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International Electrotechnical Commission (IEC) is a worldwide organization for standardization~con
national electrotechnical committees (IEC National Committees). The object of IEC i§ “\to p
fnational co-operation on all questions concerning standardization in the electrical and electronic fig
end and in addition to other activities, IEC publishes International Standards, Technical ‘Specifi
hnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter reférred to 4
lication(s)”). Their preparation is entrusted to technical committees; any IEC National ) €ommittee int
he subject dealt with may participate in this preparatory work. International{“governmental an
ernmental organizations liaising with the IEC also participate in this preparation’y1EC collaborates
the International Organization for Standardization (ISO) in accordance with) conditions determi
tement between the two organizations.

formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interr
sensus of opinion on the relevant subjects since each technical committee has representation f
fested IEC National Committees.

Publications have the form of recommendations for international' use and are accepted by IEC N
mittees in that sense. While all reasonable efforts are made{to ensure that the technical content
lications is accurate, IEC cannot be held responsible fornthe way in which they are used or
nterpretation by any end user.

rder to promote international uniformity, IEC National' Committees undertake to apply IEC Publj
sparently to the maximum extent possible in their*national and regional publications. Any dive
veen any IEC Publication and the corresponding/mational or regional publication shall be clearly indiq
atter.

provides no marking procedure to indicate its approval and cannot be rendered responsible
pment declared to be in conformity with_anTEC Publication.

sers should ensure that they have the latest edition of this publication.

iability shall attach to IEC or its-djrectors, employees, servants or agents including individual expe
hbers of its technical committées~-and IEC National Committees for any personal injury, property dan
r damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fegq
enses arising out of the ‘publication, use of, or reliance upon, this IEC Publication or any oth
lications.

ntion is drawn to the_Normative references cited in this publication. Use of the referenced publica
spensable for the correct application of this publication.

ntion is drawnito the possibility that some of the elements of this IEC Publication may be the su
nt rights. JE€ Shall not be held responsible for identifying any or all such patent rights.
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It has the status of a basic EMC publication in accordance with IEC Guide 107.

The text of this standard is based on the following documents:

FDIS Report on voting

77C/156/FDIS 77C/160/RVD

Full information on the voting for the approval of this standard 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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The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch” in
the data related to the specific publication. At this date, the publication will be

* reconfirmed;

e withdrawn;

* replaced by a revised edition, or
* amended.

A bilingual version of this publication may be issued at a later date.
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INTRODUCTION

IEC 61000 is published in separate parts according to the following structure:

Part 1

: General

General considerations (introduction, fundamental principles)

Definitions, terminology

Part 2

: Environment

D¢

Classification of the environment

Caq
Part 3

Emission limits

Im
co

Part 4

Measurement techniques

Te

Part §: Installation and mitigation guidelines

Ing
Mi

Part 6

Part 9

Each
Stand
been
and a

scription of the environment

mpatibility levels

: Limits

munity limits (in so far as they do not fall under the responsibility of the p
mmittees)

: Testing and measurement techniques

sting techniques

btallation guidelines
figation methods and devices

: Generic standards
: Miscellaneous

part is further subdivided into several parts and published either as Internd
ards or as technical specifications or technical reports, some of which have a
published as sections. Others will be published with the part number followed by &
second numbet identifying the subdivision (example: 61000-6-1).

roduct

tiona
ready
dash
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1

ELECTROMAGNETIC COMPATIBILITY (EMC) -

Part 4-33: Testing and measurement techniques —
Measurement methods for high-power transient parameters

Scope

This part of IEC 61000 provides a basic description of the methods and means (e.g.,
instrumentation) Tor measuring responses arising from high-power transieni eleciromagnetic
parameters. These responses can include:

the electric (E) and/or magnetic (H) fields (e.g., incident fields or incident-plus scattered

fields within a system under test);
the¢ current / (e.g., induced by a transient field or within a system under fest);
the voltage V (e.g., induced by a transient field or within a system under test);

the charge Q induced on a cable or other conductor.

NOTE [The charge Q on the conductor is a fundamental quantity that can be_ defined at any frequency. The
V, howgver, is a defined (e.g., secondary) quantity, which is valid only at lowtfrequencies. At high frequenc|es, the

voltage|
fast ris|

observable is not valid. In this case, the charge is the desired quantityto be measured.

Thesd

be dgescribed approximately by several scalar: parameters, or “observables”.
parameters include:

This |

the¢ peak amplitude of the response,
the¢ waveform rise-time,

the waveform fall-time (or duration),
the¢ pulse width, and

mathematically defined norms obtained from the waveform.

on the mathematical” determination of the characterizing parameters. It does not p
information on spegific level requirements for testing.

2

Nprmative references

voltage

cannot be defined as the line integral of the E-field, since this integral is path-dependent. Thus, for very
ng pulses (having a large high-frequency spectral content),the/use of the voltage as a measyrement

measured quantities are generally complicated time-dependent waveforms, whigh can

These

nternational Standard provides information on the measurement of these waveforn)s and

rovide

The follewing referenced documents are indispensable for the application of this docyment.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 60050-161, International Electrotechnical Vocabulary (IEV) — Chapter 161: Electro-
magnetic compatibility

IEC 61000-2-9, Electromagnetic compatibility (EMC) — Part 2: Environment — Section 9:
Description of HEMP environment — Radiated disturbance

IEC 61000-2-10, Electromagnetic compatibility (EMC) — Part 2-10: Environment — Description
of HEMP environment — Conducted disturbance
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IEC 61000-4-20, Electromagnetic compatibility (EMC) — Part 4-20: Testing and measurement
techniques — Emission and immunity testing in transverse electromagnetic (TEM) waveguides

IEC 61000-4-23, Electromagnetic compatibility (EMC) — Part 4-23: Testing and measurement
techniques — Test methods for protective devices for HPEM and other radiated disturbances

IEC 61000-4-25, Electromagnetic compatibility (EMC) — Part 4-25: Testing and measurement
techniques — HEMP immunity test methods for equipment and systems

3 Terms and definitions

For thle purposes of this part of IEC 61000, the following terms and definitions, together with
thoselin IEC 60050-161 apply.

3.1
electnically small
refers|to the size of an object relative to the wavelength of the electrontagnetic field. [When
the ohject is much smaller than the wavelength, it is said to be electrically small

3.2
equivplent area
an intfinsic parameter of a magnetic flux sensor (loop) thatirelates the open circuit voltage of
the sgnsor to the time rate of change of the magnetic flux{density linking the sensor

3.3
equivplent height
an intfinsic parameter of an electric field (dipele) sensor, which relates the measured vpltage
acros$ the terminals of the sensor to the E-field component exciting the sensor

3.4
free-fleld sensor
an elgctromagnetic field sensor used at a location distant from any scattering body or ground
plane

3.5
high power electromagnetic
HPEM
the general area<ortechnology involved in producing intense electromagnetic radiated|fields
or conducted voltages and currents which have the capability to damage or upset elegtronic
systems. Generally these disturbances exceed those produced under normal condition$ (e.g.
100 V[m)

3.6
measurement chain

one or more electrical devices connected together for the purpose of measuring and recording
an electromagnetic signal

3.7

Nyquist frequency

the Nyquist frequency is the bandwidth of a sampled signal, and is equal to half the sampling
frequency of that signal. If the sampled signal represents a continuous spectral range starting
at 0 Hz (which is the most common case for speech recordings), the Nyquist frequency is the
highest frequency that the sampled signal can unambiguously represent
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3.8

pre-pulse

refers to a portion of an impulse-like transient waveform that occurs at a time before the time
of the primary peak

3.9

sensor

a transducer that senses a particular electromagnetic quantity (such as an electric or
magnetic field, a current or a charge) and converts it into a voltage or current that can be
measured. Typically, this is the first element in a measurement chain for EM measurements

3.10
waveform norm
a parameter that is determined from a mathematically well-defined operation on_a“waveform
or sighal (such as an integration of the waveform), which yields a scalar number that permits
a comfparison of various waveforms or their effects

3.11

waveform parameter(s)
a single parameter that denotes a waveform characteristic (such, as the rise time pf the
wavefprm), which is difficult to cast into the waveform norm formalism, yet which is useful in
describing a response

3.12
—dot
a suffix (as in I-dot), which denotes the derivative‘with respect to time of the quantfty (I),
implying that the measurement is proportional to the:time rate of rise of the response ()

4 Measurement of high-power transijent responses

This gtandard is concerned with the -measurement and description of high-power trapsient
signals resulting from a high altitude nuclear detonation (referred to as the high ajtitude
electrpmagnetic pulse — HEMP) ‘or. from the use of a transient source (or pulser) producing
high-dower electromagnetic (HREM) fields. Typically, the physical quantities being megsured
include the electric (E) and ‘magnetic (H) fields in (or near) a facility or test object, pr the
induced current and charge «(or voltage) on conducting wires entering into the facility ¢r test
object.

This dlause of the.standard describes the overall measurement techniques for these trapsient
respofises, andiin-Annex A, suggests several waveform parameters and norms that shall be
used [to characterize the measured responses. Many of the measurement methods and
equip{\ent may also be used for measuring time harmonic (i.e., frequency domain) signals;

howeyer, this application is not considered further in this document, as we shall be congerned
with o Iy the measurement of transient qignalq

4.1 Overall measurement concepts and requirements

The measurement of transient response quantities is realized by using a number of transient
signal processing elements linked together in a sequential manner. Referred to as a
“measurement chain”, this collection of equipment will detect, process, transmit and record
measured transient responses, so that they can be used after the test is finished to analyse a
measured quantity or the electrical behaviour of the system under test.

Figure 1 shows two typical instrumentation chains that shall be used for measuring high-
power transient responses. The measurement chain shown in Figure 1(a) contains the
following elements.
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i . Fibre optic Waveform
Fibre optic receiver digitizer
Sensor Balun Attenuator  Integrator transmitter

——T 00—

—————— (Coaxial cable

e Fibre optic cable Data acquisition
and control

IEC 14B2/05

(a) Instrumentation chain using a coaxial cable and fibre optics

Waveform
digitizer

Sensor
Balun  Attenuator Integrator

Coaxial cable

Data acquisition
and control

IEC 1433/05

(b) Insttumentation chain with only coaxial signal lines

Figure 1 — lllustration of a typical instrumentation chain
for measuring high-power transient responses

— Copxial cable — this element provides an electrical connection between the vhrious
elgmentss of the measurement chain, at a constant impedance (typically 50 Q). An
alternative to this element is the fibre-optics transmission system discussed below.

— Sensor — a device that converts the measured quantity (EM Tield, current, or charge) into a
voltage that can be measured.

— Balun — a device that operates as a matching transformer to ensure that the sensor is well
adapted (matched) to the coaxial signal line. This device also helps to suppress common-
mode signals.

— Attenuator — a signal reduction device installed in-line to reduce the sensor signal strength
if it is too large.

— Integrator — an active or passive device to integrate in time the sensor output. This is
needed because in some cases, a sensor will respond to the time rate of change (e.g., the
derivative) of the measurement quantity. (Signal integration can also be performed in
software.)

— Fibre optics transmitter — a device to convert the measured fast transient electrical signal
to a modulated optical signal, which can be transmitted away from the vicinity of the
sensor to a distant recording device.
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Fibre optics cable — a non-conducting fibre cable that can be routed in and around the
system under test to permit the transmission of the optical signal to the distant optical
receiver.

Fibre optics receiver — a device that receives the modulated optical signal from the
transmitter, demodulates it and recovers the imbedded information from the sensor.

Waveform digitiser — this is the detector in the measurement chain, which receives the
sensor electrical analogue signal, converts it into a stream of digital data and then passes
these data on to a recording device.

Data acquisition and control computer — the main logic processor to conduct the
measurements and store and analyse the results.

Additipnal information on each of these elements in the measurement chain will be prd
later ip this clause.

Not all of the elements of the measurement chain in Figure 1(a) are always)necessar
example, the attenuator shall be required only if the sensor response is soplarge that it
to over-drive the fibre optics (FO) transmitter and cause signal distortions. Similarly,
sensofs may have a self-contained integrator, so that the intedrator element i
measfirement chain shall be omitted.

vided

y. For
tends
some
n the

Figurg 1(b) illustrates a case where the entire measurement chain’is interconnected only by a
coaxigl cable. The FO system is not present in this case, perhaps due to some special feature

of the[signal being measured:

th¢ dynamic range of the desired signal is Jdarger than that provided by the FO
trgnsmit/receive equipment,

th
pefrhaps the cost of the FO system is prohibitive.

measured pulse is much faster than the tran'smission capabilities of the FO system, or

Regaildless of the configuration of .the® measurement chain, there are several |basic
measyrement principles that must be" recognized during the course of performinlg the

measlfirements. These are as follows.

The measurement sensor -always perturbs the EM field in its vicinity (or influencgs the
logal current and/or charge) densities). It can be shown that if a sensor were designed to
perturb the field, itiwwould register a zero response.

The use of a measUrement chain can “load” the system or circuit being measured, go that
the obtained reading may not be the true response.

The measurement chain can be used to measure both near field and far field respgnses.
Typically, ;ayfield sensor will measure only one of the three orthogonal E- or KH-field
components, and whether the observation point is in the near-zone or the far z¢ne is
unimpartant in describing the responses. In the far-zone, the E/H ratio of the principal
(transverse) field components is equal to the impedance of free-space (377 Q), but|in the
near zone this EJH refationship 1s not mainiained.

The sensor shall be calibrated to provide a suitable relationship between its electrical
output and the response quantity it is measuring.

In addition to the sensor, the remainder of the measurement chain can also add errors to
an EM field quantity being measured, and such errors shall be minimized. Such errors can
arise both from secondary scattering from the measurement equipment (which adds an
error in the fundamental EM field quantities being measured), and from a perturbation of
the response provided by the sensor as it propagates through the measurement chain
(say, from external common-mode currents on a coaxial cable affecting the internal signal
through the shield transfer impedance). The use of the FO transmission system is one way
of minimizing this unwanted perturbation. Other ways include a careful routing of the
coaxial cable so as to minimize pick-up, the use of ferrite beads on the coax to attenuate
induced currents, additional shielding over the coaxial lines, and keeping the length of the
coax line as short as possible.
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Calibration procedures shall be applied to all elements of the measurement chain. The
integrator functions ideally only over a particular frequency band. The coaxial cable has
increasing loss as the frequency increases. Each of these facts shall be taken into
account in developing an end-to-end calibration of the measurement chain.

The measurement system noise shall be determined and its effects on the measured
response quantities shall be quantified.

Once a “raw” waveform is measured and digitised by the recording device, the calibration
function shall be applied and a “corrected” response waveform determined.

After the corrected waveform is determined, it shall be summarised by one or more
waveform parameters, or norms, identified in Annex A.

Details and requirements for each of these measurement chain elements will be discussed

in4.3

4.2

Representation of a measured response

The measured, corrected and digitised waveform that is ultimately recefded by thg data
acquisition computer is usually a complicated function of time. To easily, distinguish befween
one waveform and another, and to relate a particular waveform te“a possible effecf on a
system or facility, one or more scalar numbers representative of theZwaveforms shall be|used.
In thig manner, only a few numbers, as opposed to the entire\ data record of the trapsient

wavefprm, can summarize the essence of a waveform.

In degcribing the response waveform in this manner, there are two classes of numbels that
shall pe used. Waveform parameters are numbers~that are immediately obvious frgm an
examination of the transient response, such as the.peak amplitude. Waveform norms, ¢n the
other hand, are mathematically defined scalar parameters that require a numerical procg¢ssing
of the[total waveform. The energy contained inthe waveform is an example. In this clapse of

the

stdndard, each of these types of waveform, parameters is defined.

AnneX A of the present standard provides additional information on how measured transient

wavefprms can be characterized.

4.3

As

include:

4.3

Measurement equipment

ndted in Figure 1 there. are four major elements to the measurement system. [These

the response sensor that measures an electrical parameter (EM field compongnt, a
current, or a,charge) and converts it into a voltage;

the transmission system that transports the measured voltage from the sensor fo the
ddtectjon-equipment;

the ‘detection (or digitisation) system that takes the received voltage respons¢ and
con i

Morto it inta o Aiatal farnat foar Aran~ncoina N dctoraan: on d
v oTto Tt oo orgrtar oot ToT PpTroct oo g artt—otoragt,—artd

the computer controlling the measurement process and performing data processing and
storage.

A1 The measurement chain

Each of these measurement chain elements can affect the amplitude and wave shape of the
recorded signal, and it is important to understand and control such perturbations. As an
example, consider the case of a transient EM field described by its E-field component E_(t)
striking the field sensor in Figure 1(a), and producing a transient response at the recording
device given as Ryeasured (f)- As noted in [1]"), the relationship between the transient

response and excitation is given by a convolution (*) operation as

1) Figures in square brackets refer to the Bibliography.
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Rmeasured () = Eo (£) * T(t), (1)

where T(t) is the impulse response of the measurement system. Given the measured
response Rpyeasured (f), the goal is to determine the excitation E,(t), and [1] represents this

process symbolically as the deconvolution (1/*) operation
Eo(t) = Rmeasured (t) (1/%) T(t). (2)

In [1], various techniques that may be used to evaluate this deconvolution operation to
determine E,(t) are discussed, with one of them being recasting equations (1) and (2) in the

frequgncy domain throug € UsSe of Fourier transforms, an en using the transier fupction
concept [2] to deconvolve the excitation function.
Denotjng the Fourier transforms of the measured transient response and the exeitation E-field

at the| sensor by Rpyeasured(f) @and Eo(f), respectively (see Annex A), theifrequency domain
equivalent of equation (1) is expressed as

Rmeasured(f) = T(F) Eq(F). (3)

wheregl now the convolution operation becomes a simple multiplication by the Fourier spgctrum
of the|transfer function T(f). In the frequency domain, the deconvolution operation of equation
(2) is piven as the inverse of equation (3) as

~ ~ ~

Eo(f)=T(F)™" - Ramasured () (4)

NOTE |In this standard, transient quantities are representéd using the notation F(t), and the corresponding [Fourier
spectra] density is E(f).

This deconvolution is easily carried out} as long as the transfer function spectrum T(f) |is not

zero at any real frequency f. Once-the spectrum of the excitation field is determinef, the
transient behaviour of this field component may be determined by taking an inverse Hourier
transfprm.

As nofed in Figure 1(a),sthe measurement chain consists of several different elements| each
of whigch contributes to the overall transfer function T(f). Because each element in the chain is
designed to function at a constant impedance level (typically 50 ohms), the end-{o-end
transfer functiod of the measurement chain T(f) can be evaluated as the product of individual

complex-valued, frequency dependent transfer functions for each element in the measurement
chain|In thissmanner, the overall transfer function is given as

~ ~ ~ ~ ~ ~ ~

') = Tdigitiser \I') " Tfibre optics \! ) * Tintegrator \I') - T'attenuator \/)* T'balun /') I'sensor /') - (9)

To determine the spectrum of the excitation field from equation (4) it is necessary that the
transfer function T(f) be known. Methods for determining this transfer function accurately
(both in magnitude and phase over a wide frequency range) will be discussed in Clause 6 of
this standard. In many instances, however, the various transfer function components in
equation (5) are designed to be very simple functions of frequency or even constants over a
wide frequency band, and this makes the overall transfer function very simple.

Subclause 4.3.2 in this standard and Annex B discuss several different types of sensors that
provide output responses that are related to an excitation function (like an incident field or
induced current.) The responses of these sensors are seen to be of two basic types: one
which has an output that is approximately proportional to the excitation quantity and another,
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in which the sensor output response is proportional to the time rate of change (derivative) of
the excitation.

For the first type of sensor, the transient response of the device is given as

Vout (t) = KsensorEo () (6a)

and the corresponding frequency domain spectral representation is

~ ~

Vout (f)= Ksensor Eo(f) ) (6b)

wheregl K, is a characteristic constant of the sensor.

sensor
For the second type, or differentiating sensor, the output is given as

d

Vout () = Ksensor EEO (t), (7a)
and the frequency domain spectrum is
Vout (F) = Jj 27 f Ksensor Eo (f)- (7b)

For thie case when a differentiating sensor is used, itis.necessary to provide some sorf of an
integration function to recover the excitation function from the derivative signal provided by
the sgnsor. This can be provided either by an integrating circuit element in the measurgment
chain |(described more fully in 4.3.5), or by a pest-processing of the computed response|using
numetfical methods. If a hardware integration of the signal is to be used, the integrator
provides an output that is proportional to the integral of the input signal, and in the frequency
domain, this is expressed as

~ 1 ~
Vidut (f) = mKintegrator Vin(f), (8)
wheref Kiniegrator IS @ Charatteristic constant for the integrator component.

Thus,| when a differentiating sensor is used in the measurement chain, the megsured
respofse from equation (3) can be represented as

 casureall) = T(F) Eo ()

T

n - j27TfK§9n§0r] Ex(1) (9a)
\ J

~ KE,(f)
and if a self-integrating sensor is used, the measured response is

Rmeasured(f) = T(f)Eo(f)
~ (Kdigitiser : Kfibre optics * Kattenuator : Kbalun 'Ksensor) Eo(f) (9b)
~ KE(f)
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The scalar coefficients of the components (K;) in equations (9a) and (9b) are typically
provided by the manufacturers of the measurement chain components and are often used
without further calibration. However, for accurate measurements of such HPEM fields, each of
these components shall be calibrated before being used in a measurement program.

Regardless of the type of sensor used in the measurement, the overall transfer function K is
used to compute the excitation function spectrum as

~

Eo(f):K71 'Rmeasured (f) (10)

BecayseKisfrequency imdependent, the Tesuttimgtranmsient response s giverr as
Eo(t) =K. Rmeasured(t)' (11)

In mapy practical cases involving transient signals having fast rise times, the'ffequency [range

of intgrest is such that the transfer function f(f) is not a constant over-the frequency |band.
Consgquently, equations (10) and (11) are not suitable for determiningthe excitation frgm the
measxred response. In such cases, it shall be necessary to determine the overall complex-
valued transfer function of the measurement chain by calibration) methods, and then use
equatjon (4) to compute the excitation function.

4.3.2 Response sensors

As didcussed in 4.3, the first element in the measurement chain of Figure 1 is the EM sensor,
which|interacts with the local EM field (or current,.or‘charge) and produces a voltage dutput.
The design of a sensor has been described in.detail by Baum [3, 4], where the following
requirements are set out for an “ideal” sensor.

a) It [is an analogue device which converts the electromagnetic quantity of interesf to a
vditage or current (in the circuit sense) at some terminal pair for driving a load impedance,
ugually a constant resistance appropriate to a transmission line (cable), terminated in its
chiaracteristic impedance.

b) It |s passive.

NOTE |As discussed in Annex:B,"it is also possible to have sensors that are active; however, the passive sgnsor is
viewed [as being simpler to_calibrate, and thus, are often viewed as being more desirable than the active senpors.

c) Itfis a primarystandard in the sense that, for converting fields to volts and current, its
sensitivity isavell known in terms of its geometry; i.e., it is “calibratable by a ruler” [5]. The
impedances) of loading elements may be measured and trimmed. Viewed another way, it
is| in prinCiple, as accurate as the standard field (voltage, etc.) in a calibration faciljty. (A
fev percent accuracy is usually easily attainable in this sense).

NOTE This requirement is for the “ideal” sensor, in which there is a simple geometrical relationship between the
field component being measured and its output signal. This simplifies the sensor calibration procedures. For other
types of sensors that are not “calibratable by the ruler”, the calibration process must be accomplished as described
in 6.2.2.

d) It is designed to have a specific convenient sensitivity for its transfer function, which is
often expressed as an equivalent area or an effective height.

e) Its transfer function is designed to be simple across a wide frequency band. This may
mean “flat”, in the sense of volts per unit field or rate of rise of the field, or it may mean
some other simple mathematical form that can be specified with a few constants (in which
case more than one specific convenient sensitivity number is chosen).
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In using such sensors, it is important to keep in mind that there can be significant voltages
developed within the sensor and on the sensor cables. If the quantity being measured is too
large for the sensor design, there can be corona or arcing within the sensor, which will cause
a misreading of the response, or possibly damage within the sensor. Thus, the sensor shall
be carefully selected for the expected response level to be measured.

Annex B provides more details on the representations of the transfer functions for different
types of EM field sensors. Additional details of the physical realization of sensors also are
provided in Annex C of IEC 61000-4-23.

4.3.3 Baluns

When|a balanced EM sensor, like a dipole antenna, is fed with coaxial cable, it iS“pgssible
that al portion of the induced antenna current will flow on the exterior surface cof the|cable
shieldl Such currents can flow around the outside cases of measurement equipment and
couple¢ energy into the power lines or into the ground connection. This)can redult in
unpreflictable equipment performance and unintended interference to other\equipment. Figure
2 illugtrates such a connection, where it is evident that a portion of-the current from the
sensof (l,,) flows in an uncontrolled manner on the exterior of theé coaxial cable and the
equipment enclosure. /,,; can also be considered to be the common.mode portion of the|cable
currert.

e h —> louyt
Halanced o —>0, e
HM sensor <— 1 in R
“«—-I1
Balanced line
Cp
lout
i Unbalanced line .
' (coax) Equipment enclosure
IEC 1434/05
Figure 2 Hlustration of a balanced sensor and cable connecting

to an unbalanced (coaxial) line where Ioy + lin, = I4

The bjlun prevents the current /  from flowing on the cable exterior, and helps to prgserve
the aptennavand feedline current balance. As such, it provides a high impedance for the

commjop_mode currents flowing on the transmission line structure, while at the samT time
permi,fing the differential mode currents to flow unimpeded

There are many different designs for baluns, some of which are based on resonance
characteristics of transmission lines (and consequently, are narrow-band in their operation)
and others are wide band devices. Often, ferrite chokes can be used to minimize unwanted
common mode currents on the balanced line. For transient measurements, baluns must be
wideband in order to adequately maintain the waveform of the EM field being measured.

Figure 3 presents the electrical configurations of several different types of baluns. Balun (a) in
the figure is constructed of a A/2 delay line, and as a consequence it is a narrow-band balun.
It is connected between the two balanced-line terminals as shown in the diagram, and forces
the line voltages to ground to be equal and opposite at the design frequency. A balanced-to-
unbalanced impedance ratio of 4 is obtained with this balun.
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The other four baluns in Figure 3 operate over a wide band of frequencies. Balun (b) is
constructed from helically wound transmission lines that are connected in parallel at the
unbalanced end. Sufficient line length is used to develop high impedances to permit
grounding at the opposite ends of the coils, where the two lines are connected in series to
form the balanced terminals. A balanced-to-unbalanced impedance ratio of 4 is provided by
this balun.

An example of a frequency-independent balun is shown in part (c) of the figure. Two coaxial
lines are connected in parallel at the unbalanced terminal and in series at the balanced
terminal. A third cylindrical conductor cylinder is added to preserve symmetry. The impedance
transformation ratio for this balun using 2 coaxial cables is 4. More coaxial lines could be

The b
and
elimin

The K
transn
of the
device
differe
sectio

There
for us

lun in part (d) of the figure uses only two coaxial cables, one of which has’the
uter conductors reversed. Two ferrite chokes are added to the coax, -éxteriprs to
te common mode currents.

alun in part (e) of Figure 3 is a very wide band device, consisting of a tg
nission line that converts gradually from an unbalanced line to balanced line. The
transition section shall be greater than A/2 at the lowest frequency of interest.

n.

are several practical details that must be takem\into account when specifying a
e in a measurement system. These include the following:

- th

— theé change of impedance level, if any, from the balanced to unbalanced ports;
— the effective “attenuation” of the signal,level due to the insertion of the balun;

- th

Thess
as a

provid
the in

bandwidth of the balun;

maximum power rating of the device.

data are typically provided by the balun manufacturer. More complete information
requency sweep of theg balun signal throughput (in magnitude and phase) are
ed, and if these characteristics are needed to be included in a highly accurate mg
Etrumentation chain,\such responses must be measured by the user.

inner

pered
ength
n this

, the impedance of the balanced (stripline) and unbalahced (coax) sections can be
nt, with a slow variation from one to another provided by.the geometry of the tranpsition

balun

such
rarely
del of
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c) d)

, Balanced
line

Unbalanced
line e)
IEC 1435/05

Figure 3 — Examples of some simple baluns [4b]

4.3.4 Attenuators

Another component shown'in the measurement chain of Figure 1 is the attenuator. At times, a
measlired signal may-he too strong and a reduction of its amplitude will be needed to|avoid
saturdtion of the meastrement equipment. To do this, an attenuator will be used.

As shown in (Figure 4, an attenuator is a resistive ladder, which is designed to proyide a
reduction of:the signal amplitude, while at the same time, maintaining a constant impedance
matchfing to’/the line. Typically, these are designed to be used in 50 Q cable systems, apd the
attendation is specified in dB.

R4 R4

R

[ .
Attenuator

IEC 1436/05

Figure 4 — A typical circuit for an in-line attenuator in the measurement chain
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As with the other components in the measurement chain, the specified attenuation of the
device is only nominal. Figure 5 presents a measured attenuation of a specified 20 dB
attenuator for a 50-Q system over a frequency range from 1 MHz to 1 GHz. Not shown in this
figure is the corresponding phase of the attenuation factor, which must also be used in any
end-to-end model of the measurement chain.

-19,0 o -
o -195F -
©
i L ]
® 200 —
g \_/
z
-20,5 .
-21,0 I | L Lol L L1011
1 10 100 1000
Frequency MHz We 1437/05
Figure 5 — lllustration of the typical attenuation of anominal 20 dB attenuator

for a 50—Q system, as a function of-frequency

In the
used:

selection of an attenuator for the measurementi{chain, the following parameters shall be

nominal attenuation;

— im

pedance level for the attenuator;

m

ef

As in
Howe
provid

4.3.5

Becal
rate o
corredg

NOTE

1’

e

ximum working peak voltage (or.pewer);
ctive bandwidth of the device,

the case of the balun,‘these parameters are usually provided by the manufa
er, detailed frequency‘sweeps of the attenuation magnitude and phase are usua

ed and they need torbe measured.

Integrators

se the output response from a derivative (rate of rise) sensor is proportional to th

f change of the measured quantity, it is necessary to use an integrator to obta
t current waveform. Such integrators can be either passive or active.

Of, course, this integration could also be performed numerically on the measured derivative data. H

cturer.
ly not

e time
in the

wever,

e field

doing this can cause problems with baseline shifts, which arise from uncertainties in the DC component of t
being measured.

A passive integrator is essentially a resistor/capacitor network, as shown in Figure 6. These
components are most suitable for large amplitude, fast rise-time pulses, since they require a
high voltage from the derivative sensor to give acceptable accuracy of the output response.
Furthermore the low-frequency sensitivity of such a measuring system (derivative sensor plus
integrator) is poor. Typically, such integrators have been used with HEMP and lightning test
equipment, and with rail gun measurements. A notable advantage of these components is that
they are passive and do not require external power.
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R 50Q

IEC 1438/05

Figure 6 — Typical circuit diagram for an in-line integrator

n enormous range. For example a typical flexible coil can be used toymake ¢
rements from a few mA to more than 1 MA simply by changing these two compg
integrator.

ransfer function for the voltages across the input and output)of the integrat

~

out _ 1 .
V, 1+j22fRC

ctively, and C is 1,0 nF. The specified loadimpedance for such integrators is typic
mpedance load (resistance >1 MQ, capacitance <10 pF). Many measurement d

drating

C the
varied
urrent
nents

or will

(12)

0 kQ,
ally a
Bvices

50 Q input resistance only, and if these latter components are used with the integrator,
the responses will be in error. The user must be certain that a high impedance measur
devicg is used. Figure 7 presents the integrator transfer function ratio magnitude |V ,/
the afprementioned integrator time gonstants, with the frequency range of integration
showr] in the figure.
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Figure 7 — Plot of the transfer function of the integrating circuit of Figure 6
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Active integrators are generally much more versatile than are the passive integrators. They
can be used both for low currents (less than 1 A) and at low frequencies (less than 0.1 Hz), as
well as for currents of more than 1 MA and at frequencies approaching 100 MHz. The low-
frequency performance of this integrator is determined by the integrator design.

4.3.6

Interconnecting transmission links

As noted in Figure 1, the various components of the measurement chain can be inter-
connected either by a coaxial cable or by a fibre optic transmission link. Both of these
transmission paths also affect the signal being measured and ideally, they shall be included in
any correction made to the measured signal. Ideally, these signal paths are designed to

opera
signal

4.3.6.

Consi

conductors of the cable and dielectric losses. The effects of these loss€s is to pro
frequgncy dependent signal in the cable, and this results in an attenuation-of a wave tra

down
wav ef]

the line.

While
chara
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an ex

high-g
both (¢
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transn
used i

e without signal attenuation or distortion, but in actual practice, there is an effect

n the

quality when these components are used.

( The coaxial cable link

Hering the coaxial cable transmission path, there can be losses, within the

orm of the travelling wave will broaden and become distoried as it propagates

such loss effects can be computed using appropriate models for the coaxial
cterising the cable through measurements is more accurate, since the freq

uality copper cable, which is more suitedfor high frequency measurements. Note
ases there is a decreasing transmission (e.g., increasing attenuation) of the ca

metal
ide a
elling

the line, and in most cases, a dispersion of the signal waveform. That is to say, the

down
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uency

dent behaviour of the cable dielectric constant-and conductivity is usually unknowyn. As
ample of some typical cable losses as a .function of frequency, Figure 8 pr¢sents
measyred per-unit-length transmission (in units «ofy\dB/m) for a “normal” coaxial cable,

and a
hat in
ble as

equency increases. As in the case\ of other measurement chain componentg, this

nission function is really a complex#valued quantity and this complex function m
n incorporating the cable attenuation effects in the overall measurement chain.
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Frequency MHz
——— Standard coaxial cable (lower curve)
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Figure 8 — lllustration of the frequency dependent per-unit-length signal transmission

of a standard coaxial cable, and a semi-rigid coaxial line
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4.3.6.2 The fibre optic link

An alternative to a coaxial, or “hard-wired” link of equipment in the measurement chain is the
fibre optic link. As noted in Figure 1 this consists of a transducer that converts an electrical
signal to an optical signal (the “transmitter), a fibre optics cable that transmits the optical signal
over some distance and another transducer (the “receiver”), which converts the optical signal
back to an electrical signal. The benefit of this system is that the fibre optic cable is, in principle,
non-conductive. This eliminates a possible inadvertent signal propagation path that would be
present if the coaxial line were to be used, thereby reducing the influence that the measurement
system has on the normal EM environment in the vicinity of the measurement chain.

NOTE Some fibre optic cables have an exterior armor made of conducting material for physical protection. These
types of cables shall be avoided for HPEM measurements.

While| the use of fibre optics links provides certain benefits in electrically isolating the
measlyirement equipment, its use can provide some problems. The transducers typically
requirge external power in the form of batteries, and this can add unwanted intefruptions in a
measlyirement campaign when the batteries need replacement. More serious,”"however, |s that
the trensducer equipment will add to the system noise and reduce the” bandwidth pf the
measyirement chain.

4.3.7 Recording equipment

The transient HPEM waveforms are typically measured uysing a digital oscilloscopd or a
wavefprm digitiser. Consult 6.1.2 and 6.2.2 of IEC 61000-4-25 for additional requirements for
this equipment.

4.3.8 Equipment layout

An important issue in performing HPEM measurements is in the layout of the measurgment
equipment. As mentioned in 4.1, an EM field‘sensor always will perturb the incident field. This
is an yunavoidable consequence of measuring the field. However, the calibration of the gensor
takes|into account this field perturbation, and the sensor output ultimately provides an
indication of the incident, unperturbed,field.

A realjstic measurement systemas other components besides the sensor (see Figure {) and
if thege are metallic in any way; they have the possibility of interacting with the incidert field
and providing additional EM field components at the sensor. Thus, the presence of |these
comp:lznents can perturbsthe local field measured by the sensor and give rise to errors|in the
measyred responses.

The interaction ofithe incident field with the other components in the measurement chaip also
can affect the-functioning of the components themselves. Consider the case of an incident
field dcting on-a coaxial cable that transmits a measured signal from a sensor to a redorder.
This éxternal field can induce currents on the cable exterior, and by virtue of the [shield
transferfimpedance and admittance, an internal voltage source can be induced in the irfternal
signal-wire—Fhi ce—s—effectively—a—noise—orinte e Hw fy the
sensor signal being transmitted by the cable. Such interference can be eliminated by several
means, including using a better shield on the coax, routing the cable in such a way as to
eliminate the external EM coupling to the cable, by adding ferrite elements on the cable
exterior, or by using fibre optics instead of the coax.

O & O O O arG oG

In addition to interacting with the EM field environment and perturbing the observed response,
the measurement chain can affect the measurements in other ways. For example, consider
the cable current sensor shown in Figure B.7 of Annex B. The presence of this sensor near
the cable can load the cable with an effective impedance element, and thereby cause a
decrease in the cable current. Thus, although the current read by the probe is "formally"
correct, it is not the current that would flow in the cable if the probe were not there. Another
example is when one measures a field component in a high Q cavity (e.g. a reverberation
chamber).
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In this case, the probe loads the chamber, resulting in a lower global field level (i.e. not only
close to the probe) than what would be found without the probe in the chamber. Again, one
measures the true field level, but it is not the field level that was there before the probe was
introduced.

A number of practical suggestions regarding sensor and cable positioning have been provided
in [6], and these are summarized here. An important consideration in locating sensors, cables
and equipment is to do so with minimal impact on the fields being measured. The electrical
cables connecting free-field sensors to the measurement chain can significantly perturb the
field being measured (unless fibre optics are used) and these types of measurements are not
recommended. What is recommended is to use a surface- mounted sensor for the current or

Similarly, when the current or charge on a cylindrical or tube-like conducter is required, the
cables shall be routed within the conductor, as indicated in Figurey9(b). For durrent
measyrements inside such a cylindrical region, the configuration ef\Figure 9(c) shgll be

At times, however, routing the cable through the local ground{plane into the field-free fegion
may not be possible. When this is the case, the cables shall be*mounted in the external fegion
(with llarge EM field strengths), but with special attention paid to the cable routing and bgnding
to the[ground plane. For a surface mount sensor, as shown in Figure 10(a), the shield |of the
cable [linking the sensor and the measurement equipgment shall be bonded electrically [using
copper adhesive tape) to the ground plane. In addition, the sensor mounting plate shall be
bonddd to the ground plane.

When|cable current or voltage measurements-are to be made, the cable configurations shown
in Fighre 10(b) and (c) shall be used. In-both cases, the cable shield is again bonded [to the
local ground plane, and the portion of.¢able running from the ground plane to the cablg shall
be mgde as short as possible. In addition to bonding the cable to the ground plane, it is also
possible to consider placing ferrite_toroids over the cable shield at convenient locations|along
the cable to reduce the unwanted current flow on the cable exterior. This is illustrated in
Figurg 10(b).
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Fighres show crosstsectional views of a plane, (a), or cables, (b) and (c).

Figure 9 —lIlustration of sensor cable routing in regions not containing EM fields
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re 10 — Treatment of sensor cables when located in a region containing EM fi

I/systems, the local ground plane may not be perfectly flat, as suggested in

elds

Figure

11(a).| Invthese cases, the cable shall be mounted conformally on the local ground, with

electrical bonding, if possible, between the cable shield and surface. A further possibility for
avoiding perturbations of the EM field by the measurement equipment is shown in Figure
11(b). Here the measurement equipment is located in a region that is effectively isolated from
the sensor by the body under test. Of course, the cable shield shall be bonded to the surface.

NOTE The large X's on the left figures are intended to indicate an incorrect cable routing.

Figure 12 illustrates several cable routing configurations that shall be avoided in measurements. Figure 12(a)
shows a cable passing close to an aperture in the wall of a system being measured. EM fields passing though the
aperture will excite the cable shield and this can lead to unwanted responses within the measurement system.
Similarly, in Figure 12(b), a cable is allowed to pass from the equipment being measured to another without being
bonded to the surfaces. This creates a large loop, which can couple to EM fields in the vicinity of the equipment,
thereby causing spurious responses in the measurements.
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IEC 1443/05

Figure 11~ Conforming cables to local system shielding topology
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The large X’s on the left figurescare intended to indicate an incorrect cable routing.

Figure 12 — Cotrect and incorrect methods of cable routing

4.4 |Measurement procedures

Consylt Clause 8«of° IEC 61000-4-25 for requirements for measurement procedures. An
of the present\standard contains additional information regarding HPEM measur
proceglures.

5 Measurement of low frequency responses

nex C
ement

Low frequency signals having spectral components on the order of several hertz are also of
concern for HPEM measurements. These signals arise in the late-time EMP environments,
which are similar to the electric and magnetic fields on the earth surface produced by
geomagnetic storms.

Because the HPEM environments are so similar to these naturally occurring disturbances,
many of the same measuring techniques used for geomagnetic storm effects can be used.
These include measurements of the transient behaviour of magnetic fields on the earth
surface and voltages and currents in long conductors that are connected to the earth. Clause
B.9 discusses various aspects of sensors that are suitable for conducting such low frequency
measurements.
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6 Calibration procedures

The calibration of a measurement channel can be obtained by several methods, ranging from
very accurate measurements that are traceable to standard EM fields, to approximate
schemes that require simple attenuation factors and other scalar numbers to characterize the
components in the system. This clause discusses general calibration procedures, but does
not describe calibration methods in detail.

The requirement for using one method over another depends on the type of measurement
being performed. For example, if a radiated emission level test is considered to verify
compliance with an EMC specification, it is not necessary to have a phase coherent
meas(ITement. Furthermore, for many appiications, a set of constant magnitude calfgration
functipns may be permissible. On the other hand, if a fast-rise HPEM transient measurgment
is required, or conversely, if a wide-band CW measurement for reconstructingya HPEM
transient response is needed, it is crucial that both magnitude and phase infofmatipn be
maintgined in the measurements. This implies that any calibration functions must be complex-
valued.

by magnitude-only data from the manufacturers. Furthermore, some commonly available
measifirement software will not permit the possibility of usihg complex-valued transfer
functipns or correction factors. Users of this equipment ahd software are cautioned to
carefylly examine their test requirements to ensure that tHe use of these data will ngt add
undug errors to their test results.

Unfor%unately, most EM field sensors and other measurement chain components are spegcified

There|are two basic approaches for calibrating a measurement chain. One is to consider the
entire|chain as a single component and perform a-calibration measurement on this ensemble.
The other approach is to develop a model of the calibration chain, consisting of the senlsor or
probe| attenuators, filters, transmission lines, etc., and to calibrate each compgonent
indepg¢ndently. Then, the individual calibration factors may be combined analyticglly to
provide the overall calibration function for;the entire measurement chain.

In thid clause, the above-mentioned«concepts for calibration are discussed.

6.1 Calibration of the entirecmeasurement channel
6.1.1 Direct calibration

Severpl different approaches can be used to calibrate the entire measurement chain. Flor the
calibrgtion of a single measurement chain, such as that shown in Figure 1, the simplest
approfch is to_locate the sensor in a known electromagnetic field environment and to make a
note ¢f the reading of the detector. By varying the frequency of the EM environment, the
frequgncy dependence (both in magnitude and phase) of the calibration may be determined.

The bﬂb;b dlfflbu:ty vv;th thlb IIIUthUd, hUVVCVCI, ;D thdt It ib dl‘l:‘l:lbu:t tU Ubtdill thc “Dtdllddl ” EM
field environment without having a measurement system that is already calibrated. One way
to produce such a standard field is to use a waveguide-like structure for which the internal EM
field can be easily calculated from knowledge of the geometry and the input radio-frequency
(RF) power being fed into the guide. The double-ended TEM cell is an example of such a
wave guiding structure. This device is similar to a coaxial transmission line, with a source at
one end and a matched load at another. The source produces a transverse EM (TEM) field
within the coaxial line which interacts with the test object located inside the coaxial region,
and is ultimately absorbed by the termination impedance.

Figure 13 illustrates a typical double-ended TEM cell, with a cut-away view showing the
centre conductor of the coaxial system and the test volume. As long as the test object (i.e.,
the reference probe to be calibrated) is not too large compared with the cross-section of the
cell, the excitation field can be taken to be approximately uniform. Because the TEM mode in
this waveguide has no low-frequency cut-off, the calibration may be conducted at very low
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frequencies — well below the frequencies permitted by a radiating antenna structure. As the
frequency of operation increases, however, other modes and cavity-type resonance can occur
and these effectively limit the high frequency utility of the device for calibration purposes.
Suppliers of individual TEM cells provide information as to the usable bandwidths of their
equipment, which typically range from several tens of kHz to 100 MHz for cells having a
working volume on the order of a meter in height. Additional information on TEM cells is
provided in IEC 61000-4-20.

Eiald ey H A
rergpate-eroSS-Secuon

-y~ — E-field
Center plate 17
P X
$St—H-field
~
CW power

amplifier Ref. probe  Test volume

50 Q

Network termination

Insulating
analyzer

support

DS, Control and
data acquisition
H

IEC 1445/05

Figure 13— The double-ended TEM Cell for providing a uniform field illuminatign
for probe calibration

An al{ernative to the double-ended TEM cell described above IS the tapered TEM cell as
shown in Figure 14. In this test chamber, the inner conductor is offset vertically so as to
create a larger test volume, and it has a gradually flared rectangular coaxial cross-section,
terminating in a matched load.

The end termination consists of a combination low-frequency circuit element 50-Q load, and a
high-frequency absorber wall for absorbing the incident propagating wave as in anechoic
chambers. The crossover between these two regimes depends on the cell size and the
absorber length. The matched broadband impedance load provided by the termination acts to
suppress higher modes. The absorbing material significantly increases the losses in the
chamber cavity, thereby lowering the resonance effects of the cavity modes. Field uniformity
inside the empty chamber can be less than a few dB, for frequencies from DC to 1 GHz (see
IEC 61000-4-20).
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ave been constructed with test chamber heights from 0,5 m to over 3 m for use in
printed circuit board through box-size equipment. Larger cells capable of complete
vehicle testing are under study. The calibration of the measurement chain in these
single-ended TEM cells is identical to that discussed for the conventional TEM cell, with the
on that the upper frequency range is higher. Consequently, similar equipment is used

rhaps with a larger bandwidth).

CW power
amplifier

Such |calibration chambers*need not be extremely large. For example, Figure 15 sh
small |test fixture that has.*been designed to calibrate single measurement channels f
ncy of about 30.MHz to 1 GHz. Note that while the TEM cell operates well at low
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igure 14 — lllustration of the single-ended TEM cell and associated equipmenit

ncies, the 30 MHz limit is due to the poor probe response at low frequencies.
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Figure 15 — Dimensions of a small test fixture for probe calibration
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6.1.2 Relative calibration of two measurement channels

For cases where transfer functions are to be measured, the -calibration of the two
measurement chains is much simpler, because an accurate knowledge of the excitation EM
field environment is not necessary. To perform this calibration, the two sensors of the
measurement chains are brought close together so that they measure essentially the same
EM field environment, and the ratio of responses is measured. If the two measurement chains
are perfectly calibrated, the ratio of these two transfer functions is be unity. However, if one of
the chains is uncalibrated, the ratio will differ from unity and this ratio defines the frequency
dependent calibration function for this chain.

This

errors| in the calibration function. Thus, care must be used in obtaining an excitation field
spectjum that is reasonably uniform.

In addition, care shall be taken to ensure that there is minimal mutual interaction betwegn the
two njeasurement sensors when they are brought close together tplobtain the caliljration
factor

6.2 |Calibration of individual measurement channel components

An alternate approach to the calibration of a measurément chain is to examine the
compgsition of the chain and to characterize the_ _glectrical behaviour of each [of its

compénents in such a way that the behaviour of the/ overall measurement chain cpgn be
inferrgd by combining the data from the components.*As an example, the measurement|chain
illustrated in Figure 1 can be represented electrically by the transmission line network shown
in Fighre 16.
Zs [+ i . + i
Voc =|heq - E (f) Co ZenL Ca (L v
. . — -
S¢nsor Defector
a)
7 - . =inc T
Isc = Aeq " jwD ™ (f) CD Ys
— =
Sensor
b)

IEC 1448/05

Figure 16 — Electrical representation of a measurement chain,
(a) with the E-field sensor represented by a general Thevenin circuit, and
(b) the Norton equivalent circuit for the same sensor
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6.2.1 Representation of the field probe

In the network of Figure 16, the EM field sensor is represented by an open circuit Thevenin
voltage V,(f), which is related to the incident E-field through an effective height heq, as:

Voo (F) = heq -E™(f) (13a)

~

Z, arg—scomple alued a1l
of the sensor being used.

Alterngtively, the sensor may be represented by a Norton equivalent circuit shown in Figure

16b through an equivalent area (or aperture) of the sensor Aeq, the displacement field

D - goI::i”c exciting the sensor, and an input admittance \73 = 1/Z~S. As-discussed by|Baum
[6], a] set of dual expressions are available for magnetic field _sensors and the ggneral

discugsions of the sensor operation here for the E-field sensors. will be applicable to {he H-
field sensors as well. Details of these senor parameters have been’ described earlier in 4.3.2.

Consiferable confusion arises in testing due to the different ways of defining the caliration
factorg for measurement probes. When a manufacturer-qéotes a calibration factor for a probe,
it shall‘l be made clear exactly how this factor is défined and how it is to be used |n the
measfirement process.

6.2.2 Field probe calibration

When| the field sensor is represented asidiscussed in 6.2.1, the most general califration
procefure amounts to determining the {wo complex-valued functions — the equivalent height
and the input impedance — as a function of frequency over the band of interest. If the gensor
is loadled internally or its behaviour when loaded by a known, fixed impedance is desired, then
only 4 knowledge of the loaded\voltage response is needed, which is given in terms of the

modified equivalent height I;'eq .

Determining these quantities can be done either experimentally or analytically, as outlined
below

6.2.2.11 Probe calibration by ruler

In somescases, it is possible to obtain the calibrating factors of a field probe using angdlytical
methdds.{5]. For certain shapes of conductors (like a sphere or a spheroid for example), it is
possible to derive an analytical expression for the open-circuit voltage and the input
impedance by solving a classical scattering problem. Although these solutions can be rather
complicated and have a strong frequency variation, if one assumes that the sensor is
electrically small, it can be demonstrated that the sensor voltage can be specified as in

equation (13), with the I;eq parameter being given by a closed-form expression. This has

been referred to as “calibration by the ruler” because all that is needed to determine the
sensor’s sensitivity, in principle, is a measurement of its dimensions, (plus, of course, the
analytical expressions giving the response).
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Such calibration by the ruler is useful due to its simplicity, but there can be several
disadvantages in relying on this technique. These are:

— on

ly a limited number of sensors may be analytically calibrated by this manner;

— the frequency range of the calibration validity is limited by the sensor size and no
provision for exceeding the maximum frequency of operation is available; and

— this calibration procedure does not take into account possible manufacturing flaws and
imperfections which may cause the sensor to have a non-ideal response.

For sensors that cannot be calibrated by such analytical means, it is possible to measure the
pertinent calibration factors at low frequencies. As long as the low-frequency limitations are

obser]:ed, such sensors can be described by the two scalar coefficients that im

meas

6.2.2.
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p Sensor calibration by substitution

ernative calibration method for sensor calibration is to compare. its' response
wn EM field environment with that of another, previously calibrated sensor [5]
5s results in what is often referred to as a calibration traceable to some acq

and undisturbed physical condition, as any error in its response can lead to errors

B Probe calibration by analysis

e cases, it is possible to calibrate a field probelby performing an accurate EM co
is. Typically, such an analysis involves solring an integral equation for the in
e and current on the sensor that are produced by the incident EM field [7]. S

hstanding the recent developments’made in numerical modelling in the past few
blatively simple sensor shapes can be considered. Moreover, it is often difficult to
ptails of the feeding structure-for such sensors without an undue amount of
theless, this approach for. ealibration can be fruitful in some cases.

example of this procedure, Figure 17 illustrates a very simple E-field prg
rical conductor of tength L = 1 m and radius a = 0,1 mm. Its feed point is locate
ce z = 33 cm from/one end (an offset feeding point has been used to make the 1

cylinder axis:

ted ins6:2.1, the input impedance of this probe at its terminals is one of the re
etersfor characterizing the device. By placing a unit voltage source across the

ny be

in an
. This
epted
Dr in a
in the

upling
duced
bveral

years,
model
effort.

be: a
d at a
esults

nteresting), and“an incident E-field is assumed to be incident at an angle 6 with rg¢spect

quired
input

termir

alsy’an antenna analysis code can be used to compute the induced current flow

ng on

the conducting surface. From a knowledge of the current flowing just at the sensor terminals,
denoted by I~, the input admittance is obtained as Y, =I~,-, and the input impedance is the

invers

1

e, Z, =1/1,.
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Figure 17 — Example of a simple E-field/probe

Figurg 18 presents a plot of the real and imaginary parts ©f the input impedance, Z;, pf the
sensof as a function of frequency. Note that for frequencies below about 100 MHz the
impeﬁEnce is basically capacitive, with a value of capaecitance of C ~ 1,7 pF. Also notige that

the real part of the impedance is always positive > a requirement from energy conseryation
concepts.
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IEC _1450/05

Figure 18 — Plot of the real and imaginary parts of the input impedance, Z,,
for the E-field sensor of Figure 17

The antenna analysis code can also be used for computing the response of the sensor to an
incident field. For an E-field incident at an angle @ as illustrated in Figure 17, Figure 19
presents the magnitude of the induced short-circuit current flowing into the terminals of the
sensor as a function of frequency and for different angles of incidence. Note that below
100 MHz, the response is rather smooth, with the various sensor resonances occurring first at
150 MHz and at the higher harmonics. It is in the smooth frequency range that the sensor is
designed to operate efficiently.
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b 19 — Plot of the magnitude of the short-circuit current flowing in the sensor
for different angles of incidence, as computed by an antenna.analysis code

forming a Norton to Thevenin transformation, the open-circuit'voltage of the sens

by Einc(f)sin(e), and in this case, it is desirable to compute an effective height th
bn of the incidence angle, as

~

Veel)

hoq(0) = —
a E'N'° sing

ncies, we note that the antenna-résponds proportionally to the tangential E-field

er, we note that the various sensor resonances disturb this calibration factor and
bl complex-valued function must be used. Moreover, the degree of variation

input

pr can

ermined. This type of sensor responds to the E-field tangential to the wire axis, which is

at is a

(13b)

20 illustrates the resulting plotg,for this equivalent height of the sensor. At low

along

hgth of the cylinder, with an equivalent height of hgq = 0,5 m. At higher frequencies,

that a
n the

calibration factor depends_on the angle of incidence, thus implying that different califration

factor
limiteq

5 are required for-different angles of incidence. Nevertheless, if the sensor’s opera
to the low freguency regime (<100 MHz in this case), a simple capacitanc

equivalent height is.sufficient to characterize the sensor.

tion is
e and
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Figure 20 — Plot of the magnitude of the effective height of the sensor
for different angles of incidence

6.2.2.4 Probe calibration by measurement in a standard EM environment

An al
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In add

ernative to the analytical calibration procedure in the preceding clause involvé
measurement of the sensor output in askhown EM environment. As discuss
e 6.1.1, the main difficulty with this approach is knowing the EM environment in th
Typical test procedures will involve placing the sensor in a test chamber or othe
lled environment and then making asmeasurement of the sensor output as a func
ncy. This response is normalized<by the incident field strength to provide a tr
bn of the sensor (in both magnitude and phase) as a function of the frequency of t
A\s discussed above, if the sensor is unloaded, the response will be reasonably co
at) in the bandwidth of operation. If the sensor is loaded internally, the response

ed to grow proportionalty~to the frequency w.

ition to the voltage-response calibration of the sensor, the input impedance is ne

For atLr; unloaded E-field sensor, this impedance will be primarily a capacitance
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asuring-both of these sensor parameters, it is important to take into consideration the

Iways

by  the “noise floor” of the test equipment, and this limits the accuracy

bf the

measurements. Moreover, when measuring large transient signals, the presence of possible

nonlin

6.2.3

ear effects in the sensors can invalidate these linear calibration functions.

Construction of the calibrated measurement chain from individual components

Once the individual probes are represented by an equivalent circuit and suitably calibrated
using one of the methods described in the preceding clause, the overall measurement chain
can be calibrated by representing the various elements in terms of one of the two-port models

descri

bed in Annex D or if a matched system one can use equation (5).
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Using the scattering (S) parameters, which are most easily measured using a network
analyser, the calibration of the measurement channel shall be conducted as follows.

a) Remove each of the two-port devices (the attenuator, cable, balun, etc.) from the
measurement chain.

b) Measure the S-parameters of the two-ports in accordance with the procedure given by the
network analyser manual.

c) Convert the S-parameters into the chain parameters using equation (D.18).

d) Multiply all of the chain parameter matrices for the measurement channel components
together, as indicated in equation (D.8), to find the total chain parameter representation
forthrectanmet:

e) W]|th the specification of the sensor as a Thevenin equivalent circuit, use equation’(D.10)
tolevaluate the load response voltage V| .

f) Compute the overall calibration function for the measurement chaip as
K(f) = V,_(f)/Einc (f), where K(f) is a variable describing the calibration~function.

6.3 |Approximate calibration techniques

In thg absence of accurate calibration data for a measurement chain, there are sgveral
approkimate ways of obtaining the necessary data for usjng ‘the measuring system. [These
appropches can be designed to provide either thes simple scalar coefficients of the
measlirement chain elements described in 4.3.1, aof\they can provide estimates ¢f the
complex-valued, frequency dependent responses<of’ the elements. These approximate
caIibrItion techniques shall be considered as a. method of last resort, as an acgurate
calibration of the elements is always preferable.

In this clause, we will discuss some of, the various methods for obtaining approximate
calibration functions.

6.3.1 Scalar calibration of the overall measurement chain

The s|mplest method for obtaining an approximate calibration factor for the overall measure-
ment [chain is to assume a_frequency-independent attenuation function for each o¢f the
components in the system -and apply these to reduce the response at the measurgment
locatign. The representation of the measurement chain in this manner has been desfribed
in 4.3/1.

In thig calibration ‘approach, the goal is to determine the scalar factor K in equation (9), [which
permifs the determination of the excitation field from the measured response ¢f the

measlyirementschain. This can be accomplished either by determining the individual scalar
factorg Kjthat are multiplied together to provide the overall factor K, or by calibrating the
overall\meéasurement chain directly. This latter calibration can be performed using the

substitution method (see 6.2.Z2.2) by making a measurement of the excitation field with a
previously calibrated sensor (and associated equipment) and then relating this known field
strength to the measurement made with the system being calibrated.

6.3.2 Circuit modelling

A more accurate method for determining the calibration of the measurement system is to use
the chain parameter solution for the load voltage response in terms of the open circuit voltage
of the sensor, which is related to the incident field through the sensor calibration factor. This
expression is given in equation (D.10) in Annex D. To determine the various elements in the
overall chain parameter matrix, a simple, frequency-dependent circuit model for each
component of the measurement chain can be developed, and the results combined using
equation (D.8).
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6.3.2.1 Transmission line model

For example, the chain parameter representation for the transmission line section is given in
equation (D.12) of Annex D, and involves the characteristic impedance and propagation
constant of the line. Generally, these parameters are functions of frequency. Assuming that a
typical transmission line can be characterized by a per-unit-length inductance L', capacitance
C’, resistance R’ and conductance G’, the general expressions for the complex-valued
propagation constant y and the characteristic impedance are [7]

oA _/(R'+ij')
y =y(R'+jolL')(G'+ joC') and Z, = e (14)

Usually, such lines in practical measurement systems are low loss, implying that R’ 4< L’
and ' << oC’. Under these assumptions, the propagation constant becomes

yz%(zi+G'ZcJ+ja)s/L'C' (15)

C

and the characteristic impedance Z, is

:
.oy o

Using|these parameters in equation (D.12) will provide a frequency-dependent model flor the
transmission line section.

6.3.2.R Attenuator model

Similgr modelling can be developed for the other two-port elements of the measurement chain.
One common element is a simple attehuator, which is to be inserted into the transmissign line
having a characteristic impedance of Z; and to provide an attenuation factor o.

A simple model of the attenuator at dc is given by the Tee circuit shown in Figure 4. [f it is

assunped that the attenuator is operating in a 50-Q transmission system, the values jof the
resistive elements Ry+and R, can be shown to have the following values for a specified

attendation factor a:

1-a a

R,=50— andR, =100 —F—- (17)
T+a (1+a)(1-a)

Combining the three elements of the attenuator together in a manner similar to what was done
for equation (D.11) of Annex D permits the development of the overall chain parameter matrix
for the two-port attenuator. This becomes

o Ve, o 7] (e)
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which is an expression for the chain parameters in terms of the attenuation factor o of the
circuit.

This model can be extended to higher frequencies by including the effects of parasitic
capacitances at the input and output terminals of the circuit, as shown in Figure 21. This
circuit can be analysed as before by adding the individual contributions of the capacitances to
the chain parameters. In addition, the effects of lead inductances may be included in the
same manner.

IEC 1453/05

Figure 21 — High frequency equivalent circuit of an atténuator element

6.3.3 Fitting functional approximation of calibration functions

At times, calibration curves of the response of a circuit or network component mpy be
provided in lieu of an accurate circuit model or digitised data. Frequently, such data are|in the
form of magnitude-only responses. Using a graphical ‘@approach known as the Bode diagram, it
is pogsible to examine the responses on a logslog plot and infer a rational polypomial
approkimation for the function. This is done by identifying the asymptotes of the spectral
curve/ finding their slopes on the log-log plot (which must be integer values) and identifying
the crpssing frequencies of the asymptotes. Details of this approach are discussed in| more
depthlin [8].
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Annex A
(normative)

Methods of characterizing measured responses

Waveform parameters

For the HEMP environments, IEC 61000-2-9 and IEC 61000-2-10 describe the important
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many different waveforms encountered in EM testing, there are several-that g
rly in such measurements. The first common waveform class appears like a single
bn, as shown in Figure A.1. This main portion of the waveform consists of a 1
and falling monopolar pulse, which can be characterized by therise time, pulse
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dition to the single pulse response shown
measyrements often result in oscillatory waveforms ‘'similar to that shown in Figure A.2.

in Figure A.1,

IEC 1454/05

Figure A.1 — lllustration of various parameters uséed to characterize
the pulse component of a transient response waveform R(t)

high-power trapsient

The

brm parameters illustrated in Figure A.1 canyalso be used in this case to charagterize
imary peak of the response. However, there are two additional parameters th
d to describe this waveform. They are“the 1/e fall time f; of the envelope
tions (which can be related to a quality factor of the waveform), and T, the ajerage
together with the pre-pulse and
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Figure A.2 — lllustration of an oscillatory waveform frequently encountered

in high-power transient EM measurements
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A.2 Waveform norms
Another type of waveform parameter is the time waveform p-norm |R|, as defined in
reference [A.1] as

Rl - | Jref o) (A1)

-0

where p is an integer: 1, 2, etc. Note that these norm quantities generally involve a
osed

mathﬁllldtibdi UpUldt;Ull Ul t;IU Ullt;lc VVdVUfUIIII tilluugil “IU ;Iltcyldt;ull MITULCSS, dS Uy
to the|simple waveform parameters of Clause A.1.

NOTE |The infinity norm (p = «) is an exception, in that although it does involve the integration process, itp result
can be jobtained from a simple examination of the waveform.

Table| A.1 illustrates three commonly used waveform norms for high*power response
charagterizations.

Table A.1 — Examples of time waveform p-rnorms

Value of p Waveform Norm Attribute Physical Quantity

1 ﬂR(t)|dt Rectified impulse value of response

Square root of the action integral
response

2 { T|R(t)|2 dt}

o [R()

Peak value of response

The norms used in Table A.1 are commonly used in the characterization of high-powgr EM
respofses. Table A.2 provides a-tabulation of the norms N, — N5, which are typically used for
wavefprm characterisation, together with an indication as to why the norm is of particular
intereft.

Table A.2 — Timeywaveform norms used for high-power transient waveforms

p-Norm Norm Quantity Name Example of use
IRIl. N, =|R(t), . Peak (absolute) value Circuit upset
Peak (absolute) value Component arcing;
NG N, = |6R(t)/at|max of the rate of rise circuit upset
t
_ . Dielectric puncture
n/a N, = JR(X)dX Peak (absolute) impulse (if R denotes the E-field)
max
||R||1 N, = ﬂR(X)|dX Rectified total impulse Equipment damage
0
w 1/2
_ 2 Square root of action
||R||2 N; = {[;ﬂR(x)| dx} integral Component burnout
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A.3 Waveform spectrum

Another waveform attribute that is useful is its frequency spectrum, R(f). This is a complex-

valued function of the frequency f, and for an infinitely long, continuous transient response
R(t), it is defined by the Fourier transform integral as defined in reference [A.2]

R(f) = ?R(t)e-fzﬂf'dt- (A.2)

NOTE Note that reference [A.2] uses the notation exp(—jot) for time harmonic signals, whereas in this document

the-conventional-enaineerina-hRotation—axplivmt)
we use AL } GH ing-n } xp )

Usually, for a measured transient response, the function R(t) is not known for all-linigs, but
rather| it is a sampled function of N values at discrete time points t; which are”uniformly
spaced between t=0and t = T, . This results in a time difference between samples ¢f At =
Tax/(N=1), and the implication of this is that the frequency spectrum is perjodic in freqyency,
with the principal spectrum being defined within the Nyquist frequengy.1imits of R, .. =
1/(2Af). Outside this frequency range, the spectrum repeats itself. Thus, if the response
wavefprm is band-limited (e.g., if it has no significant frequeney-“components abpve a
maxinmum frequency F..), it can be adequately represented by the discrete time samples.

This i$ known as the sampling theorem.

Moredver, in numerically evaluating equation (A.2), the reSponses also will be evaluated at
discrefte frequency points f,, and a simple approximation‘to the integral is

R(f,)~ ALS Rit, )& - (A-3)
i=0

Usually in the evaluation of the discrete [Fourier transform in equation (A3), the frequency
pointg are chosen to be fy = k/(NAt) for k’= —=N/2, ..., N/2. Notice that the sampling intefval in
the frequency spectrum, Af = 1/(NAt) =1/T ... Thus, the length of the transient record|has a
directlimpact on the low-frequency resolution of the spectrum.

This discrete nature of the frequency spectrum implies that the transient response is also a
periodic function of time, The discrete spectrum R(f, )can be evaluated either by a|direct

evaluation of the sum pr\by the use of the Fast Fourier transform, which is a much morg rapid
way of calculating the spectrum. Details are provided in reference [A.2].

The fact that both' the transient response and its frequency domain spectrum are periodic
functipns with\period T, and F .., respectively, means that care must be used to avgid the
occurfence of aliasing — both in the time domain and in the frequency domain. Aliasing ¢ccurs
when [thére”is a “feed-through” of the response or the spectrum from one period to another,
therehy contaminating the results Thus all calculated transient and spectral responses must

be carefully examined to be certain that aliasing is not a problem.

As an example of the frequency spectrum of a transient response, Figure A.3 shows the
magnitude of the spectrum of the oscillatory waveform of Figure A.2. The corresponding
phase is not shown in this plot.

The actual time domain waveform of Figure A.2 consists of N = 1 024 points and runs to a
total time of T, = 2,555 us (although the plot only shows the first 500 ns of the waveform).
This means that the time sampling is At = T, /(N-1) = 2,497 ns. Consequently, for the
waveform in Figure A.2 the Nyquist frequency is F,,, = 1/(2At) = 200 MHz, and the spectrum
sampling interval is Af=1/T ., = 0,391 MHz.

max
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Figure A.3 — Example of the calculated spectral magnitude of.the waveform of
Figure A.2

References

BAUM, CE. Norms and Eigenvector Notms. Mathematics Notes, Note 63, K
AFB, New Mexico, November 1979.

PRESS, WH., et. al. Numerical Recipes, Cambridge University Press, Camh
1986.

rtland

ridge,


https://iecnorm.com/api/?name=07dbc22cd23c36309a03fd4042f724ba

61000

B.1

-4-33 © IEC:2005(E) — 45—

Annex B
(informative)

Characteristics of measurement sensors

Free-field electric field sensors

appro
canb

Figure
repres
senso
field.

Figure

NOTE
results
an equ
terms g
C.E.,"
in Fast
Dordre

The s
variat
field.

senso

where
permi

In the
this e

kKimately proportional to the frequency, and consequently, the behaviour of the-ar
e characterized rather simply.

B.1 illustrates a generic E-field sensor, which is connected té,./a load el
enting the measurement chain equipment. This sensor is often(called a “freg
r, as it is designed to operate well away from any objects that can perturb the Ig
[he sensor is represented by a Norton equivalent circuit, as-shown in the right g
B.1.

Of course, the equivalent Thevenin circuit could be used to repfesent this E-field sensor as wg
n the sensor being described in terms of its open circuit voltage, which is related to the excitation E-

f the equivalent area, and consequently, the Norton equivalent¥s preferred. For more details, consuli
Electromagnetic Topology for the Analysis and Design of-€emplex Electromagnetic Systems", pp. 4
Electrical and Optical Measurements, Vol. |, Eds. |.E.;{Thompson and L.H. Luessen, Martinus
ht, 1986, page 77.

hort-circuit current source for this sensépb can be thought of as arising from the
on of the charge induced on the metal‘elements of the sensor by the local excitaf
This is conveniently expressed in-the time domain using an equivalent area
[, A as

ki q!

ot =220 —a, 25,0

D, (t) = ,E,(t) is_the ‘electric displacement field, and ¢, = 8,854 x 10~12 (F/m)
tivity of free space)

pression~for the Norton current source term is

Too(@) = joOlw) = —Aeqfw(é D, (w)) .

tenna

ement
-field”
cal E-
art of

Il. This
field by

valent height of the antenna. Most sensor manufacturers, however, tend to characterize their sensors in

Baum,
67-547
Nijhoff,

e time
on E-
bf the

(B.1)

is the

frequency-domain, where f denotes the frequency and w = 2xf is the angular freqliency,

(B.2)

At low frequencies when the antenna is electrically small, the sensor impedance can be
approximated by a capacitance, because the real part of the sensor impedance (the radiation
resistance) is negligible. As the frequency approaches the resonant frequency of the probe, a
single capacitance is no longer a suitable approximation, and a more complicated sensor

imped

ance representation is needed.

The load resistance, R, represents the load placed on the sensor by the measurement chain.
Usually the measurement chain uses a 50-Q coaxial cable to link components. Because the
E-field sensor has a balanced output, it is necessary to have a balun to convert this balanced
output to an unbalanced 50-Q coaxial line. Such a balun changes the impedance level of the
lines, and as a consequence, the effective resistance that loads the sensor is typically

100 Q

. More information on the balun element is provided in 4.3.3.
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In addition to the measurement equipment resistance R, another resistance R, may be
located in series with the equipment. This resistance is not present in all E-field sensors, and
as will be discussed shortly, this resistance can be used to adjust the operation of the sensor.

Metal

Ro/2 I\/\l +

Eo'\ TN — Q/SCTC wa

Ro/2 O
Local a
excitation
E-field IEC 1457/05
Figure B.1 — lllustration of a simple E-field.sensor,

together with its Norton equivalent eircuit

A simple frequency domain analysis of the Norton circuit provides the following responise for
the vqgltage across the load

IR
1+ joGR +R,)
_ - ijengo Eoz(w)
1+ joC(R+R,)

V. (o)
(B.3)

~

whergl E,, denotes the z-companent of the external E-field in the frequency doma|n. By
defining the normalized frequency function IE(a)‘[)aS

= _ Jor

F(ort) (B.4)

_1+ja)r’

the ggneral expression for the load voltage of the E-field sensor in equation (B.3) becomes

Acg€o R ~/

=

c (R+R,)

~
VLN Vi n
I\ —

A=Y oo D O B.5
\WLRC}‘—OZ\WI \vaIUIU LRC _\’\T’\OIUI ] ( . )

or equivalently,

~ ~

V. (@) = Tsansor (F)Eoz (F) (B.6)

This last equation defines the frequency domain transfer function T

sensor (F) Used to represent

the E-field sensor in the overall measurement chain. Frequently, the quantity T, is

sensor
referred to the equivalent height of the sensor, and is denoted as h(f).
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The function F of equation (B.4) provides the frequency dependence of the sensor operation
and it is plotted in Figure B.2. Both the magnitude and phase of this function are shown.
At sufficiently low frequencies, where wr << 1, the frequency function is approximately jo,
which indicates that the sensor response is proportional to the rate of rise of the E-field. For
high frequencies, where wr >> 1, the frequency function is a constant, indicating that the
sensor response is proportional to the E-field. In between these two regions is the transition
region where the response smoothly changes from one behaviour to another. These regions
are indicated in Figure B.2.

B.1.1
By se
that re

TRC_ =
to jo,

omittiIg the resistance R, and requiring that 1/75, = 1/(RC) >> 2nf,

maxi

Under

1OE T T [IIIIII T T [iIIIII 1;[IIII!I1 T [IIIII]] T T TTITTT 100
F-~—~~-7—== - 5 i
e . {80
1 L “
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T 01 L Magnitude ‘ {1 3
g E 4
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T IEC 1458{05

igure B.2 — Magnitude and phase of the normalized frequency function F(wt
far'the field sensor

Derivative (D-dot) sensors

ecting a proper design.of the sensor parameters, it is possible to construct a §
sponds to the rate of rise of the excitation E-field. For example, if the RC time co
(R+R,)C in equation (B.5) is chosen to be very small, the response will be propo
and hence, the sensor will operate as a differentiating device. This can be do

where f

max max

um frequency in the spectrum for which the sensor is to be used.

these assumptions, the load voltage of equation (B.5) is

ensor
hstant
rtional
ne by
is the

In the

which

Vi (@) = —joAg Re, E oy (o) (R, =0; 2af <<1/RC).
time domain, this expression for the load voltage is

0
Vi(t)~ _Aengo E(Eoz(t)) )

is valid as long as the rise time f_ of the measured E-field is t, << RC.

(B.7)

(B.8)
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Such sensors are referred to as D-dot sensors, since their response is proportional to the rate
of rise (e.g., the derivative) of the electric displacement vector, D (or to the electric field, E).
Sensor manufacturers will usually specify such sensors by the equivalent area, Aeq, and by
the upper cut-off frequency £, = 1/(2nRC), rather than by the intrinsic capacitance and
resistance of the sensor. In this manner, the manufacturer assumes that such sensors will
always be operated with an effective load resistance of 100 Q. If such sensors are used with
other loads, or in frequency regimes where the simple jo response is not possible, one must
use the more general calibration function of equation (B.5) to obtain the E-field from the

measured sensor voltage.

When the E-field sensor is used in the derivative mode (e.g., when it is measuring the rate of
rise of the E-field), it is necessary to integrate its response to determine the actual ydlue of
the Efield. As noted in Figure 1 of this standard, this can be done by inserting an_ifitegration
devicg in the measurement chain, or it can be done numerically in a post-processing jof the
data.

B.1.2|Direct E-field sensors

By chianging the parameters of the E-field sensor, it is possible to.develop a sensdr that
responds directly to the excitation field, rather than to its rate of rise,(temporal derivative). By
selecting the RC time constant in equation (B.5) such that 1/75{=1/(R+R,)C << 2xf_,;, Where

fin is|the minimum frequency of the spectrum to be measured;¢he load voltage becomep
v, (w)——Aeq—g"LE (0) (243> 1/(R+R,)C) (B.9)
‘ c (R+R,) ™ ° ' '

Note fhat because R is fixed at a nominal value of 100 Q, to satisfy the requirement that
1/(R+R,)C << 2=nf,, ., we can either increase the series resistance R, or increage the
capacjtance C. Doing either will decreasethe sensitivity of the sensor, as noted in eqpation
(B.5).

In the|design of such direct response sensors, the resistance element is often the one that is
changed. Given a fixed size for the sensor elements, different resistance values for R, ¢an be
provided to tune the bandwidth,of the sensor.

B.2 | Free-field magnetic field sensors

The filee-field magnetic field sensor shown in Figure B.3 is the electrical dual to the E-field
sensof. A time varying magnetic flux (@) passing through the loop will induce a voltagelin the
load resistance; which will be measured. For sufficiently slow transient excitation fields|(such
that their rise times are much longer than the transit time across the loop), the open Eircuit
Thevq‘nin voltage source of the loop is given as

Voc(t):a(:%;t)erqg(z' o(t))1 (B.10)

where Eo(t) is the magnetic flux density linking the loop and Aeq is the equivalent area of the

)

= Aequ,uo(é ’ Flo(w)) .

sensor. In the frequency domain, this expression is

n

@

Via )= j0(0) = Agg o 2
(B.11)
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As noted in this expression, the magnetic field H and the magnetic flux density B are related
by B = pH, where p, = 4n x 10~7 (H/m) is the permeability of free space.

Loop

Load

Lodal B/ \
exdjtation °
B-field IEQ 1459/05

Figure B.3 — lllustration of a simple B-field sensor,
together with its Thevenin equivalent circuit

Admitfing the possibility of a shunt resistance R, across the{measurement loop, as sg¢en in
Figurg B.3, the total load resistance applied to the loop is the parallel combination ¢f this
shuntjand the resistance R representing the measurement ¢hain. This total resistance is

RR
R =—23, B.12)
R+R)

and tHe measured voltage of this sensor then'is given as

Vo) = e
1+ 0L/ R,

CJAsq Bz (@)
1+ joL I R, B.13)

A~ -
Te" F(ot g, )B,, (@) (where g, =L/R;)
RL

~

= Toensor (f) Boz (F)

In eqdiation/(B.13) function ﬁ(a)‘[RL) is again given by equation (B.4), but now with T time
constInf given as Ter= I/Rl = I(R + RU) / (RRU)

B.2.1 Derivative (B-dot) sensors

For certain sensor parameters, the sensor response can be made to measure the rate of rise
of the excitation B-field. For example, if 1/75, = RJL >> 2xf .., then the sensor response in
the frequency domain is approximately

Vi (@)= jwA, Boz (@) (B.14)
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and in the time domain, this expression is

0
VL(t)erqEBoz(t)' (B.15)

The requirement that R/L >> 2xf,

max €an be met by removing the shunt resistance (R, = «).

As in the case of the E-field sensor, manufacturers usually describe these B-field sensors by
the equivalent area A, and the maximum bandwidth of operation ., = R/(2znL), under the
assumption that the load resistance is a nominal 100 Q.

B.2.2 | Direct H-field sensors

As in|the case of the E-field sensors, by loading the sensing loop appropriately, it can be
made [to respond directly to the magnetic field. Specifically, if 1/7g, = R/L << 2#f_;, whefe f .
is the [minimum frequency of the spectrum to be measured, the load voltage'becomes

A tly ~
Zeallo f () . B.16)

~ A, ~
Vi (0) =—2B,, (o) =
TRL TRL

Note that the requirement that (1/75,) be small can be achigved by making the loop Igading
resistance R, nearly a short circuit. However, in doing this, the measured voltage is reduced.
Thus,|there is a trade-off between the minimum cut-off frequency of this sensor and the
voltage level provided to the measurement circuit.

B.3 | Electric field (or surface charge).ground plane sensors

It is glso possible to develop EM fielddsensors that function properly when located near
conductors. By assuming that the sensor will be located on an infinitely large, flat ground
plane| image theory can be used to.develop such sensors. For the case of measuremgnts of
the electric field, Figure B.4 showsthe general configuration for an E-field sensor locatefl over
a condlucting ground. This sensor is essentially one-half of the free-field sensor of Figure B.1,
with the other half being the immage in the ground plane.

Monopole N / /x ,1\EZ /
]

Ground plane

50 Q Coax

To measurement chain
IEC 1460/05

Figure B.4 — lllustration of an E-field sensor over a ground plane used for measuring
the vertical electric field, or equivalently, the surface charge density
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For the sensor of Figure B.4, the same equivalent circuit for the free-field sensor given in
Figure B.1 is valid, with the exception that the equivalent area A_, is one-half that of the free-
field sensor, and the capacitance C is double. Moreover, the output from this type of sensor is
unbalanced (coaxial), and is designed to operate into an impedance of 50 Q, which
corresponds to the measurement chain impedance level. Consequently, no balun is required
for these types of sensors.

On the ground plane, the tangential E-field is zero (assuming a perfectly conducting ground
plane) and the only component of the E-field is the vertical (z) component. This is the
component of the E-field that excites the sensor.

NOTE ;‘;Uic ‘l;ld‘l iII ‘lilib dll\j a“ Ui.ilcl EI‘V‘I I’IL‘;;L.II oCTISUTIS U‘ihbubbt}u‘ iIUIU, ll;IU SCTISUT TITTdsUurcs ll;IC lUldl‘ E f|e|d,
which is comprised of an incident field plus any reflected fields from nearby scattering bodies. In thev¢ase of
sensorqd mounted on the ground plane, the scattered field is of the same order of magnitude as the jincident field,
and is guch that the boundary conditions of tangential E = 0 and normal H = 0 on the ground plane arg.satisflied.

Typically, this sensor is operated as a D-dot sensor, with its voltage (acros§’the 50 () load)
being| given by equations (B.7) and (B.8). In this instance, the internal sensor Igading
resistance R, is zero, and this permits the sensor to measure the rate of.fise of the E-fie|d.

On a flat conductor, the electric flux D must terminate on an electrieal charge density g}. This
is expressed as the boundary condition

D,, =¢,E,, =9, (coulombs/m?). B.17)

This gquation implies that the sensor in Figure B.4 i§/actually measuring the response [to the
local surface charge density. Thus, in the frequency. domain equation (B.7) can be wriften in
terms|of g, as

Vi (o) = -joA,R0,(®) (R =0; w<<1/RC) B.18)
In the|time domain, this expression for the load voltage is

AR CROR B.19)

B.4 | Magnetic field (or surface current) ground plane sensors

In an pnalogy\with the imaged sensor for measuring E-fields on a ground plane, it is pgssible
to have a half loop structure to measure the magnetic field on the ground. This is illustrgted in
Figurg B’5;

The electrical behaviour of this sensor is modelled by the Thevenin equivalent circuit of
Figure B.3, and again by using image theory, we note that the equivalent area A, is one-half
that of a full loop of the same dimension, the inductance L is one-half that of the full loop, and
the output is an unbalanced coax feeding a 50 Q load.
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Half-loop

To measurement chain
Ground plane

IEC 1461/05

Figure B.5 — lllustration of the half-loop B-dot sensor used for measuring
the tangential magnetic field, or equivalently, the surface current densijty

This g$ensor is designed with the internal load resistance removed (R,\ @), so that its
respofise is proportional to the rate of rise of the field. The measured voltage across thg 50-Q
load resistance is given by equations (B.14) and (B.15), with the sensorresponding to the B

(or H,) field component.

On the surface of the conducting ground plane the tangential_H-=field and surface currgnt Jg
are re]ated by the boundary condition

Jg=2xHy, (AR, B.20)

Consgquently, for the sensor oriented to respond to the H, field component, as shqwn in
Figurg B.5, it can be thought of as measuring the Jy component of the frequency dpomain
surfade current:

~

V() = joho to Iy (@), B.21)
and in the time domain, this expression is

8
Vi(t) = Asqtto —-J, (1) B.22)

B.5 | Active-sénsors

An aclive ‘sensor is one that contains internal electronics, which can perform a certain amount
of sighal(processing of the measured signal. For example, such a sensor may contai
active Tntegrator circult that witt efiminate the need for using an ntegrator in the 1 f
chain. In addition, such sensors can be designed to provide better noise characteristics,
thereby increasing the sensitivity of the measurement chain.

Of course, like the fibre optic element in the measurement chain, an active sensor will require
an external power supply, which will require periodic servicing in the field, and this can be
inconvenient in some instances.

Active sensors are typically available from specialized vendors of EM field measurement
equipment, and due to their relatively complex design, they are more expensive than the
usual passive sensors. However, for special applications, they may be useful.
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B.6 Envelope detecting sensors

When measuring an amplitude modulated HPEM signal, often the only required information is
the pulse shape and amplitude. In such cases, a slower digitiser and any associated fibre
optic link can be used if the received signal is demodulated at the probe by a high-speed
diode. This process leaves just the modulating signal to be recorded. The choice and
calibration of the detector diode using the concepts of Clause 6 is critical and should be
carefully considered. The diode is fitted after the balun. No integrator is required for such
measurements.

B.7 _Wire current sensors

Sensqgrs can also be used to measure the current flowing in wires. This is done by meapuring
the logal magnetic field surrounding the wire, and then relating it to the current lin thg wire.
The bjasic concept of this type of sensor is shown in Figure B.6, and by a proper chdice of
paramnfeters, it can be made to respond directly to the current instead of the\rate of rise [of the
currert.

In the|frequency domain, the open circuit voltage induced in the sense-loop is given by

~

V. (0)= jo®(0)= joM T (o), B.23)

where T(a)) is the line current, and M is the mutual impedance between the line and the [sense
loop. [For this sense loop, the equivalent Thevenint circuit of Figure B.3 can be uged to
determine the induced voltage across the load resistance. For this type of sensor, the putput
is genferally an unbalanced 50-Q load, so that a-balun is not necessary.

Wire current /

B, field
Sense loop

Load
(50 Q)

IEC 1462/05

Figure B.6 — Simplified concept for measuring wire currents

B.7.1 Self-integrating current sensor

The phrase “self integrating” is used to indicate that the measured waveform needs no further
integration to reproduce the actual waveform of the stimulus. The actual construction of this
current sensor is more complicated than that indicated in Figure B.6. Figure B.7 illustrates the
important aspects of the sensor construction. First, to increase the sensor sensitivity, there
can be multiple turns (N) in the sense loop, and these loops are positioned around a magnetic
material of high relative permeability, x, having an inner radius ry, an outer radius r, and
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thickness w. This magnetic core serves to enhance the magnetic flux passing through the
coils. In addition, a tuning resistance R, is placed across the output of the sensor to adjust
the lower frequency of the sensor bandwidth.

T Wire current /

B, field
A Ntumns

Load
(50 Q)

Magnetic /

core

IEC 1463/05

Figure B.7 — Construction details of acurrent sensor

For thjs sensor, the mutual inductance of the N-turn Igop’is given as

M:MNW”{QJ . B.24)
27 r

The dperation of this type of sensor .is‘self-integrating. Using the equivalent circuit fpr the
sensof given in Figure B.3, with the open circuit voltage given by equation (B.23), and
assunjing a low value for the tuningresistance R, the expression for the induced voltage in

the 50-Q load is

_ joMT (@)
1+ joL IR,
M

TRL¢

VL(CO)
B.25)

~
~

T(@)  (where tp =L/R,),

wherel 75,°= L/R, is a time constant of the sense loop, L is the self inductance of the |N-turn
loop @ndvR, is the total parallel combination of R, and the 50 O resistance, R, givien by
equation (B.12). Equation (B.25) is valid for frequencies larger than f_,, where the design
requirement that 1/75, = R/L << 2xf;, must be observed. This latter requirement is done by

making the shunt resistance R, small.

Noting that the parameter M/ g, in equation (B.25) has the dimensions of ohms, such sensors
are usually characterised by this real-valued parameter, which is referred to as the “sensor
impedance”, Zp. In this way, the voltage induced across the 50-Q resistance loading the
sensor is given as

T () . (B.26)

This expression is valid as long as the operating frequency is greater than £, .
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As an example of the measured current sensor impedance as a function of frequency,
Figure B.8 presents the sensor impedance magnitude of a nominal 1-Q current sensor over a
frequency range from 1 000 Hz to 200 MHz. In this plot the differentiating nature of the sensor
is evident for frequencies below about 7, = 0,2 MHz. Above this frequency, the response is
reasonably flat with a sensor impedance of about 0,95 Q — slightly below the specified 1-Q
value for the sensor.

It must be kept in mind that this sensor impedance is, in general, a complex valued function,
and if the sensor is to be used at frequencies away from where equation (B.26) holds, the
response must be evaluated using the more general complex equation in the first line of
equation (B.25).

10,0 UBRELRERLL R LR LR UL RRAY T T T rrrm

0,950
00 e —~

-10,0 —
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-20,0 — —

-30,0 -

_40,0 1 IIIlIlI 1 lIIIIII 1 IIIIIIII 11 IlIIII' 1 IIHHI L1 11111
0,001 0,01 0,1 1 10 100 1000

Frequency, \MHz IEC 1464/05

Figure B.8 — Example of the measured sensor impedance magnitude
of a nominal 1 Q current sensor

B.7.2 In-line I-dot current sensor

An indline current sensor is.one that can be inserted into a tubular conductor to measufe the
exterrjal current. In this sensor, the output leads of the sensor are located inside the tubular
conductor and run to the)end of the conductor, thereby not interfering with the external current
behaviour.

This gensor responds to the rate of rise of the current on the line, and has the gegmetry
showr] in Eigufe B.9. A circumferential cut is made in the outer circumference o¢f the
conductor{ and this leads to an inner sensor chamber. The entire geometry is rotationally
symmeEtricc This chamber serves as the “sense loop” for the B-field produced by the current
f|OWin5 omthe—conductor-

Conductor current /

' v
| a a K7

Voo T A A

rr

IEC 1465/05

Figure B.9 — Geometry of the in-line I-dot current sensor
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