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Abstract. In this paper the development of a cable bun- 2002, only few contain measurement data. Within most of
dle test bench is described and exemplary results of the syghese Ciccolella and Canaver&995 Sun et al.2007, Stein-
tematic measurement of cable bundles for automotive EMCOmetz 2006 the reasonable approach is, to measure one re-
tests are presented. The test bench consists of particularlyulting quantity (e.g. common mode current) and compare it
developed adapter boxes and switch matrices, which allowto respective simulations. Influence of some parameters by
together with a network analyzer to perform a network anal-measurement are investigateddastang (2002.

ysis with up to 32 ports and up to 1 GHz. Calibration and This work aims at a more extended investigation of ca-
deembedding procedures are described and validated. Cablide bundle parameters and at founding a sound data base
bundles that are characteristic to automotive EMC tests aréor the validation of a stochastic cable bundle model. While
investigated with respect to the number of wires within thethe model is presented iBonser et al(2010gb) this paper
cable bundle, the class of the cable bundle and the type oflescribes the particularly developed test bench required for
wires. measuring and presents measurements of real cable bundles.

2 Cable bundle test bench
1 Introduction

2.1 Overview
In recent years, the rising complexity of automotive electron-
ics along with shorter development periods challenges manyrigurel shows an overview of the complete test bench. The
design aspects of automotive products. One major issue isable bundlewhich rests on styrofoam at heightbove the
electromagnetic compatibility (EMC) and simulation of as- table, is connected tadapter boxest each end. Each of the
sociated measurement setups even at early design stages l@slapter boxes is connected bgcondary measurement ca-
come desireable. blesto aswitch matrix Unused connectors of the adapter box
Practical experience with nominally equal setups as wellare terminated with 5& SMA terminations. Finally, each of
as round robin tests reveal considerable measurement uncdhe switch matrices is connected through fiignary mea-
tainty. Besides other sources for this uncertainty, the flexiblesurement cableto a vector network analyzefNWA). The
wires within the cable bundle contribute largely to deviations adapter boxes together with the actual cable bundle form the
in measurement results. A stochastic cable bundle model fodevice under tegDUT) and the respective reference planes
respective simulations therefore becomes inevitable. In ordefre located as indicated in Figy. The setup is controlled by
to validate such stochastic models, statistical measuremerst PC, which is connected to the switch matrices via USB and
data of cable bundles are needed. to the NWA via GPIB (Fig.3). Automated calibration, mea-
While the literature shows a broad variety of stochasticsurement and deembedding procedures are implemented in
cable bundle models (e.gGiccolella and Canaverd 995 MATLAB. A measurement with all 32 ports and 1000 fre-
Salio et al, 1999 Sun et al.2007 Steinmetz2006 Castarg, ~ quency points takes approximately 8 min.
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Fig. 1. Overview of the complete test bench.

2.3  Switch matrix

As shown in Fig.3 the switch matrix consists of three main
printed circuit boards (PCB) in a housing made of alloy:

— High Frequency PCBThe four layer PCB is made of
high frequency substrate. The two inner layers are
ground layers and a total of 64 relays (2 per hous-
ing) are hosted on both outer layers of the PCB. The
electromechanical high frequency relays are connected
via grounded coplanar microstrip lines with a line
impedance ofZyy =50 to each other in a topology,
which allows the routing of each of the two NWA-sided

Fig. 2. Adapter box and multipin connector. ports arbitrarily to any of the 16 DUT-sided ports. All

other DUT-sided ports are terminated with G0

2.2 Adapter box — Driver PCB: The driver PCB serves two purposes: pro-
viding the relays with current when they are selected

Figure 2 shows the inside of the adapter box and close-up and shielding the high frequency part of the box from

view of the multipin connector. The use of the latter provides the digital part of the box.

a quick and repeatable connection of the wires. Using coaxial

semi rigid cables inside the box assure<bline impedance — Microcontroller PCB A microcontroller, USB to UART

up to the back of the multipin connector, and is favourable converter, LCD and control buttons are hosted on a third

in order to perform network analysis. Each adapter box can ~ board, mounted on the back of the front panel.

accommodate up to 32 wires.
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Fig. 4. Schematic of the setup.
Fig. 3. Components and logical setup of the switch matrix Which results in a number of
_ [ "w
2.4 Multiport network analysis Nm _( 2 ) 2)
2.4.1 Working principle total measurements, which have to be performed.

In order to measure cable bundles with many wires a sys2-4.2 Calibration

tem for network analysis with many ports is required. This ) ,

can be achieved by a switching matrix, which automatically ' eoretically, for each of thevy paltr;als%tlrl\gsP m the
reroutes the ports available on the NWA to the different portsfull 18 port scattering parameter§ [A(B 9 1q 2and
on the DUT. Two switch matrices were built. Each of the dll,cal(18x18)

had to be measured, which would result in
two switch matrices | and Il has two ports on the side of the [1..-16 C o )
NWA. denoted A and B for switch matrix | and denoted C impractical amount of calibration data. However, the design

and D for switch matrix II. On the side of the DUT. each of the switch matrix provides high isolation between all ports
switch matrix has 16 ports. denoted 1 through 16 ' that are not involved in the current measurement, as well as

While the network analyzer together with the switch matri- 119" isolation of these ports to the ports Involysfd Ilzl irl)e cur-
ces allow for many setups, only the case of using a four porf€nt measurement. Therefore, only the S”b—mﬁi BiJ]
NWA and both switch matrices is considered in this paper.;qglh:cal4x4 o qatarmined. Additionally, for all ports

Further, the total (even) number of used ports shall be Spmthat;nrlékéocnﬁ!acted to the DUT, their non-ideal terminations

equally between both switch matrices. Without loss of gen- | cal1x1) ggihcalax by th dto be d
erality, the secondary measurement cables are not mentione¥ir (] andS,; seen by the DUT, need to be de-

separately, as they can be treated as part of their switch maermined.

trix. The primary measurement cables are accounted for b}é 43 Measurement

the calibration of the NWA itself. o
Figure4 shows a schematic of this setup. In order to mea-

sure the scattering parametgPYT 2mwx2mw) of the DUT,

many measuremen_éx[fxé‘)c D] with the NWA have to be

performed. For then-th measurement, ports A and B of f 4\/| . .
. . ormed to transfer parametef: as described in
switch matrix | are routed to porisand j and ports C and D P —m[ABCD] el

8’ o

of switch matrix Il are routed to the portsand! respectively. ~ AppendixB. Similarly, the calibration dats’ [ABij] and
This shall be expressed by tpath settingP,, =[i j k ]. I1,cal (4x4) .

Portsi, j, k, and! of the switch matrices are connected to Sn[k ! C D] are transfqrmed to the respective tra_msfer param-
portsi’ =i, j' = j, k' =k+nw, andl’ =1 +ny of the DUT.  ©€ters. As switch matrices and DUT form a chain of network
One possible set of path settings, which covers all ports ofléments, the transfer parameters of the DUT are then:

the DUT is:

In order to perform the actual measurement, for every path

setting P,, of Eq. () a measureme@?nﬂ[fxg)c[) with

the NWA is performed. The measurement is then trans-
(4x4)

DUT (4x4) __ 1l,cal(4x4) *1TM(4x4) .I.ll,cal(4x4)*l
Pue{lijkl]| A<i<nw) A (i<j<nw) 1) =m[i" j k1]~ =m[ABij] —m[ABCD]-m[kiCD]
A (k=i) Al =)} (3
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Fig. 6. Cable bundle classes (from left to right: channel of styro-

Fig. 5. Validation of the test bench. foam, braided sleeve, taped).

These transfer parameters are under the premise, that > Validation
other ports of the DUT are terminated by ideal &0 In
reality this is not the case and to account for the non-ideal
termination at the DUT the method Rautio (1983 is ap-
plied. It requires the calculation of the Gamma-R parameter
(see AppendixC) of this measurement:

I'I'he test bench is validated by a short two wire structure
(nw = 2), which is inserted into the adapter boxes. The re-
ssulting 4 ports were measured directly with the NWA, as well
as with the two switch matrices in place. The comparison is
shown in Fig.5 and both measurements agree very well with

DUT (4x4) gPUT 4x4) (4) each other, confirming the presented multiport measurement
—mlirj k1] Smlirj k1] method up to 1 GHz.

DUT (4x4) Luijkn=Stii j i RDUT<4x4) -R ) 3 Cable bundle measurements
=mn [l" 4 l/] > m [l" Jk l/] —Dm

. : . 3.1 Overview and analysis
These Gamma-R paramet&g are inserted in the matrix 4

Tablel shows an overview of the measured cable bundle con-

RDUT(anxznw) _ figurations. The number of wires,, the size of the wire
e . , , cross sectiom, and the cable bundle class are varied. As
! J k ! shown in Fig 6, classeof cable bundles are wires in a chan-
., - R¢ R v R v R o nel made ofstyrofoan_n wires in abrai.ded slee_vand'wires
D= [ Smll s Sml2 0 Snl3 e Smld e wrapped bytape While not all possible configurations are

covered, parameters were chosen in such a way, that every
parameter can be studied.

For every cable bundle configuration many specimen are
, generated and measured. In the case of styrofoam, the loose
kK= | Ryzy o Ryzp - Ryzs o Ryyzg oo wires just have to be put newly in place. For the braided

- L R : sleeve and the taped cable bundle, every time the cable bun-

dle has to be first disassembled and then assembled again. It
. . . . . has been taken care that enough specimen were measured for
R a sound set of statistical data —i.e. the convergence of the sta-

Diagonal entries will be covered by more than one mea-tIStICaI analyzed data are assured. UpVto=100 specimen

surement, however all measurements for one diagonal entr?re necessary, wires with a higher number of wires requiring

provide the same data. Once &l measurements are pasted est_ mﬁastL:]remel e d scatteri T ¢
in RPYT it can be transformed back to the appropriate scat- ina é’ te mﬁastqr% sca etrlng p?ram‘:ﬁ@'é are cat-
tering parameter egorized into reflectios ; gpepy, transmissiorns ; rray. Near

end crosstallS ; yexr, and far end crosstalk; exy. Each

J'= | Rua1 -+ Ryop - Ryog o Ryyog - (6)

"= | Ryar - Ryag - Rz o Ryyag -

P =g <2w) of the groups Is analyzed by calculating the statistical mean
ROUT @nwx2ny)  ZZ=TIL - 21wl SDUT (2ny x 2nw) ) |
D1 .. 20y A1 ... 21y value
which is the final deembedded measurement
%DUT(ZznnW]xznw)
L. 20y :
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Table 1. Overview of the measured cable bundle configurations.

# nw Aw Class Nc
1 4 025mn?  Styrofoam 100
2 4 050mm?  Styrofoam 100
3 4 100mm?  Styrofoam 100
4 9 100mn?  Styrofoam 60
5 15 Q25mnf  Styrofoam 30
6 15 Q50mm?  Styrofoam 50
7 15 100mm?  Styrofoam 60
8 32 100mnf  Styrofoam 60
9 15 100mn? Braided sleeve 50
10 15 100mnf Taped 50

rExT|)aB in dB

2]

(

Frequency in GHz

Frequency in GHz

Fig. 7. Comparison of measurement results fay = 1 mn?

of class styrofoam for the variation ofy (left: 5 dB/div,
right: 1 dB/div).
1 Ncat
(| Scal) =2 _|8).c (8)
(| cat|) Ncatj; j.cat
and empirical standard deviation
1 Ncat 2
o (|§cat|) = m;(ﬁj\cm _'U“(|§cat|)) 9)
where
cate {REFL, TRAN; NEXT; FEXT}. (10)

207

C---SI——-—T---r--—-\——-—-°2 - - o -—-—-—I1-—--T"_ "~ - - -

N ! ! ! ! ! ! —©— Styrofoam !
FEN-I--—4—-——F———l———4 F———1— - R h
\ | | | | | —8— Braided Sleeve |,

| | i

I | T T |

| E | |

Frequency in GHz Frequency in GHz

Fig. 8. Comparison of measurement results oy = 1 mn?
and ny = 15 and for the variation of the class (left: 5 dB/div,
right: 1 dB/div).
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Fig. 9. Comparison of measurement results figf = 15 of class
styrofoam for the variation af.y, (left: 5 dB/div, right: 1 dB/div).

3.2 Results

In the following, exemplary results are shown and discussed.
If not otherwise mentioned, similar behaviour is observed
also for the other categories:.

Figure 7 shows the parameter study with respect to the
number of wiresiy, € {4;9; 15; 32} by the example of far end
crosstalk FEXT. Increasing the number of wirggleads to a
decrease in the mean valué|Sgexr|)de. The reason s, that
the power of the source is coupled to an increasing number
of adjacent wirea,, — 1. Further, resonances deviate more in
frequency for the single specimen resulting in a mean value
(| Spext|)ds with smaller resonance peaks. The relative
standard deviationy (| Spexr|)ds is approximately the same

Ncat is the respective amount of measurements. For displayfor all configurations for frequencies above 500 MHz. Cable

ing purposes the logarithm is applied:

'U“(|§cat|)dB =20 lOg(“ (|§cat|)) dB

The empirical standard deviation(|S.,|) is normalized
by the mean valug. (|S.,|) before applying the logarithm,
which results in the relative empirical standard deviation:

(11)

or(|§cat|)d3=20|og<M+1>dB (12)

i (|Scar)

www.adv-radio-sci.net/8/203/2010/

bundle configurations with many wires reach this asymptot-
ical value at lower frequencies than configurations with less
wires.

Variation in the cable bundle class generally shows only
small deviations. Figur@® shows this for the mean value
(| Stran|)de and relative standard deviation(|Stran a8
for the category transmission TRAN. Examining the bundles,
it can easily be seen that cable bundles of the class taped
wires are much closer together than cable bundles of the class
styrofoam. Braided sleeve is in between. As the same order

Adv. Radio Sci., 8, 2839- 2010
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is shown in Fig8it is concluded that this change is due to the a§ ) N / a§'x D
cable bundle density. Further, experience with a stochastic

nx1 nx1
cable bundle modelonser et a).2010ab) show the same ByY n n by?
behavior in simulations, when the parameter densitf the JoxD Jx D)
model is varied. o e =2
Similar behavior can be observed from variation of the plrx D) § pox 1)
size of the wire cross sectiofy, as shown in Fig9, which -1 =2
displays the mean valye(|Sger, |)ds and relative standard v 4

deviation or(| Sger | g for the category reflection REFL.
By experience during actual measurement it is assumed th
the small variation of mean valye(|Sger, | d and relative
standard deviationr (| Sger |)ds is also caused by variations

of the cable bundle density. Thicker wires usually result in 2(1969, by using the nodal voltagds and the currentg
more densely packed channel of styrofoam, than thinner wire ' - -

6Eig. Al. Scattering parameter.

types. y D J0xD
K<2n><1): |:;:(Ln><l) L(anl)z ;%nxl) (Al)
X2 L2
4 Conclusions ] .
the following waves can be defined:
A test bench for measuring cable bundles is presented. It
consists of a network analyzer, two adapter boxes and twa @ = F(2x2n (Z(Z’”‘l) +G@>2 (2"”)) (A2)

switch matrices, which were particularly developed for this
task. The test bench allows to perform a fully automated
network analysis with 32 ports up to 1 GHz. Control and p*D = g(21=20) (K(z””) -G* (Z”XZ”)LQ”XD) (A3)
deembedding are implemented in MATLAB. The mathemat-
ical background of the calibration and measurement tasks ar§ and F are diagonal matrices where thah entry is the
presented and validated against direct measurement with thenpedance of theé-th port Z; and :l,/|Re(gi)|. The “+” de-
network analyzer. notes the complex conjugate transpose of the matrix. The
The test bench is used to systematically measure cablscattering paramete&are defined as:
bundles of different configurations. The size of the wire
cross sectiont,,, number of wiresy,, and cable bundle class 5@V = 8?21 g @D (A4)
are varied and measurements for many of the resulting cable ) o
bundle configurations are performed. For each configuratiorP divided by sides as in Figh1:
up to 100 specimen were measured and analyzed. The influ- . 4 gxm) gxn) (nx1)
ence of the parameters,, Ay and class are presented. As | 21 — 2 a
expected, the number of wires, has the greatest influence [Qéﬂxb] [ ] [ }
on the scattering parameter. Remarkably, at higher frequen-
cies the relative standard deviatioy(| S ,|)ds is unaffected
by a change of the number of wires,. The variation of
the cable bundle class and the variation of the wire t§pe T f
— both resulting in a change of cable bundle density — only ransfer parameters
show small effect on the scattering parameter. . According toKlein (1976 the transfer parameters are
The measurements presented are the basis for the vali-

dation of a stochastic cable bundle model as presented i pxD Toxn) ooxm) T (1% D)

Sk -

=11 =1 =1 (AS)
(nxn) o(nxn) (nx1)
S S a;

Appendix B

Gonser et al(2010ab). The test bench will be used in fu- Gixn) —Gixn)
T Ta by

2
a(nxl)
ture investigations of more complex cable bundles. =1 -

Transformation betweeBandT is
Appendix A

1 1
T— [§12—§11§21 S SuS; } (B2)
: ik =} —f
Scattering parameters ) S
All networks in this paper have an even number of ports, 1 .
which share the same ground node. Hence, a network witlg _ | T12T2p  T11—T12T5 121i| (B3)
2n ports hag2n + 1) nodes as shown in Fig\1, the ports be-  — 1521 —1521121

ing equally split between both sides. As statedKurokawa
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