telecommunication ports in differentfal
m}EJde are dependent upon, and are limited by,the electrical balance or LCL [85], [86], of the
teJecommunication ports and the cables -or, networks to which they are intended to %
cqnnected, if the wanted signals are not tolappear as unacceptable disturbances across t
cgmmon mode impedance to ground.

The LCL of a signal port, cable or network causes a portion of any differential mode signdls
on that port, cable or network to be converted to common mode disturbances, for which|a
product standard has defined.limits [87], [88], [89]. Common mode disturbances (also caIIId
antenna mode disturbances) because they are a source of radiated disturbances to the
environment) should be limited if interference with the reception of radio signals of all kinds|is
to] be minimized. Common mode disturbances created at a nominally balanced signal port pr
transmission medium,/ for example a twisted copper pair, should be controlled and limited,
whether or not theZport or medium is provided with an overall shield. If a shielded medium |is
uged, deficiencies’ in the shield itself as well as in the shield connectors, leading perhaps [fo
significant electrical discontinuities, will allow a portion of the common mode disturbances
created within the shield environment to appear outside the shield.

The-werst- case values for balance and LCL quoted in many network specifications are basg¢d

necessarily have regard for the control of the common mode disturbances conS|dered in the
product standard.

To ensure that the physical layer specifications for telecommunication networks do not
inadvertently lead to the generation of unacceptable electromagnetic disturbances, it is
essential that the EMC implications of the specifications for some critical parameters be
considered early in the development of the network standards.

To achieve EMC of telecommunication networks employing twisted pair media, the most
important parameters to consider are the:

o levels specified for the wanted transverse or differential mode electrical signals;
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spectral characteristics of the line codes specified for the wanted differential mode
signals;

design of the protocol of the wanted differential mode signals;

expected electrical balance or LCL of the physical copper media, in situ, on which the
wanted electrical signals will be conveyed;

electrical balance or LCL of the telecommunication signal ports that will be connected to
the physical media;

differential mode and the common mode impedances expected for the physical media on

whnich the wanted dirrerential mode signals will be conveyea,

differential mode and the common mode impedances specified at the telecommunication
signal ports on which the wanted differential mode signals will appear;

shielding effectiveness expected of connectors and shields, if shielded .media afe
to be used.

The influence of the absolute levels of the wanted differential mode signals “on the resultant
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S¢lection of the signal protocols can sighificantly influence the spectral characteristics of the
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For a given data rate, a differential mode signal employing line coding, designed to spread tt{e
I

.11.2 Estimation of common mode disturbance levels

mmon mode disturbance levels needs little elaboration. In the absencé/of nonlinearities, the
vels of the common mode disturbances produced by differential ,mode to common mode
nversion, due to electrical unbalance of the telecommunication ports or the physical medifa,
Il be directly proportional to the levels of the wanted differential’mode signals. The spectjal
aracteristics and the protocols specified for the wanted differential mode signals will al$o
ve a major influence on the levels of the common mode{disturbances appearing on the
ysical media.

jnal power across a wide range of frequenciés, is less likely to create unaccepta
mmon mode disturbances than is a differentialkmode signal line code that concentrates t
wer into a narrow spectral band or bands.

e
e

fferential mode signals. The formats.of start and end delimiters, framing and synchronization
patterns, the bit patterns of _tokens, and ultimately the design of the access contiol
otocols, will have a significant\influence on how much concentration of differential modle
jnal power into narrow spectral bands takes place during the various operating states (ile.
gh traffic periods, low traffic periods, idle periods) of telecommunication networks. The
eation of highly periodic-waveforms that persist for lengthy periods of time should be
oided, if the levels~ef. common mode disturbances, created from the differential moge
jnals on the network,-are to be minimized.

stimationsS can be made of the levels of common mode disturbances that will be created by
fferential>mode to common mode conversion of the wanted differential mode signals, if the
lationships between the important electrical and spectral parameters are known. [n

si
m

rtieular, estimations can be made of the maximum allowed levels for differential mode
1 | ;-mmwmmﬁwwmmwmin

ode disturbance limits.

Consider two devices connected together in a LAN, for example a nominally balanced

te
te

lecommunication signal port connected to a nominally balanced unshielded twisted pair
rminated in its characteristic impedance. Assume that the electrical unbalance of the

combination of these two devices is dominated by the electrical unbalance of the device that
exhibits the worst (lowest) LCL. The strength of the common mode disturbances produced by
differential mode to common mode conversion through the LCL of that device can be
estimated approximately from the equation
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Zem + Zet

Iem = V1 —a ¢ —20192Z gy, % Zam + 4241

(102)

when estimating the common mode current I,,in dB(nA), caused by the differential mode
signal voltage, and the equation

2de « Zcm +th
Za +47

< o <

Vem = V1 —aLcL —20lg

(103)

when estimating the common mode voltage V,,, in dB(uV), caused by the differential-moge
signal voltage ¥, in dB(unV), where

aLCL is the LCL, in dB,

Zem is the common mode impedance presented by the item havingthe worst (lowest)
LCL, in Q;

Zt is the common mode impedance presented by the item with-the higher LCL, in Q,
and

Z4qm is the transverse or differential mode impedance at'the telecommunication signal
port, in Q.

The above expressions, which have been derived from relationships developed in [9
implicitly assume that both of the devices ini\the combination present a transverse [or
differential mode impedance of Z,.

—_

By setting the common mode disturbance levels in Equations (102) and (103) equal to t:l;e
cagmmon mode disturbance limits, the. maximum allowable transverse or differential mogle
signal levels can be estimated.

hen making use of Equatiofts (102) and (103), it should be recalled that a common modge
dipturbance limit is a quantity~that is specified for comparison with disturbances measured |in
a defined bandwidth (e.g( 9 kHz), using a specified detector function (quasi-peak or average).
Therefore, for the givenyLCL the maximum allowed differential mode signal levels estimatrId
uging these Equations (102) and (103) are those that are allowed to appear in the same
bandwidth when measured differentially with the same detector functions.

412 Background on CDNE equipment and measurement method

412.1 _“General

Thee~CDN measurement method was orlglnally developed for assessment of radlatd

method was adopted by a first amendment of Edition 7 of CISPR 15, published in 2006 [91]

A CISPR joint Task Force between CISPR SC/A and CISPR SC/F on the ‘CDN measurement
method of radio frequency disturbances for lighting equipment in the frequency range 30 MHz
to 300 MHz’ (CDNE JTF A/F) was established in 2008, and tasked with transferring the CDN
method of emission measurement in the frequency range 30 MHz to 300 MHz to the
CISPR 16 series. This was to give the method a more generic status and enable use for other
types of equipment. An additional aim was to improve the CDN method uncertainties.
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The CDNE JTF developed specifications and measurement methods for a CDNE, which is the
CDN for emission measurement. Between 2008 and 2014 the CDNE specification, the
associated measurement method, the measurement instrumentation uncertainties and the
correlation with the classical radiated measurement method were implemented in respectively
CISPR 16-1-2 [95], CISPR 16-2-1 [8], CISPR 16-4-2 [96] and CISPR 16-4-5 [97].

The following subclauses give background information and rationales on the CDN and the
CDNE equipment and measurement method.

4.12.2 Historical overview

412.2.1 Situation around 1996

Before the first amendment to Edition 7, lighting products were subject to conducted and
radiated RF disturbance measurements according to CISPR 15 [98] in the frequéncy range
bglow 30 MHz. Radiated disturbance measurements above 30 MHz according“to CISPR 22
[9B] were carried out on a voluntary basis to assure quality and to avoid complaints in specific
environments. Generally the emission levels of lighting products ~with bipolar circtit
technology were negligible for frequencies above 30 MHz.

In| 1996, within the EMC group of Philips Research in Eindhoven, the Netherlands, &n
inpestigation was started on possible workbench methods as an alternative for the radiatéd
tepts in the frequency range 30 MHz to 300 MHz. The CDN, which is known from RF immunity
tepts in the range of 150 kHz to 80 MHz according to IEC'61000-4-6 [15], seemed a suitaljle
cdndidate for application to measurement of RF disturbances as well. Therefore, a meth¢d
uging the CDN for disturbance measurements was developed and investigated. Especially the
refationship with the established radiated disturbance measurement method in a SAC was
explored.

It|lis generally accepted that correlation betwéen two test methods only makes sense when
bgth methods have good reproducibility-and low uncertainty. The established radiated RF
disturbance measurement method has™a fairly large compliance uncertainty (7 dB) due [to
vgriability in cable layout and termination, while the CDN method has a moderate compliange
uncertainty (4 dB) provided that thesEUT is small and the cable length between the CDN and
EUT is limited. Still, a reasonable Correlation between the CDN method and the 3-m and 10{m
radiated method was demonstrated for luminaires of different sizes.

N2.2.2 CDN concept-for disturbance measurements introduced in 1999

4

The feasibility and-concept of the CDN method was presented in a paper at the 1999 Zuri¢h
EMC conference~by Stef Worm [93]. In that paper, the radiated disturbance measuremelnt
method in a<3-m SAC and the CDN method (refer to Figure 200) are compared. It |is
d¢monstrated~by modelling that the CM current in a cable (single wire — see NOTE [1)
cqgnnected:to the EUT is a good metric for the E-field measured using the 3 m SAC/OATS
method:

NQTIEZ1 The single wire and its impedance is the model of a cable with one or more wires including the protective
earth wire. The CM impedance mentioned in the report represents the “total” CM impedance of the cable.

NOTE 2 At the time of this investigation the 3 m SAC/OATS was used as reference. Later it was agreed more
formally (see CISPR 16-4-5 [97] ) that the 10 m SAC/OATS is the reference, called the established test method.

Note that the cable does not necessarily need to be a mains cable and is not connected to a
network. The E-field/CM-current ratio depends on the termination impedance. Measurement
results [92] have shown (see Figure 201) that the response is reasonably flat if the
termination impedance of the cable (single wire) equals 150 Q. Also the impact of cable layout
and set-up of the EUT and CDN has been investigated. The 150-Q impedance also provides a
good match with the disturbance source, which prevents standing waves. Different options for
the 150-Q impedance have been compared in [93], where it was concluded that the best
candidate for the 150-Q termination impedance was the existing CDN used for immunity tests.


https://standardsiso.com/api/?name=bc2a186c324182ddc40fd35d52d5f4f8

CISPR TR 16-3:2020 © IEC 2020 - 237 -

So, in the original and basic concept of the CDN method, the purpose of the CM impedance of
150 Q is to enable a good match (no standing waves) with the disturbance source. With this
property, a relatively simple relation between the E-field limit and the limit applicable for the
CDN method could be derived and implemented in Table B.1 of CISPR 15:2013 [98]. It has
not been the intention that the CDN emulates the CM impedance and LCL - or whatever other
property of the network to which the (mains) cable could be connected.

The CDNE method is an alternative method to assess radiated disturbance of a product in the
frequency range of 30 MHz to 300 MHz, under specific limitations of the product
characteristics. Hence it addresses the radiation coming from the enclosure port of the EUT.
Another example of a radiated disturbance assessment method is the absorbing clamp
mgthod in the frequency range between 30 MHz and 1 000 MHz.

10 MHz ﬁc. I/80 cm
LigitS
Termination
|/ CISPR
A receiver 10 MHz
CISER -| oscillator
receiver Cable 10 ch
- EEDCON 1)
3 m SAC/OATS-method CDN method

EC

Figure 200 — Equivalent radiated measurement methods (30 MHz to 300 MHz)

50 T T 1 T T T T T

By (dB, Qm-1)

O 1 1 1 1 1 1 1 1
30 50 70 100 230
/ (MHz)

IEC

The red curve is the 150-Q termination.

Figure 201 — Measured relationship between field strength E,
and CM current I, for various termination resistances R
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4.12.2.3 Derivation of the CDN limit

The asymptotic curve given in Figure 202 (using the equations given in [92]; matched case
I" = 0), is used to translate the limit levels EFL{i;(‘ﬁm of the existing 3 m (see NOTE 2 of

4.12.2.2) radiated disturbance limits to the limit Ilc_:iE)nN for the CM current of the CDN test
method limit with the following equation:

) ELim,3m
=2 (o)
E /|, ratio

where the %ratiois the average relationship between field strength and CM f‘current fpr

vgrious CM-impedance terminations, i.e. the black straight dashed line shown in\Figure 202.

The CDN current limit is expressed in terms of terminal voltage limit across a 150{Q
impedance ( V(';‘I'SnN), so

vEm =150 Qx—Rad___ (10p)

tefminal voltage limit of 20 Ig (150) + 40 - 30 =5-64 dB(nV). The CISPR 15 radiated limits
translate in this way to the values given in Table B.1 of CISPR 15:2013 [98]; see al
Figure 203.

FIr example, a radiated disturbance limit of 40 dB(nV/m) at 3 m and 100 MHz translates to| a

(o]

o

Note that the voltage division factor Fopng (in dB) and the value of the attenuator external fto
the CDN are added to achieve the CM{terminal voltage across 150 Q, i.e. -20 Ig(50/150) + dB-
vdlue of the external attenuator (6-dB):

The CDNE-disturbance-level Vopne, then can be calculated as follows:

VcONE = Vmeas + FcDNE (107)

where Vepngand Vieas are in dB(uV).
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The black straight dashed lines are an asymptotic boundary curve used for translation of the limit.

Higure 202 — Modelled relationship between field strength E;, and CM current I, using
EUT height 0,8 m, measurement distance 3 m, receive antenna height 1 m
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Figure 203 — Limit for the terminal voltage at the CDN

4.12.2.4 2006: first implementation of the CDN method in CISPR 15

In October 2006 the CDN method was adopted in the first amendment of Edition 7 of CISPR
15 [91] published in 2006 [91].

The CDN measurement method, the CDN specification and the CDN limits were included in a
separate normative Annex B of CISPR 15:2005/AMD1:2006.

Basically, the CDN should satisfy the specifications of IEC 61000-4-6 [15], and the
specification of the CM-impedance of 150 Q was extended to 300 MHz.
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The limit given in CISPR 15 is the same as given in Figure 203.

4,

4.

12.3 From CDN to CDNE

12.3.1 Shortcomings

After applying the CDN method for testing of lighting equipment for a few years, a number of
shortcomings of the CDN method were found, including:

A
la
of]
la
(d
C

the absence of a DM-impedance specification of the CGDN, large tolerances of the

i
pH

4.

A
m
to
th
C
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r

The JTF work included the following projects:

tr;Ere was a need to consolidate ‘the relationship between the CDN method and the classiqg

lack of reproducibility of tests when using CDNs from different manufacturers;

no restrictions on the size of the EUT;
absence of an uncertainty budget;

specification to only 230 MHz - CISPR 15 specified the CDN for measurements
300 MHz;

no documented correlation between the CDN method and the classical radiated method.

5 an example, Figure 204 gives the results of an RRT. CDN measurement results from

a comb generator and a coupling unit that launches both DM and”CM disturbances. Ea
boratory applied its own CDN from different manufacturers. The_results of the class 1 EU

boratories within Philips were obtained using class 1 and class 2 ariificial EUTs consisting

to

1

ch

DNs. More in-depth investigations revealed that the main<{eason for the large spread w

pedance, the absence of impedance specification above 230 MHz and the absence
ase angle tolerance of the CM impedance.

12.3.2 CISPR A/F JTF

bthod of radio frequency disturbances forsighting equipment in the frequency range 30 MH

DN-M3) exhibited an especially large spread due to the variation in the performance ofz}

joint task force between CISPR/A and CISPR/F was formed on the ‘CDN measurement

T
e
s

M

=

0

L

e CDN method of emission measurement in the frequency range 30 MHz to 300 MHz to t
SPR 16 series. An additional aim>~was to improve the reproducibility of the CDN metho
so in view of the EMC-standardization debate on the subject of ‘alternative test method

iated test method in CISPR 16-4-5 [97].

adding CDNE.specifications and validation methods in CISPR 16-1-2 [95];
adding measurement set-up and method in CISPR 16-2-1 [8];
adding{background and rationale in CISPR TR 16-3 (this subclause);
adding uncertainty aspects in CISPR 16-4-2 [96];

adding conditions for alternative methods in CISPR TR 16-4-5 [97].

z
300 MHz’ (CDNE JTF A/F). That JTF<was established in 2008 and tasked with transferrimg
e

d.

s
al
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Results CDN measurements class | EUT
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Figure 204 — Results of a Philips 11-lab_internal CDN RRT using
an artificial class 1 EUT — expanded uncertainty nearly 10 dB

4N12.3.3 Improvements of the CDNE

The main function of the CDNE has not changed compared with the CDN, i.e. the CDNE

cquples asymmetric (CM) disturbance voltage from the EUT into the input lead of t
measuring receiver, and decouples thatiead from any emissions or influences present in t

I

test environment. It measures the CM- disturbance in a short cable connected to the EUT

(often AC mains but not absolutely necessary) through a nominal impedance of 150
(see 4.12.2.2).

The most important changes in the CDNE specification are as follows (see CISPR 16-1

[9p))-

A specification fof_-the phase tolerance of the CM impedance has been added: 0° + 25°;

The tolerance)of the magnitude of the CM impedance of the CDNE (150 Q) has be
reduced to&10 Q/-20 Q;

c)| A specification and tolerance of the DM impedance at the EUT port has been added, i

symmetric impedance of 100 Q at the EUT mains port (CDNE-M2 and CDNE-M3), or
the external symmetric load at the AE port of the CDNE-Sx. The value of 100 O equals t

100-Q £ 20 Q. Any symmetric (DM) disturbance coming from the EUT is loaded either by|a

Q

N

en

Je.

DYy
he

DM impedance of a mains network/LISN. However, the main reason of the CDNE JTF

to

specify the 100 Q@ DM impedance was based on the fact that the reproducibility of test

results was improved when this 100 Q DM impedance was applied;

d) Instead of a separate external attenuator of 6 dB, a fixed internal attenuator of at least
6 dB is applied. This avoids mistakes in setting up the test method without an external

attenuator at the receiver port;
e) A tolerance of the voltage division factor has been added: = 1,5 dB;

NOTE This tolerance refers to the theoretical voltage division factor given in Equation (106). Normally

the

actual voltage division factor of a CDNE obtained during calibration is applied during a measurement. Then the
value of +1,5 dB is not used as the basis for the uncertainty contribution. The basis is the uncertainty of the

voltage division factor calibration which is typically much lower; see CISPR 16-4-2 [96].
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