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Abstractd The most commonly usedautomotive immunity
test methods are described irthe ISO 11452 series The bulk
current injection (BCI) and absorber line shielded enclosure
(ALSE) apply different coupling mechanisms to assess the
immunity of a device under est (DUT). The correlation between
these methodsis often poor, in spite of using the same cable
harness and loads. Itcan be improved by enforcing the
equivalence between the currergtinjected into the terminal units
attached to both harness ends. Such procedure requires
knowledge aboutthe impedanceat each harnessend, which is
directly associated with the impedance at any position alorgtest
harness (loop impedance)Estimating the loop impedance usinga
RF current transformer (CT) proves to bea practical approach
due to the simple application without the need for major
modifications of thetest setup In this paper, first in accordance to
the lumped element model, the transformation phenomena
including the input impedance, the transfer impedance and the
insertion impedance are derived. Furthermore, a wide band
modelling procedurefor CTs based on deembeddinga calibration
fixture is developed, which providesn individual dataset suited
for extracting the transformation properties and allows the
expansion ofthe application for the impedance measurementBy
focusing onthe senstivity of the input impedance as a primary
quantity for measuring the loop impedance, pros and cons of using
typical EMC current pr obes forthe impedance measurement are
assessed experimentally.
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. INTRODUCTION

ISO 114522 (ALSE-[1]) andISO 114524 (BCI-[2]) arethe
two mostcommon test procedureaherethe electromagnetic
energyis coupledn different waydo thetest harnesdVhile the

described in6] or by adjustingthe injected power leveland
properpositioning ofthe BCI probe along the test harnsk
(feeding and positioning conditionsyreatly emphasize the
importance of knowledge about thmpedanceof terminal
unitesat harness endaamelythe DUT, the load simulatoy or
theatrtificial network

Wire harness BCI probe DUT
[~ |
Unknown Load simulator Unknown
impedance and artificial impedance
network Antenna

Fig. 1: General structure of automotive immunity test sebgsedn[1] and[2]

The terminationimpedance may be obtained in a direct
measurementeverthelesdisconnecting the wire harness from
the terminating circuit means additional preparation time and
might cause problem# the proper system functionThus,
applying a toroidal CT, e.g. the BClprobe for the indirect
measurementf theimpedancecould be a convenient method.
In [8], several methods are described for measuthng
impedances indirectly with different commerdaialrentprobes.
This paperextendsthe abovementioned investigationsby
focusing ornthephysical analysis artthecircuit implementation
of thetransformation phenomenoimdications orthe feasibility
strength and weaknesses of using different commeroidles
for theimpedance measuremere given

In line with the idea of indirect impedance measurement, the

ALSE method requires an anechoic chamber with high powehop impedance can be considered as the entire impedance

amplifiers, demands tthe BCI are much lower. Due to this
reasonthe BCI is often used athe substitute forthe AL SE.
Unfortunately, the correlation ahe BCI to the ALSE is often

attached to the clamped conductorntimals (primary).
However, from another perspective, according tthe
transmission line theory the loop impedaateany point along

methods several investigationshave beenpublished [3-5],

termination circuitries at both harness endS.he measurd

this issueEnforcingthe equivalence betweehefield coupling
andthe currentinjection either by involving two BCI probeas
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the employed CT which must be eliminated fromthe
measuremenby a deembedding proceduri8]. Although a
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simple circuit modebf an ideal CTappears to beufficient for
operation at lower frequency range, significant deviatfoms
the ideal transformeroperation occurat higher fequencies,
which are originateffom variouseffects such as core lossas
different stray capacitanséetween metallicsurfaces9-11].
Consequentlyto improve the impedance measurement &and <«

figure outother propertiessuch asthe loading effect orthe

transfer impedancgehe characterizationn a setip as close as -«

possible to the final probe application is evidekitogether

investigationin this papeis carried ouffor aCT clamped over Self- and mutual
a single wireHowever,it should be recognized, that in case of <4 inductance
4—

Input port of
measurement
instrument

T

Built-in resistor

Core losses

a multi-wire harness the actual impedance facenly the (primary)
interference source is a highly complex combination of common —V._O_-_. __________ Self- and
and differential modémpedances at each harness dndhis 4 2 ¢ 5 mutual

papera BClinjectionprobe(FCGF140) a commercial current Qg ® v inductance
probe (FCCGF65), and aseltmadecurrent transforme(SCT) /4,::, e egreegeenspe sy :_.,\ (secondary)
compsed of a ferrite bead from Wouerth-Electroncs

(Nizn 74271222)complementedwith a single windingare Thru port  Loop impedance Thru port

selectecasexemplaryCTs for the comparisonln sectionll, a
lumpedcircuit model isproposedo formulate thdundamental
equationsdescribing the basic operation afCT. Sectionlll Fig. 2: A simplified circuit model for a current transformeattached toa
comprisesan accurate modelling proceduedthe subsequent measuremeribstrumentwith 50minput impedance

extraction ofthe input impedancethe transfer impedance and
theinsertion impedanctom the model.Finally, in sectionlV,
the sensitivity othe probes forthe impedancaneasurement is " 5

analyzedandvalidatedfor an exemplary test sgi L3 @ 20 ﬁﬁ (2

d Taved 1 p QOO Y

Therefore, the inverse of input impedancthatnput port is

II.  THEORETICAL BACKGROUND OF TRANSFORMERS 1 . -
where Qindicates the coupling coefficient betweethe

_ A common CT is composed of a split ferrite ring with  windings 1 Q p). The chosen representation of (2) shows
single or multiple windings around one hélto form the  he restriction of the measured inutmittanceo the valuesin
secondary winding ofransformer The clamped conductor he range or largethan pTY , in spite of the relative complex
forms the primary windingJnderstandingheCT operation can  yend of the first branch.The @pacitive couplingto the

be made easier bysing an equivalent circuits.An ideal  gecondary terminals castrengthen this effect at higher
transformer considers a transformer with no losBeEmeans  frequencies. This underlines the significance of the resistive

that thewindings are purely inductive and the core is loss. freecomponent, as it reduces the sensitivity of the impedance

In an ideal transformer thenpedance transformed frothe  measurement ahe secondary side to the impedance changes at
primary terminals to the secondasigleis the primary terminals

. The second imprtant parameteepresentinghe interaction
® — w @ h @ of aCT with the test setup is the insertionpedanced , which
is defined as the impedance appearing in series with the
where®d is the impedance attached to the primary terminalgonductor under test (the primaryyhen theCT is located at
and0 and0 are the number of windings tite primary ami  desired placqd10]. The CT and the clamped conductor are
secondary side respectively. Although simplified (1)  considered as a combined network, and therefoesinsertion
demonstrates theapparent impedance available due toimpedance includes the totalimpedance availatttes location
transformation act by any CR better approximation for the along the wire. The aforementioned assumption is valid as long
probe’s oper at i omoredetifedequivaleatc s tbevpgogagatian feffeets ftire clampedconductorand the
circuit is considered(see Fig. 2). The total resistor(’Y coupling betweenthe CT and the unclampedection are
'Y sSY ) betweenthe secondary terminals includéise core  negligible Ascommonly usedurrent or BClprobearetoroidal
losses anchn additional builtin resistorY , which may be transformes, the transformation act is bilateral and therefore, it
available due to the design purposes[9]. To simplify the transforms the secondary impedance into the primary as well.
understanding the capacitive coupling between different Based on(1), a rough estimation can be mafie the input
metallic components is ignored iine first stepThe input port  impedance. &t instancethe input impedance fan idealCT
of theCT isthe only directly accessible port of the system, wheravith more thar8 turns of winding athe secondary side and a
the measurement instrument can be connected. According 89 loadis approximately less thahQ, which is an acceptable
Fig. 2, the input impedanc® is theresult of a parallel circuit value forthe mostof applications.The gplication of aprobe
consisting of two main brancheghe first branch contains the With a high insertion impedance alters the primary current
transformed impedance duette mutual inductance, in series considerably and may lead to unrealistic test resii§.

with the selfinductance ofthe secondary sideThe second Considering the equivalent circuit ifig. 2 the insertion
branch contains the resistive comporignt impedarme or the loading effect of a GF the reslt of two



dominant parametefd1]. The secondary impedance reflected

into the primary by transforationand the intrusion impedance Wire and fixture, l o Current transformer
resulted from the introduction afmagneticcorematerial inside \
the primary circuit 2) |® | 3

; 10 =

w ——=—— Q0 h ©)

Y Qu

where'Y comprises all resistive elements in parallel at secondary ?
side, which includesthe 50 Q input impedance of the N ]
measurement instrumenThe equation (3) shows that the O 5 ‘ W'r§ C?;n‘;"p”:d V;’T'{g 2 O
insertoni mpedance can’t be el i mi 9 t eﬁﬁ}e\\ wire e /%ii('turg\g t he

impedance connected to the secondary side in the actual test

setup, since the measurement instrunadten terminates the

secondary terminals wits0 Q resistorIn addition,according to  Fig. 3: Calibration setup foextractingthe threeportmodel, deembedding wir
(3), the insertion mpedancewould merely increase the  and fixture fromthe threeport Sparameter measurement

characteristic impedane this locationNeverthelessat higher

frequenciesthe characteristic impedands dominated bythe w © LI Original dati
capacitive couling. Thetransfer impedarec is definedasthe @ @~ ® T _ |
ratio of the voltage devioped across the output of the probeto ' @ ® ® @ | @ < De-embedding da
the current in the conductor under §d$}], whichis derivedfor LI w w Converting to
;he proposed model ifig. 2 and approximatedor higher « & a d& <«—— Z-parameter
requencies . 0 A0 Lo
a a4 a o Port elimination
. i).t. Q0 Y to T . o S o S S o S g g g
QW = Fle : . . "t 0 . .
O 0 Q0Y vum vy “) QQQQ(:>ddd
8 N 0. UuiY Fig. 4: Mathematical procedure foeegémbedding the wiréixture dataset froi
UUUUUUUUIULE - —t———38 5) theright side of theéhreeport dataseand removing the superfluous port
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In general, current probes are designed to provide a flat — -+ 'U'
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frequency response over a certain frequency band. To diain .
maximum sensitivity for measurintie current, the transfer ~ Open ? 1 (P Open Cl’
impedance should be as high as possible.cimmon value for oO—| O O—
thetransfer impedance is betwe@ri Q and5 Q [10]. x 2)| Probe |(3 2)| probe |y m

Ill.  MEASUREMENTBASED MODELLING AND ESTIMATION oO— O O—

OF DIFFERENTPROBE S PROPERTIES
Althoughthe representation of CTs in terms thie lumped (c) (d)
circuit model is acceptable for describing various proes in VUM v
thelower frequency range, a more accurate model is required to. Open
cover the spectral content at higher frequendesghreeport w O W O— —O
network model proves to be an appropriate modelling method 2 | Probe 2 (2)| Probe J
for this purpose, wherthepr o b e’ s cputrportg adt o r (‘ I
both terminals betweethe conductor andyround plane, the so O— —O
called “thru port’', represent the three ports of c}'hf$
1 e

both thru ports are’ atcessible directly, in a setup similar to Fi9-5: Application ofthe3-port datasettd e t e r mi n e

actual application of probe, the thrgert Sparametesd is

input impedance (ajfansfer impedancg), and insertion impedance-¢)

netwv

recordedand the impact othe measurement sgb is de  However, in case of thregorts, the matrix multiplication in
embedded fronoriginal dataset subsequenthys illustrated in  terms ofthe T-parameter isot possible.Therefore first, the
Fig. 3, a straight singlevire of 30 cm is spanned within two chain matrix (ABCDparameter) ofthe redundant tweport
vertical L-form fixtures in 50mm overa copper ground plane. dataset is inverted, to obtain a datasettfie deembedding.
Two SMA adaptors are used for the transition to the measuringowever from the network point of view, the impact cd
cables to makéhe othertwo ports accessible to the measuring superfluousport remains in the datasé such cascading
device. The setup can be interpreted as threeatepaodules: processA straightforward approach to eliminate this port is to

a two-port network on the left (fixture and single wire), a three leave tke port open by converting the resultedy4 matrix to

port central module (CT and the clamped wire), and apmrd ~ Z-parameter and removing attlatedentriesfrom the matrix
network on the rightThe singlewire and test fixtures are The remaining threport dataset involves ¢h frequency
characteized in advance and therefore, aomsideredogether  response of the sei with the wire-fixture structure removed

as a tweport network vith a known Sparameter matrix.

from right side.This procesds repeated for the wiréixture



structure on the other side by rearranging the original dataset t
the appropriateorder to obtain a modelvhich contains the
prabe’ s f r eq u énmoasr todeermipathaddferent
characteristis of the SCT, the BCI probe andthecurrent probe
three individual models are extracted frothe threeport S
parameter datasets measured with an Agilent E601B netwo
analyzer betwee®00kHz and1 GHz

(1 = Self-made CT —— BCI probe Current probe

| Effect of core losse

50 - (a)

A. Estimation ofinputimpedance

Based onthe extracted threeport model the input
impedancdan absence ofhe primary windingis simulatedby
leaving both thru por open (see Fig. 5-a). The simulation
results fortheinput impedance magnitude, plinepositive real 10
and imaginary part of the complealueareillustratedin Fig. 6- 10° 107 108 10°
a. The trend forthe inductive and resistive regioffisllow the Frequency (Hz)
expected behavior of ferrite coreswith different relative 40 -

permeabilities Ftting the complex impedance value (),
30} T N
) /

Input impedance (dBQ)

Built-in resistor

current probea flat real partcan only be reachedwith a
sufficiently small additional builtin resistor. Additionallythe
significant inductive behaviocorrespondgo the anticipated
length ofthe wire andprobés connectorMoreover, he length
and width of the secondary windingtbheEBCI probe (more than
12 cm) leads toa noticeable propagation effects at higher
frequencies.

the resistive elements ahe secondary side.In case ofthe
current measurement

10 F

estimatedifferent paraneters, such abe seltinductance and
High sensitivity for

Transfer impedance (dB2)

-10 n 1
Flat =
B. Estimation offransferimpedance 2 | |
Typical current monitoringrobe data shegpsovide merely 108 107 108 10°
the magnitude of transfer impedance measured in a standard Frequency (Hz)

calibration fixture. To reduce calibration errors and maximize . . :
the measurement accuracythe calibration is generally ~ 100} (c) <— Dynamic range of VNA
performed in &0 Q end to end system, which minimizes the @ r Increasing capacitance

VSWR at the input of the fixturddowever, in accordance with & 8o

the definition of transfer impedance, the complex value can b
calculated fromthe extractedthreeport model.According to
Fig. 5-b, the current flowing into theecond porfOfor aknown
forward powerb  can be calculated

60

40

20

. .0 ©)
O p i (I)h

Increasing inductance

Insertion impedan

Impedance in series

wherei s the reflection at port 2 witihereference impedance ~ 2° 108 '7 108 10°

v, . . 10
. The induced voltage #teport 1 for a certain forward power Frequency (Hz)
is given by

Fig. 6: Extracted impedance magnitude for input impedance (a), tr
(7) impedance (b) and insertiampedance (c). Real part{) and imaginary pe

w i v tw. (itt) are demonstrated for the complex valu¢hefextracted impedances.
Therefore the transfer impedance of the probe is calculated o )
basd on its definition as follows C. Estimation ofinsertionimpedance
o i Estimation ofthe impedance in series with current flow is
) 8 (8) carried outfrom the threeport network byan appropriate
0 p 1 termination of port 2 and 3 virtually and simulating the-poet

The $mulation results inFig. 6-b confirms the expected reflection measurement at porgskerig. 5-c). For this purpose,
constant transfer impedancdor a wide frequency range. e network is terminated with %0 Q resistor emulating the
Although having an unsteady transfer impedance valogh b standard port of the measurememgtrument In addition, the
BCI probe andhe SCT point outmoresensitivity tothecurrent ~ (€rminals ofthe port 3areshortened to create a closed loop at
changes athe primary side, which can be used the current the primary sideHowever, the impact othe discontinuity,

measurement bgccepting the undesirable effedtsroduced — Particularly in-case ofthe BCl-probe (7 cm) cannot be
into the circuit described hereafter. considered as a mere impedance in series with the wire under



test. The extracted insertion impedancEim 6-c shows thathe  range of possible impedances at the primary side is mapped to a
BCI probe and theSCT contribute to aconsiderat® higher  very small region which may not be identifiable by VNA.
impedance in series to thest harnesén comparison tahe , ‘ .

current probeFrom other perspectivén order to assess the 60 1
capacitive coupling in a similar approachthe parallel Big gap
impedance to the ground resultedm the probés conductie
structure can be estimated tgyminating the input port with
50Q and leavingheport 3 open(seeFig. 5-d).

50

40
30

IV. MEASURING LOOP IMPEDACE WITH DIFFERENT ROBES 20

With respect tahe consideratioa in sectionl, an accurate 10

estimation of the loop impedance as a primary quantity
correlating tothe impedances athe harness endss from 10k |
considerable importanceThe am here is to assessthe Very small gap
feasibility, strength and weaknesses dpplying the 20 > - > o
aforementioned probésr theimpedance measuremeimtorder 10 Fremuenc (Hz) 10 10
to measure the loop impedance by meana QT indirectly, 100 . q, Y .
several approaches amgoposedin [8]. A straightforward == Big gap
methodis to remowe the frequency responsd the CT from a 80
reflection measuremen{one-port Sparameter measurement) 60
with a VNA, which is equivalent to connect t& A measuring 20

Input impedance (dBf2)

:

port directly to the loop impedancéor this purposethe o 2
extracted threportdataset™  (singleendedis convertedto g
a twoport dataset™e ~ composed of a singlended port ®© o fSmallgap
i i i i o SCT (open)
(input port) and differential port representing both thru ports 20k .
40 - BCI (open)
. P . p . . . . BCI (short)
i i h i — i zi zi i 9) 60| CP (open)
C CP (short)
-80 : : '
. p L. , p . , 108 107 108 10°
i i zi h i izt 8 (@ap Frequency (Hz)

g g
T . ~ ~ Fig. 7: Magnitude and phase tifesimulated input impedance ftre open anc
Multiplication oftheinverseT-parameter ofhetwo-portdataset short circuits atheprimary side to reveal the sensitivity of seiade CT (SCT

with the T-parameter of theeflection measuremengsult in the  gcj probe (BCI), and current probe (CP)
T-parameter of the load attachedhe primary terminalslf the
load is connected directly between both thru possch

isresulted from the [k of thesimilarity betweerhecalibraion In order t v the dembedding pr o m re th
andthe applicationtestseup. Furthermoreas stated by, the order 1o apply the dembedding process 1o measure the
parallel resistive elements act as the upper boundttier '°°P |mpeQahnce d[?fd|rectl3|/, a ﬁp(tls'm)'l.ar totlhzcie(;alizpratgn

; : ; ; . structure with a different lengt m) Is reali eFig. 8).
measured input impedanddapping theentire domain othe The prts 2 and 3 are terminated wild Q SMA-resistorsThe

loop impedanceinto a small codomainrestricted to a low oneport Sparameter is recorded Ippsitioningeach CT in the
impedancedegrades the quality ahe primary measurement middle of the structure. The estimated results tfa loop

andmay lead tdhetotal failure ofthede-embedding procedure impedance afterdembeddi ng the CT's fr
A possiblesolutionto mitigatethede-embeddingroblemss to demonstrated iffig. 9. The estimated loop impedance witk

choose a CT with better impedance transformation .

characteristic, i.nigher sensitivity taheimpedance changes at oc | andtheBCI correspads to the expectethpedanceralue

the primary side in the middleof the stucture.In contrastmeasuring the loop
impedance withthe current probe leads to incorrect results

A. Sensitivity oProbes tolmpedancé&hanges aPrimary
Side V. DiscussiON ANDCONCLUSIONS

The sensitivity for the aforementioned CTs is evaluated ina !N this paper, the characterization procedure of current
brute force method by simulating the corresponding inputransformes to expand their application foimpedance
impedance for two extreme cases connectethéoprimary ~ Measurement was addressetb this end, a theoretical
terminals, i.etheopen and short circuitsThe simulation results  framework for a better understanding and interpretation of the
in Fig. 7 indicate a significant gap between the opamd short ~ fransformation phenomena is presented and discussed. The
circuits in case of the seffiade CT and the BCI probe. impact of the common physical propetiof the current

throughout the entire frequency range. This means that the entfe€e principal properties, namely the input impedance, the
transfer impedance, and the insertion impedance is investigated.



De-embeddingof CT
LT

'

S-parameter measuremeng

T,
-

Fig. 8: Experimental setup for validation of indirect impedance measuren

D

Self-made CT A
= = = BCI probe
- Current probe

~
o

2]
o

| Expected loop impedance

)]
o

N
o

w
o
T
%,

N
o
T
T,
=\
/V %

4 Incorrect estimation of loop impedance
¥

Impedance magnitude (dBQ)

108 107 108
Frequency (Hz)

-
o

10°

Fig. 9: Estimated results faheloop impedance after dembedding the curre
transformer from direct-arameter measurement.

Although the modelling procedure based dine S-parameter
measurement requires a-embedding dataset ftheredundant
structure (wirefixture), the user is exempt from having
knowledge about the internal structure atfte physical

estimated with at least two measurement at diftep@sitions
along the harness.

However, wo main difficultiesare stand in the way

1. The overall accuracy of the -@enbedding procedure is
strictly related to the matching betwethie calibration
and the measurement setugind the exact separation
betweerthewire-fixture andthe CT network model

2. All investigations described here refer to a singie
and serve as primary researchwhich should be
extended tdhe practically relevat case of multivire
harness.

On the wholethe proposed methods are aimed to highlight

the potential ofthe measuremerbvased modelling of current
transformes andextend their applicatiofor indirect impedance
measurement

(1]

(2]

(3]

(4]

(5]

properties of the CT. Furthermore, such modelling procedure

overcome the complexities related tbe lumped circuit
modelling at hidner frequencies.

(6]

From the stand point of impedance measurement, the input

impedance tured out to be a key and primary quantity for any

further analysis. Hence the proposedinput impedance
assessmenwastargeted to analyzthe sensitivity of different
CTs to the impedace changes at the primary sidgom the

(7]

stand point of insertion impedance, it was shown that current
probe (FCC F65) has the least loading effect on the clampedg;

conductor, whereabeBCI probe andheselfmade CT affect
the test harrss significantly. However, according tothe
sensitivity analysis and the corresponding-edebedding
procedure, onlyhe selfmade CT andhe BCI probe aresuited
for theimpedance measurement up to 1 GFailure ofthede
embedding procedure in casetbé current probemakes this
probedefinitely unemployable fotheimpedance measurement
purposesin consequencdhe impedance measuremerdn be
improved by employing a CT with less core losses d&sb
parasitic capacitive couplintp the environmentin order to
approachhe conditions irf1). Thevery small dimensionsf the
CT (in comparison teheshortest expected wavelengémnd the
higherdynamic range of measeement instrumery averaging
or reducinghelF bandwidth ofVNA increasdhe measurement
quality significantly. Improving the correlation betweethne
ALSE andtheBCI as the primary goal of this researgdrjuires
the impedance on both endstbé testharnesswhich can be

(10]

[11]
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