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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SPECIFICATION FOR RADIO DISTURBANCE AND
IMMUNITY MEASURING APPARATUS AND METHODS -

Part 3: CISPR technical reports

FOREWORD

1) The|International Electrotechnical Commission (IEC) is a worldwide organization for standardizatien comprising
all jpational electrotechnical committees (IEC National Committees). The object of IEC is to promote
intefnational co-operation on all questions concerning standardization in the electrical and. electronic figlds. To
this]end and in addition to other activities, IEC publishes International Standards, Technical Specifigations,
Tecpnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to ds “IEC
Pubjication(s)”). Their preparation is entrusted to technical committees; any IEC Natieiral Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this prepatation. IEC collaborates|closely
with| the International Organization for Standardization (ISO) in accordance’ with conditions determ|ned by
agr¢ement between the two organizations.

2) The|formal decisions or agreements of IEC on technical matters expressj.as nearly as possible, an interpational
congensus of opinion on the relevant subjects since each technical\committee has representation {from all
intefested IEC National Committees.

3) IEC|Publications have the form of recommendations for interfational use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical contenf of IEC
Publications is accurate, IEC cannot be held responsible\ for the way in which they are used or [for any
misinterpretation by any end user.

4) In drder to promote international uniformity, IEC National Committees undertake to apply IEC Publ|cations
transparently to the maximum extent possible in¢their national and regional publications. Any divérgence
between any IEC Publication and the correspondihg national or regional publication shall be clearly indi¢ated in
the |atter.

5) IEC]|itself does not provide any attestation™of conformity. Independent certification bodies provide conformity
asseéssment services and, in some areas,)access to |IEC marks of conformity. IEC is not responsible [for any
ser\ices carried out by independent certification bodies.

6) All dsers should ensure that they.have the latest edition of this publication.

7) No liability shall attach to IEC. or-its directors, employees, servants or agents including individual expgrts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
othgr damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feg¢s) and
expenses arising out-of._the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

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

9) Attention is-drawn to the possibility that some of the elements of this IEC Publication may be the supject of
patgnt rights: IEC shall not be held responsible for identifying any or all such patent rights.

The main-task of |[EC technical committees is to prepare International Standards. Howsaver, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art."

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.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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SPECIFICATION FOR RADIO DISTURBANCE AND
IMMUNITY MEASURING APPARATUS AND METHODS -

Part 3: CISPR technical reports

1 Scope
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In addition, background information is provided on the history of CISPR, asywe
cal reference on the measurement of interference power from househgldland
hces in the VHF range (Clause 5).

the years, CISPR prepared a number of recommendations and-reports that
cant technical merit but were not generally available. Reports and recommend

meeting in Campinas, Brazil, in 1988, CISPR subcommittee A agreed on the tg
ts of CISPR 16-3, and to publish the reports for jposterity by giving the rep

to CISPR 16-4-3, whereas recommendations on statistics of disturbance com
n the report on the determination of limjts were moved to CISPR 16-4-4:2007
ts of Amendment 1 (2002) of CISPR 16-3:2000 were moved to CISPR 16-4-1.

As a consolidated collection of independent'technical reports, this document can contain symbols th
meanings from one clause to the next. Attempts have been made to minimize this to the extent pod
of editing.

brmative references

jround
PR 16
| as a
similar

have
ations

ble of
prts a

he reorganization of CISPR 16 in 2003, thessignificance of CISPR limits material was

blaints
. The

at have
sible at

llowing documents:are referred to in the text in such a way that some or all

t constitutes regquirements of this document. For dated references, only the
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hendments) applies.

11:2009, Industrial, scientific and medical equipment — Radio-frequency distun
bteristics — Limits and methods of measurement?
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dition
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bance

CISPR 16-1-1, Specification for radio disturbance and immunity measuring apparatus and
methods — Part 1-1: Radio disturbance and immunity measuring apparatus — Measuring
apparatus

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

161:

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

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC|6005p-161,
IEC 60050-300, ISO/IEC Guide 99, as well as the following apply.

NOTE [While the symbol U is commonly used in CISPR publications to represent uncertainty, in this tgchnical
report the symbols U and V are used interchangeably to represent “voltage” in order/fo“accommodate thg legacy
diagran}s contained herein.

3.11
asymmmetric voltage
radio-frequency disturbance voltage appearing between thekelectrical mid-point of the [mains
terminfals and earth

Note 1 fo entry: It is sometimes called the common-mode voltage and is half the vector sum of ¥, and|V,, i.e.
(Vy+ 72

Note 2 [to entry: V_ is the vector voltage between oneof the mains terminals and earth, and V¥, is thg vector
voltage|between the other mains terminal and earth.

3.1.2
bandwidth
Bn

width [of the overall selectivitys/curve of the receiver between two points at a [tated
attenuation, below the mid-band.\résponse

Note 1 fo entry: The bandwidth\is represented by the symbol B,, where » is the stated attenuation in decibgls.

3.1.3
electrjcal charge time constant
Tc
time needed after the instantaneous application of a constant sine-wave voltage to the|stage
immediatelyspreceding the input of the detector for the output voltage of the detector to[reach
63 % of its.final value

Note 1 to entry: This time constant is determined as follows. A sine-wave signal of constant amplitude and having
a frequency equal to the mid-band frequency of the IF amplifier is applied to the input of the stage immediately
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
Fime (0
A(t
Bimp _ max (1)
2G, x Aimp

where

AT max s the peak of the envefope at the tF output of the Teceiver witlramjimpulse

area Ay, applied at the receiver input;
G, is the gain of the circuit at the centre frequency;

specif|cally, 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 pointg (see
CISPR 16-1-1 for further information)

3.1.6
impulse area

impulge strength
Aimp . . )
voltage-time area of a pulse defined by the integral:

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

Note 1 fo entry: Spectral density D is related to impulse area and is expressed in uV/MHz or dB(uV)/MHz. For
rectangplar impulses of pulse duration 7\dt.frequencies f <<1/T, the relationship D = 2 x 106/Aimp applies hecause
D is caljbrated in RMS values of a corresponding sine wave.

3.1.7
mechanical time constant of a critically damped indicating instrument
Tm

I
Ty = <= (4)
27
where| T, is the period of free oscillation of the instrument with all damping removed
Note 1 to 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 2n7),, 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

oes not
roup of

such

instrument

Note 1 fo entry: The maximum level at which the steady-state response of a circuit (or group of circuits)d
depart by more than 1 dB from ideal linearity defines the range of practical linear function of the circuit({org
circuits).

3.1.9

symmetric voltage

radio-frequency disturbance voltage appearing between the wires of a two-wire circuit
as a s|jngle-phase mains supply

Note 1 fo entry: Symmetric voltage is sometimes called the differential mode xolfage and is the vector difference
betweep ¥, 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

amplit

Note 1
the NO

ude of the vector voltage, 7, or ¥,

o entry: Unsymmetric voltage is the voltage measured,by the use of an artificial mains V-network.
[E in 3.1.1 for definition of ¥, and V.

3.1.11
weig

pulse-repetition-frequency (PRF) dependent conversion (mostly reduction) of a peak-de
impulge voltage level to an indication that corresponds to the interference effect on

recep

Note 1
quantity

Note 2

critical
another

3.1.11

weighted disturbance measurement

measy

ting (of e.g. impulsive disturbance)

on

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

o entry: For the digital receiver, the interference effect is an objective quantity that may be define

bit error ratio (BER)) or bit error probability (BEP) for which perfect error correction can still occu
objective and_reproducible parameter.

1

rement of disturbance using a weighting detector

Refer to

tected
radio

bjective

by the
I, or by

3.1.11
weigh

.2
ting 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
weigh
detect

3.1.11
weigh

3
ting detector
or which provides an agreed weighting function

4
ting 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
modulation medical
AGC Automatic gain control ITU International
AM Amplitude modulation Telecommunications Unign
AMN Artificial mains network LAN Local area network
APD Amplitude probability distribution LAS Loop antenna system
BEP Bit error probability LCL Longitudinal cenversion lgss
BER Bit error rate LISN Line-impedance stabilizatjon
CDN Coupling decoupling network hetwork
CDNE | CDN for emission measurement LLA Largedpop antenna
CM Common mode LLAS Large loop antenna system
CMAD Common mode absorption LW LD3d wave
device MPEG Moving picture expert grolip
COFDM | Coded orthogonal frequency MW Medium wave
division multiplex MWO Microwave oven
DAB Digital audio broadcasting OATS Open-area test site
DDC 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 sefjuence
DM Differential mode PRF Pulse-repetition frequency
DPCH Dedicated physical channel QAM Quadrature amplitude
DPDCH | Dedicated physi¢al data channel modulation
DQP$K Digital QPSK QPSK Quadrature phase-shift kgqying
DRM Digital radioymondiale RAM Random access memory
DVB-T Digital video broadcasting — RBER Residual bit error rate
terrestrial RF Radio frequency
EMC Electromagnetic compatibility RMS Root-mean square
EMI Electromagnetic emissions RRT Round robin test
ERP Equivalent radiating power RSA Ring-shaped area
EUT Equipment under test SAC Semi-anechoic chamber
FER Frame error rate SOLT Short-open-load-through
FFT 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 to
provide a common basis for controlling radio interference from electrical and electronic
equipment in international trade.

The bpsis for establishing limits is that of providing a reasonably good correlation between
measured values of the interference and the degradation it produces ‘in” a [given
commupnications system. The acceptable value of signal-to-noise ratio in any given conpmuni-
cation| system is a function of its parameters, including bandwidth, type of({modulation, and
other |design factors. As a consequence, various types of measurements® are used |in the
laboratory in research and development work in order to carry out the réquired investigations.

The ppurpose of this subclause is to analyse the dependence of the measured values pn the
parameters of the measuring equipment and on the waveform of\the measured interference.

4.1.2 Critical interference-measuring instrument parameters

The most critical factors in determining the response of an instrument for meajsuring
interfdrence are the following: the bandwidth, the detector, and the type of interference|being
measyred. Considered to be of secondary importance, but, nevertheless, quite signifigant in
correlating instruments under particular circumstances, are: overload factor, AGC design
(if used), image and other spurious responses; and meter time constant and damping.

For purposes of discussion, reference\is made to three fundamental types of radio |noise:
impulge, random and sine wave. The dependence of the response to each of these ¢n the
bandwidth and the type of detector is given in Table 1. In Table 1, § is the magnitude |of the
impulde strength, Afimp is the impulse bandwidth, Af,, is the random noise bandwidth, () is
the pulse response for the quasi-peak detector, fpR is the pulse repetition frequency, and E' is
the sgectral amplitude oftthe random noise. The relative responses of various detecfors to
impulge interference for-one instrument are shown in Figure 1.

Table [1 shows that\the dependence of the noise meter response on bandwidth is differgnt for
all three types_oéf-interference. If the waveform being measured can be defined as being any
of the|three types listed in Table 1, and if a standard source provides that type of wavgform,
then by using the substitution method, a satisfactory calibration can be obtained for any
instru%ent with adequate overload factor independent of its bandwidth. Thus, with a purely
rando interference or a Imlrply imlmllei\/p interference of known rpppfifinn rate calibration
can be made using a corresponding source, or a correlation factor calculated on the basis of
known circuit parameters.

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 example,
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://iecnorm.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 5 fpr [
(no overlap) P P 1416 Torimp
Random - 1,85 \JAf, & 0,88 AL, & A E
Key
e s the RMS value of the applied sine wave.
P(a) [s given in Figure 2.
E s the spectral strength in RMS V/Hz bandwidth.
5 s the impulse strength. It is assumed the instrument is calibrated in terms of the RMS value of a sing wave.
t is assumed that characteristics of the envelope are measured by the detector’on random noise.
Afimp s the impulse bandwidth.
Afn s the random noise bandwidth.
Jer s the pulse repetition frequency.
a f R T T T LB N R A I § 2 T T T T T 1 rrr 3 T T T LIRS o T T T TTTTT s
- 14 2 3 4 5§78910 2 3 4 5678910 2 3 4 5678310 2 3 4 5678910 o
e e ] -
2 | | peak {tc =10ms | tom—TT] L
’g th=10s A // v
s " / ] o ~10
=
e ! -"/ Quasi peak { fe Jlyms R ,,‘/i’f S //
t5=650 ms ™| =
L] @ i 1 -
— ~ ; L = 20
// | L i /’/
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: - -30
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| 1 a8 |
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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,
which for the passband characteristics typical of most interference measuring equipment, is
about 5 % less than the so-called impulse bandwidth. A theoretical comparison of instruments
having various bandwidths and detector parameiers with the CISPR instrument is shown in
Figurg 3.

The rgsponse of the average detector to impulsive noise is an interesting casefFhe reading of
an average detector for impulsive noise is independent of the bandwidth ofcthe pre-detector
stages. It is, of course, directly proportional to the repetition rate. In most cases, the re¢ading
obtained with an average detector for impulsive noise is so low as to bhe<of no practicall value
unlesyg the noise meter bandwidth is exceedingly narrow, such as of the order of [a few
hundréd hertz. For a repetition rate of 100 Hz and a bandwidth ©f ‘the order of 10 kHz, the
avera@e value would be approximately 1 % of the peak valuet~Such a value is too |ow to

measure with any degree of precision. Furthermore, for mafny)communication systenis, the
annoypnce effect may be well above the reading obtained-with the average meter. This, of
course, is one of the justifications for the use of the quasispeak instrument.
Plo)
10
0,8
0,6 |-
04 r
0,2 -
0 1 1 1 I
107 107 107" 10° 10" @
IEC
(xR, AF)
(Rqfpr)
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

One of the advantages of the RMS detector in correlation work is that for broadband noise the
outpuf 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
partichilarly desirable and is one of the main reasons for adopting the RMSydetegtor to
measyre atmospheric noise. Another advantage is that the RMS detector makes a gorrect
addition of the noise power produced by different sources, for example, impulsive noige and
random 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 interference
to AM[sound and television reception. However, the very wide dynamic range needed| when
using |very wide-band instruments for measuring impulsive noise, limits the use off RMS
detectors to narrow-band instruments.

4.1.6 Discussion

The pfeceding paragraphs have indicated the theoretical basis for comparing measurements
obtained with different instruments. As mentionedypreviously, the possibility of establishing
significant correlation factors depends upon the, extent to which noise can be classifigd and
identified so that the proper correlation factors may be used. In many frequency ranges,
impulgive interference appears to be the most serious; however, for power lines where gorona
interfgrence is the primary concern, random interference would be expected to bel more
characteristic. Additional quantitative_data are needed on typical interference charactefistics.
Another important parameter is the everload factor.

4.1.7 Application to typical'noise sources
4.1.7. Commutatorsmotors

The npise generated by commutator motors is usually a combination of impulse and random
noise.| The random._hoise originates in the varying brush contact resistance, while the impulse
noise |s generatedfrom the switching action at the commutator bars. For optimum adjugtment
of commutation) the impulse noise can be minimized. However, where variable loading is
possiljle, measurements have confirmed that for the peak and quasi-peak detectors, the
dominpnt-noise is of impulse type and the random component may be neglected. Whfle the
repetilion‘rate may be of the order of 4 kHz the effective rate is lower because the amplitude
of the impulses is usually modulated at twice the line frequency. Hence, experimental results
have shown that quasi-peak readings are consistent with bandwidth variations if the repetition
rate of the impulse 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.


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

- 28 - CISPR TR 16-3:2020 © IEC 2020

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
was obtained on sources producing very low repetition rate pulses.

4.1.7.3 Ignition interference

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

NOTE [“CISPR Recommendation 35", from CISPR 7:1969, Recommendations of the~<CISPR, is quoted for
referenge:

“ RECOMMENDATION No. 35
HE CORRELATION BETWEEN PEAK AND QUASI-PEAK MEASUREMENTS OF INTERFERENCE FROM
IGNITION SYSTEMS
(This Recommendation closes Study Question No. 46 of 1961)
(Stockholm, 1964)

—

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

JONSIDERING

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

RECOMMENDS

thatf|a correlation factor of 20 dB between peak and guasi-peak measurements of interference from ignition
sys{ems be adopted for frequencies in the range.¢overed by C.1.S.P.R. Publication 2, i.e. when peak
megsurements are made the acceptable limits-are 20 dB above the corresponding quasi-peak measurements;
for peak measurements the engine may be Opérated 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.”

4.1.7.4 Dependence on bandwidth

Comparisons of measurements made in the UK with two instruments having bandwidths of
90 kHxz and 9 kHzrespectively 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 concept
that the interference is dominated by impulse type noise but that some random components
are present:

4.1.8 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 requirement is
normally not fulfilled by an actual interference source, and the simulator output waveform
should show a good resemblance to the actual interference signal.

4.2.2 Types of interference signals
The fdllowing interference sources can be simulated.

a) Ngrrowband interference sources generating sine-wave signals,cfor example receiver
osgillators and ISM equipment. An appropriate RF standard signal generator can bg used
to |simulate these sources. ISM interference is often modulated by the mains vgltage,
which can be simulated by modulating the RF signal with-a' full-wave rectified |mains
signal.

b) Brpadband interference sources producing continuousybroadband noise, for example,
gapeous discharges and corona. For simulating purposes a standard broadband|noise
source (saturated vacuum tube diode, zener diede/or gas tube followed by a suitable
brgadband amplifier) can be used. In mains-fed.sources of this type, mains modulation is
pre¢sent, but because of the non-linear behaviour of gaseous discharges the envelppe of
the actual noise signal can deviate appreciably from the normal full-wave rectified |mains
wgveform. In this case, gating the noise «0f the simulator at a repetition frequency of twice
the mains frequency can yield a good cerrespondence with the actual interference signal.

c) Thyristor controlled regulators with~phase control generate narrow pulses of constant
amplitude in an RF-channel at arepetition frequency equal to twice the mains freqliency.
Standard pulse generators with rnarrow output pulses (107 s to 10-9 s width) of the| same
reietition frequency can be;used to easily simulate these sources.

d) Ignition systems, mechanical contacts and commutator motors generate short periods
(burrsts) of quasi-impulsive noise. This type of noise is caused by very short pulses of
regular or irregular~height at random time intervals; if the average interval bdtween
ad)acent pulses i$ Iess than the reciprocal of the channel bandwidth under test (7, ¢ 1/B),
the pulses overtap, and because of the random phase conditions, a random fluctuating
oufput signalAnoise) results. Therefore, bursts of quasi-impulsive interference of this type
cah be simulated by a gated broadband noise signal.

The duration and the repetition frequency of the bursts depend on the type of interfgrence
sourcg (s€e Table 2).

Ignition interference is characterized by burst durations between 20 ps and 200 ps and
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 modulatjon ?
Gaseous discharge Continuous Yes/no\P
Ignition 20 ps to 200 ps 30 bursts/s to 300 bursts/s No
Switchgs 5 ms to 500 ms 0,2 bursts/min to Yes/no

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

2  Depending on AC or DC supply.

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

mains @nd_gate*width of 1 ms to 2 ms|may be
morg appropriate.

The disadvantage of this layout is that a wide usablé/frequency range requires a |broad
bandwidth for the entire circuit between noise source~and output terminal. The most ¢ritical
part il 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 rangeps or a
tunable amplifier may be used. Such a design-complicates the construction of the simulator
apprec¢iably.

Another way to produce a gated wideband noise signal is given in the diagram of Figure 5. In
this design, nanosecond pulses are, generated in the output stage, for example, a step
recovery diode or similar device. These pulses of constant height are triggered at rmndom
time iptervals and at a sufficiently high repetition rate to cause overlap in the RF channel
under|test in order to result n~guasi-impulsive noise in the output of the channel. Ayerage
repetifion rates of a few megahertz are required for measurements in a TV channel of af least
100 kiHz for measuremenis-in an FM channel and of at least 10 kHz in an AM channgl. The
random occurrence of (the trigger pulses is obtained from the zero crossings of a broadband
signal| For this purposé the output of a noise source is fed to an appropriate amplifier which is
followed by a gating circuit for burst simulation. The gated noise signal is fed to a bistable
multivlbrator whiCh converts the zero crossings into pulses of random varying width from
which| narrow~Arigger pulses at random distances are generated by the monogstable
multiv|brator.

The advantage of this System over the circuitof Figure 4 15 thatthe usabte frequency range is
determined by the output pulses of the step-recovery diode only. An example of such a circuit
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.



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

CISPR TR 16-3:2020 © IEC 2020 -31-

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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Relationship between limits for open-area test site and the reverberation

sent there are~limits for use with the open-area test site method of measur
ed in seyeral CISPR publications. For equipment that can be measured usir
eration chamber method, a procedure is required to relate the limit to be used wi
open-area test site (OATS) limit. The procedure is described in this subclause.

ut

IEC

ement
g the
h that

Correlation between measurement results of the reverberation chamber an

OATS

d

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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4.3.3

R+G=F+2

Limits for use with the reverberation chamber method

(6)

Consider the case of an EUT which is exactly on the limit, L,, when measured in the open
area test site, i.e. Pq = Ly,

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

From

Fquation (6) we can relate the twa limits as in Fquation (7)

L =L,+2-G

The value of L, is dependent not only on L, but also on G. Because G will not.be the sa

all EU
say L,

= L, then it is correct only for EUTs with G = 2. EUTs with a G greater than 2 will

easier| to pass the reverberation chamber limit, and vice versa.

Itis n

Py. Figure A.1 shows the curves of P, versus P; for various values of G. The shaded re

for ne
locate
of the

An ex
Py It g
— fon
—  md

rag

Based
OATS
ability

4.3.4
The p
i) Mg

me
in

jative values of G. (Experimental points appearing in this region are caused by fai

horizontal plane).

an be seen that:

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

liation pattern is becoming more, directional in the vertical direction.
on this evidence, the reverberation chamber results can be related to those

In fact, use of a reverberation chamber appears to be a more effective method
to measure a quantity representative of the maximum radiation.

Procedure for-the determination of the reverberation chamber limit

ocedure to.determine the reverberation chamber limit is as follows.

HB(pW).

(7)

me for

Ts, it is not possible to set L, to treat all EUTs in a manner identical to\the effect of L. If

find it

bcessary to determine the value of G. This can be done from measurements of Ry and

jion is
ure to

the maximum open-site radiation, probably due te’the maximum radiation lying dutside

bmple is given in Figure A.2. A number of¢microwave ovens were measured for £, and

re points lying in the positive Gregion as the frequency goes up, indicating that the

of an
in the

asure ‘a-sample of equipment for the maximum radiation on an OATS. Convart the
asured quantities to the equivalent power from a half-wave dipole. Call this quanfity Py,

ii) Measure the same sample in the reverberating chamber for total radiated power. Call this
quantity Py, 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

ap

plying 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,
reducing the noise margin of digital devices. In the case of amplitude-modulated RF fields, the
non-linearity gives rise to a baseband signal that may become audible in the telephony
syste

disturbbance signal) the asymmetrical (common-mode) source induced in tél€communication
lines Is expected to be the dominant disturbance source. Therefore, a_conducted-immunity
test (durrent-injection test) is relevant for this equipment. In this test, thedisturbance signal is
applied via the telecommunication lines. As a consequence, this subclause deals with the
charagterization of the unwanted antenna properties of telecommunication lines and with
prediction models supplying information about the probability that certain parameter Vyalues
will beé met in practice. Moreover, it discusses the parametérs*that are of relevance| when
specifying the disturbance source used in the immunity test. The various consideratiops will
be limjted 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 pf the
subscriber lines i.e. the induced asymmetrical open-circuit voltage normalized to the RF field
strength, and an equivalent resistance of the .induced asymmetrical source. The prediction
models are needed in the classification of(the RF fields and the induced asymmietrical
disturbances, 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 theZimmunity test is to be specified by an opencircuit
voltage and a source impedance.

All mdthematical relations associated with the derivation of the models and those needed by
the uger of this subclause when*applying the models to the respective geographical arga are
given jn Annex B, Annex C,-Anhex D, and Annex E.

This gubclause is based on results of experimental investigations carried out on puried
telephppne-subscriberines in Germany [21], [22] and in the Netherlands [23]. In|these
invest|gations induced-voltage and current data and magnetic-field-strength data| were
recorded at aslarge number of locations, permitting a statistical evaluation of the pargmeter
valued. A statistical approach was needed, because the telephone lines have random rputing
in the |buildings and, consequently, random orientation with respect to the RF field maKes for
random.coupling with nearby metal objects, while the buildings cause a random scattefing of
the RFfietds:

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.


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

CISPR TR 16-3:2020 © IEC 2020 - 37 -

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

axis tp—find—the maximum—reading—0One datum . was—measurednear-the outlet
T~ 7 T

under

invest
distan
to-am
value
as thd
teleph
norm

the su

4.4.2.]

Althou
inducse

a) The measured field strength H, outside the buildings compared to the field stren

calculated from the simple far-field relation for.ayhalf-wave dipole (in its main directig
7P
H, =
Zol"
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.

NOTE
wave di

gation inside the building, and one datum, H,, was measured outside the buildin
ce of about 10 m from that building. In order to obtain a sufficiently high induced-s
bient-noise ratio, the measurements were carried out in areas with a relativel
pf the RF field strength. This is not expected to influence the applicability_of the r
presence of a broadcasting transmitter is not taken into account\in the lay
one-subscriber lines. Moreover, as mentioned in 4.4.1, the induced voltage V
lized to the field strength and the resulting "antenna factor" will/fepresent a prop
bscriber lines measured.

p Field strength and building effect

gh the RF field is not a characteristic of the subscriber lines, it forms the origin
d disturbances. Two aspects of the RF field will bé«€onsidered in this subclause:

Althoughsbroadcast transmitter antennas usually are monopoles (in the frequencies of interest), t
pole fonmula in Equation (8) has been used for convenience.

b) Theeffect of the building on the field strength, which can be expressed in a building

pa

g at a
signal-
high
esults,
put of
vill be
prty of

of the

jth H
n):

(8)

he half-

Leffect

rameter 4, defined by:

Ay = Hy — H,

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.

(9)

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

in4.4.

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 rgsults of H (H,) given in Figure 7a) show that\large deviations from Hj = H_ are pgssible
(solid [line), but that H, < (H; + 10) dB(uA/m) (dashed line), hence the measured valug is at
most a factor of 3 higher than the value calculated from Equation (8). The largest deviations
concefn data of SW transmitters. This is understandable, because SW transmitters normally
have |a beamed antenna pattern, whereas the antenna patterns of the LW and MW
transnpitters are generally close to circular. Figure 7b) gives the scatter plot H (H_) after
rejection of the SW transmitter data,.
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) Scatter plot of the measured outdoor magnetic b) Normal-probability plot of the buildinhg-effect
E‘ield strength H_  normalized to the square root of parameter 4, dB, all data

e reported power [26] versus the distance d (m) to

the transmitter

Figure 8 — Measured outdoor magnetic versus distance,
and probability of the building-effect parameter

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

the transmitter, and the dash-dot line.indicates a slope —1. It can be concluded tr;rat, on
average, the data follow this slope fairly well. The associated intercept is higher than that
expecIed from Equation (8), which ‘is“in agreement with the (4, + 10) dBuA/m limit obgerved
in Figlire 7.

Figurg 8b) shows the normal probability plot of all building-effect data. If these datq were
normally distributed, a_straight line would have resulted. This is not the case, and th¢ data
suggept that, in a first-order approximation, two distributions are superimposed. The two
distribputions are found when distinguishing between data associated with bujldings
constructed from,“brick and/or wood (B/W) and data associated with buildings constfucted
from reinforced~concrete (C). The normal probability plots of these distributions are given in
Figurg 9a) and-Figure 9b). The negative values of 4, predominantly stem from measurgments
where| H, was measured on an upper floor of the building, whereas H, was already megsured
at abqutds5 m above ground level outside the building. Effects of re-radiation also influence
the actuatfietd=strengthdata:
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Figure 9 — Normal probability plot of the building-effect parameter 4, dB
The nlmerical results have been summarized in Table-3{ No clear frequency dependepce 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
Brjck and/or wood 1,6 4.0 1,0 138
Rginforced 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 se¢t was
connepted dufing the measurements. The investigations showed that the influence ¢n the
measyred veoltages of the telephone set and its standard lead (4 m long) could be neglegted.
The measured voltage will be normalized to the measured magnetic field strength in 4.412.3.2,

and assuming far-field conditions, to the electric field strength in 4.4.2.3.3. After that,
4.4.2.3.4 deals with truncation of the distributions found in 4.4.2.3.2 and 4.4.2.3.3.
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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 ohtain an antenna property of the subscriber lines, the open-circuit voltage |U}, is
normglized to the field strength (H; or H,),yielding the antenna factors G; and G, defined by

Un
Gio = 10)
H Hino
where
G is in Qmy

i,o
Uy, isyimuV, and

H.

ifo > is in pA/m.

Figure 10a) shows the scatter plot G;(G,) using all data. The plot suggests that there is one
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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b) G, dB(Qm) and d) G, dB(Qm), associated with
buildings constructed from reinforced concrete

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
G, C 26,5 10,9 26,0 90
4.4.2.3.3 L factors
In 4.412.3.2, U,, was normalized to the measured magnetic field strength, thus.lyielding the

G fact
ZO =

reasomable and the G, factor can be converted into an L factor defined hy

where

The L
acting
are th

prs. Assuming far-field conditions, the electric field strength follows from™ E = Hz
B77 Q. If the outdoor field strength is considered, this assumption seems

Go Uh

Zy B HyZy

Lo

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

factor can be considered as the effective length or effective height of the subscrib

b 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)

o With
to be

11)

er line

as an antenna. The results for L, have been'summarized in Table 5, where L and L

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 ta~dB with respect to 1 m.

In the
points
3 000

literatufe Jan L factor of —3,0 dB(m) average (standard deviation 10 dB, number d
= 10@)“has been reported [27] for a cable running 1 300 m underground and 1 00
m¢ overhead (aerial cable) towards the subscriber. Broadcasting frequencies

594 ki

f data
D m to
were

Hzvand 1 242 kHz. No details were given about the field-strength measuremen

s, the

reference for the asymmetrical voltage and the properties of the building material. The results
reported in [27] are in line with the results for L, (B/W), as given in Table 5. However, more

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
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(12)

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.
Unfor ; L) of
an actual telephone-subscriber line taking into account the length and the routingefla line
inside|the building and, buried, outside the building. However, it has to be expectedythat such
a limit|exists and the best approach is to use the experimental upper limit (G of Ly).
In addition to the upper limit, one may also consider a lower limit (G| or L )\and truncate f(G)
at the[lower end. It is found that in the range of parameter values to be~considered in 4.4.3
and 4/4.4, the influence of G| (or L|) is negligible.
The trlincated probability density function reads
G)dG G)dG
(GG = LOWE - O — G )
7 rewa v L
GL
The mathematical form of the cumulative distributions F(G() and F(G|) is given in Anpex E.
Table |6 summarizes the truncation data of thé.'G factors and the building-effect parameter 4,,.
Note that ar differs very little from 1, thatiis from the value of ar if —0 < G dB(Qm) $ « or
-0 < A), (dB) < o because F(») = 0,5 and“F(—x) = —-0,5. The upper and lower limit in dB(m) of
the L factor range are found by subtracting 51,5 dB(Q) from the corresponding G factors
in dB(f2m).
Table 6 . Summary of truncation parameters of f{G)
G factor Buildipg G, G, F(Gy) F(G)) of;
orid, material dB(Q2m) dB(Qm) F4,,) F(4,,) o,
Abu Abl
(dB) (dB)
¢, B/W 70,5 11,5 0,480 5 -0,499 3 1,421
q; c 78,5 20,5 0,498 5 -0,492 2 1,409
d, B/W 69,5 16,5 0,487 3 —0,497 1 1,416
G, c 54,5 -3,5 0,495 0 -0,497 1 1,008
A, B/W 12,0 -10,0 0,495 3 -0,498 1 1,007
A, C 41,0 2,0 0,490 5 -0,4837 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, -U
R, :%150 Q) (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 R,, and R, compared to the average value of R, stem from resonances and anti-
resonances in the common mode circuit of the subscriber line. No clear frequency
depen ence—of Ra cottd—beobserved (occ 4425), andrno-influence—of-the bu”d;ny material

was observed.

Table 7 — Summary results of equivalent-resistance analysis

R, Standard Median R, Number R, R, R,, R,
(averape) | 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 /,
99 3
o 95
(o))
o]
5 80
o
g
o 50
=
g 20
£
]
© 5
1
0,1

25 35 45 55 65 75 85
R, (dBQ)

IEC

Figure 12 — Normal probability plot of the equivalent asymmetrical
resistance R, dB(Q)

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. Never-
theless, information about the field strength is needed in order to make a prediction of the
induced voltages.

From the results given in 4.4.2.2, it follows that in a first-order approximation the' outdogr field
strength, to be indicated by E, and H, for the electric and magnetic field component
respedtively, is inversely proportional to the distance r between the point of.observatign and
the trgnsmitter, and proportional to the square root of the transmitter power. From the fesults
summaprized in 4.4.2.2 it follows that, in the worst case, the constant\of proportionalily is a
factor|of 3 (= 10 dB) larger than the constant of proportionality in_the case of a half-wave
dipole

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

Hmax Emax
priflo = H Y= [fo(H)dH or  pdEg>E}= [ /fn(EMH 15)
R E
where
SIH) and f(E) are.the normalized field-strength distribution, and

are the maximum field strength in the geographical regiop in

A, maxy*  which the probability has to be estimated.

max and £

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

Consigleringsasring-shaped area (RSA) around a transmitter having a circular antenna pattern,
it follows(see Annex B) that

2 2 -2 2
(Emax _EL)Emin N Emin

S =N "
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

As an example, Table 8 gives the values of E| for a number of probability values, assuming
Emax = 60 V/Im, which is an example of a radiation-hazard limit in the MW band of frequencies,
and Ef;p = 0,0V =80 dB{pv/m)j—The tatter vatue is—of the orderof mmagmitudeof the
minimpum field strength in the service area of a broadcasting transmitter. Noteythhat the
probability values are almost completely determined by E ;.

Table 8 — Example of field-strength classification

priE 2 E '} E, Emin P =500 kW

P’”{Eo 2EL} kR=7 k;22

I L

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

100 0,01 - 495 000 1 550 0Q0

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.imterms of a field strength, and not, for example, in[terms
of thg distance between the transmitter and the point of observation, Equation ([15) is
applicpble to any transmitter producing a field strength which is inversely proportional |to the
distange. However, after the (classes have been established, a certain transmitter will have a
certaizﬂ value of the constant of proportionality k. Then class boundaries can be associated
with distances R| = (k/R)E, between transmitter and point of observation. In Tgble 8
examples of R are given, assuming k = 7 (as in the case of a half-wave dipole) and k = 22
(the wWorst-case value”found in 4.4.2.2), while the transmitter power P = 500 kW. The R
valueg for E_ =+60 V/m have been put in between brackets, because, in the consjdered
frequgncy range,-the far-field condition is not valid at these distances.

The aflvantage of choosing the field-strength boundaries first is that the classes are thel same
for allKinds of transmitter, while the choice of a class is then determined by the prohability
that victim equipment will be at a certain distance from the chosen class of transmitters. In
general, an estimate of the latter probability is easier than an estimate of the field-strength
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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@ U 1 (U
priUy 2 UL} = [dG, [du, —f(—tht (Go)
Gy Uy Go Go

(17)

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

Equat

AULIG,).

Note t A A s 3 e—Hrarsm
the pqint of observation as a consequence of the fact that the boundaries of the RS
been |defined by field-strength values. A similar remark was made in conn@ctio

on (15), and similar conclusions are possible here.

itter and

have
with

Consiglering again the ring-shaped area as introduced in 4.4.3.2, "examples ¢f the
classification of Uy, i.e. U values corresponding with chosen values pz{Up-2 U, }, are given in
classification of Table 9. The relations used can be found in Annex C»As in 4.4.3.1, fit was
assumed that the outdoor field strengths FE, ;=60 V/Im(H 1 = 0,16 A/m)[ and
Emin 90,01 VIim (H,in, = 27 pA/m) have been specified. When d@ising G; and specifying the
outdoor field strength, the building effect has to be taken intovaccount, as is explaiped in
Annex C.
Tahle 9 — Example of voltage classification assuming for the outdoor field strength:
Eax = 60 Vim and E ;= 0,01 V/im
G, G,
Buildjng material B/W (o B/W C
A, dB 1,6 20,6 - -
S, dB 4,0 8,7 - -
Ay, dB 12,0 41,0 - -
Ay, dB -10,0 2,0 - -
Gio dB(Qm) 47,3 45,9 45,8 26,5
s dB 11,2 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
priU, 2 U} U, U, U, U,
dB(uV) dB(uV) dB(uV) dB(nV
10" 115 101 114 96
102 425 444 124 166
1073 135 121 134 116
1974 145 131 143 125
Key
B/W is 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
voltages over all telephone outlets to be considered. Therefore, this distribution is calculated
first, using models and parameter values derived in the preceding subclauses. Once the
distribution is known it is possible to calculate N (U 2 U|), i.e. the number of outlets [in the
respegtive geographical region showing a voltage U,, 2 U, where U may be considefed as
the opgen-circuit voltage in the immunity test. The internal impedance may be chosen directly
using fthe results given in Table 5. After that, the relevant parameters for the specificagion of
the disturbance source in the immunity test will be summarized in 4.4.4.3.

This gubclause gives only the procedures to arrive at a specification of the parameters
needed. The assignment of actual values is the prerogative of the Product Committees.

4.4.4.2 Outlet-voltage distribution

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

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

(Again, the magnetic field strength isSconsidered 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 gan be
copverted directly in terms of the électric field strength.)

(2) Ddtermine the joint probability density f({H,,G,) = fiH,) X f{G,) describing the denpity of

ouflets where the field strength has a magnitude H, and, simultaneously, the antenna
fagtor 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 U, = H,G,,.

(3) Cdlculate the probability pr{Uy, 2 U }. If Nt is the total number of outlets in the respective
gepgraphical_wegion, and the boundary conditions are taken into account such that
No[U, 2 U)=E Ny (or =0) if pAU,, 2 U } = 1 (or = 0), then the number of outlets Ny (U{ 2 U|)
equals Npxpr{Uy, 2 U, }.

It is the<prerogative of a product committee to choose a value of N, (U, 2 U\ ) from whjch U
follows,—and hence the open-circuit \/nltngp of the disturbance source in the immlmi’ry tegt.

Assuming the field strength to be inversely proportional to the distance between the outlet 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
constant 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
2
273 1k P
= ~Ch 19)
n(EO)z 3 = 3
Eq Eo

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

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

NOTE [The svarious shadings indicate schematically the contributions from various transmitters and non-
homoggneous-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 ':iglll"ﬁ 15 This distribution is a result for g pnrf of Gnrmnny (h:n/ing an-area of
2,5 x [10° km and 42 x 105 outlets) by calculating the maximum field strength in each_npde at
a1 krr111|‘ by 1 km grid over this region as caused by one of the seventy-nine actual breaddasting
transnpitters in the respective frequency range, with a total ERP of 12,2 MW. The' resolution of
the figld 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 perf¢rming
these [calculations it was found that »,(E,) does not vary much beyond ajcertain numbgr (fifty
in this|case, with a total power of 7,5 MW) of transmitters taken into account.
o .\ R ———
ffﬁhngi\
1E8 f %&1‘5%
1E7 A
£
> 1E6 :
:E
1E5
k
1E4
R
Emin %4.
JE3 SRR AN
0,01 0,1 1 10
Maximum Eq, (V/m)
IEC
NOTE [The selid line represents n(E,) = _CEoIEg with n(E, =1V/m)=n_(E,=1V/m)x E_. chosen sucl that
the intelgral over the field strength of nm(FU) and n(FU\ both vield the total number of outlets in that region

Figure 15 — Example of n,(E,), i.e. the distribution of the outlets experiencing
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

np(Eq = 1VIM) = CpolES = Cg,) 5,4 x 105 V2/m2.

Table 10 — Summary of the parameters used in the numerical
examples presented in Figure 16 and Figure 17

Figure 16 17 a) 17 b)

Curye - 1 3 4 2 3 4
L-factor L, L, L, L, L? L, 1,°
Buildfing B/W B/W B/W B/W B/W Cc Cc
material

M, dB(m) -5,7 -5,7 -5,7 -5,7 ~472 -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 - 7
Ay, dB - - - - 12,0 - 41,0
A, dB - - - - -10,0 - ,0
N;  millions 42 42 42 42 42 42 12
Cpo Y*m?| 54 x10° 5,4, x*40° 5,4 x 10° 5,4 x 105 - 5,4 x 10° -
Cy; 2/m? - - - - 3,3 x 104 - -
Eax Vim 10,0 10,0 3,0 10,0 3,0 3,0 ,0
Ei max | VIm — - - - 9,5 - .4
Ein Vim Q508 0,08 0,08 0,008 0,08 0,08 0,08
Ei min | VIm - - - - 0,02 - 0,qoo 7
Upnax Y 79 +00 24 79 85 42 53
8 See NOTE 3 atthe end of 4.4.4.2.

NOTE Some curves have the same parameter values: Figure 17 a) curve 2 and Figure 16, and Figure 17 b) curve
1 and Figure 17 a) curve 3.

Key

B/W is brick and/or wood

Cc 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 respective

geographical region _and L the upper limit of the range of L (B/\M/) data (see 442 33) U
™ T 4 |9} T 4 [OY 7 AY 7 max

is quite large in this case. The maximum value measured in the experimental investigations is
22 V.

No(Up2U,)
N

1ER3 0,01 0,1 1 10 100

IEC

NOTE [The total number of{outlets 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 sef the specifications for an immunity test, the higher range of U, values is of interest.
Therefare, the results given in Figure 16 have been replotted as curve 2 in Figure 17a).|Curve

1 in Flgured7a)gives M=t Horthe-samesituationasthFigure16-but-neglesting the
truncation of the L factor distribution. In that case U, is infinitely large, which is not very
realistic. Curve 3 in Figure 17a) demonstrates how the results represented by curve 2 are
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,
hence there is an amplification of the outdoor field strength.
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NOTE [See Table 10 for the various parameter values used, and below for key. Total number of outlets 44 x 106,
homogdneous density of the outlets: 4 = 168 km=2.

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

Key tq Figure 17 curves:

a) B/Y buildings

Curve 1:  nontruncated L, factor, Epay = 10 V/im, Enin=0,08 VIim
Curve 2:  truncated)L,, factor, Epay = 10 V/im, Enin = 0,08 VIim
Curve 3: truncated L, factor, Epay = 3 V/im, Enin = 0,008 V/Im
Curve 4: truncated L, factor, Emay = 10 Vim, Emin = 0,08 V/im

b) Truincated L factors, maximum outdoor field strength 3 V/m

CurveA: B/W buildings, L, factor
Curve 22— BfWbuitdings, Z; factor
Curve 1:  C buildings, L, factor
Curve 2:  C buildings, L; factor

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, Ej max and Up,y reduce from 85 Vto L £, = 8,9 x 3 =27 V.

u—max
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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, the
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
calculations is sufficiently high. The very low values of the relative number N,(U,, 2 U, )/N7 form an indication of the
accuracy needed. The relative number is identical to pr{U, 2 U} in %.

NOTE 2 In all calculations the density of the outlets ; was considered to be a constant over the entire regpective
region. [The results can be improved, for example, when the calculations leading to n,,(E,) (see Figuren15)| take a
locatior]-dependent x into account.

NOTE B Curves 2 and 4 in Figure 17b) are based on L; and 4, data, and a warning has‘to be givejn here.
As mentioned in 4.4.2, it is not very likely that inside the buildings the far-field condition will be satisfied and,
formally speaking L; cannot be derived from G;. In addition, 4,, was determined from magnetic field-strendth data
and 4, |for the electric field need not be the same. In the calculations leading to curves.2 and 4, it wag tacitly
assumgd that L; = Gi/Z, (Zy = 377 Q). However, the same curves for N, (U, 2 U ) would have been found when
correctly using the G; and 4, but quoting rows 15 and 16 of Table 10 meang’)the magnetic field qyantities

Hpax = Emax/Zp etc., and replacing Cg; by Cy; = Crif Zg (see B.4).
4443 Summary of disturbance source parameters

4.4.4.3.1 General

Assunping that the disturbance source in the conducted-immunity test is sufficiently deskcribed
by an open-circuit voltage and internal impedance, the following parameters 43re of
importance.

4.4.4.3.2 The internal impedance

The inpternal impedance may be specified as a purely resistive quantity, for whigh the
magnitude is chosen on the basis of\the results for the equivalent asymmetrical resistance R,
as given in 4.4.2.4. The choice «depends on the reference for the asymmetrical disturbance
source considered to be relevant in the situations where interference problems have|to be
prevented. An often used valug is R, = 150 Q [24], [25], [14] which is not in conflict with the R,
results presented in 4.4.2.4.

4.4.4.3.3 The open-circuit voltage

Because the induced asymmetrical voltage has been measured at non-random locatipns in
order |[to have-a sufficiently large induced-signal-to-ambient-noise ratio, the raw U} data
cannof be used and the procedure described in 4.4.4.2 has to be followed. From that
procedure, described in more detail in Annex C and Annex D, it can be concluded that the

a) Ny The total number of outlets in the geographical region (country) to be
considered. Nt is either the grand total of outlets or the total number
of outlets in a certain type of building (brick/wood or reinforced
concrete).

b) Mgor 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 value may be chosen after considering radiation hazards.
However, in particular in the case of mass-produced appliances, the
following consideration seems to be relevant. Choose (or agreq on) a
maximum field strength of X (A/m or V/m) such that thereTis’a high
probability that all equipment will be electromagnetically,\compatible
when the field strength is equal to or smaller than JX,(A/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/m
or V/m) and (simultaneously) a complaint occurs

or Enin The minimum field strength determining the_outer boundary of the

areas around the transmitters (see 4.4.4.2).

min

This value needs to be chosen (only when the field-stfength
distribution n(H) or n(E) is unknownlfthis distribution is known, H,
or Enin is calculated from an equatien like Equation (20).

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

4.5 [Predictability of radiation in vertical directions at frequencies above 30 MHz
4.51 Summary

CISPR 11 sets limits for the electromagnetic disturbances emitted in situ near the grounf from
industrial, scientific and medical (ISM) radio-frequency equipment. In CISPR 11:2008 with
Amengment 1 (2004) [5], referring to protection of safety of life services, it was stated, ['Many
aerongutical communications-require the limitation of vertically radiated electromdgnetic
disturbbances. Work is continuihg to determine what provisions may be necessary to provide
protegtion for such systems."

This sjubclause considers the calculated vertical radiation patterns of the E-field which will be
emitted at frequefcies 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 prediciability
of rad|ation.in vertical directions based on in situ measurements of the strength of the E-field
near the ground. The sources considered are electrically small balanced electric and magnetic
dipolep.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 electrical
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
electrically small sources, so that the field variations with distance can be quantifieds In this
way, 4 general knowledge has been obtained of the shapes of the vertical radiation jpatterns,
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 magnitudés can
be expected to vary with distance over a plane ground.

The sources considered were electrically small balanced electric and magnetic dipoles gxcited
in thg 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 less
of the|free-space wavelength at the frequency of interest.

Subclause 4.5 also considers the effects on the vertical radiation patterns caused by a|range
of electrical properties of the ground, varying from .eléctrical conductivities and diglectric
constants of wet ground to those of very dry ground™“[31], [32], and the special casg¢ of a
ground that behaves like a near-perfect conductor.

The effects on wave propagation near the .ground of walls, buildings, terrain irreguIIrities,
watergourses, vegetation cover, and so on, are not within the scope of this subclause. It is
imporfant to note, therefore, that the additional uncertainties in wave propagation cauged by
the presence of such discontinuities, and their effects on predictability based on
measuyrements in situ, have not beenconsidered.

4.5.3 General

Table [E.1 of CISPR 11:2009 provides radiation limits for the protection of specific gafety-
related radio services./The limits apply to ground level measurements of the electromagnetic
disturlpances emitted(by“ISM radio-frequency (RF) equipment in situ, not on a test site. Above
30 MRz the five ffequency bands listed in Table E.1 of CISPR 11:2009 are all usgd for
aeronﬁutical sefvices, including the instrument landing system (ILS) or instrumenf low-
approach system marker beacon, localizer, and glide path frequencies, as well as a survival
frequgncy and-other radio-navigation and communication frequencies bands.

The irLsitu measuring distance Qpp(‘ifipd in Table E 1 of CISPR 11:2009 for all five fre uency
bands above 30 MHz, is 10 m "from the outer face of the exterior wall outside the building in
which the equipment is situated." It is important to note that the precise measuring distance
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 ponsidering the methods of specifying in situ measurement distance and mealsuring
antenfa height in CISPR 11, it is useful to address the following questions:

a) Hqw well do measurements of the vertically and horizontally polarized E-fi€elds, in a height
scpn of 1 m to 4 m at a horizontal distance of 10 m from the source, over real gfound,
predict the field strengths emitted at elevated angles? (See 4.5.5.2)

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

c) Hqw is the predictability affected when the height above,ground to the centre pf 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 prqvide some answers, in the frequency range 30 MHz to 1 000 MHz a number of vertical
polar patterns and linear height scan patternSvhave been calculated for the E-field radiation
emitted by four kinds of electrically small 'sources located close to the surface Qqf real
homogeneous plane ground. Predictability' has been assessed by judging how well, gr how
badly,| the calculated patterns show that ground-based measurements of the vertically and
horizontally polarized E-fields emitted from the various sources will correlate with the
maximum strengths of either vyertically or horizontally polarized E-fields (whichevér are
greatdr) at elevated angles. The“patterns have been calculated for the simplest of squrces
radiating into the half-space above ground. If these patterns identify problems of
predictability, it is unlikely, that predictability will be improved when real ISM deviceg, like
plastigs welders or RF diathermy machines, are the sources.

Vertical polar patterns and linear height scan patterns have also been calculated fpr the
E-field radiation®emitted from the small sources over a copper ground plane. A copper ground
plane |provides-boundary conditions which distinguish, in effect, a perfect conductor from a
real ground, and allows identification of the differences between the vertical radiation pgtterns
that wjllexist close to the surface of a real ground when compared with those calculated close
to the lsurfac ifferences-determine-howlarge-the errorswill be if
predictability patterns calculated over a perfectly conducting
ground plane.

is judged by considerin-g vertical

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
calculations for results in this subclause.

The gmall vertical and horizontal balanced electric dipoles, and vertical and herizontal
balan¢ed loops (magnetic dipoles) used as the models for the calculations each_had|a unit
dipolel moment [i.e. a dipole (current) moment of 1 A-m for the electric dipolesanhd a |dipole
moment of 1 A-m2 for the loops]. All were positioned with their centres at @-height [above
ground of either 1 m or 2 m in order to show the effects of variations in the(source height on
the velrtical radiation patterns. The effects include the appearance of additional major lopes of
radiation — called grating lobes — as the spacing between the source“and 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 fadius
about|each source for the vertical polar pattern computations, are shown in the top right
cornef of each polar pattern plot.

The glanes in which the linear height scan pattefths” were calculated are shown |n the
diagrams accompanying each linear height scan pattern plot.

4.5.4.2 Frequencies of interest and the-eléctrical constants of the ground

The fiVe frequencies of interest at whichthe models were excited, in the five ITU designated
bands|[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
freqyency
MHz
75 74,8 MHz to 75,2 MHz, Aeronautical Radionavigation (Instrument Landing System (ILS) mgrker
beacons, horizontal polarization)
110 108 MHz to 137 MHz, Aeronautical Radionavigation and Aeronautical Mobile (R) (including|ILS
localizers (108 MHz to 112 MHz), horizontal polarization)
243 243 MHz is for use by survival craft stations and equipment used for survival purposes
330 326,6 MHz to 335,4 MHz, limited to ILS (glide path, horizontal polarization)
1 000 960 MHz to 1 215 MHz, reserved on a worldwide basis for the use and development 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])

Near
1 000
verticd
the gr
for “W
in Tab

Frequency &, o
MHz mS/m
30 15 1
75 15 1,5
110 15 2
243 15 4,5
330 15 7.5
1000 15 35

the lower and upper ends of the frequency range, at frequencies;-of 75 MH
MHz, examples of two other types of grounds have been used with the. electrically
| loop model (horizontal magnetic dipole) to illustrate the influencécof differing val
pbund constants on the vertical radiation patterns (see 4.5.6.2).. The electrical con
et ground” and “very dry ground” at 30 MHz, 75 MHz and 1 000 MHz, are
le 13.

z and
small
ues of
stants
listed

Table 13 — Electrical constants for “wet ground” [31] (CCIR: marshes (fresh water);

C

ultivated land [24]) and “very dry ground” [31] (CCIR: very dry ground; granit
mountains in cold regions; industrial areas [32])

e

Frequency Wet ground Very dry ground
Er a 8r 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
4.5.5. Influence of the electrical constants of the ground
4.5.5.11 General
It is useful tonobserve the relatively small influence of widely differing values of the ground
constants ‘on the predictability of the field strengths at elevated angles. A small vertical loop
(horizpntal magnetic dipole) at a centre height of 2 m above ground was chosen as the source
model.—_The geometry of the model IS shown in Figure 18. For inis source, the best

predictability is obtained when the vertical E, field component is measured near the ground to
estimate the maximum strength of either the horizontally oriented E_ field or the vertically
oriented E, field at elevated angles.

4.5.51.2

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
here, the worst case spread or variation in the underestimates of maximum field strengths in
the vertical direction is only 3,7 dB, and this occurs at the largest measuring distance of
300 m|
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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 plane, and Figure 22 shows the height scan patterns of the E_ field strengths calculated up
to a height of 6 m in the Z-X plane, at the three scan distances and over the three types of
real ground:

Figurg 20 shows that the maximum strength of the E_ field occurs at an.elgvation
angle petween 77° and 78° at all three scan radii. A comparison of Figure 21cwith Figuire 20
also shows, in the case of a “very dry ground”, that the maximum field strength-is contrjbuted
by E_ [at the scan radii of 30 m and 300 m at an elevation angle of 2° (that’is, at heights of
approximately 1,1 m and 10,5 m at the two radii respectively).

Inspegtion of Figure 20 through Figure 22 reveals the followinglinformation. If a veftically
polarized antenna measures maximum E_ in height scans from)1 m to 4 m, then af 10 m
horizopntal distance the resulting underestimates of the maximum £, field strengths rangg from
about(1,8 dB to about 3,2 dB, a spread of only 1,4 dB. At 30 m horizontal distancg, with
‘mediym dry ground” or “wet ground,” a 1m to &m E_ height scan measurement
undergstimates the maximum E_ field strengths by about 1,4 dB (“medium dry ground”) or
about|2,9 dB (“wet ground”), a spread of only 1,5 dB. Over “very dry ground,” the maximum
field sfrength, E_, is reached at a height of about, 154'm, and will therefore be measured|within
the héight scan from 1 m to 4 m.

At 30Q m horizontal distance, over “mediumidry ground” and “wet ground”, a 1 m to 4 m |height
scan ¢f E, underestimates the maximum<E, field strengths (at about 77° elevation) by|about
4,4 dB (“medium dry ground”) or about*5,2 dB (“wet ground”) a spread of only 0,8 dB} Over
“very |dry ground” a measurement*of E_ at a height of 4 m underestimates the makimum
field sfrength (maximum E, at, an-elevation angle of 2°, height approximately 10,5 m) by
about 5,1 dB. The overall spread in the underestimates at 300 m distance therefore rgmains
only 0|8 dB.

Thus, |Jat 1 000 MHz, the calculations show that the differing values of the electrical constants
of thel ground we have considered here produce a worst-case variation or spread df only
1,5 dB in the underestimates of the maximum E-field strengths at elevated angles, when the
estimgtes are based on 1 m to 4 m height scan measurements of E_ at horizontal disfances
ranging from'0"m to 300 m.

45514 Predictability estimated over a “medium dry ground”

The foregoing 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
good. Underestimates at all five of the frequencies used for aeronautical services are less
than 6 dB.

At the[two lower frequencies of 75 MHz and 110 MHz, the larger underestimates occurn when
the source is either a small horizontal electric dipole 1 m above the ground or a small viertical
loop (horizontal magnetic dipole) with a centre height 2 m above ground.

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

At 1 0P0 MHz, the larger underestimate occurs when the source,is a small vertical loop |with a
centrel height 2 m above ground.

4.5.5.2.2 Predictability at 75 MHz

Figurg 23 shows polar plots of £ in the Y-Z plane and E_ in the Z-X plane, at 75 MHz, ground
the hqgrizontal electric dipole placed 1 m above ground. At a scan radius of 10 m, E_ rdaches
maximum field strength of almost 138 dBuV/mrat an elevation angle near 73°. The polaf plots
of E, in the Z-X plane — the vertically polarized radiation emitted from the tips of a horizontal
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,
Figurg 24 shows the height scan calculations of horizontally polarized E, in the Y-Z plane,
reaching an E, magnitude of almost 133 dB(nV/m) at a horizontal distance of 10 m [and a
heightf of 4 m. In consequence;1 m to 4 m height scan measurements of £, at a distance
of 10 m will underestimate the-maximum E, at 73° elevation by almost 5 dB.

The vertical polar plots in*Figure 18 show that measurement of £ at a distance of 10 m near
the grpund will not give a good prediction of the maximum field strength emitted at 75 MHz by
a sma|l vertical loep'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 plang. The
calculated height scan patterns in Figure 19 show that a vertically polarized measurement of
E, at|aXhorizontal distance of 10 m in the Z-X plane will reach a maximum of almost
138 dB{pV/m) at 1,27 m height. This underestimates by 1ess than 5 dB the maximum strength
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
d=10m d=30m
Vertical E E z 0dB E E -2 dB E E -17,5dB
electric at 15,25° at 17,75° at 18°
dipole
at1m
Vertical E, E, 0dB E. E, -1dB E, E, -16 dB
electric at 8° at 12,75° at 13°
dipole
at2m
Horizonta E, E, -5 dB E, E, -12 dB E) E, 31,5 dB
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
Horizonta E, E, -1,5dB E, E, -7 dB E, E, 26,5 dB
electric 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 Idop E, E, -0,5dB E, E, -2,5dB E, E, -18 dB
(horizontdl at 17,5° in Z-X at 19,75° innZ-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 Idop E, E, -4,5 dB £y E, -5,5dB E, E. 20,5 dB
(horizontdl at 90° in Z-X at90° in X-Z at 90° in Z-X
magnetic plane plane plane
dipole
at2m
Horizonta E E -2,5"dB E, E -9 dB E E 28,5 dB
loop (vertfcal | at 3'},5° in 2-X at 36,75° in 2-X at 3é,5° in 2-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole plane plane plane
at1m
Horizonta E E -1dB E E -6,5 dB E, E 25,5 dB
loop (vertfcal 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
4.5.5.2.3 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
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 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
Vertical E, E, 0dB E, E, -1,5dB E, E, -17,5 dB
electric at 13,5° at 15,25° at 15,25°
dipole at 1 m
Vertical E, 1 -1dB E, E, -0,5dB E, E, 15,5 dB
electric at 36,5° at 10,75° at 11°
dipole at 4 m
Horizontal E, E, -2,5dB E, ) -9,5 dB E, . -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 By E, 23,5 dB
e!ectrlc i at 20° inY-Z at 19,25° inY-Z at)19,25° inY-Z
dipoleatam| jnvy-z plane inY-Z plane in Y-z plane
plane plane plane
Vertical lopp E E, -2 dB E E, -3,5.dB E, E, -19 dB
(horizontaf at 90° in Z-X at 90° in Z-X at 90° in Z-X
magnetic plane plane plane
dipole)
at1m
Vertical lopp E E, -2,5dB E_ E_ -2,5dB E, E, 17,5 dB
(horizonta at 40° in Z-X at 48° iMZ-X at 47,5° in Z-X
magnetic in Z-X plane inY-Z plane inY-Z plane
dipole) plane plane plane
at2m
Horizontal E, E. -1,5 dB Fay E. -8 dB E. E. -27 dB
loop (vertical | at 31,75° | in 2-X ats1° in Z-X at 31° in 2-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at1m
Horizontal E, E. -0,6.dB E. E. -4 dB E. E. -23 dB
loop (vertical | at 19)25° | in 2-X at18,5° | inZ-X at 18,25° | in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at2m
4.5.5.2.4 Predictability at 243 MHz
Figurg 29 shows vertical polar plots of £, and E_ in the Z-X plane, at 243 MHz, around the
small yvertical electric dipole placed at a centre height of 1 m above ground. At a scan fadius
of 10jmthe maximum field strength of almost 144 dB(pV/m) is contributed by E_|at an
elevation angle of 33,7/5". Calculations of the vertical tfield component IZZ In a helght scan from

1m to 4 m at a horizontal distance of 10 m produce a peak magnitude of almost
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.
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Table 16 — Estimates of the errors in prediction of radiation in vertical directions based
on a measurement height scan from 1 m to 4 m at known distances, d;
frequency = 243 MHz (adapted from [39])

(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
electric at 33,75° at 10,5° at 10,5°
dipole at 1.m
Vertical E. E, -0,5dB E, E, -0,5dB E. E, -13 dB
electric at 18,25° at 18,25° at 7°
dipole at 4 m
Horizontal E, E, -0,5dB E, E, -4 dB E, E. 22,5 dB
electric at 17,5° inY-Z at 17,5° inY-Z at 17,5° inY-Z
dipole at fm inY-Z plane inY-Z plane inY-Z plane
plane plane plane
Horizontal E, E, 0 dB E, E, -0,5dB E, E, -17 dB
electric at 9° inY-Z at 8,75° inY-Z at 8,75° inY-Z
dipole inY-Z plane inY-Z plane inY-Z plane
at2m plane plane plane
Vertical lopp E. E, -2,5dB E, E, —-2.dB E. E, -17 dB
(horizonta at 36,25° in Z-X at 36,5° in Z-X at 36,5° in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at1m
Vertical lopp E, E, -2,5dB E, E_ -3 dB E, E, -15 dB
(horizonta at 70,5° in Z-X at 69,25° in Z-X at 69° in Z-X
magnetic inY-Z plane inY-Z plane inY-Z plane
dipole plane plane plane
at2m
Horizontal E, E -0,5dB E E -3,5dB E, E 22,5 dB
loop (vertigal at 17° in 2-X at 16},75° in 2-X at 16,75° in Z-X
magnetic 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 -17 dB
loop (vertifal | at §° in Z:X at 8,75° | in 2-X at 8,75° in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at2m
4.5.5.2.5 Predictability at 330 MHz
Figurg 85/shows vertical polar plots of £, and E_ in the Z-X plane, at 330 MHz, around the

small vertical electric dipole placed at a cenire height of T m above ground. At a scan radius
of 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 MHzby—a-smal-herizontal-loep—placed-ataheight of-+-mabevea—mediuvm—drygrpund,”
shown in Figure 39. The peak of the major lobe, nearest the ground, occurs at an-gleglvation
angle pf only 12,75°. It is therefore measured at a height of only 2,2 m at a horizontal\distance
of 10 m, see Figure 40. Thus, there is virtually no error in this example of the.estimation of
maximum field strength at elevated angles.

Column (4) of Table 17 summarizes the estimated errors in the predictability of radiafion in
verticgl directions based on measurements in height scans from 1 m to 4 m at a horizontal
distange 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
d=10m d=30m
Vertical E E -2 dB E E —0.5dB E E -15 dB
electric at 26° at 26° at 9°
dipole
at1m
Vertical E, E, -0,5dB E, E, 0dB E_ E, -11,5 dB
electric at 27,25° at 5,75° at 5,5°
dipole
at2m
Horizonta E_ E_ 0dB E, E, -2 dB B, E, -20 dB
electric at 13° inY-Z at 12,75° inY-Z aty12,75° inY-Z
dipole inY-Z plane inY-Z plane inY-Z plane
at1m plane plane plane
Horizonta E, E, 0 dB E, E, 0dB 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 inY-Z plane
at2m plane plane plane
Vert_ical ldop E, E, -4,5dB E, E¢ -3,5dB E, . —17,5dB
(hor|zor)ta| at 69° in Z-X at 68,25° in’Z-X at 68° in Z-X
magnetic inY-Z plane inY-Z plane inY-Z plane
dipole) plane plane plane
at1m
Vertical Igop E, E, -2,5dB E; E, -2,5dB E, E, 12,5 dB
(horizor)tal at 66,75° in Z-X at'66° in Z-X at 66° in Z-X
magnetlc inY-Z plane inY-Z plane inY-Z plane
dipole) plane plane plane
at2m
Horizonta E E 0dB E E -2 dB E E -20 dB
loop (vertfcal | at 12,75° | in Z-X at12,5° | in2-X at12,5° | in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at1m
Horizonta E, E- 0dB E, E, 0dB E, E, -14,5 dB
loop (vertfcal | at 6,5° in/Z-x at 6,5° in Z-X at 6,5° in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plan€g plane plane
at2m
4.5.5.2.6 Predictability at 1 000 MHz

Figure 20 to Figure 22 show vertical polar plots of E, 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
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 npprnfing at 1. 000 MH=z
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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
d=10m d=30m

Vertical E E -0.5dB E E 0dB E E -9,5dB
electric at 17,5° at 4° at 3,75°
dipole
at1m
Vertical E. E, -0,5dB E, E, 0dB E, E, -5 dB
electric at 17,75° at 2° at 2°
dipole
at2m
Horizonta E, E, -0,5dB E, E, 0dB E) E, -11 dB
electric at 4,25° inY-Z at 4,25° inY-Z at-4,25° inY-Z
dipole inY-Z plane inY-Z plane inY-zZ plane
at1m plane plane plane
Horizonta E, E, 0dB E, E, 0dB E, E, -5,5dB
electric 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 Idop E, E, -2,5dB E, E, -1dB E, E, -9,5dB
(horizontdl at 64,5° in Z-X at 64,25° innZ-X at 4° in Z-X
magnetic inY-Z plane inY-Z plane in Z-X plane
dipole) plane plane plane
at1m
Vertical Idop E, E. -3 dB £y E, -1,5dB E, E. -5 dB
(horizontdl at 77,5° in Z-X at\zr,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
Horizonta E, E -0,5"dB E, E 0dB E, E -11dB
loop (vertfcal | at4,25° | in 2-X at425° | inZ-x at 4.25° in Z-X
magnetic in Z-X plane in Z-X plane in Z-X plane
dipole) plane plane plane
at1m
Horizonta Ey E 0 dB Ey E 0 dB E, E -5,5dB
loop (vertfcal | 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

4.5.5.3 Predictability based on height scan measurements near real ground

at an unknown distance, greater than 10 m, from the radiation source

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
and the maximum field strength measured in the height scan is created by the sum of the
direct and reflected space wave components (the sum is sometimes called, somewhat
mislegdingly, the “ground wave”). The contributions of the space wave signals increase at
lower glevation angles as more grating lobes form with increasing frequency.

It is particularly important to recognize that, at horizontal distances of 30 m‘and morne, 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 uwnfortunate, bgcause
the signals for the ILS (marker beacons, localizer, and glide path,<sée Table 11) are all
horizontally polarized transmissions and therefore require the maximum protection from
horizontally polarized disturbances.

The flgures 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
maximum rate of change of the fields with distance can approach a rate that is inversely
proportional to distance squared. When surface wave.contributions are negligible, then for
grazinyg 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¢ field
strengths along radial paths at constant elewation angles vary in simple proportion with
inverse distance, which is to be expectedxof such far fields propagating freely in $pace.
Therefore, it is to be expected that the fields measured near the ground (the so-called “ground
wavey’), in general, will attenuate morecrapidly 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 afe 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 frequencies
from 75 MHz to 1 000 MHz.

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 be
used, |CISPRx11 does not distinguish between measurements made in situ for the protction

of spgcific.safety-related radio services and those made for the protection of other sefvices.
Thus, [if\asmeasurement of emissions is made in situ from a Group 2 Class A ISM equipment
in accordance with ihe specification, the measuring antenna Is placed at a height of
2,0 m = 0,2 m (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 3,2m. It also shows how the field strength can vary with distance in an
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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.m7 x 0,02 m; loop height 2 m; dipole moment 1 A-m?; horizontal
distance 10 m, 30 m and 30Q0.m; 1 000 MHz; ground constants: & = 15, ¢ = 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

4.5.6.1 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 dry
ground.” calculated using NEC and SOMNEC to include the surface wave, compared with the
fields palculated over an almost perfect conductor (in this case annealed copper).

Comparisons of the fields over real ground with those over the good conductor, shoyw why
verticglly polarized measurements at 30 MHz on a measuring site with a metalbground|plane
are npot comparable with measurements made on sites with earthen‘‘ground planes.
Specifically, they show why measurements of vertically polarized disturbances madg on a
metal |ground place for comparison with field strength disturbance limits:developed forl earth
sites may penalize the equipment under test (EUT). The fields measured over a metal ground
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 alsoshow why calculations |of the
verticglly polarized fields created at 30 MHz over a perfect conductor or a metal ground pplane,
for a given dipole moment, are a bad guide to the predictability achievable for the|fields
creatgd at elevated angles by that dipole moment overia real ground. If the fields ovier the
good [conductor are mistakenly believed to resemble those over a real ground, they will
encoufrage a false sense of confidence that ground based measurements over real groupd will
give gpod guidance to the field strengths to be expected at elevated angles.

In Figure 45, the height scan patterns of thevertical components of the E-fields emitted from
the small vertical dipole show that at 13000 MHz, just as was the case at 30 MHE, the
verticglly polarized fields developed near a metal ground plane at 1 000 MHz are|much
stronger than those developed near.a “medium dry ground.” The same conclusions |which
were fleached at a frequency of 30 MHz regarding the possible penalties imposed on an EUT,
when [the disturbances measured on a metal ground plane site are compared with field
strength disturbance limits developed for earth sites, also apply at a frequency of 1 00Q MHz.
Similarly, it can be seen in Figure 45 that at 1 000 MHz the patterns of the vertically polarized
fields pver a metal ground,'\plane are a bad guide to the predictability of the fields credted at
elevated angles by thelsame dipole moment over a real ground.

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

In Figure 45 it is quite clear that at 10 m distance the field nulls and maxima at heights
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 conditions, and the null is deeper in the copper ground plane example. This
example shows, in contrast with vertically polarized measurements, that it is possible that
measurements of horizontally polarized fields made on a metal ground plane for comparison

with radiated—disturbance—timitsdevetoped—forearth—sites may—stightty favourthe—£U¥ when

measuring for compliance with the limits.

In Fiqure 47, the height scan patterns of the horizontally polarized E-fields”emitied at
1 000 [MHz from the small horizontal electric dipole show that at height scan;distance of 30 m
and nmore, with no useful contribution from the surface wave, the maximum horizpntally
polarized fields over a “medium dry ground” are very similar to those,6ver a copper ground
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
maximum horizontally polarized fields over a metal ground™ plane exceed those over an
earthgn ground plane because the magnitude of the reflegtion factor over the earth|plane
becomes significantly less than unity. The reflected .wave then contributes less {o the
constrjuctive interference occurring at the field maxima.

The Hehaviour of the horizontally polarized figlds* over an earthen ground plane js not
compl|cated by a Brewster's angle phenomenon:n general, at frequencies of 30 MHz and
above| the horizontally polarized field patternssover a real ground resemble the shapes|of the
corregponding patterns over a metal ground plane. Some small differences in field str¢ngths
are created over real ground comparedcwith those over a metal ground plane at the|lower
frequgncies by the presence of the surface wave over a real ground. Differences arg also
creatgd at short horizontal distances) and higher frequencies at which the surface whve is
insign|ficant, because the magnitude of the horizontal reflection factor decreases below unity
as thel 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 magnitude of the horizontal reflection factor for real ground
when reflection takes place at angles significantly above grazing incidence. Constructive
interfgrence—of—direct—and—reftected—waves—overreat—ground—then—produces—fietd—strength
maxima of somewhat smaller magnitudes than those produced over a good condugtop(which
has a freflection factor close to unity at all reflection angles.

Howeyer, very large differences are found when comparing the patterns of vertically poljarized
fields over a metal ground plane with those over a real ground. The differences are primarily
createld by the existence of Brewster's angle for the reflections of vertically polarized waves
from g lossy dielectric like real ground. When reflections from real ground take place |below
Brewstter's angle the minima in the fields occur at the same heights'@t which the maxima are
produ¢ed with the same measuring geometry over the metal ground-plane, most notably|at the
surface of the ground plane. This contrapositioning of minimacand maxima is the main reason
why the height scanned vertically polarized fields calculated& over a good conductor shpll not
be asgsumed to resemble those over real ground, especially-at the larger horizontal disfances
when [ reflection takes place near grazing incidences An assumption that there| is a
resemplance encourages false confidence that méastrements 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.

Vertically polarized field patterns over a metal ground plane do not resemble the shapgs and
magnitudes of the vertically polarized field patterns to be expected from the same sogurces
over g real ground.

4.5.7 Uncertainty ranges

The information summarized in’ Table 14 to Table 18 can also be used to show pictorially the
ranges of uncertainties _if\ the predictability of the radiation emitted at elevated angles at
frequgncies above 30 MKz. The information has been used to construct bar charts illustrating
the unpcertainties fof electrically small sources located 1 m or 2 m above ground|when
predictions of the field strengths at elevated angles are based on E-field measurements jn 1 m
to 4 m[ height scahs at horizontal distances of 10 m, 30 m and 300 m.

Figurd 48 illustrates the uncertainties in predictability based on measurements mad¢ at a
horizontal distance of 10 m. The bar for the uncertainty range at 330 MHz shows that the best
predictability at 330 MHz is obtained when the source behaves as either a-small-horizontal
dipole (dh) or as a small horizontal loop (lh). There is nominally zero error predicting the
maximum strength of the horizontally polarized E,, fields. The poorest predictability at
330 MHz results in an underestimate of approximately 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
distances greater than 10 m from the sources.

75 MHz 110 MHz 243 MHz 330 MHz 1 000 MHz
Over- '
estimate
E, (dv) E, (dv) E, (dh) E, (dh)and (lh) E,, (dh)and (Ih)
Uncedngalnty, 0 0 io ! 0 log frequency
-2,5 -2,5 3
5L 5 En (Wand(dh) £ and £, (v) 45 E, (V)
Under- Ep, (dh) Ep (v)
estinate
0% 1-4 m height scan at 10 m horizontal distance
IEC
NOTE [The predictability is based on measurements of the horizontally and vertically polarized E-fields in @ height
scan frgm 1 m to 4 m at a horizontal distance of 10 m from the sourcés. The following example shows how|the bar
chart can be interpreted. At 243 MHz, the bar shows that thesbest predictability, with nominally zero grror, is
obtainefl when estimating the maximum strength of the horizontally polarized E}, field emitted at elevated| angles
from a source behaving as a small horizontal dipole (dh). The\poorest predictability at 243 MHz, an undergstimate
by as njuch as 2,5 dB, can occur when predicting the maximum strengths of the horizontally polarized E, figlds and
the E_ Vertical component of the vertically polarized fieldscemitted at elevated angles from a source behavipg as a
small vertical loop (lv). (Reproduced from [39])
Figure 48 — Ranges of uncertainties in the predictability of radiation in verticdl
directions from electrically small sources located at a height
of 1'm or 2 m above ground
o 75 MHz 110 MHz 243 MHz 330 MHz 1000 MHz
var- | | 1
estimate 5 By (dv) By (dv)
_ E, (h) E, (h) E,, (dh)and (Ih)
Uncedréamty, 0 - — L0 io log freqyiency
£ (av) BE, (dv) I_4 35 1.5
5 fs Ey (Iv)
E, (dh) E, (Iv)
-9,5
| /A0 :
ostinpin 42 En (dh)
E, (@h) +rmheightscamat-3tmhorizontatdistarce
15 -
IEC

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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The predictability is based on measurements of the horizontally and vertically polarized E-fields in
m 1 m to 4 m at a horizontal distance of 300 m from the seutces. The following example shows how
hn be interpreted. The bar at 1 000 MHz shows that the“best predictability at that frequency, whid
timate by as much as 5 dB, will be obtained when predicting the maximum strength of the E,
ent of the vertically polarized field emitted at elevated angles from a source behaving as a small
or a small vertical dipole (dv). However, an undéerestimate by as much as 11 dB can occur at 10
redicting the maximum strength of the horizontally polarized E, field emitted at elevated angles
behaving as a small horizontal loop (Ih) or a small horizontal dipole (dh). (Reproduced from [39])

directions from electrically small sources located at a height
of 1'm or 2 m above ground

Conclusions

) situ measurement procedures at frequencies above 30 MHz which are specif

from ISM equipment. The underestimates can arise due to the ill-defined measur
ce; the measuring distance from the radiating ISM equipment is not defined.

red fields. This is a cause for concern, because the aeronautical safety of life se

igure 50 — Ranges of uncertainties in the predictability of radiation in verticdl
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ng greatest protection from disturbances originating at the ground are those pr

pvided

by the horizontally polarized marker beacon, localizer, and glide path signals of the aero-
nautical ILS.

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 height
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

streng

th 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 elevated
angIeQ If for prar‘fir‘nl reasans the in situ measurements shall he made at a distance greater
than 10 m from the equipment which is the source of the radiation then the limits at the|larger
distante, particularly if it is more than 30 m, shall be derived from the 10 m limits by adjusting
them |n inverse proportion with increasing distance squared. This shall be s6]in orfder to
prevent relaxation of the protection when limits are intended to provide for contmunication or
radionavigation systems that are operated high above ground.

4.6 |The predictability of radiation in vertical directions at frequéencies up to 30 MHz
4.6.1 Range of application

This subclause considers the vertical radiation patterns of the\magnetic (H) fields and glectric
(E) fie]ds emitted at frequencies up to 30 MHz from electrically small sources located clpse to
the surface of real homogeneous plane ground, for the purpose of studying the predictability
of radjation in vertical directions based on measurements of the strength of the H-field near
the grpund.

The vertical radiation patterns of the fields haye been calculated at a distance of 30 m from
variouss electrically small sources, and then the ‘patterns of the fields at greater distances have
been ralculated so that the field variations with distance can be quantified. In this way, a
general knowledge has been obtained ofithe shapes of the vertical radiation patterns, showing
the magnitudes of the field strengths.near ground compared with the magnitudes of thg field
compagnents at elevated angles, and the ways in which the relative magnitudes chn be
expected to vary with distance overa plane ground.

The spurces considered are electrically small balanced electric and magnetic dipoles gxcited
in the|frequency range 100'kHz to 30 MHz. For the purposes of the subclause, an elecfrically
small pource is defined.as one whose largest linear dimension is one-tenth or less of the free
space|wavelength at the frequency of interest.

This qubclause)also considers the effects on the vertical radiation patterns of locating the
electrically.small sources close to real grounds having several different values of elgctrical
condutivity/and dielectric constants [43], [44], and includes the special case of a ground that
behavgs.as a perfect conductor.

The possible effects on the vertical radiation patterns produced by walls, buildings, reinforced
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,
the base of which shall be 1 m above the ground.

It is acknowledged in CISPR 11 that many aeronautical communications require the limjftation
of vergically radiated electromagnetic disturbances, and that work is necessary to.determine
what grovisions may be required to provide protection of such systems.

The deronautical radio services to be protected may be either horizontally or veftically
polarized transmissions. Thus, the field components at elevated angles, emitted from potential
interfgrence sources located near the ground, that are of interest in a‘study of field stfength
predictability include the vertically and horizontally oriented H- and E-field components.

In thig subclause the judgements of predictability of radiationsin\vertical directions are |pased
on thg accuracy with which ground-based measurements ofithe horizontally oriented Hfields
emitted from a variety of sources will indicate the maximum strengths of the horizontally or
vertically oriented H-fields at elevated angles.

As might be expected, at a distance of 30 m from an electrically small source thefe are
significant changes in the field behaviour with changing wavelength as the frequency is jvaried
from 100 kHz to 30 MHz. The subclause, thereféfre, concentrates attention at four frequgncies,
namely 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 distapce of
30 m |s 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 repre¢sents
approximately one wavelength from the source, a region where the far field has bgcome
establjshed. At 30 MHz, a distanee of 30 m represents approximately three wavelengths from
the sojurce and places the measurement position well into the far field.

In addition to the variations in field behaviour produced by changes from near-field to fgr-field
conditjons as the wavelength is varied, in the frequency range 100 kHz to 30 MHz the
electrical behaviour of real ground varies. In general, real ground has the characteristigs of a
lossy ponductoriat'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 B to a

conduftivity’ of 10~2 S/m and relative permittivity of 30 [43], [44]. Even this wide ramge of
valued of'the ground constants does not encompass all of the values that may be gnggurﬂered

in some 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
of Moments computer code known as the Numerical Electromagnetics Code (NEC)\[B5]. A
double precision version, NEC2D, with the companion code SOMNEC2D, was used. NEC with
SOMNEC allows the Sommerfeld integral evaluation of the field interactions at the-air-ground
interfgce [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 cdde for
calculgtion of the near H-field in the presence of real ground was omitted, which can Igad to
large errors in the H-field calculations [45], [46]. In the version of NEC2D used to calculate
the radiation patterns in this subclause the missing code has been restored, allowing
calculgtion of all the H-field components close to the surface of-a real ground. The repstored
sectiop of code calculates the H-field components by using a six-point finite-diffgrence
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
normdlly fixed at 10=3 4. For the H-field radiation patterns calculated at the frequendies of
100 kiHz and 1 MHz the spatial sampling interval has to be altered to 105 1 and 104 4,
respedctively, in order to obtain accurate calculations of the near H-field [46], [47].

Some| remaining problems of numerical stability, arising from the finite-diffgrence
approximation of the H-fields from E-fields, which in some cases have components whose curl
is mathematically zero but which have become numerically non-zero due to small numerical
inaccyracies [48], have required-.smoothing of some of the calculated H-field radiation
patterps.

4.6.4 The source models

The electrically small sources that form the basis of this subclause consist of small viertical
and horizontal balanced electric dipoles, and vertical and horizontal balanced malgnetic
dipolep (horizontally and vertically oriented loops respectively), each having a unit [dipole
moment [i.e..a_dipole (current) moment of 1 A-m for the electric dipoles and a dipole mpment
of 1 Alm2 for.the magnetic dipoles]. All were located very close electrically to the air-ground
interfgce’ (within a small fraction of a wavelength); the height above ground of the base of
each dipele was varied between either 7 cm or 15 cm and a maximum of 1 m to determihe the
sensitivity of the shape of the field-strength patterns to changes in the source height. The
patterns considered in this subclause are those that exhibited the greatest variation in shape
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.


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

CISPR TR 16-3:2020 © IEC 2020 -101 -

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
this subclause.

z z
A b
SCAN PATH
R d
SCAN HATH VERTICAL DIPOLE SCAN PATH
N SOURCE
- — ~
GROUND GROUND
HORIZONTAL DIPOLE
SOURCE
x 4] X
IEC 842/2000 IEC
Figure 51 — Geometry of the small vertical Figure 52 — Geometry of the small
electric dipole model horizontal electrical dipole modell
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SCAN PATH
R o
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Figure 53 — Geometry of the small Figure 54 — Geometry of the small vertical
horizontal magnetic dipole model magnetic dipole model

(small vertical loop) (small horizontal loop)
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Electrical constants of the ground

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; these
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, examples
of two other sets of values of ground constants were used with the small horizontal electric
dipole model to illustrate the influence of differing values of the ground constants on the
vertical radiation patterns. The electrical constants mentioned in 4.6.2, with the numerical
values of o = 1072 S/m and ¢ = 30 (ITU-R - cultivated land and fresh water marshes) and

o=1

-4 9/m and ¢ =13 (ITII-IQ — very riry grnnnrl and grqnifn mountains in-cold re

ions),

were (
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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
vertical electric

Excellent
(see Figure 57, Figure 59)

Excellent
(see Figure 57 to Figure 60)

Excellent
(see Figure 57)

ground

. See Figure 71 and Figure 72.

dipole

Electri¢cally small Excellent Very good Poor

horizontal electric (see Figure 61 to (see Figure 49, Figure 63 (see Figure-61)

dipole Figure 63) Notes 1, 2 to Figure 65) Note 8

Electri¢cally small Excellent Very good Very_good

horizonptal magnetic (see Figure 66, Figure 68) | (see Figure 66, Figure 68 (see Figlre 66, Figure|67)
dipole [vertical loop) Note 4 to Figure 70) Note 5

Electri¢cally 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 [l The measurement of the horizontally oriented H-field emitted by thej)small horizontal electric dipo|le near
the grqund can overestimate the maximum vertically oriented H-field stfength emitted at an elevated angle by
approxjmately 1 dB (see Figure 61). Note, however, that the measurement overestimates the strength|of the
horizontally oriented H-field emitted in the vertical direction by 5 dB-

NOTE R The small influence exerted on the small horizontal electric dipole vertical radiation patterns at 1p0 kHz
by a wlde range of the electrical constants of the ground is shown in Figure 62.

NOTE B The horizontal electric dipole's H-field pattern_calculated assuming a perfectly conducting ground|shows
that such an assumption causes an underestimate ofxmore than 20 dB in the absolute field strength, and|falsely
indicates that the ground-based measurement\ underestimates the maximum field strength byl 6 dB
(refer to NOTE 1) (see Figure 61).

NOTE |4 The measurement of horizontally~oriented H-field emitted by the small horizontal magnetic|dipole
(vertical loop) near the ground can overestimate the maximum vertically oriented H-field strength at elevated
angles|by less than 1 dB (see Figure 66):;Note, however, that the measurement overestimates the strengtt of the
horizontally oriented H-field emitted.in‘the vertical direction by more than 3 dB.

NOTE |5 Vertical patterns of the horizontally oriented H-fields emitted by the small horizontal magnetic|dipole
(vertical loop), calculated assuming a perfectly conducting ground, can overestimate absolute values o¢f field
strengfh over real ground by\6 dB, but the shapes of the patterns are a good guide to those over real dround.
Howevgr, boundary conditions are such that the vertically oriented H-field goes to zero at the surface|of the
perfecfly conducting greund which is not the case at the surface of a real ground. See Figure 66 and Figure| 67.
NOTE |6 The measurement of horizontally oriented H-field emitted by the small vertical magnetic |dipole
(horizontal loop)\near the ground at a distance of 30 m underestimates the H-field strengths at elevated angles by
more than 16 dB"(see Figure 71). However, measurement of the vertically oriented H-field, in Hz, near the ground
improves spredictability; it provides an underestimate of the vertically oriented H-field emitted in the yertical
directigm\by”approximately 6 dB, and an underestimate of the maximum horizontally oriented H-field emitted at
elevated allyico by about-3-dB-

NOTE 7 The relative magnitudes of the H-field components near the ground and at elevated angles are strongly
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
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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
vertical electric

Excellent
(see Figure 77, Figure 78)

Excellent
(see Figure 77 to Figure 79)

Excellent
(see Figure 77)

dipole

Electri¢cally small Very good Good Poor

horizontal electric (see Figure 80, Figure 82) |(see Figure 80 to Figure 83) (see Figure-80)

dipole Note 1 Note2

Electri¢cally small Excellent Good Fair

horizonptal magnetic (see Figure 82, Figure 87) | (see Figure 82, Figure 86 (see Figlre 84, Figure|85)
dipole [vertical loop) Note 3 to Figure 88) Note 4

Electri¢cally 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

NOTE [1 The measurement of the horizontally oriented H-field emitted by\the horizontal electric dipole near the
ground can overestimate the maximum vertically oriented H-field stfength emitted at elevated angfes by

approximately 3 dB (see Figure 80). Note, however, that the measurement can overestimate the strength| of the
horizontally oriented H-field emitted in the vertical direction by more.than 9 dB.

NOTE |2 The H-field patterns calculated at a distance of 3Q mi from the horizontal electric dipole assuming a
perfecfly conducting ground show that such an assumption causes an underestimate of 20 dB in the absolufe field
strength at 1 MHz, and falsely indicates that the ground-based measurement underestimates the maximum field
strength emitted in vertical directions by 5 dB. See Figure80.

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

NOTE |[4 The patterns of horizontally oriented H-field calculated at 30 m from the small vertical loop aspuming
perfectly conducting ground are very similartothe H-field patterns over a real ground. See Figure 84 and Figlire 85.
NOTE |5 The measurement of the-horizontally oriented H-field emitted by the small horizontal loop ngar the
ground at 30 m distance can underestimate the maximum vertically oriented H-field strength emitted|in the
vertica| direction by more than 2 dB, and the maximum horizontally oriented H-field emitted at elevated angles by
less thlan 1 dB (see Figure 89).“A measurement of the vertically oriented H-field, Hz, near ground redudes the
undergstimate of the strength)of the vertically oriented H-field emitted in the vertical direction to about 1 dB, and
overesfimates the maximum horizontally oriented H-field strength by more than 1 dB.

NOTE b The relativesmagnitudes of the H-field components near the ground and at elevated angles are sftrongly
dependent on the,actual distance from the horizontal loop source. The horizontally oriented H-field n¢ar the
ground is a radially directed component which attenuates more rapidly with increasing distance than ddes the
horizontally jeriented H-field at elevated angles. The vertically oriented H-field near the ground is a compohent of
the hdrizentally polarized ground wave launched by the horizontal loop and attenuates very rapidly with
increaging‘distance from the source at 1 MHz. See Figure 89 and Figure 91.

NOTE 7 At 1 MHz, the vertical radiation pattern of the horizontally oriented H-field emitted by the small
horizontal loop above a perfectly conducting ground has an absolute value more 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 | Predictability 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 Excellent Excellent Impossible
vertical electric (see Figure 93, Figure 94) |(see Figure 93 to Figure 95) (see Figure 93)
dipole Note 1 Note 2
Electr|cally 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
Electr|cally small Very good Impossible Impossible
horizojntal magnetic |(see Figure 99, Figure 100) | (see Figure 99, Figure 100) (seeyFigure 99)
dipole| (vertical loop) Note 6 Note 7 Note 8
Electr|cally small Poor Impossible Fair
vertical magnetic (see Figure 101, (see Figure 101, (see Figure 101)
dipole| (horizontal Figure 102) Figure 102) Note 11
loop) Note 9 Note 10
NOTE|1 The horizontally oriented H-field near the ground is a component ofithe vertically polarized ground wave

emitteld from the vertical electric dipole. At 10 MHz the vertically polatized wave near the ground attgnuates

rapidly with increasing distance, such that there is an excess 8 dB ground-wave attenuation in addition to the
20 dB|sky-wave attenuation over the distance from 30 m to 300 m,-S€e Figure 93.
NOTE| 2 At a distance of 30 m from the vertical electric dipole, over a perfectly conducting ground the |vertical

radiatjon pattern of the horizontally oriented H-field is within’about 3 dB of the pattern of the H-field ovef a real
ground. However, the vertically polarized wave near a perfectly conducting ground attenuates with indreasing
distance at the free space rate and therefore does not’attenuate with distance in the way it does ovef a real
groundl at 10 MHz (see NOTE 11). It is thus misleading as a guide to the vertical radiation patterns oyer real
ground 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 small
horizontal electric dipole can underestimate\the field strength of the horizontally oriented H-field emitted in the
vertical direction by approximately 8 dB, and’the vertically oriented H-field strength emitted at elevated argles by
about|3 dB. Measurements of vertically:\'oriented Hz near ground cannot improve the predictability in this case.
See F|gure 96.

NOTE[4 At 10 MHz, the horizontally oriented H-field components near real ground attenuate more rapiflly with
increalsing distance from thechorizontal electric dipole than do the sky-wave components. The excess attgnuation
is appfoximately 7 dB over/the distance from 30 m to 300 m. See Figure 96.

NOTE| 5 The horizontally 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 gf 20 dB
more than the sky«wave attenuation over the same distance. Near a real ground the excess attenuation is about
7 dB pver the 'same distance at 10 MHz. The vertical radiation patterns over real and perfectly corlducting
groungls therefore differ significantly in that range of measuring distances. See Figure 96.

NOTE| 6, Jhe measurement of the horizontally oriented H-field near the real ground at 30 m distance ffom the
small tion by
less than 3 dB, but it overestimates the strength of the vertically oriented H-field emitted at elevated angles by
approximately 3 dB. See Figure 99.

$ 1 <l 4 botloo Lo o o ll H toal IT £io1 o4 £lo it aral—ia—tlo 4 [ H
erucaroop— Can— unGeresStmatethe ot Zontary-orreme eSSt engtT emtteu— e verucar aire

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 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 attenuates very rapidly

ith i : TP £ o o = 404
wi Iereasmgarstance romtne—sSoturce—oee T igure— 10T

NOTE| 11 The shape of the vertical radiation pattern of the horizontally oriented H-field calculated.atia“distance
of 30 m from the small horizontal loop over perfectly conducting ground is very similar to that calculated over a
real gfound at 10 MHz. The absolute value of the field strength calculated over perfectly conducting grpund is
about|5 dB less than the field strength calculated over real ground. Both calculated vertical _radiation patferns at
30 m |distance indicate that ground-based measurement of horizontally oriented H-field(underestimates the
maximum field strength at elevated angles by more than 6 dB. The measurable horizontally oriented| H-field
compgnents near the ground in both cases are the remnants of radially directed near-field-components, nqt a part
of propagating waves, and they attenuate more rapidly with increasing distance from“the 'source than do the fields
at eleyated angles. See Figure 101. In general, the boundary condition which requires the vertically oriented H-
field dtrength to be zero at the surface of a perfectly conducting ground means* that at all frequenciep up to
30 MHz the patterns of vertically oriented H-field which are non-zero at the-seal ground do not resenible the
corregponding 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-
basefl 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)

Typp of source Predictability based on | Predictability based on in Predictability based jon
measurements near real Situ measurements near vertical radiation pattérns
ground at 30 m distance real ground when the calculated at a known

from the source measurement distance distance from the soufce,
from the source is not assuming the ground behaves
precisely known as a perfect conductor
Electrigally small Very-good Impossible Impossible
vertical electric (see Figure 103, (see Figure 103, (see Figure 103)
dipole Eigure 104) Figure 104) Note 3
Note 1 Note 2
Electri¢cally 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
Electri¢ally small Good Impossible Impossible
horizontal nfaghetic (see Figure 109, (see Figure 109, (see Figure 109)
dipole [vefttical loop) Figure 110) Figure 110) Note 10
Note 8 Note 9
Electrically small Poor Impossible Good
vertical magnetic (see Figure 111, (see Figure 111, (see Figure 111)
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.

NOTE 4 The measurement of horizontally oriented H-field emitted by the small horizontal electric dipole near the
ground can underestimate the maximum horizontally oriented H-field strength in the vertical direction by more
than 16 dB at 30 MHz (see Figure 105). Note, however, that a measurement of the vertically oriented H-field, Hz,
at a hdight of 6 m improves predictability and underestimates the magnitude of the horizontally oriented-#field in
the vefftical direction by approximately 12 dB. The height scan measurement of Hz underestimates the'magnitude
of the yertically oriented H-field at elevated angles by approximately 7 dB.

NOTE p The small influence exerted by a wide range of the electrical constants of the real ground on the|shape
and mdgnitude of the small horizontal electric dipole vertical radiation pattern at 30 MHz is sHewn in Figure[107.

NOTE |6 Excess attenuation of the horizontally oriented H-field component of the yertically polarized ground
wave gmitted by the small horizontal electric dipole at the real ground is almost 127dB 'more than the sky-wave
attenuation over the distance from 30 m to 300 m from the source. If the true measdpement distance is not known,
the amlount of excess attenuation suffered by the ground wave cannot be knowr when making predictionq of the
strength of radiation in vertical directions based on measurements at the ground-

NOTE |7 The horizontally oriented H-field near a perfectly conducting “gfound attenuates by 40 dB fas the
distande from the small horizontal electric dipole increases from 30 m t0,300 m, an excess attenuation off 20 dB
more than the sky-wave attenuation, as the far-field radiation pattern’becomes established over that distance. On
the otHer hand, the excess attenuation of the H-field component of the vertically polarized ground wave ig§ about
12 dB pear a real ground over the 30 m to 300 m distance. The{vertical radiation patterns over real and p¢rfectly
condudting grounds therefore differ significantly at 30 MHz in that range of measuring distances. See Figyre 105
and Figure 106.

NOTE |8 Measurement of the horizontally oriented #-field near real ground at 30 m distance from thg small
vertica| loop can underestimate the maximum horizontally oriented H-field strength emitted in the vertical direction
by lesd than 6 dB. It gives an exact indication of thé-strength of the vertically oriented H-field emitted at elevated
angles| See Figure 109.

NOTE |9 The horizontally oriented H-field.€omponents near real ground attenuate more rapidly with incfeasing
distande from the small vertical loop than do the sky-wave components, at 30 MHz. The excess attenuation is
approxjmately 13 dB over the distance ffam 30 m to 300 m. See Figure 109.

NOTE |10 At a distance of 30 m from the small vertical loop over a perfectly conducting ground the yertical
radiatipn pattern of the horizontally oriented H-field is within about 8 dB of the pattern of the H-field overl a real
ground. However, the vertically-polarized wave near a perfectly conducting ground attenuates with distancq at the
free space rate, unlike the_vertically polarized wave over a real ground which attenuates more rapidly with
distande at 30 MHz (see_Figure 109 and Figure 110). Vertical radiation patterns calculated over a perfectly
condudting ground can\therefore be very misleading as guidance to the patterns over real ground at a distance of
30 m and beyond.

NOTE |11 Measurement of the horizontally oriented H-field components near the real ground at 30 m distance
from the smallshorizontal loop can underestimate the H-field strengths emitted at elevated angles by mofe than
16 dB.| Note;” however, that a measurement of the vertically oriented H-field, in Hz, at a height pf 6 m
undergstimates the maximum H-field strengths at elevated angles by less than 6 dB. See Figure 111.

NOTE 12 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. 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 to 30 MHz the patterns of vertically oriented H-field which are non-zero at the real ground do not resemble 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 predictabjlity of radiation in
verticgl directions at different frequencies, when the precise horizontal measurement distance
from the sources is known to be 30 m. Figure 55 and Figure 56 show,_in bar chart fofm the
error ranges to be expected; Figure 55 is for measurements of th€rhorizontally orienfed H-
field pear the ground at 30 m distance from the sources, and Figure 56 is for the
measurements of horizontally oriented H-field supplemented with/measurements of verftically
orienteéd H-field in a 6 m height scan near the ground at 30 m distance from the sources

The efror range bar charts summarize the information-pfesented in the various notes |to the
tables| and in the radiation pattern diagrams. The fellowing examples serve to illustrate the
ways in which the error range bar charts can be interpreted.

In Figlire 55, which is used when predictability-of radiation in vertical directions is to be [based
only dn measurements near ground of the herizontally oriented H-field components a{ 30 m
horizontal distance from the sources, the" charts show that at 100 kHz the largest| over-
estimation of the strength of radiation\in” vertical directions occurs in the case of a gource
behavjng as a small horizontal electric dipole, and the error is an overestimate by 5 dB|of the
maximum strength of the horizontally oriented H-field. The largest error in overestimatipg the
maximum vertically oriented H:field strength at 100 kHz is an overestimate of only 1 @B, as
indicated in the chart by thel solid bar, again for the case of a source behaving as a[ small
horizontal electric dipole. At.100 kHz, Figure 55 shows that the largest error in prediction of
the stfength of radiationlin vertical directions occurs in the case of a source behaving as a
small yertical magnetic-dipole (horizontal loop) and the error is an underestimate by 16 dB of
the mlaximum vertically oriented H-field. The largest error at 100 kHz in predicting the
maximum horizontally oriented H-field strength emitted in vertical directions is an under-
estimate by 15dB, again in the case of a source behaving as a small vertical magnetic [dipole
(horizpntal leop).

In Figure*56, which is used when predictability of radiation in vertical directions is to be [based
on measurements near ground of the horizontally oriented H-field components supplemented
with 6 m height-scan measurements of the vertically oriented H-field components at 30 m
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).
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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 I 0 log frequency
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dv j§ -3
-5 |
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Y dh -8
-10 |
-15 L Ih §-15
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| | | |
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Electricpl constants of the ground: o= 1 mS/m, ¢ = 15.

Source |identification:

dh = horizontal electric dipole

dv = vertical electric dipole

Ih = vertical magnetic dipole (horizontal loop)

Iv = horjzontal magnetic dipole (vertical loop)

electrically small sources located close to the ground, based on measurements o
horizontally oriented H-field near ground at a distance of 30 m from the sourc

Figure 55 — Ranges of errors in the predictability of radiation in vertical directionsl’from

the
s
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= error range of predictability of horizontally oriented

+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
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Electricpl constants of the ground: o= 1 mS/m, ¢ = 15.
Source |identification:
dh = horizontal electric dipole
dv = vertical electric dipole
Ih = vertical magnetic dipole (horizontal loop)
Iv = horjzontal magnetic dipole (vertical loop)

Figure 56 — Ranges of errors in the predictability of radiation in vertical directions|from
electrically small sources located close\to the ground, based on measurements of the
horjizontally 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

4.6.7 Conclusions

Vertical radiation patternsihave been calculated for electrically small sources located clpse to
real hpmogeneous plahe) ground, ignoring the possible contributions to pattern distortign that
might |arise from the\.presence of nearby buildings or other field disturbing objects, of from
discontinuities insthe electrical constants of the ground. Nevertheless, even with S(LUCh a
simplification, th&€~studies still show that in the case of solitary electrically small squrces
located close’to a plane homogeneous ground the predictability of radiation in vertical
directionsccan be subject to large errors, when the predictions are to be baseéd on
measurements of the strength of the horizontally oriented H-field at the ground in the manner
presemntlydescribedin-CISPR 11

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
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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).

Quantjtative correlation between noise parameters and system performance is shawnrir] 4.7.6
and 47.7 by using measured and simulated results.

These| results show that APD measurement of disturbance is suitableor evaluating its
interfgrence potential on digital communication systems. Therefore APD<{measurement may be
applicpble to the compliance test of some products or product families, such as micrpwave
ovens

4.7.2 Influence on a wireless LAN system

The set-up for measuring communication quality degradation is shown in Figure 118, and
measuyrement conditions are shown in Table 23. Threughput was chosen as a measyre for
commbpnication quality evaluation. It was calculated €rom the time taken to transmit anfl time
to recgive data of a fixed size.

Access point
PC
(FTP server) Carrier power
APD measuring point
Ethernet cable,
HUB Co-axial cable
Signal l
Wireless o Wireless .
AP LAN LAN Te”;(':”a'
card card

ISO: Isolator:

ATT: Attenuator

AP:Access point
WNG: White-noise generator

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
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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)

-154 dBm/Hz (set by ATT4)

vel of

ed noise normalized by Ny, which has been approximated as the noise levehfrgm the
hoise generator. The main frequency for measuring APD was 2 462 MHz. The“a
ot-mean-square (RMS) values of the noise level normalized by N, derived from APD of
(VO noise and noise simulator noise are shown in Table 24.

erage

f the noise simulator at ATT2 = 0 dB was in good agreement withCAPD of the irjverter
WO 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
0 dB 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 (/N is
90 dB|or more, and decreases rapidly when C/N, is below 90 dB. This tendency is almgst the
same |irrespective of.the noise level. On the other hand, the throughput influenced [by an
inverter type MWQ-‘decreases almost in proportion to the noise level. The throyghput
influenced by a‘oise simulator has almost the same degradation characteristics as that|for an
inverter type -MWO.
4.7.3 Influence on a Bluetooth system

The set-up for measuring communication quality degradation is shown in Figure 116, and
measurement conditions are shown in Table 25.

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 a e tm o | e
< >

simulator o /V\I

A

Double ridged /
guide horn antenna

1EC
Figure 116 — Set-up for measuring the communication quality degradation of Bluetooth

Table 25 — Conditions for measuring communication quality degradation of Bluetpoth

Frequency 2 400 MHz to 2 483,5 MHz
Transmission data 2,5 MB
Bluetooth
Protocol FTP (GET commandifrom 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
valueg of noise level normalized by N, arg,shown in Table 26.

e UL I bt e v 10° grrr ...,Kuuuwvv"""" Y
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Figure 117 — APD of disturbance of actual MWO (2 441MHz)
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Table 26 — Average and RMS values
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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 maximuﬂn, are

shown] in Figure 118, and the average and RMS values of noise normalized by Ng-are ghown
in Talle 27. The noise level is about 10 dB larger than that at the frequency of)2-441 MHz.
The APD of the noise simulator at ATT2 = 0 dB is in good agreement with that’af the inverter
type MWO at ATT2 = 10 dB.
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Figure 118 — APD characteristics of disturbance (2 460 MHz)
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differg

ATT2 White noise
0dB 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 — = . o =
RIVIST(UD] (oL o | 19,9 00,0
The measured communication quality degradation for various amounts of’ attenuatjon of
injectgd noise is shown in Figure 119.
There|is only a minor difference in degradation caused by the level of noise betwjeen a
transformer and an inverter type MWO. This is because Bluetooth performs frequency

hopping, and is hard to be influenced by noise continuously. Furthermore, there is almpst no
nce in communication quality degradation for a noise simulator.



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

CISPR TR 16-3:2020 © IEC 2020 - 153 -

70_(L 70SL
60 1 60 [ ]
® 50 1 o 50F .
e F 1 e 1
g [ ] 3 r h
X 40 [ ] X 40 | ]
3 f 1 3 ¢ ; ]
5 30 . 5 30 l‘ .
3 I 1 3 C — 7 ]
£ 1 £ / o7 ]
= 20 . = 20 [ 7
r W —0O—ATT2=0dB 1 C / / —O—ATT2=0dSBI 1
= I o T s = et B
[ l 1 ---<---- White noise ] N ---<---- White'nbise i
0'....................l....l....' 0'....|................I....I....‘
60 55 50 45 40 35 30 25 60 55 50 45 40 35 30 25
ATT1 dB ATT1 dB
a) Transformer type MWO b) Inverter type MWO
70 T T T T T T T T T T T T T T T
60 | .
50 | .
@ N = .
0] r ]
g wf / ]
3 C / ]
5 wf / :
Ny L 4
2 F / 1
o C P 4
£ 20 - 7 .
= r /E/ —0—ATT2=0a8 | 1
10 | S — —H—ATT2=10dB}—
L i ---0----White noise ]
0.........||.|.|||.||I||.|l.|..'
60 55 50 45 40 35 30 25
ATT1 dB
¢) Noise simulator (adjusted with inverter type MWQ) o
Figure 419 — Throughput of Bluetooth influenced by noise
Accor@ling to the ‘specifications, Bluetooth controls the transmission power automgtically
depending on the*communication situation. The sub-carrier power at the reception| point
cannot be obtained uniquely since transmission power may change when ATT1 is changed.
The horizontalaxis in this figure shows the attenuation of signal power.
4.7.4 L _Influenceona W-CDMA system

The set-up for measuring communication quality degradation is shown in Figure 120, and
measurement conditions are shown in Table 28.

Bit err

or 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-CDDMA

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 yvalues

Of the naol laval narmmalizad by, AT o hawm—ian—Tahl 20 Th ADPDD £+ nole :M..I-.tor at
NMUTST 1T VOT TTVTTTTAlli«Cu Uy IVO Arc oSTTUWIT 11T TAvVIC o J. TT1T1C M UT 1o 11UTo0  oTrrTrmut

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
Table*29 — Average and RMS values of noise level normalized by N,
ATT2 Receiver ndise
0dB 10.dB 20 dB 30 4dB
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.


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

- 156 — CISPR TR 16-3:2020 © IEC 2020

For both types of MWO, the BER was degraded by several dB after a 10 dB change in noise
level. Moreover, BER characteristics influenced by the noise simulator are in good agreement
in these measurement results.
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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 143 and
Figurg 124, and‘conditions for measuring throughput and BER are shown in Table 30 and
Table |31.

Throughput and BER were chosen as measures for evaluating the communication qudlity 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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Double,ridged
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IEC
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 (dBm/Hz) —160 dBm/Hz (set by ATT4)

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 phoise
0 dB 10 dR 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
Similafly, the measured BER is shown in Figure 127. The BER characteristics caused py the
noise | simulator were(_ in° good agreement in the measurement results of the inyerter-
type MWO.
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Figure 127'=BER of PHS caused by radiation noise
4.7.6 Quantitative correlation between noise parameters and system performange
4.7.6. General
Correlations between the noise parameter of the disturbance (levels of distupbance
corregpond to._certain probability that is derived from APD) and degradation of gystem
performanee\(throughput and/or bit error rate) are evaluated for the communication systems
descriped 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)
In Figlire 128, the linear regression line by using the values for 19-% probability is also plotted
with the equation and correlation coefficients R. It is found that“10~4 probability valu}s are
well cprrelated to the C/N, and thus these values are suitabte for the noise parametfers to
estimate the degradation of the system performance.
4.7.6.3 Bluetooth (throughput)
From Figure 118 a) and Figure 118 b), the disturbance voltage for each probability wag read.
As shpwn in Figure 116, not only MWO disturbance but also white noise was injected |to the
commbpnication link. Then, disturbance voltages are meaningful only when MWO disturfbance
exceefls the white noise. Therefore, propability of 10~1 value was ignored and probabjlity of
10=2, 10-3 and 10~4 values were used jri-the evaluation below.
Relatiye C/N, values that are necessary to assure the throughput of 40 kByte/s |under
microwave oven disturbance were obtained from Figure 119 a) and Figure 119 b) (r¢lative
C/Ny 5 dB corresponds to ATTA = 43 dB). The correlation between the disturbance voltages
and tHe relative C/N, values-are plotted in Figure 129 a) and Figure 129 b) for a transformer
type 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.
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Figure 130 — Correlation of the disturbance voltages with the system performance
4.7.6. PHS (BER and throughput)
Same|analyses were performed on PHSdata. C/N, values correspond to the signal inppt that

is nec

Because only one set of data was usable in the APD and BER for the transformer type
regreg

Level of disturbance dB

essary to assure the BER of 104 under microwave oven disturbance. The corr¢lation
betwepn the disturbance level and' the C/N, values is plotted in Figure 131 4
Figurd 131 b) for a transformer type oven and inverter type oven, respectively.

) and

oven,

sion analysis was.\not performed. On the other hand, excellent correlatiopn was
confirmed in the case-of inverter type oven.
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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
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Figure 132 — Correlation of the disturbanc¢e voltages with the system
performance (C/V,)
4.7.7 Quantitative correlation between noise parameters of repetition pulse and
system performance of PHS and W-CDMA (BER)
Correlations between APD of repetition;pulse noise and communication quality degrada
PHS and W-CDMA are obtained by the following additional experiment and simulatio
experimental set-up for measuring communication quality degradation of the PHS or W-CDMA
is shqwn in Figure 133. Repetition pulses combined with Gaussian noise are used as a

disturhance. The Gaussian nojse level is adjusted to the same noise floor level of jvector

signal
Concs
freque
estimg

rning repetition pulses, the pulse width is constant (100 ps) and the re
ncy is variable( Figure 134 shows a block-diagram of numerical simulati
ting communication quality degradation. In this simulation, the same noise parar

are used as for the.experiment.

analyzer for BER .measurement and spectrum analyzer for APD measurgment.

tition
n for
heters

SG1 .
W-CDMA downlink (+) Vector 5|grl15allqanalyzer
or PHS (BER)
seg A Spectrum L APD
Pulsed RF disturbance analyzer

WNG

IEC

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

Measyred APD are shown in Figure 135. Marker type represents the duty cycle of the| pulse
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 gofCGaussian|noise
withoJt repetition pulse.

Probability
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—e— Duty cycle =0,1 %
----- WGN

30 35 40 .45 50 55 60 65 70 75
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Figure 135 — APD of pulse disturbance

Measured BER and estimated BER by numerical simulations are shown in Figure 136 f) and
Figurg 136 b) for PHS system and W-CDMA system, respectively. Measured BER dan be
verified by the numerical simulation results. In the case of PHS results, simulation resylts do
not show full agreement at high signal level since the simulation model of receiver is
simplified as /4 QPSK with a synchronized detector that is different from the experimental
setup.
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Figure 136 — BER degradation of PHS and W-CDMA caused by\repetition puls¢
(Carrier power, —35 dBm)
Figurg 137 explains the evaluation method for quantitative correlation between BER and APD.
For the level comparison, ALggr and ALapp can be defined as disturbance effects op BER

and APD. They are measured by the difference of level ‘between Gaussian noise (without
repetifion pulse) and disturbance (with repetition pulse).at a certain rate of BER ang at a
certaim probability of APD, respectively. Similarly,) pgeg and pppp are defined gs the
probabilities caused by disturbance on BER and ARPD, respectively.
10° . r - 10° T - -
B & Pulse disturbed — Pulse disfurbed
o » --- WGN o == WGN
w | 107 ¢ 4 10 E
m
DPBER  |-—-—- P — — — 1“. Y V
4 2 A
feey
10 [ P4 ] o q0 it ]
a 2
P [
o8 . . / 1 [T . ] -5 . . . AR . . .
35 40 (4550 55 60 65 70 75 30 35 40 45 50 55 60 65 [0 75
Signal level dB(nV) Disturbance level dB(uV)
a) BER b) APD
IEC
Figure 137 — Evaluation method of the correlation between BER and APD

Correlation between measured A Lggr and A Lppp for several pulse amplitudes are shown in
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 'distubance
are also shown in Figure 139, where the disturbance has constant carrier power (-35(dBm).
The dpty cycle is changed as 40 %, 10 %, 4 %, 1 %, 0,4 % and 0,1 %. Black"mark and white
mark phow the characteristics of W-CDMA and PHS respectively. Dianmtend, circle, tfiangle
and square marks indicate the results for the pulse width 1 000 ps,.100 ps, 10 pus and 1 us
respegtively. BER and probability values (BERy, APD,) selected for,these evaluations are (a)
102, {b) 10=3 and (c) 10~4.
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Figure 139 — Correlation between measured pggr and papp
In all gcases, APD indices (ALppp, papp) have close correlation with BER degradation ipdices
(ALggg, Per). respectively. It is therefore concluded that APD measurement ¢f the
disturlbance is one of the most effective methods for evaluating the interference potential on
digitallcommupnication systems.
4.8 |Background material on the definition of the RMS-average weighting detect<1r
f . .
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.
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NOTE |The weighting factor is shown relativeé 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
4.8.3. Peak-detector

The pgak deteetor follows the signal at the output of the IF envelope detector and holfls the
maximum (value during the measurement time (also called dwell time) until its dischgrge is
forced. Jhijs 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
(example for bands C and D with 120 kHz bandwidth)
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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 forsmeasuring pulse weighting characteristics of digital
radiocommunications services

4.8.4. General

All mgdern radio services use digital modulation schemes. This is not only true for mobile
radio put also for audio and TV. Procedures for data compression and processing of @analog

signals {voice and picture) are used together with data redundancy for error corréction.
Usuall pto ain itical bit-error ratio = slo 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
the weighting characteristics. Measurement systems with BER indication are needed to
determine the required level of the interfering signal for a constant BER as e.g. shown in

Figurd T42.

Fig

The tgst set-up shown in Figure 142 consists of a radio signal generator that transm

wante

has tq know the original bit sequence for comparison with the detected bit sequence

latter

systems are available and have been used for tests. Mobile radio testers, e.g. apply thg
back principle.

4.8.4.

A sigrlal generatortwith pulse-modulation capability can be used to generate the interfg

signal

than 60 dB. Using the appropriate pulse width, the interference spectrum can be broadb
narrowbands—where the definition of broadband and narrowband is relative

comm

used for.the determination of weighting characteristics.
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ure 142 — Test setup for the measurement.of the pulse weighting characterist
of a digital radiocommunication system
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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

With ipcreasing pulse duration, the main lobe of the 'spectrum becomes narrower. This [s also
used |to study the effect of narrowband pulses on radiocommunication systems| The
advanfage of using a band-limited pulse spectrum instead of a broadband pulse generftor is
to avgid overloading the receiver under.test. Otherwise non-linearity effects could [cause
deteripration of the weighting charagtéristics. In addition to pulse-modulated cdrriers,
unmodulated carriers can be used. to determine the sensitivity of different systems to
narrowband (CW signal) EMI.

Extengive measurements have“also been presented in [49] with on/off-keying of a QPSK-
modulpted signal, thus keeping the spectrum width wider than the system bandwidti even
with Ignger pulse duratigns: Since actual receivers do not provide BER indication, the njethod
descriped in ITU Recemmendation 1368 [59] was used as the failure criteria: DVB-T reception
was regarded as distorted when more than one visible erroneous block was shown ¢n the
screen within anyobservation period of 20 s. Alternatively, any picture-freeze, also fof short
periods, was regarded as a failure. For DRM, the reception was considered as distorted when
the syptem showed more than one dropout in a 20 s observation time.

Furthgr measurements have been made with spread-spectrum modulated carriers in ofder to
study the effect of spread-spectrum clock interference on wideband radiocommunication
services (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
reception (e.g. a BER = 1077 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 base station) frequencies are in different bands, the use of a pulse modulated carrier helps
to concentrate the interference on the mobile receiver and thus avoids interference with the
loop-back connection.

4.8.5 Theoretical studies

The work of developing measurement procedures considering a digital radio receivef as a
disturbhance victim, is a very complex problem because there are many differemt moddilation
and cpding schemes to consider as digital communication services are ‘Undergoing| rapid
develgpment. The results of theoretical studies for radio systems usingserror correctipn are
presemted for example in [52] and [53]. These studies are based onAthe same fundamental
assunjptions that are explained above:

e the BER is the performance parameter of interest for the digitahcommunication systgm,;
e the repetitive pulsed disturbance is the waveform of partigular interest;

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

Resulfs for some selected convolutional codes -include the following — for more details,
see [52].

A conyolutional code is generated by passing the information sequence through a linear|finite-
state shift register. In general, the shift.register consists of K stages and » algebraic function
generators. The input data to the channel encoder is shifted into and along the shift redfister &
bits atf a time. The number of output. bits for each k-input sequence is n bits. The rate R|of the
code [s defined as n/k. The parameter K is called the constraint length of the convolditional
code. |In Figure 144 a) and b).as well as Figure 145 a) and b) the RMS and peak YValues
corresponding to a constant*BER of 103 are shown for different convolutional codds and
binaryl phase shift keyirng. (BPSK) modulation. These results have been simulated with
ACOLADE® (AdvancedyCommunication Link Analysis and Design Environment). |n the
graphs, the pulse repetition frequency of the disturbance is presented as related (normalized)
to the|gross-bit rate(or symbol rate) Ry of the communication system. The simulation i§ done
in the| band-pass—-domain. This means that the results can be transformed to an arpitrary
carrief frequency. The disturbance pulse width is 10 % of the bit duration time. For the [owest

pulsed disturbance.

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

b) The peak level
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Figure 145.— The RMS and peak levels for constant BEP for two rate .,
convolutional code

esulfs,in Figure 144 show the following: above the symbol rate R, the wei
téristic follows the RMS value of the impulsive signal that causes the interfe
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signal, the peak value increases with less than 10 dB per decade as the PRF decreases. With
better coding, the part of the weighting characteristic with flat response becomes shorter.
Therefore, it is important to characterize real radiocommunication systems in order to obtain

meani

4.8.6

ngful results.

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.

4.8.6.3 Weighting in band B
Weigliting of interference to the Digitai Radio Mondiate (DRM)y Broadcast System_

At thg World Radio Conference (WRC) in June 2003, the new Digital Radio Mondiale was
officia|ly started. During the four-week duration of the conference, a great number of dpecial
DRM fransmissions became available from many radio stations. The measurement fesults
reported below were acquired on 8 July 2003, when a great number of transmissions wefe still
availaple.

DRM pses OFDM (orthogonal frequency division multiplex) with <200 carriers. The oc¢upied
bandwidth of each transmission is 10 kHz. In addition to the digitized audio signal, a ¢ertain
amount of data (radio station information, etc.) is transmitted. 'A)conventional AM receivpr can
be us¢d to downconvert the signal to an IF of 12 kHz, whieh. is then decoded using a [digital
signal|lprocessor and a special DRM software radio.

During the time of measurement, the radio stations.in Table 34 were received at the gtation
near Munich, Germany, using amateur-radio dipele antennas mounted on a rooftop with a
higher receive input voltage (50 dBuV to 60 dBgV) than required for the experiment.

Table 34 — DRM radio stations received for the measurement
of the weighting characteristics

Freqpency Beam?? Target® Average Program Transnit site
kHz DRM power
kW
5 P75 060 W Europe 40 T-Systems Jaligh
Media Broadcast
6 P95 ND Europe 35 RTL/music and Junglipster,
short Luxempourg
announcements
6 [140 ND W and C Europe 40 DW English Jualigh
7 B20 105 W and C Europe 33 BBCWS Rampisham
131608 037 C Europe 6 IBB/R. Sawa Morocco
15 440 040 W and C Europe 80 DW English Sines

2 ND is non-directional (omnidirectional).

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).
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Figure 146 — Test setup for the measurement of weighting curves
for Digital Radio Mondiale (DRM)
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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
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Because the DRM signals are actual radio signals, the exact modulation scheéme is not known.

of the pulse-modulated carrier

Flgure 147 — Weighting characteristics for DRM signals.for various pulse width
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The report [49] describes the following DRM sigpals and two receiver types f¢r the
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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 two'receivers
DRM Mode B 16/64QAN-prot. level 1: Trend
140 dBuv ya
——200 ns
120 dBuV | —E—1us
——10 us
—%—100 ps
100 dBuV —x—1ms
x| ——10ms
e
>| 80dBuv |
>
]
2
2| 60dBuv |
40 dBuV |
204Bupv
0 dBuv ‘ ‘
1Hz 10 Hz 100 Hz 1000 Hz 10 000 Hz

Pulse repetition frequency P

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
connection 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) clrriers. The OFDM carriers may be modulated either with QPSK (Quadrature Phase
Shift Keying) or with 64 QAM (quadrature amplitude modulation), respectivéely 16 QAM| QAM
is preferred to QPSK as QAM allows higher data transfer rates. The transmission coﬂe rate
CR is gdefined by CR = number of information bits/(number of information bits + error profection
bits). Yalues of CR = 2/3 and 3/4 are used in actual systems. Each COFDM symbol is followed
by a guard interval GI which is GI = 1/8 in actual systems.

The DVB-T modulation and coding system allows many combinations, of which only a fegw are
t. Therefore the parameters used in systems operating in some European coyntries
have peen selected. These allow transmission rates bétween 14,745 Mb/s and 24,88 Mb/s
able 36) depending on modulation and code srate. Different coders and decoders are
the system. The bit-error ratio (BER) reading‘can be taken before the Viterbi dg¢coder
as wegll as before and after the Reed Solomen"decoder of the measuring receiyer. A
compgrison is given in Table 35. The transmission level is set so that the BER after thel Reed
Solomon decoder without interference is just'below 10-8. This produces different signal|levels
depending 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 Sequence
(PRB$) as a data stream. The _€yaluation of the data stream is done in the receiver jn two
differgnt procedures. The BER before Viterbi and before Reed-Solomon is evaluated by
correlation. Flags in the bjt stream are used to determine the BER after Reed-Solomon/{ If the
decoder does not recognize a flag as correct, the following bit combination is determiped to
be falge.

The relationship-incTable 35 was found experimentally between the bit error ratios befofe and
after the Viterbinand 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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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

The measurement results are presented in Figure 150, Figure 151 and Figure 152. In all tests,
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, GL1/8,) 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.16QAM
DVB-T 8k64QAM 2/3: Trend
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Figure 154 — Average weighting characteristics of 6 receiver types
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4.8.6.4.1.2 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
m rating in CISPR bands C and D

4.8.6.4.2.1 Digital audio broadcasting (DAB)

DAB qperates in the VHF (174 MHz to 230 MHz) and the L (1 452 MHz to 1 492.MHz) [bands
with bandwidth of 1,5 MHz per channel using Coded Orthogonal Frequency Dj|vision
MultipJex (COFDM) to minimise multipath fading. The audio signal data rate is reduded by
MUSICAM (a masking pattern adapted for Universal Coding and Multipléxing), which is|a part
of thel MPEG-2 (Moving Picture Expert Group) standard. The total transmitted bit rate|is 2,4
Mb/s. [The 1 500 subcarriers are modulated using Differential QPSK{(DQPSK). The weijghting
charagteristics in Figure 144 were measured using a test gersion of a DAB regeiver.
Weighting characteristics of commercial DAB receivers have begen 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
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DAB (QPSK 2/3): Trend
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Figure 156 — Weighting characteristics-for DAB:
average of two different commercial receiver types

fferences between the results in Figure 155 @nd Figure 156 are possibly due

4.8.6.4.2.2 Terrestrial trunked radio (TETRA) system

is used in workshops, the building and construction industries, ai
transportation/trucking and safety sérvices. It operates in the frequency range 380 M
520 MHz (in some areas also in 870"MHz to 990 MHz) with a data rate of 36 kb/s per @
an ocgupied bandwidth of ~ 25:kHz and channel separations of 12,5 kHz, 20 kHz or 2
Speedgh data reduction is donée using Algebraic Code Excited Linear Prediction (ACE
4,8 kbl's per traffic channel. Up to four traffic channels are normally transmitted on one g
The
procedure is 7/4-DQPSK. Figure 157 shows the measured weighting characteristics for
code fate = 1 (low &rror 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

the pulse spectrum is much wider than ,the/ channel bandwidth, all wei
teristics are separated by the PRF ratio in.dB: Above a PRF of 10 kHz, the sl
is 20 dB/decade, corresponding to the increase of the voltage of the centreline
rence spectrum. Therefore the weighting>characteristics below 10 kHz PRF sho
ed as relevant.

1.2.3 Global system for mohile communication (GSM)

e station) and downlink is 45 MHz (GSM 900) and 95 MHz (GSM 1800) resped
ccupied bandwidth is 300 kHz and channel spacing is 200 kHz. Modulation for co|
um envelope is achieved with Gaussian Minimum Shift Keying (GMSK). The
tion mechanisms_applied are different for traffic channels (1b bit) and other bits
. Therefore different bit error rates apply: BER, RBER 1b and 2 (residual BER) an
e error rates). The test set-up and signals of Figure 129 and Figure 130 have
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GSM 900 Type 1 downlink /= 947,4 MHz RBER 1b =0,4 % 400 frames -90 dBm
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ure 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

The characteristics typically rise at 10 dB/decade between 100 kHz and 2 kHz with a steeper
slope below about 2 kHz PRF. Unfortunately measurements below a PRF of 1 kHz were not
possible due to instability of the test system. The results shown in Figure 158 and Figure 159
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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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 sdrvive past the transition from anglog to
digitallradio systems for some time, measurementsshave been made based on the methpds of
report|[49] resulting in Figure 161. The FM signal-Contained a pilot carrier only; the in¢rease
of noise due to the interference was measuredsin the demodulated signal. The interf¢rence
signall is a pulse-modulated carrier with additional QPSK modulation in order to geperate
bandwidth of the interference spectrum-at least as wide as the FM signal spectriim as
explaiped in 4.8.4.2.
2 ps pulses
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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

Figure 162 — Weighting characteristics for RBER 1b of GSM

(signal level —90 dBm)

4.8.6.9.2 Digitally(Enhanced Cordless Telephone (DECT) system

DECT]is used in.homes and offices for distances up to 300 m (in picocells). It provig
channgls spaced~1,728 MHz apart in the frequency range 1,88 to 1,90 GHz. The oc

bandwidth is\s 1,5 MHz. For speech data reduction Adaptive Differential

Modulption-(ADPCM) is used. Modulation is done with Gaussian Mean Shift Keying (G
The dfta 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)

The weighting characteristics for DECT show a response-nhear 10 dB/decade in the range
between 50 kHz and 500 kHz PRF in the upper PRFareas for narrow pulses and a|steep
slope |below about 10 kHz PRF. Only for longer pulse widths, the weighting characteristic is
flat.

4.8.6.5.3 Code Division Multiple Access(CEDMA) systems 1S-95 and J-STD 008

IS-95/J-STD 008 have been specified bysTIA (US Telecommunications Industry Assocjation)
and afe used in the frequency ranges.825 MHz to 900 MHz (1S-95) and 1,8 GHz to 2,0 GHz.
The qccupied bandwidth is ~ 1,4MHz (3 dB: 1,23 MHz). The modulation is don¢ with
Quadnature Phase Shift Keying (QPSK). For the uplink (mobile to base station) the o;Iimum
setting of the receive powersat the base station is controlled via power contro] bits.
See F|gure 164 and Figure 165}
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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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Figyre 166 — Weighting characteristics for'the Frame Error Ratio (FER) of CDMA2000
(measured at a receive signal level.of =112 dBm) for a low data rate of 9,6 kb/$

CDMA2000 forward:7=1955,0 MHz; FER = 0,5 %; different data rates;
signal level -106 dBm; pulse width 0,1 ps
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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
have an especially severe effect on wideband radiocommunication services. Therefore DVB-T
and W-CDMA as well as CDMA2000 were selected for tests and presented in [50] and [51].

The aLpIication of frequency modulation or other spread spectrum modulation to! the| clock
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 narrow
as e.gl 120 kHz. In Table 37 measurements are shown for a frequency-modulated clock|signal
spectrum and of the corresponding unmodulated clock signal with f,on4re =500 MHz, f. 4 =
30 kHg (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(jxV) of unmodulated
and FM modulated carriers for various detectors (bandwidth 120 kHz)

. FM modulated carrier FM modulated carrjer
Detector Unmodulated carrier .
for highest peak for centre frequenlcy
Pk in dB(nV) 55,6 50,39 443
Qp i dB(uV) 55,4 49,30 43,16
Av i dB(nV) 55,38 38,38 37,12
RMY in dB(uV) 55,38 42,50 38,87

Using|the measurement bandwidth of 1 MHz at 2 GHz (with a proportionally higher gpread
amount) reduces the differences-between unmodulated and FM modulated carriers to [|,2 dB
for thg peak detector, 17 dB, for'the average detector and to 11 dB for the RMS detector

The nmjeasurement results’in [50] and [51] show that the high immunity of the DVB-T alnd W-
CDMA systems to unmodulated carriers (i.e. clock signals) is lost to frequency modufation.
Considlering

— that due to_a lower measured emission level, the interference level may be increaged by
the amount of A (e.g. 6 dB) to reach the same emission limit and

— th3atffequency modulation causes a reduction of up to 25 dB of the original immuhity of
thesystem to ctock Sfgnals,

frequency modulation causes a total increase of possible interference effect of up to
25 dB + 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 welghtmg functlon of an RMS detector (see Figure 130). Below this corner frequency,
. A high

can 4
approxi
The 4
intermi
the meaning of the corner frequency. It is not possible to satisfy the protection requirgments
of all| services with the same perfection, therefore the selection of.the various forner
frequgncies between the proposed average and RMS weighting functionsd{in each band ¢an be
regarded as a compromise. Where corner frequencies for different pulse widths are different,
the cqrner frequency for the shorter pulse widths apply, as theldetector weighting always
appliep to the shortest possible pulse width, which is determined by the measurgment
bandwidth. It is proposed to keep the measurement bandwidthsspecified 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
Systpm Bibliographic e Comment
references kHz

DRM 49, 57 0,1/0,005 10 Hz chosen for feasibility
DVB-T 49, 58 0,1 to 10\* | f, depending on wpb, modulation and coding
DAB 49, 56 5 /., partially depending on Wo
TETRA 56 0,5 narrowband system, mainly used below 1 GHz
GSM 900 52, 55, 56 1,5 abovefc:very close to RMS
FM 49 <0,5 weighting characteristics follows RMS down to 0,5 kHz
GSM 1800 52, 55, 56 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-STD (08 57 5 very similar to IS-95; above f, close to RMS
CDMA20Q0 57 50 data rate 9,6 kb/s; above f, curves are very close to RS
CDMA2000 57 10 data rate 76,8 kb/s; above f_, curves are very close to RMS

& f,is 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

NOTE The corner frequency of 10 Hz was selected for Band A, in order to give the RMS detector a function
similar to the one of band B and in addition to allow the use of the meter time constant in order to provide an

asymptote for the purpose of measuring intermittent, unsteady and drifting narrowband disturbances with the RMS
detectof.

RMS+average weighting detector compared to existing detectors
(example as proposed for bands C and D)
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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 lingaraverage 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

— 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.

4.8.9 [ Properties of the RMS-average weighting detector

For CISPR weighting functions, the pulse width is always assumed to be defined as the
inverseg of the measurement bandwidth, corresponding to the response to the Dirac [pulse.
Therefore the weighting functions of the RMS-average detector are shown ,in,Figure 170 for
the shortest pulse widths allowed by the bandwidths specified.

RMS+ average weighting functions for bands A, B, C/D and E
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Flgure 170, 5 RMS-average weighting functions for CISPR Bands A, B, C/D and|E
for the'shortest pulse widths allowed by the measurement bandwidths

Figurg 170-shows theoretical weighting curves. In practice, the weighting factors applyl up to
valueg of”approximately 40 dB for broadband emissions. If wider pulse widths, e.g. pulse-
modulated carriers are measured, then the weighting function will change depending on the
pulse width. If e.g. the pulse width is 10 times the shortest pulse width, this will shift the
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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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

rement speeds: Measurement times and scan{rates for the RMS-average mea
er can be made similar to those of measuring receivers using the average detectg

16-2-1, CISPR 16-2-2 and CISPR 16-2-3), i.e. measurements can be
ntially faster than with the quasispeak measuring receiver. The definiti
rement times will have to take the characteristics of the disturbance into account.

rocess of defining limits that are“based on the RMS-average detector has to tak
nt the effects of different typés“of disturbances on digital communication system
ulated sinewave signals, all"detectors will yield the same result. For Gaussian
1S-average measuringreceiver will indicate a level approximately 1 dB higher th

lower than the peak\detector indication. Measurements of impulsive noise will re|
between the average detector level and the quasi-peak detector or peak de

39 shows’ examples of measurement results for some broadband disturbance so
red(with the average, RMS-average and quasi-peak detectors at frequencies in

suring
r (see
made
bn  of

e into
s. For
noise,
bn the
el and
sult in
tector

ions. In general, the RMS-average detector is applicable for all types of continuous
disturpance.

urces,
bands

2004.

Cx(Fhe measurements were taken in a small round-robin test, conducted in Germlany in
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Table 39 — Measurement results for broadband disturbance sources
(measurements with RMS-average and quasi-peak detectors are normalized
to average detector values)

CISPR TR 16-3:2020 © IEC 2020

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
Washing machine 1 0,768 20,67 +4,74 +21,79
Washing machine 1 124 13,68 +3,80 +19,91
Washing machine 2 0,71 26,98 +1,71 +9,2p
Washing machine 2 116 18,90 +3,92 +22,44

Taking
of all
could
into o
microy
comm
applic
to be

4.9
4.9.1
4.9.1.
Comni
during

define
volum

Figurg
table-{

lypes of continuous emissions, it is possible to define one limitconly, i.e. a singl
be used and the limits for average and quasi-peak (or peak) detectors could be m
ne single limit, except for cases of discontinuous disturbances and disturbance
vave oven emissions. However, this decision is ultimately to be made by p
ttees i.e. the committees responsible for the definition of emission
ation of the RMS-average detector for measurementsiof discontinuous disturban
liscussed.

Common mode absorption devices (CMAD)
General
Purpose and application of CMAD

on mode absorption devices (CMAD) are applied on cables leaving the test Vi
radiated disturbance tests ai(a test site. The purpose of this part of CISPR 1
the common mode (CM).impedance at the point where the cable leaves th

(4

172 shows an example of an EUT in a radiated emission measurement test set-
op equipment. The cables (e.g. the power supply cable, telecom cables, or

exter
centr

al connections(used to exercise the EUT during the test) leave the test volume
of the turntable. Radiation at frequencies between 30 MHz and about 200 MHz i

the cable actinglas an antenna. The EUT together with the cable and the ground plane
test s|te behave like a “top-loaded monopole antenna.” The radiation of such an afn
depends on<the HF source (at the EUT connection of the cable), on the current distri

(CM

limits|.

into account that the RMS-average measuring receiver addresses disturbance ¢ffects

e limit
erged
s like
Foduct
The
ces is

olume
is to
test

up for
other
at the
5 from
of the
tenna

ution

urent on the cable), and length of this unintended antenna. The current distripution
depends.upon the CM impedance at both ends of the antenna.

;
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L I| External Point A Top loaded
cable monopole
antenna
Point B
—
Ground plane Ground plane

Figure 172 — Example of a simple EUT model
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4.9.1.

M impedance is unknown at both ends of the cable (points A and B in Figure\172
pedance at point A is determined by the EUT and can have any value. For.'a giver
lue is fixed whenever the test is performed with an identical EUT. However, th
ance at point B (Z;554r6nt) May vary at each test laboratory, and cafihave any
5e actual test procedures give no requirements for the CM impedance at this poin
value depends on the construction and layout of the test laboratory outside th
. Examples are given in [60].

been shown [60] [61] that the variation of the undefined- €M impedance at point
b variations as shown in Table 40 for radiated emissions measured from small
zes of these small EUTs were between 20 cm by 10(cm by 10 cm and 50 cm by
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 MHZz 10 dB to 25 dB
50 MHz to 120°WiHZz 5dB to 15 dB
120 MHz to 200 MHz 2dBto7dB

The variations of the_cable layout in the test volume are not considered in this context. Table 40 d
the variations of the/radiation emission results due to variations in the cable layout.

irpose of<@~CMAD is to reduce the influence of the CM impedance at point B up
ance uncertainty to a negligible amount.

IEC

). The
EUT,
e CM
value
t. The
e test

B can
EUTSs.
30 cm

oes not

bn the

p Important properties of CMADs

The main purpose of a CMAD is to ensure that the CM impedance Z,,,.nt at the point B of
Figure 172 is always the same, independent of the undefined impedance at the cable
entrance to the test volume in the different laboratories. Therefore the following two properties
are important:

e the cable including the CMAD should have a CM impedance Z,;,4rent (OF S11apparent)
within a specified tolerance;

e the CMAD impedance Z,,,aent (OF Siqapparent) Should be independent of the CM

im

pedance 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.

NOTE 3 The EM clamp defined in IEC 61000-4-6 for RF-injection immunity testing is not suitable for use as a
CMAD as-described-herein

4.9.2 CMAD as a two-port device
4.9.2. Simple model of a CMAD

Usually CMADs are constructed using multiple ferrite clamps. Ferrite clamps have the
advanfage of being applicable to any type of cable, within a rafnge of diameter$. For
measyrements of the CMAD characteristics, the test cable is replaced by a well-defingd test
condugtor. In Clause 9 of CISPR 16-1-4:2010 [7] a test conductor of 4 mm diamgter is
defined, 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 test conductor above the ground
plane jis regarded as a two-port device (see Figure 173).

Reference planes
close to the mechanicalend
of the CMAD undertest

CMAD under test

|/////////////////////////////////I
L 1

Ground plane \

Metal rod of 4 mm in diameter
as test conductor

Reference Reference

prame
1

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) .
Zef =——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 2.t
30 mm 204 Q
65 mm 248 O
90 mm 270 Q

Any two-port network may be represented using various sets of parameters; each of

these

gives p complete characterisation of the two-port device. Examples of two-port parametgr sets

rence

jo not

when
pter of
MAD.
meter
vice is
e end
all be

owing

are:
e Si{, Soq, Sy and Sy, — S-parameters: four complex numbers, related to a refg
impedance Z;
e A,|B, C, D (ABCD matrix: 4 complex numbers);
Other|types of two-port parameter representations afé“described in the literature, but
offer gny advantages in the present context.
4.9.2.2 Parameters of a CMAD represented as a two-port device
The performance of a CMAD can basically-be defined by the four complex S-parametersg
measyred as a two-port device in a test\jig. The test conductor in the test jig has a diam
4 mm/| The height above the groundyplane, 4, is defined by the dimensions of the (
Thesel two parameters define (the reference impedance, Z. for the S-para
measyrements. If the CMAD is;symmetrical, S;1 and S5, have the same value. If the de
not symmetrical, the test report'shall describe which port was used for the S test (th
closed to the EUT to be used for radiated emissions measurements), or the results sh
reported for both ports ofithe CMAD.
4.9.2.3 Conversion between S-parameters and ABCD-parameters for a two-port
network element

The cpnversion from S-parameters to 4BCD-matrix representation is given by the fol
equations \(Z,s is the reference impedance to which the S-parameters are referred):

4= U511 0= 527 )+ 542521

2551
B (1+ S99 )1+ S22 ) = S12521 7
= ref
C- [(1= S14 )1 = S22) — S12821]/ 251
Zret C
Do (1= 544 )1+ S22 )+ S12521
2521

The inverse equations are:

2

So1=—————
2 A+B'+C'+D

(22)

(23)

(24)

(25)

(26)
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A+B'-C'-D
SM=——— (27)
A+B'+C'+D
204AxD-BxC
S12 =-i——7———7——) (28)
A+B'+C'+D
—A+B'-C'+D
Sop =—=n—— T 29
2T Y B+C+D (29)
where
B
B'= (30)
Zret
C'=CZpef 31)
NOTE |All operations in the preceding equations are for complex numbers. All parameters~are funcfions of

frequen

4.9.2 4

The a

is give

From

Zappar

of Zg,

Both @

The g

cy. The equations are valid at each frequency point.

Range of variations for §;4 due to undefined impedance-at'the far end of a
CMAD

bparent impedance of a two-port network element characterized by its ABCD-parameters
n by:
AZ oy + B
7 _ end
apparent —CZend D 32)
his equation the §,4 parameter can be calculated using:
Zapparent ~ 0 (A_CZO)Zend +(B—DZ0)
S11apparent = = 33)

j.

uantities Z,pparent @3Nd S{1apparent are a conformal mapping of Z,4, expressed as:

bneral form-of the equation for this type of conformal mapping is:

Zapparent + Z0 - (A+CZO )Zend +(B+DZO)

Lnt @nd S11apparent @re the values-seen at port 1 if port 2 is connected to an impedance

aZend +b

f(Zend) = 34)

CZend +d

az+b

f(z)= 35)

cz+d

This type of function has the property that it transforms straight lines and circles in the z-plane
into either straight lines or circles in the f~-plane. In particular, if the values of z are restricted
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-plane
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bc—ad a
+— (complex value)

J0 = 2 Relale) <

dius of this circle is:

jar]=

aximum value of |f| is then:

bc—ad

— (scalar value)
2¢%Re(d/c)

|f|max =|fo|+|Af] (scalar value)

inimum value of |/] is then:

Vlin = Vol =la7] 401> (7] else ||, =0

these relations for £

apparent 9ives the following parameters:

Position of the centré of the circle:

BC - AD

ﬁ-i-? (complex value)
2C“RelD/C

Zapparent centre =

IEC

36)

37)

38)

39)

40)

Radiug of the circle:
|AZapparent| = IZC;AD (scalar value)
2C?Re(D/C)
Maximum value of Z,,,, ent:

z | + |AZ |
max | apparent centre apparent

|Zapparent|

(41)

(42)
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Minimum value of Z, ;55 ent:
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+CZ)?Re| — 20 0 )
A+CZ,
Radiu$ of the circle:
‘ BC - AD)Z ‘
A1) = ( 3321)2 49)
(4+CZy)?Re| — 220
A+CZ
Maximum value of |S11apparent|:
|S11apparent|max = |S11centre|+|AS11| 46)
Minimum value of |S11apparent|:
S11apparent|min = |S11centre|_|AS11| if |S11centre| > |AS11| else |S11apparent min 47)
4.9.3 Measurement of CMAD
4.9.3. General
The JMAD paraméters are defined as parameters of the two-port network measured |at the
referepce planes)with the reference impedance Z. given by the dimensions of the tpst jig
cross [section @t)the reference plane. Vector network analysers (VNA) used to measure|the S-
parameters~operate with coaxial connectors having a characteristic impedance of [50 Q.
Betwelen’this 50 Q coaxial connectlon and the non- coaX|aI conflguratlon of the two-port fevice
metry

of the two port deV|ce to be measured Figure 175 |IIustrates 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

TRL (through-reflect-line) calibration method is used, it is possible to define calik
erence plane 1 of Figure 175. The measurement result is directly referred
ctions of the two-port device at reference plane 1, and the measurement result do

curate measurements of CMAD characteristics. The details of the TRL calil]
d are described in [62], [63].

assical SOLT (short-open-load-through) calibration method for a VNA is made
nce plane 2 of Figlre 175 for which the necessary calibration kits are comme
ble. If this calibration at reference plane 2 is used, the properties of the adapto
bd in the measurement result.

ffect of the adaptors can be compensated partially using other “simplified” meth
ernative-methods are described in 4.9.3.3 and 4.9.3.4:

asurement with SOLT calibration and position shifting (matching adaptors);

ration
o the

es not
e the adaptors. Measurements based on TRL calibrations are therefore recommended

ration

at the
rcially
rs are

ods —

b) measurement with SOLT calibration and transformation to Z. (lossless 50 () adaptors).

4.9.3.2 Measurement with TRL calibration method

4.9.3.21 General

The T

RL calibration method is based on the model shown in Figure 176 [62] [63].
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Figure 176 — Basic model for the TRL calibration

The fqur S-parameters are the true values of thé measured two-port device. The parameters
of thel two adapters A and B are unknown.@nd need to be derived from the califjration
measurements with different external connections.

Four dalibration configurations are necessary for the TRL calibration:

a) ‘“rgflect” (port 1): measuring the complex value S, of the adaptor section and adapter at
port 1 without any other conrection (simulating an open) — see Figure 177 a);

b) “rgflect” (port 2): measuring the complex value S,, of the adapter section and adapter at
port 2 without any othér, connection (simulating an open) — see Figure 177 b);

c) “tHrough”: measuring the complex values Sq4, Sq5, Syq, Soo With the two adapter sgctions
dinectly connected together (without the transmission line section in betwepn) -
see Figure 127:€);

d) “lipe”: measuring the complex values Sy4, Sqo, Soq, Spp With the transmission line section
infroduced"— see Figure 177 d).

The results of these calibration measurements are 10 complex numbers for each freqliency.
Many VNAs have firmware for the TRL calibration included. If the VNA includes firmware for
TRL calibration, it will use these reference measurements to calculate the proper corrections
for the TRL measurement. If the VNA does not support the TRL calibration, 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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| - ]
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d) Confliguration for'the calibr:ation measurement “line”
NOTE [The length L 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
procedure js'selected according to the frequency range needed.

1

1 1

g '

! ! IEC
1 20R2/NA
1

Figure 177 — The four calibration configurations necessary for the TRL calibration

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)
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(49)

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.
4.9.3.2.2 Measurements
The resuttsofthe—four—catibratiommeasurements—stattberecorded—mthe—formmat—stwn in
Table 41, where the subscript M denotes measured value.
Table 41 — Calibration measurement results format
Reflect port 1 Siim
Reflect port 2 S22,M
A Tme Tagme | 10 [SezmS2ameSTmeS 22mt - S1amt
Through vt = =—
Toymt Toomt|  S2qmt —Sg3 Mt 1
A T1ama T1amd | 1 [ S12M@821Md=S11MaS22Md - S11Md
Delay Tvg = =—
Totmd Toomd | S21vd —S22Md 1
The conversion between T-parameters and S-parameters is given by:
T T S42891-511S S
{ 11 12}: 1 { 120217911922 11} and 50)
Ty1 Tl So =822 1
{511 512} _ 1 {712 T11T22—T12721} 51)
S21 Sa2| Top .l T
4.9.3.2.3 Calculation of the conversion parameters
From the calibration measurements, the conversion parameters are derived according |to the
follow|ng procedure:
1)| Definexthe Matrix M as:
m m —
M=( " 12]ETMdTMt ! 52)
21 T2
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)
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This gives two solutions. Give the two solutions the names y; and y, such that [y|>[yp|.

5)

6)

7)

Define a, b, c, and d as follows:
a=xq
b=xp
c=nN
d=yp
Define also the following variables:

€00 =b

(56)

Now compute the following variables:

e11=+/1/2/3

e10¢01 = eq1(b —a)

We now have to distinguish which root to take apd\therefore we compute the real
the reflection coefficient:

1 Suum—b

I, =
e11 Syym —a

It should be near a value of 1 for OPEN~and near a value of -1 for SHORT. If not, ta
other root for e44, and redefine e4geqy:

8)

9)

10

Perform the further computations:

e = f3/e11
ep3e3n = epo(c—d)
e10e32 = Spqme(t= 211e22)
Determine the forward conversion parameters e, €41, €29, €33, as well as:
Ay = egpett —e10€01
A )-=epoe33 —e3pe3
£10¢32.
€23€32

Jo=eqq/ep3 =

57)

58)

part of

59)

ke the

60)

61)

) Determine the inverse conversion parameters:
B = e0n/As
ejﬂv =€ 1/Ax
e5y = e /A,
ey =es3/A,
ATV — /A,
AV =1A,

(62)
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gy 018y _Tegperi—Ar Ay 1 eggert/Ay 1
ezpA, kA, epesz—A,  keypesz/A, —1
4.9.3.2.4 Forward conversion (from S¢octive t© Smeasured)

(63)

If §;; are the effective S-parameters of a network, then the measured S-parameters, A, are
computed using:

= (1= Syqeq1 N1 - Saze22 ) — S21512¢1 122 (64)

4.9.3.

The ef

These]

4.9.3.
4.9.3.

The S
planeg
planes
the te

Mqq= [\@00 =114, NT= 522622)— 521b12622Ax]//V
Mg =(S12/k)eoperr — A, )/N
Moy = (SyikYegaess - Ay)/N

Moy = [(933 =824, X1 — S11e11) = S12521ey 1Ay]/N

.5 Inverse conversion (from S ..sured t0 Seffective)

fective S-parameters Sij are determined from measured S-parameters Mij using:

inv inv inv inv_inv
N =(1—M11€11 X1—M22€22 )—M21M12€11 €22

Keb”(}’—MﬂA 11—M22€i2n2) M21M12€'2n2VAmVJ/NinV
(M12/k|nvx inv |nv _Alnv )/Nlnv
(M21k VX inv |nv Amv)/Ninv

S22 —[(633 _M22A X1—M11€1n1v)—M12M21EHWVA';V]/N"W
four S-parameters are the result of measurements using the TRL calibration meth

B Measurement with SOLT calibration and position shifting — simplified m
8.1 General

OLT (Short-Open-Load-Through) calibration method is only possible at the refg
1 and 6 shiown in Figure 178. The influence of the adaptor section (between refe
1 and 2;,and between reference planes 5 and 6, of Figure 178 and the open ler

5t conductor (between reference planes 2 and 3, and between reference planes 4

of Fi
meas
from t

ure( 178 upon the final result may be partially compensated by makin
réments with the CMAD at two different posmons |nS|de the jig, then combining I

65)

66)

67)

bthod

rence
rence
gth of
and 5,
j two
esults

used

(to match the impedance of the 50 Q coaxial connection to the reference impedance Z 4 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)]

(511_T)CMAD =S811.a+521 a%2 a A-X)1-7)-Z

» (68)
s $21_a512_aS1 1_ce( J2BLA)
~o11at 1—x
(551 1) _ 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-Y)
where
X =S5 25118 T
—j2BL
Y= S22_CS1 1_be( Jj2p 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 ingertion
loss of a CMAD is relatively large, i.e. |Syq ;|, [S42 | << 1, becauserusually the insertign loss
is more than 20 dB. Due to the symmetrical structure of a CMAD,{he unknown parameiers to
be defermined are Sy . (= Sy o) and Sy . (=545 ) only.
1 1
1 w L] 1
b L ' ' I | |
1 Ig 1 g Lema PIA 1 ! |
: Il | r:~ r:‘ : L] :
] IA ! LA ! 1 LB 2! 1B |
I e—e—) < > —> :
50 Q ! |: Zo i//////::jf////// i ! 50 Q
C T | Eem e e e PERRRC S ]
! l///!/!//!////// [ __
L | : St ! : |
A ! i ! ! "
! $21_a 1 exp (JBLA) N 8§21 _c i exp (-jBLB) ! S$21_b 1
|- . j |- »n!
i | | | | |
:S11_a $22_a; 1S11_c 22_0I $11_b S22_b|l
| &7S12.aN\ 1eip (GFLA) i $12_c | ep(JpLB) & S126\ |
< O\ me 1€ ¢ :: !
Refefence )
plane 1 2 3 4 5 6
Adapter'A P CMAD _ Adapter B
> < > <+ > IEC
Figure 178 — Measurement of CMAD characteristics
4.9.3.33—FEstimation-of {537}
The |Sy4 .| of a CMAD under test is approximately given by
s _ ‘S21—T‘CMAD -
2 simple -
‘521_T‘empt
y
‘1 —(Sy a)ze[—jzﬂ(LA‘*'LB*'LCMAD)]‘ (71)
= T -|S
—j2/L —j2/L ‘ 21—‘7‘
“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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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 ]EHM) .
(726U _ g 727irs)| (73)

Tsimplo =
simple (S21_T)empty [e

where_(S44 +)4 and (S44 +), denote S,, r parameters measured with L,= L,4 and Lp,,
respegtively. Both adapters are assumed to be identical, i.e. [Sy1 p|=[S12 4l-

4.9.3.3.5 Uncertainty of |.S5, |

Since| the adapters may cause mismatch to some extent, uncertainty, it the estiﬂated
insertion loss A gimpie (51/1S21 clsimple) Should be evaluated using the following equation
derived from Equation (71) with L, Lg << 4 assumed:

‘1 - 2|S25_a| x|S1 1_cH ' 142|595 4| %[S11.o|
2 < error In AIL_simpIe < 2 74)
1+‘S22_a‘ 17‘5’22_3‘

Equatjon (74) can provide a good estimate for a test set-up having matching adapters.
Howeyer, it overestimates the uncertainty in the casg of simple adapters without matching
circuitl Hence, the following expression should apply'to a set-up that does not have matching
adapters:

(1 + ‘S22_a‘ x ‘51 1c ‘)2
‘2

( )2
< error in A|L silple <

> 75)
1+‘S22_a‘ 1—‘522_a
The fgllowing preliminary check of.the test set-up shall be made with the SOLT califjration
beford the CMAD measurement:

1)[1S21 7| empty is the magnitude of S,;  measured in the test set-up without a CMAD
introduced, as shown in Figure 179 a);

2)|| Soq 1l open is the magnitude of Sy,4; 1 measured in the test set-up with trupcated
metal rods as jshown in Figure 179 b). The lengths of the rods, L, and Lp, are
determined.gccording to Figure 178. The | S,4 1 |open data provides information|about
possible@dverse effects of direct coupling between the adapters.

During the-above measurements, the distance between the flanges, L, is the same as|in the
CMAQ measurement.
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a) Empty jig

4.9.3.

Equat
mismas

b) Open jig

IEC
Figure 179 — Preliminary measurements of the test set-up

3.6 Uncertainty of T (= [Sy4_cl)

tch. Theoretical and experimental analysis yields the.Same expressions fq

on (74) provides approximations for the uncertainty in the estimated |I'| cauged by

r the

uncerfainty as shown in Equation (74) or Equation (75). <Estimation of the uncertainty in

Irsim
shape

Anoth
T

simp

for th
assuni

4.9.3.
The rg

.| caused by mismatch is done using Equation (74).or Equation (75), assuming
d probability distribution.

er error is introduced by the position of a CMAD during actual measurements. Er
.| can be estimated using the equation

[sin(B(AL +5))
lsin(B(AL)|

error in |F| =

p case of an error § in AL=[Laq-Lpo|. Uncertainty is estimated using Equatio
ing a uniform distribution;

.7 Mismatch of\the adapters

tio of the maximum and minimum values of |(S31 7)empty| May be expressed as
(S5 )empty| . 1+[S20 4|
210 T Jempty | 1ax - +| 22_a|

|(S21_T )empty |min - 1— |S22_a |2

a U-

ors in

76)

 (76),

77)

in which the adapters A and B are assumed to be identical. Thus, variations in [Sy1 tlempty
versus frequency gives information about the reflection coefficients of the adapters. ~

49.3.4

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

NA is calibrated at reference planes 1 and 6. The S-parameters of interest a
meters at reference planes 3 and 4. The error due to this difference of referenc
bt as small as possible, considering the following. If a lossless 50 0 adapter is
the construction of the adapter is such that the 50 Q impedance is maintained
N between reference planes 1 and 2, it is possible toccompensate the electrical
en the two reference planes. Most VNAs allow an internal compensation for an ele
The length may be determined by calculation, oryby measurement of the S;4 w

sult of an open circuit. The S-parameters measured by the VNA with electrical
ed and activated are then the S-parameterstat reference planes 2 and 5.

the Equations (22) to (25) with Z 5 = 50 Q, the 4BCD parameters of the tw
'k between reference planes 2 and;5 are obtained. Equations (25) to (30) are u

for typical CMAD dimensions). These S-parameters are the values referred

hce planes 2 and 5. If the lengths L, and Lg, between the reference planes 2 and

ncies up to about 300 MHz).

ost significant eontributions to the uncertainty in this measurement are:

erance of the calibration kit used for the calibration at the reference plane 1 and 6
crance-of the mechanical dimensions of the test jig;

bedance value of the adapter section between reference plane 1 and 2 or 5 and 6;

e the
shall
used,
in the
delay
ctrical
th the
aches
delay

o-port
sed to

brm the ABCD parameters back to S-parameters, as referred to a new Z. (for example

o the
3 and
CMAD

o celectrical length of the adapter section between reference plane 1 and 2 or 5 and 6;

o tolerance of the delay compensation for the adapter section between reference
plane 1 and 2 or 5 and 6;

e distance between adaptor and CMAD (L, and Lg).

4.10
4.101

In this

a) up

Background on the definition of the FFT-based receiver
General
subclause the following nomenclature is used:

per case letters such as X are used to describe signals in the frequency domain;

b) 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,
then downconverts and weights it with a detector, e.g. a quasi-peak detector. Technical
improvements to instrumentation then offered the possibility of performing stepped scans.

H " " £ (e [l W.H H
SUCh IMSUTUTTICTILS Al TTITITTU U dS CIVIT TCUCIVETS.

For pre-compliance and compliance measurements, spectrum analyzers are also-used,|which
usually perform a swept scan. The disadvantage of tuned selective voltmeters. is the [rather
long time it takes to complete a scan across an entire frequency band of interest (e.g. Bands
C and|D). Such scans can take considerable time, especially when an intermittent signal is to
be mgasured or when the quasi-peak detector is used. Spectrum analyzers usuallyl have
sweef times shorter than the scan time of a stepped scan. However such instruments may
have a lower dynamic range than EMI receivers. Spectrum analyzers and EMI receivers have
the disadvantage that the measurement can only be performedcat a single frequency gt any
point in time.

Resedrch and development activities on signal processing methods offered the possibjlity to
replace analogue filters and detectors in EMI measurefment equipment. Modern EMI redeivers
and spectrum analyzers have digital filters at the intermediate frequency and digital circlits to
simulgte detectors such as the quasi-peak detector:*The implementation of digital techpology
in thege instruments improved their accuracy, stability and reliability.

With availability of fast digital circuits and\high-speed analogue-to-digital converters (ADC),
systems can be implemented that calculate the spectrum at several thousand frequgncies.
The d|screte Fourier transform (DFT)_ is*a numerical mathematical method that calculates the
spectum for a periodic signal. Methods with a reduced number of multiplications are dpplied
by thel fast Fourier transform (FFT)-that uses decimation in frequency (DIF) and decimation in
time (DIT) [68].

Howeyer, a single FFT sealculation will not yield the same result as measurements with a
tuned| selective voltmeter. Thus FFT analyzers are not suitable for use in enjission
measuyrements. Similar results can be obtained only if the IF filters and the detectofs are
modelled such that‘they do meet the requirements in CISPR 16-1-1. Research has| been
performed on thistopic and it has been proven theoretically and through experiments that an
FFT-bpsed measurement system can be implemented that will provide the same result|within
the given(measurement uncertainty as a tuned selective voltmeter. Its advantage [is the
significantly reduced scan time that is achieved by the parallel calculation at several

f 3 cQl | 4 4 Hod T L 2l
requentresToy oSttt MmsStrumetSare caneta T T—oasSeaTrecetvers:

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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1 Prepelector 5 |IF filter
2 Attgnuator 6 Detector
3 Mixer 7 Meter

4 Logal oscillator

The p

This f

mixer [to avoid overload and thus ensure linear operation. A mixer and a local os
perform a downconversion of the signal to an intermediate frequency (IF). The sid
filtered by an IF band-pass filter. CISPR 16-1-1" defines certain IF bandwidths for each
band.|Each IF filter has to meet the requirements defined by a mask. The IF signal §
made javailable as an analogue output signal.
The apalogue output signal S| is.described in the frequency domain by:
SIE(f)=S8(S - fset + /ir Y E(S)
where
fsel is the ‘'selected frequency,
SF is(the intermediate frequency, and

The
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IF-signal

RF‘% 17 |F% I @7
' 5

6 Detector
output

? S ® Controller

ih

Figure 181 — Superheterodyne EMI receiver

eselection filter suppresses signals that are far outSide the frequency range of in

H\gf),~ is the amplitude response of the IF filter.

erest.

ltering process improves the dynamic range of.the instrument for measuremgnts of
impulgive signals. A selectable input attenuator allews*the control of the amplitude level

at the
Cillator
nal is
CISPR

(1) is

(78)

peasured signal is shifted to the intermediate frequency fz and multiplied

y the

frequency response of the IF filter. The output signal is welghted with the peak, average,
RMS-average or quasi-peak detectors for the selected dwell time.

4.10.4 FFT-based receivers — digital signal processing

4.10.4.1 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

define

d as follows:

N-1
X[k] =) x{n]x e /2N
n=0

(79)
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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

the frequency domain.

The z}operties of the Fourier series have been described by J. B. Fourier [82], Mhe
mathematical proof was performed by Dirichlet [83]. DFT uses signals that consist of a
fixed number in time and frequency domains. These signals are equidistantly sampled

with a
in timg

4.10.4.

In ger

EMI receiver cannot be modelled with a single FFT calculationtn order to model the

behay,
windo
and th
STFFT

domain, as well as in frequency domain [70].

2 Short-time FFT

eral, EMI signals include both periodic and transient signals“as well as noise,

or of an EMI receiver, the short-time FFT (STFFT) is used. With the use of a Ga
v function the IF filter is modeled according to its impulse bandwidth, noise-ban
e filter masks as defined in CISPR 16-1-1. A spectrogram is calculated by ap

exact
series

50 the
exact
Issian
jwidth

plying

[ [70]. This spectrogram shows a discretization in hoth the frequency and time dofnains.

The rgsolution in the frequency domain is described by the bin width, Af; the resolution|in the
time dqomain is described by a time step, Tg,,..The inverse of the time-step is callgd the
basebpnd sampling rate, fq,,.
The S|TFFT, Z[m,k], is calculated as follows;
N-1 _
Z[m, k] = Z:x[n—m]><w[n]><e'12m’m/]V (80)
n=0
where
x[n-m] is the(sampled signal in the time domain;
wn] is/the discretized window function in the time domain, which is real, popitive 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

spectr

ogram.
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Figure 182 — An example spectrogram’Z[m,k]

The relationship between the samples that are processéd by a single FFT, and the number of
samples where shifting in the time domain is performed,’is described by the overlap fac:lgr Fg.
The shifting in the time-domain is performed, to get\a series of FFT spectra over the cofplete
dwell fime, which compose the spectrogram Z[m,k]” The time interval of N samples is typically
much maller than the dwell time. The index n.is shifted by a number which is a fraction of N.
The nymber of FFT calculations, N, that have'to be performed for N samples is describgd by:

1 _ Jsbb

T1-Fy A (81)

o

4.10.4.3 Window function

The wlindow function determines the IF filter response of an FFT-based measuring regeiver.
The multiplication in the time-domain is described according to:

z[n] = x[n]x win} (82)
where

w[n]-S-is the sampled window function; and

x[wn] 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:

W(f).ze—fz(ZBﬁ:/SInZ) (85)

Sampling the input signal with sampling intervals of T, the discretized window function w[x] is
deriveg:

1 12erizin2 g N v (86)

= N oo N
2o (NTN T 2

where| g, is called coherent gain. The coherent gain is defined by:

1 N-1
gc = WZ‘JW["] (87)

The optput result for sinusoidal signals is independent of the window function and the number
of samples N used during the FFT when divided by the coherent gain:

M:% (88)

The equivalent noise bandwidth is calculated numerically by:

N

Bengw = fs ZW[H]2 (89)
n=0

where| f; is the sampling rate. The impulse bandwidth B),p of the filter is detefqmined
according to:

fs
B = 90
IMP Neg (90)

4.10.44 Comparison to EMI receiver — mathematical equivalence

The mathematical equivalence between a superheterodyne receiver and an STFFT{based
receiver is’shown below. A comparison of the virtual IF signal at a single frequency, f.4,, that
can bge.extracted from the output of the STFFT and the analogue output signal of aF EMI

wiee—i s A far thi daotaroain ot oo
recel\’cl 1o UOoTU TUT 1o UTLTTTITITTTativrr.

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
an amplitude error. Such effects are described in [70]. For FFT calculations the term ‘picket
fence L i i i i pped
frequgncy scan performed with a tuned selective voltmeter show also an amplitude errpr that
is depgendent on the frequency step as well as on the shape of the IF Filter. dnlorder to
decrease the step size in the frequency domain, the number of samples for FFT calclilation
can bg increased. A further method to increase the number of frequency bins’is to cgmbine
digital[I-Q Mixing with FFT as shown in [72].

4.10.59.2 Numerical behavior of the window function

Due t¢ the finite number, N, of samples, the first and the last value of the vector w(n) gqre not
exactly zero. The results are sidelobes. These sidelobes_should be suppressed |by at
least 40 dB. A detailed description on such effects for a Gaussian window function as well as
other window functions, e.g. the Kaiser window is shown in73]. An example of such an|effect
is shown in Figure 183.

40 | | i 1 1 T
0 50 100 150 200 250 300
Freguency 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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the Gaussian filter type:

where
to the

The nmaximum error,_0f'the measurement of an isolated impulse is calculated in dB acc

to:

w(1)

A\ 4

T, sbb
IEC

Figure 184 — Measurement error for a'single pulse

1
Tspb

Ssbb =

n the peak detector mode, egp (“SP” for'single pulse), described by using an IF f

esp = e(ﬂz /4In ZXBIFfsbb)Z

B is the 6 dB bandwidth of.the IF filter. The baseband sampling rate f,, is horm
6 dB bandwidth of the IE-filter:

/sbb
Bir

beb/B”: -

(93)

olated
Iter of

(94)

alized

(95)

prding

(96)

e = —1O7 (21 ]de5,79( ] )dB
(In10)v81n2 | fob s, Jebw

For EMI measurements, FFT-based measuring instruments shall sample and evaluate the

signal

gapless during the measurement time.

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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Figure 185 — IF signal for different overlapping factors for the same sequence of pulses

4.10.6 FFT-based receivers — examples
4.10.6.1 General
Two djfferent types of EET+based measuring instruments are available:

1)| those that digitize the signal in the baseband; and
2)| those thatidigitize the IF of a superheterodyne receiver.

For bqth types.the digitized signal is processed digitally by STFFT.

4.10.6.2." FFT-based baseband systems
4.10.6.2.1 Overview

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 a
system is shown in Figure 186.
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Figure 186 — FFT-based baseband system

Ml signal is fed into the receiver input via a transducer [e.g. broadbandVante
al mains network (AMN)]. The low-pass filter shown in Figure 186 is used to su

g.

h consists of several ADCs with different gains to support a higher dynamic range
band signals (i.e. impulsive signals). The baseband system does not use pre-se

ude spectrum is displayed. An algorithm that allows,measurements in the peak, a
MS detector modes to be simulated has beefi\\presented in [69]. One of th
and measuring instruments was based on a digital storage oscilloscope and use
sented by C. Keller [76]. An algorithm for:the quasi-peak detector mode has
ted in [77]. With both algorithms almost” all requirements that are called
16-1-1 can be met except the gapless“processing. However, gapless procesg

tion for the implementation of.gapless processing is real-time processing. Due
me operation, the system can emulate the complete behavior of an EMI receive|
gnal is digitized by an ADC system. The frequency range of the EMI signal cons
the emissions measurement is subdivided into several sub-bands. The sub-ban
red sequentially. Each’sub-band is down-converted into its baseband by a digital
rsion (DDC) unit\“"The down-converted signal is down-sampled and process
. STFFT genérates a spectrogram that shows a discretization in time and freq
hs as shown\in Figure 182. At each calculated discrete frequency the evalua
med by adigital detector.

2.2 “Real-time digital signal processing

na or
press

ti-resolution ADC system performs a floating-point conversion, [75]. A multi-resglution

of the

signal. Such a system improves the dynamic range, especially for measurements of

ection

The digitized EMI signal is further processed by digital signal processing and the

erage
e first
d FFT
been
pbut in
ing is
, [78],
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Figure 187 — Real-time FFT-based measuring instrument

In order to perform measurements in the frequency range 30 MHz to 1 GHz, the samplir]g rate
fs hag to be at least 2 GSa/s (giga-samples per second) to meet the Nyquist cri
Because of the limited processing speed of the digital real-time signal-processing unit, the
input ¢f the digital down-conversion (DDC) is subdivided into eight parallel inputs with a
250 MSa/s per channel. As a consequence the maximum frequency has)to be reduce
factor|of 8. Thus, the frequency range 0 GHz to 1 GHz is subdividedi\into eight band
spectqum of each band is processed separately by DDC, STFFT @and the digital detgctors.
After [selection and measurement of each band one by one,<the complete spectqum is

compgsed 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

Figure 188 — Digital down-converter

IEC

erion.

t least
i by a
5. The

Figurg 188-shows the block diagram of the DDC unit; fp; is the centre frequency of Hand i.
The s|gnal=x[n] is the sampled signal of at least 2 GSa/s. The selected band is shiftgd into
basebland: This is done in order to process the output signal by the STFFT.

The real part is obtained by multiplication with a cosine signal. The imaginary 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
Figure 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

factor of 4.
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Higure 189 — Short time fast Fourier transform — An example of implementatiop

4.10.6.2.4  Multi-resolution ADC

Figurd 190 provides the block diagram of an ADC system.‘“FPhe input signal is distrjbuted
through a power splitter as three channels. Each channel(gonsists of a limiter, a low| noise
amplifier, and an ADC. While the upper channel digitizes the amplitude range from 0[mV to
1,8 mY, the lower channel digitizes the amplitude rapge/from 0 V to 5 V. The middle channel
is usgd to digitize the intermediate amplitude range from 0 mV to 200 mV. The signal is
recorded at all three channels simultaneously:)A signal digitized in high resolutjon is
recongtructed by extracting each sampled value from the ADC where the signal shows the
maximum nonclipped value.

Power splitter A
-2dB J +>>>D+J > /b
-22 dB A Digital
> >J—>I>I> —>J_—> DT> signal >
processing
A
-22:dB > -10dB > /DT>

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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ure 191 the measured transfer function of an IF-Filter of an FET-based mea
ent is shown.

2.6 Scan times

| scan times for quasi-peak measurements with a dwgell_time of 3 s (at each ind
ncy of the band) are provided in Table 42.

Table 42 — Scan times

Band Noeg fstep FFT Ftep 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 7 169 kHz 3,97 kHz 84 s

altime STFFT calculation unit as well as the realtime detectors can calculate the
frequencies for a segment with the resolution of fgs, Fpr. However in order to avd
fence effect during the measurement, a higher frequency resolution (fgep fi
fed. Thus the(scan time takes the dwell time multiplied by the ratio of f,

ds also_exist. The total scan time has to be additionally multiplied by the num
ds where the measurement has been performed during the scan.

suring

vidual

result
id the

1a|) is

Lo to
p FFT
al- Becauselthe presented system splits the range into eight subbands, several

ber of

3" Heterodyne receivers with FFT applied to the wideband IF signal

4.10.6

3.1 General

Generally, heterodyne receivers with FFT applied to the wideband IF signal offer the following
advantages:

e high dynamic range by limited bandwidth and high resolution ADC, e.g. 14-bit;

e frequency range not limited by the Nyquist criterion, but by the maximum receiver

fre

quency;

e |long maximum dwell time by low sampling rate;

e use of receiver preselection, preamplifier, RF-attenuation;

e receiver can be used in the standard receiver mode.
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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 rgsampler provides data reduction where needed, avoiding unnecessary oversampling at
narrower IF bandwidths, which saves processing\time. The universal digital module (UMOD)
saves|the data in the 16 M-words RAM for measurement times up to 3 s without any gap. The
main processor accesses the RAM, applies a-Gaussian window to the time domain sigpal (to
avoid [leakage effects) and calculates the;FFT for the frequency segment around the rgceive
frequgncy. For a resolution bandwidth~of 120 kHz this results in an acceleration pf the
measUyrement speed by a factor of 4% and by a factor of up to 150 with a 9 kHz res¢lution
bandwidth.

To avpid any picket fence effect, the frequency step of the FFT is B /4, where B|g[is the
resolution bandwidth. In.order to provide an overview of the emission spectrum over a wide
frequgncy range, the system applies a combination of receiver frequency steps in segmgnts of
the FHT 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 qllows.digitizing very high frequencies (here up to 40 GHz) with a rather low sampling
rate withdut violation of the Nyquist criterion, and reduces the throughput of datd. The
inhergn{devel errors appearing at the border of the frequency range provided by thg FFT
calculati rTiTTTi i - ' ue IF
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.


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

- 226 - CISPR TR 16-3:2020 © IEC 2020

4.10.6.3.2.2 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
measurement 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 measurement
result which complies with CISPR 16-1-1 even for the single pulse. So. the system combines
the conventional receiver with FFT-based measuring receiver functions.

4.10.6.3.2.3 Dynamic range for broadband emissions

For EIMI measurements, the dynamic range for broadband emissions ,is)of importance.
Dynamic range may be measured with a CISPR pulse generator in the time-domain sdan. In
order fo see the difference between the maximum pulse level and noise} the pulse generator
is swilched to a pulse repetition frequency (PRF) of 40 Hz whereas/the measurement fime is
10 mq (see Figure 193). This results in a display where one FF1)segment catches a|pulse
whereps the neighboring segment presents the noise level at a_time when no pulse is present.

The dynamic range is significantly reduced by the bandwidth ratio By, /B for broadband
pulseq, which determines the overload factor F, according to:

B
Fg = 20log—MF_ (97)
B

where
Bwig is the bandwidth of the wideband IF Filter, that serves as a preselection,
B\ is the bandwidth of thé& by window function modelled IF Filter, and

Fy is the overload factor.

For Blyr = 10 MHz and. B, = 120 kHz, the reduction is 38,4 dB. For a B of 9 kiHz F
becomes 60,9 dB, resulting in further reduction of the dynamic range.
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Figure 193 — Dynamic range for broadband emission
as measured with the peak detector

4.10.6.3.3 System type 2 based on a receiver with wideband IF
4.10.6.3.3.1 General

In thig system the broadband IF-output of an EMI receiver(s*digitized, stored and prodessed
by STFFT. The EMI receiver-specific parts such as preselection, preamplifier, RF-attenjuation
and IF-bandwidth are more or less identical with~system type 1. Digitizing and [signal
processing are performed using an external PC with commercially available digitizer cafd and
contrdl software. See Figure 194.

CISPR 16-1-1 compliant EM|-receiver

- IF-output frequency ~10...25MHz PC with IEEE488/IEC625 interface
- IF-bandwidth > or = 1 MH2 and digitizer card > or = 50 MS/s; > or = 12 bit
[ 46,8 ‘ ‘ 108 ‘ ‘ ‘
O ON®;

IEEE 488 interface

[|=1==51-1=7]] =AW e 4e)

IF-Signal

Digitizer card

IEC

Figure 194 — Set-up of FFT-based system type 2


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

— 228 - CISPR TR 16-3:2020 © IEC 2020

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 2 MHz: By =1 MHz

For increased operating range each single measurement is auto-ranged. As a result, the

operaling range for disturbances outside the calculated frequency band is increased-

4.10.6.3.3.2 FFT parameter settings
In thelfirst step the software determines the optimum sampling rate. Parameters are IF putput

frequgncy, down-converter bandwidth and the bandwidth for -40-dB" spurious-free |signal
detecffon.

The r¢lationship between the wideband IF bandwidth By, and/the sampling rate f; is shown
in Table 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 tdtal number of regcorded samples is given by:
Niotal = fstqwell (98)
The frequency-step is given by:

fapt L (99)

A radix-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 si

zes and sampling rates.

4.10.6.3.3.3 Results

An oVerview of the comparison for typical scan times between the system type-2)[using
“FFTemi” software) and a scan performed with a tuned selective voltmeter (‘receiver”) is
showrn in Table 44.
Table 44 — Scan times for a scan 30 MHz to 1 GHz
Dwell time B =120 kHz B = 9kHz
ms Receiver “FFTemi” Receiver “FFTemi”
10 <3 min <3 min 32-min <3 min
50 > 13 min <3 min >60 min <3 min
1 000 ~4,5h <0,5h ~50h <0,5h
For short dwell times the scan time is limited by speed of data transfer. For longer dwell times

a reddy

Figure
freque
freque
narrov

ction of the scan time by up to two ordersZof magnitude is achieved.

195 shows an example measurement. The displayed signal is received in the FM

ncy range at 105 MHz. The 3D“view allows viewing the disturbance at tim
ncy in one graph and direct (relationship, which can help to decide if broadb4
band noise is present, and\to find the noise source.

e and
nd or
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Left-top: The entire\frequency scan (black and red — different
detectors; blue — different IF-bandwidth)
Right-top: Level versus 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

4.10.6.3.3.4 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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IEC
Figure 196 — Example of pulse generator-measurement with antenna

Both gqurves are a measurement performed with‘EFTemi. The upper curve is a measurgement
with B¢ = 120 kHz and the lower curve is a measurement with B, = 9 kHz. The marks are
comparison measurements performed with ax{uned selective voltmeter.

In this| case the additional indication range by the frequency response is approximately $0 dB.
Systems without auto-ranging or fulibroadband FFT solutions may not be able to evpluate
such phenomena even if CISPR 16-1-1 compliant.

4.10.6.4 Applications
4.10.6.4.1 Measurement of intermittent signals

The measurements, of intermittent signals are difficult with an EMI receiver. The dwell time
shall be kept to-axminimum level in order to make the measurement feasible. On the| other
hand & large dwell time is required for a reproducible measurement.

50

45
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35

30 H

e St

25
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100 200 1000
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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
quality of emission measurements.

f/MHz
E-Fieldstrength 7 dBpV /m

N C) Angle /°
C)\\ IEC

@re 198 — Angular characterization of a PC

O

4.10.6.4.3 Usi FT for IF analysis

Previqusly, | alysis required extra hardware in order to give the user an overview |of the
spectqum adjacent to the signal within the IF resolution bandwidth when using the tune-and-
listen f n on an OATS (open area test site). Now, the extra hardware can be replaged by
FFT a i i i signal

(e.g. with AM or FM demodulator) and see the spectrum display with sufficient span. An
example is provided in Figure 199, with trace averaging used in the FM frequency range and
where two FM signals are adjacent to the signal to be measured, the level display shows
results with three detectors and B¢ is 120 kHz.
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Figure 199 — Example FFT IF analysis-display

4.11 |Parameters of signals at telecommunication ports
4.11.1 General

The maximum signal levels that can be presefntJoat telecommunication ports in diffefential
mode |are dependent upon, and are limited by,cthe electrical balance or LCL [85], [86], [of the
telecommunication ports and the cables or networks to which they are intended |to be
connefted, if the wanted signals are not tosappear as unacceptable disturbances acrogs the
commpn mode impedance to ground.

The LCL of a signal port, cable or network causes a portion of any differential mode gignals
on that port, cable or network:to'be converted to common mode disturbances, for which a
produ¢t standard has defined limits [87], [88], [89]. Common mode disturbances (also [called
antenpa mode disturbances, because they are a source of radiated disturbances o the
environment) should be_ fimited if interference with the reception of radio signals of all kinds is
to be minimized. Common mode disturbances created at a nominally balanced signal Frt or

transmission medium;“for example a twisted copper pair, should be controlled and limited,
whether or not thesport or medium is provided with an overall shield. If a shielded medfium is
used, |[deficienci€s in the shield itself as well as in the shield connectors, leading perhpps to
significant electrical discontinuities, will allow a portion of the common mode disturbances
created within the shield environment to appear outside the shield.

The worst-case values for balance and LCL quoted in many network specifications are based
upon the desired signal transmission and crosstalk performance of the networks, and do not
necessarily have regard for the control of the common mode disturbances considered 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;


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

— 234 - CISPR TR 16-3:2020 © IEC 2020

e spectral characteristics of the line codes specified for the wanted differential mode
signals;

e design of the protocol of the wanted differential mode signals;

e expected electrical balance or LCL of the physical copper media, in situ, on which the
wanted electrical signals will be conveyed;

e electrical balance or LCL of the telecommunication signal ports that will be connected to
the physical media;

o differential mode and the common mode impedances expected for the physical media on
which the wanted differential mode signals will be conveyed;

df ol A A4k A H A H P | 4l tal A HPZN t
° ITrefefrar—moae—aha—me— Commot—Mmote mTECUdITCC S SP T TTmTCU—at aTe— tCTe CoUTTIITaTT ation

signal ports on which the wanted differential mode signals will appear;

e shjelding effectiveness expected of connectors and shields, if shieldedy'media are
to be used.

The influence of the absolute levels of the wanted differential mode signals on the resultant
commpn mode disturbance levels needs little elaboration. In the absencésof nonlinearitigs, the
levels| of the common mode disturbances produced by differential . mode to common|mode
convefsion, due to electrical unbalance of the telecommunication ports or the physical fnedia,
will bg directly proportional to the levels of the wanted differential-mode signals. The s;[nectral
charagteristics and the protocols specified for the wanted differential mode signals will also
have A major influence on the levels of the common mode disturbances appearing ¢n the
physiqal media.

For a piven data rate, a differential mode signal emplaying line coding, designed to sprepd the
signal|l power across a wide range of frequencies, is less likely to create unacceptable
commpn mode disturbances than is a differential’mode signal line code that concentrates the
power|into a narrow spectral band or bands.

differgntial mode signals. The formats of start and end delimiters, framing and synchronization
bit paftterns, the bit patterns of tekens, and ultimately the design of the access ¢ontrol
protogols, will have a significant\influence on how much concentration of differentialf mode
signal|power into narrow speetral bands takes place during the various operating statgs (i.e.
high Iaffic periods, low traffic periods, idle periods) of telecommunication networkg. The
creatipn of highly periodie waveforms that persist for lengthy periods of time shodld be
avoided, if the levels(of* common mode disturbances, created from the differential| mode
signals on the netwoftk, are to be minimized.

Selecion of the signal protocols can significantly influence the spectral characteristics|of the

4.11.2 Estimation of common mode disturbance levels

Estimations can be made of the levels of common mode disturbances that will be created by
differgntial. mode to common mode conversion of the wanted differential mode signals/ if the
relati' ne ean ne lne. a ale i ala sSphe a) melers e no /n_ In

particular, estimations can be made of the maximum allowed levels for differential mode
signals, if the common mode disturbances created from those are not to exceed the common
mode disturbance limits.

Consider two devices connected together in a LAN, for example a nominally balanced
telecommunication signal port connected to a nominally balanced unshielded twisted pair
terminated 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 |

Ve = VT — @ - 201
cm T —4LcL g| Zom de+4Zcm|

(103)

when jestimating the common mode voltage 7, in dB(uV), caused by the differentiallmode
signal|voltage V7, in dB(unV), where

aLCL is the LCL, in dB,

Zy is the common mode impedance presented by the item having/the worst (lowgst)
LCL, in Q;

Zt is the common mode impedance presented by the item with the higher LCL, in Q,
and

Zygn is the transverse or differential mode impedance at thé telecommunication sigjnal
port, in Q.

The gbove expressions, which have been derived from relationships developed in [90],
implicftly assume that both of the devices in“\the combination present a transvefse or
differgntial mode impedance of Z,.

By selting the common mode disturbance”levels in Equations (102) and (103) equal [to the
commpn mode disturbance limits, theimaximum allowable transverse or differential|mode
signal|levels can be estimated.

When|making use of Equations(102) and (103), it should be recalled that a common|mode
disturmance limit is a quantity that is specified for comparison with disturbances measyred in
a defined bandwidth (e.g..9 kHz), using a specified detector function (quasi-peak or avdrage).
Therefore, for the given )LCL the maximum allowed differential mode signal levels estimated
using [these Equations (102) and (103) are those that are allowed to appear in the|same
bandwidth when measured differentially with the same detector functions.

4.12 |Background on CDNE equipment and measurement method

4.12.1 .SGeneral

The CDN measurement method was originally developed for assessment of radiated
disturbances of lighting equipment from 30 MHz to 300 MHz. In October 2006 the CDN
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

d and
range
PR 22
[99] wkre 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 [circuit
technology were negligible for frequencies above 30 MHz.

In 1996, within the EMC group of Philips Research in Eindhoven, the Netherlands, an
invest|gation was started on possible workbench methods as-an“alternative for the radiated
tests ip the frequency range 30 MHz to 300 MHz. The CDN, which is known from RF immunity
tests in the range of 150 kHz to 80 MHz according to IEC 61000-4-6 [15], seemed a sliitable
candidate for application to measurement of RF disturbances as well. Therefore, a method
using the CDN for disturbance measurements was developed and investigated. Especid]ly the
relatignship with the established radiated disturbance measurement method in a SAC was
explored.

It is generally accepted that correlation between two test methods only makes sense| when
both methods have good reproducibilitysand low uncertainty. The established radiated RF
disturbance measurement method has\a fairly large compliance uncertainty (7 dB) dque to
variabflity in cable layout and termination, while the CDN method has a moderate com%iliance
uncerfainty (4 dB) provided that the 'EUT is small and the cable length between the CD|N and
EUT is limited. Still, a reasonablé.correlation between the CDN method and the 3-m and 10-m

The fgasibility and«caoncept of the CDN method was presented in a paper at the 1999 Furich
EMC tonference)by Stef Worm [93]. In that paper, the radiated disturbance measurement
method in a (3ym SAC and the CDN method (refer to Figure 200) are compared| It is
demonstratedsby modelling that the CM current in a cable (single wire — see NOTE 1)
connerted.to the EUT is a good metric for the E-field measured using the 3 m SAC[OATS

NOTE 1 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.
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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
meth inthe frnqnnnr‘y range between 30 MHz and 1 000 MHz

10 MHz ﬁc. I/80 cm
LigitS
Termination
|/ CISRR
A receiver 10 MHz
CISER -| oscillator
receiver Cable ‘ 10 cm
= oon LS [
CDN / ‘
3 m SAC/OATS-method CDN method

IEC

Figure 200 — Equivalent radiated measurement methods (30 MHz to 300 MHz)

50 T T 1 T T T T T

EJI), (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:

Lim Rad
ICDN =&~ (104)
E i
% ratio

where| the %ratiois the average relationship between field strength and CM (currgnt for

various CM-impedance terminations, i.e. the black straight dashed line shown in-Figure R02.

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___ (105)

For edample, a radiated disturbance limit of 40 dB(uW/m) at 3 m and 100 MHz translatgs to a
terminal voltage limit of 20 Ig (150) + 40 — 30 =54 dB(uV). The CISPR 15 radiated| limits
translate in this way to the values given in Table B.1 of CISPR 15:2013 [98]; se¢ also
Figurg 203.

Note that the voltage division factor Fopig (in dB) and the value of the attenuator extefnal to
the CIDN are added to achieve the CM-terminal voltage across 150 Q, i.e. -20 Ig(50/150) + dB-
value pf the external attenuator (6 dB):

The CDNE-disturbancetevel VopNe, then can be calculated as follows:

VcONE = Vmeas + FcDNE (107)

where| Vepye-and 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.

Figure 202 — Modelled relationship between field strength.£, and CM current I, 4sing
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.

4.12.3
4.12.3

From CDN to CDNE

.1 Shortcomings

After applying the CDN method for testing of lighting equipment for a few years, a number of

shortc

omings of the CDN method were found, including:

— lack of reproducibility of tests when using CDNs from different manufacturers;

— no

restrictions on the size of the EUT;

— ab

30

— no

As an

laboratories within Philips were obtained using class 1 and class 2 artificial EUTs con

of ac
labor
(CDN
CDNs
the a
imped
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4.12.3

A joint task force between CISPR/A and GISPR/F was formed on the ‘CDN measur
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Sence ol an uncertainty budget;

bcification to only 230 MHz - CISPR 15 specified the CDN for measureme
D MHz;

documented correlation between the CDN method and the classical radiated meth

example, Figure 204 gives the results of an RRT. CDN measurement results fr

bmb generator and a coupling unit that launches both DM and-CM disturbances
ory applied its own CDN from different manufacturers. Théesults of the class
M3) exhibited an especially large spread due to the varjation in the performance
More in-depth investigations revealed that the main reason for the large spread
bsence of a DM-impedance specification of the CDN, large tolerances of t
ance, the absence of impedance specification above 230 MHz and the abse
angle tolerance of the CM impedance.

.2 CISPR A/F JTF

d of radio frequency disturbances forlighting equipment in the frequency range 3
MHz’ (CDNE JTF A/F). That JTE-Was established in 2008 and tasked with trans
DN method of emission measurement in the frequency range 30 MHz to 300 MHz
16 series. An additional aimiwas to improve the reproducibility of the CDN m

was a need to consolidate' the relationship between the CDN method and the clg
bd test method in CISPR™6-4-5 [97].

[F work included\the following projects:

ding CDNE specifications and validation methods in CISPR 16-1-2 [95];
Hing measurement set-up and method in CISPR 16-2-1 [8];
ding'background and rationale in CISPR TR 16-3 (this subclause);
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ding’uncertainty aspects in CISPR 16-4-2 [96];

— adding conditions for alternative methods in CISPR TR 16-4-5 [97].
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4.12.3.3 Improvements of the CDNE

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

The main function of the CDNE has not changed compared with the CDN, i.e. the CDNE
couplgs asymmetric (CM) disturbance voltage from the EUT into the input lead pf the
measuring receiver, and decouples that\lead from any emissions or influences present|in the
test epvironment. It measures the CM disturbance in a short cable connected to th¢ EUT
(often] AC mains but not absolutely” necessary) through a nominal impedance of 150 Q

(see 4.12.2.2).

The most important changes in the CDNE specification are as follows (see CISPR [16-1-2

[95]).

a)
b)

c)

d)

A specification for-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) hag been
reduced to.+10 QO/-20 Q;

A ppecification and tolerance of the DM impedance at the EUT port has been adddd, i.e.
100824 20 Q2. Any symmetric (DM) disturbance coming from the EUT is loaded eithgr by a
symmetric impedance of 100 () at the EUT mains port (CDNE-MZ and CDNE-M3), or by
the external symmetric load at the AE port of the CDNE-Sx. The value of 100 Q equals the
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;

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;

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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