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Non-Contact Measurement Method for
High-Frequency Impedance of Load at the End of
Wire Harness

Tomohiro Yoshikawa, Jianqing Wang, Member, IEEE, Yasunori Oguri, Makoto Tanaka, and Michihira lida

Abstract—Request to non-contact measurement method of load
impedance connected to a wire harness is increasing rapidly. A
method using network analyzer together with two current probes
were previously proposed for this purpose, but it is valid only
to 20 ~30 MHz. In this study, we extended the above-mentioned
non-contact measurement method to FM band by applying trans-
mission line theory to the wire harness. The validity of the newly
proposed measurement method was confirmed experimentally,
and as a result the load impedance was measured with an error
within 10% up to 100 MHz.

Index Terms—Wire harness, load impedance, non-contact mea-
surement, transmission line.

I. INTRODUCTION

N recent years, the vehicle system itself for controlling

a car has been shifting from a group of independent
individual controls such as engine control, brake control,
air conditioner control to the integrated control in which a
plurality of control systems cooperate to realize a complex
function. The increase in the number of electronic devices
mounted to control a car is accelerating year by year. Along
with that, the noise sources and use of wire harness are also
increasing. This will cause noise emission inside and outside
the car through the wire harness. In addition, when external
noise is induced in a wire harness, there is a possibility of mal-
function of the in-vehicle electronic devices. For this reason,
the load impedance of electronic equipment connected to wire
harness is indispensable for predicting and taking measures
against emission characteristics and immunity characteristics,
and accurate grasp of the load impedance in circuit design is
regarded as important [1]-[3].

Measurement of the load impedance connected to a wire
harness can be performed directly by cutting the wire harness.
However, it is desirable not to cut the wire harness and
measure the impedance during operation of the electronic
device. Although a method for measuring load impedance
in a non-contact manner in existing research has been re-
ported, it has not been applied to frequencies higher than
30 MHz [4]. Therefore, in this study, we regard the wire
harness as a transmission line, propose expansion of the non-
contact impedance measurement method to high frequency
region using transmission line theory, and verify its validity
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experimentally. The proposed method allows measuring the
impedance of a component connected at the end of two wire
harnesses or at the end of a wire harness above a ground
plane. A representative component to be measured is the load
impedance of motor. The impedance changes when the motor
works so that the conducted and radiated noises are time
dependent. So non-contact measurement of its load impedance
is required. In addition, since the disturbance on in-vehicle FM
radios is one of major issues in automobile EMC, we focus the
frequency limitation to 100 MHz. This is also because that,
when the frequency is higher than 100 MHz, some parasitic
components have to be considered in the measuring probes
[5] of the non-contact measurement system, which will greatly
increase the complexity of the measurement.

The structure of this paper is as follows. Section 2 intro-
duces the conventional non-contact impedance measurement
method. In Section 3, the transmission line theory is applied
to the wire harness section, and the conventional non-contact
measurement method is extended to the high frequency range.
Section 4 describes how to derive the characteristic impedance
and the propagation speed of the wire harness for applying the
transmission line theory. In Section 5, the measurement proce-
dure of the proposed measurement method is summarized, and
the experimental verification results are described in Section
6. Section 7 concludes this paper.

II. NON-CONTACT IMPEDANCE MEASUREMENT METHOD

Vector Receiving probe
|

network oo
analyzer I

Ior

Load

Zy,

Wire harness

Injecting probe

Fig. 1. Non-contact measurement system of load impedance.

Fig. 1 shows a measurement system for non-contact mea-
surement of the impedance Z; of the load connected to the
end of a closed loop of wire harness. The measurement system
consists of a current injecting probe, a current receiving probe
and a vector network analyzer. A current is applied from Port
1 of the network analyzer to the closed loop of the wire



JOURNAL OF KIgX CLASS FILES, VOL. XX, NO. XX, XX 2017

Fig. 2. Equivalent circuit of the measurement system.

harness via the current injectimg probe, and the output of the
current receiving probe is measured at Port 2. Fig. 2 shows
the equivalent circuit [4] of the measurement system.

In Fig. 2, Ly and Lo , V}1 and V3 , Z),1 and Zpy are the
inductance components, induced voltages, input impedances
of the current injecting probe and the current receiving probe,
respectively. L,, and r, are the inductance and resistance
components of the portion where the current is applied to
the wire harness. M7 and M5 are the mutual inductances of
the current injecting probe and the current receiving probe
with respect to the wire harness, respectively. Assuming that
the current flowing in the closed loop of the wire harness in
the equivalent circuit of Fig. 2 is I,,, we have the following
equation:

‘/1 50 + Zpl 0 —jw]b[l Il
0 | = 0 504 Zpy  jwMy I (1)
*VL *jw]\/fl ]wj\f[z Tw + ijw Iw

By rearranging this determinant eqation and eliminating the
currents Iy and I, flowing through the current injecting probe
and the current receiving probe, we can derive the load
impedance Zj, as follows:

Vit

ZL =K <‘/;,2> - Zsetup (2)

where K and Zy, are the calibration coefficients that are

functions of M, My, Z,1, Zp2, Ly, Ty, and represent the

characteristics of the measurement system. Also, the voltage
A .

ratio 7 is expressed as follows using S1; and S3; measured

by the ‘network analyzer:
Vi Su+l

Vi So1
The calibration coefficients K and Z,.,;, can be obtained

by performing calibration according to the following procedure
before measurement starts.

3)

e Measure S1; and Ss; when short-circuiting the end of
the closed 1008 with the network analyzer and obtain the
voltage ratio ﬁ; by (3).

e Measure S7; and S3; when the network termination of
the closed loop is known resistor Ry and obtain the
voltage ratio ﬁ; by (3).

o Calculate the calibration coefficients K and Zs¢y,,, by the
following equation:

PPort2

Vector Receiving probe
netwaork -
analyzer Wirc harncss
g2
Injecling probe
(@
Injecting o
Port2 probe Receiving
Vector probe
Sl Portl .
network | Por Wire harness
analyeer

Zs

(b

Fig. 3. Non-contact measurement system of load impedance when regarding
the wire harness as a transmission line. (a) Two parallel wires. (b) A wire
above a ground plane by considering the wire’s image with respect to the
ground plane as the return wire.

K — ZL‘ZL:RStd (4)
Yoy Vo1
Vo2 Zr.=Rsta V2 Z=short
V,
_ pl
Zsetup =K Vi (5)
p2 Z,=short

After obtaining the calibration coefficients K and Zgetup
of the measurement system, we can measure the S7; and So;
and substitute them into (2) and (3) to obtain the impedance
of the unknown load.

However, in this measurement method, the length of the
wire harness should be sufficiently short as compared with
the wavelength, and therefore it is a precondition that the
impedance viewed from the current injecting probe and the
current receiving probe to the load side is equal to the load
impedance. As a result, when the frequency becomes so high
that the length of the wire harness can not be ignored, the
measurement error becomes conspicuous, so that it can only
be applied to 20~30 MHz at present.

III. EXTENSION TO HIGH FREQUENCY BY APPLICATION
OF TRANSMISSION LINE CONCEPT

In order to expand this measurement method to higher
frequencies, we regard the two wires from the current injecting
probe and the current receiving probe to the load as a trans-
mission line. Figs. 3 and 4 show the measurement system and
equivalent circuit, respectively, here we consider two cases.
One case is a component connected at the end of two parallel
wires, and the other case is a component connected at the end
of a wire above a ground plane. We will show that the formula
for the load impedance is in the same form as (2).

A. Two Parallel Wires

Under the condition that the spatial interval between the
parallel wiring harnesses is sufficiently small compared with
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- 500
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Iy l 'h‘: Zpa

Injecting probe
Injecting probe

0 v,

(a)
Receiving probe
Q

Vi 500 50

L) el
" ‘;r.)\ B

Z

Fig. 4. Equivalent circuit of non-contact measurement system of load
impedance when regarding the wire harness as a transmission line. (a) Two
parallel wires. (b) A wire above a ground plane.

the wavelength with respect to the upper limit frequency (100
MHz), a current with opposite phase to the current applied
from the current injecting probe will flow at the receiving
probe location. This is actually a quasi-TEM propagation mode
assumption. In order to confirm this assumption, we analyzed
the current phase difference at the current injecting probe and
the receiving probe using an electromagnetic field simulator.
As a result, we confirmed the assumption valid as long as
the interval between the two wire harnesses is smaller than
1/10-wavelength.

For the equivalent circuit of Fig. 4(a), the voltage drop
equations in the three loops can be written as:

Vi =50+ Zp1) 1 — jwMiIyn (6)
0 = (50 + Zpg)lg + jwMQIwQ (7)
Vin = Vi, = —jwMil + jwMsl,

+jWwa1[w1 + jWL'wQIwQ (8)
Also, the following equation holds.
‘/;n = Zin-[w2 (9)

Vi = =ZiLun (10)

Then by eliminating I, I, V;, and V;, we obtain
V1

oM

TS0+ 7,

= ZmeZ + Zz{nlwl + ZsetupZIwQ (11)

where Zserupt and Zserup2 are functions of My, Ma, Ly,
L2, Zp1 and Zp,. Since the relationship between the currents
L1, Iy2 and the voltages V),1, V2 at the probe location on the
wire harness can be expressed using the transfer impedance
Zp1 and Zpo of the probe, we have

- Zsetupl le

V1
I = =2~ (12)
YT Zn
V2
Ty = 222 13)
2= 7 (
50+ Z
v =2 Sy (14)
Zp1
Substitute (12) - (14) into (11) we finally have
Zin =K (Y1) = Zooru (15)
V2

where K and Z.,, are different from those in (2) and are
given in (33) and (34) in Appendix, respectively.

Therefore, even if we regard the wire harness as a transmis-
sion line, its influence can still be included in the calibration
coefficients and an equation similar to (2) in Section II can
still be derived.

B. A Wire above a Ground Plane

When the wire harness is above a ground plane, we still
can regard the structure as a two-wire transmission line by
considering the wire’s image with respect to the ground plane.
In this case we can not arrange the two probes in the form as
in Fig. 3(a). So we have to arrange the two probes as shown
in Fig. 3(b) with the corresponding equivalent circuit in Fig.
4(b).

Again, (6) and (7) hold for this measurement system. But
instead of (8), we have

‘/zln - VA = _jUJMlll +.jWLw1[w1
Ve — Vin = jwMoIy + jwLyolys

(16)
a7
By summing up (16) and (17) and rearranging it using (9) and
(10), we obtain
Ve = Va = jwMsls + (jwLws + Zin) w2
—jwMiIi + (jwLw1 + Z.,) Lt (18)

On the other hand, for the wire segment between the two
probes, we can express it using F' matrix as

VA _ A B VB
FIEEN A a9
From (16) - (19) with the aid of (12) - (14), we can obtain V},,

and [I,o after some complicated operations, and then derive
Zin still in the following form

Vp1
Zin =K L) - Zse u
( Vp2 ) e
where K and Z,.y,), are different from those in (15) and are
given in (35) and (36) in Appendix, respectively.

(20)
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C. Application of Transmission Line Concept

In the conventional method described in Section II, the
impedance at the measurement point of S parameter is set
to the end load impedance Z;. However, it should be the
input impedance Z;,, as seen from the measurement position
in the case of two parallel wires and the case of a wire above
a ground plane in Fig. 4. Between Z;,, and Z;, the following
equation holds according to the transmission line theory [6].

Z1, + Zy tanh(yl)
°Zo+ 71, tanh ()

where Zy and v = « + j are the characteristic impedance
and propagation constant («: attenuation constant; 3: phase
constant) of the transmission line structure, respectively, and
l is the length of the wire from the measurement position to
the load. In view of that the considered frequencies are lower
than 100 MHz, the propagation loss is small for a wire harness
shorter than the wavelength, so that it is reasonable to only
consider the phase constant j3, i.e., v = jf3. For deriving the
calibration coefficients K and Zgtyy, it is necessary to regard
the part of the wire harness as a transmission line, and set the
end load as short-circuited or a standard resistance Rq. Then
we can have

Vo1
Zinlg —anors = K [ 2
|ZLfshort (‘/;72)

Vp1

From (23) and (24) we can obtain the calibration coefficients
K and Zctyp as follows

Z; 21

(22)

- Zsetup
Z1=short

(23)

- Zsetup

Zr=Rsta

K= Zin|ZL:Rstd - Zin‘ZL:short

(24)
Vo1 _ VY
Vo2lz, R VP2 |2 —short
v
— pl )
Zsetup =K Vi - Zl"'ZL:short (25)
P2 1Z, =short

Then the unknown load impedance at the end of the wire
harness can be obtained by first obtaining Z;,,|z; —unknown bY
(15) or (20) using the calibration coefficients K and Zgesyp,
and then by the following equation

ZL -z Zin|Z[j:unk:nown - ]ZO tan(ﬁl) ) (26)
Zy — ]Zin‘ZL=unknown tan(/ﬁl)

IV. ESTIMATION METHOD OF CHARACTERISTIC
IMPEDANCE AND PROPAGATION SPEED

The measurement system composed of the wire harness of
Fig. 3 basically has a structure of parallel lines. We therefore
need to estimate the characteristic impedance Z; and the phase
constant 3 of the wire harness when viewing the load side as
a transmission line from the position of the measuring probe.
They can be estimated at the same time of determining the
calibration coefficients K and Zg.,, by using three known
loads: short-circuited terminal load, Rg:q1 and Rgtqo.

First, by measuring S1; and S3; when terminating loads are
short-circuited, Rs:q1 and R q0, respectively, the voltage ratio

7 \7 v, .
ST Ve and 2+ are obtained. Next, the
P2lshort  "P? |Rgiar P2 1 Rstaz

% Receiving probe // N
IR Injecting probe

Alminum board

Wire on a printed circuit board

(b)

e
re

Fig. 5. View of verification experiment. (a) Two parallel wires. (b) A wire
above a ground plane.

relation between the input impedance Z;,, and the calibration
coefficients K and Zesup at the measurement position are
shown below

v
Zinlahore =K 37| = Zaetup 27)
P2 | short
Vi1
Zzn‘ =K £ - Zsetu (28)
Rstar ‘/pQ Rons P
Vi1
Z’in‘ =K £ - Zsetu (29)
Rstaz sz R P
Solving (27) and (28) for K and Zc4y, gives
Zin - Zzn
K = |short |Rstd1 (30)
Vo1 _ VY
Vp2 short V2 Rstal
V,
Zitp = K21 = Zinlops (31)
P2 [short

Substituting (30) and (31) into (29) yields the following

equation
Vpl Vp1
ZianStdQ - Zin|sh07‘t _ Vp2 Rgtan V2 short (32)
. — 7 V, V;
Z”l |sho7‘t Z'”L | Rsta1 VLA VLA
P2 | short p2 Rsta1

In (32), the left side is functions of the characteristic
impedance Z; and the phase constant 3, and the right side
can be obtained from the measured S;; and Ss;. Since Z
and w/fB = v (w : angular frequency; v: propagation speed)
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TABLE I
EXPERIMENTAL PARAMETERS

300 kHz - 100 MHz
Agilent ES071B

Frequency range
Network analyzer

Current probe ETS-91550-1
Length of wire harness 450 mm (I = 350, 400 mm)
Radius of wire harness 0.5 mm

Interval between wire harnesses
Height of wire harnesses

110 mm (Two parallel wires)
55 mm (A wire above a ground plane)

Short, 1 kS, 2 kG2
3k, 10 kQ
470 pF, 1000 pF

Calibration resistor
Load resistor to be measured
Load capacitor to be measured

TABLE 1I
ESTIMATED PARAMETERS OF TRANSMISSION LINE
Estimated Simulated
70 4980 Q 4876 Q2
v 2.8x108 m/S | 2.0x10% m/S

are constants irrelevant to frequency, we can estimate them
using the least squares method by taking them as unknowns
in (32). The fitting tool in Matlab is useful to this purpose.

V. MEASUREMENT PROCEDURE

The measurement procedure is summarized as follows:

e Measure S11 and Sy when the terminal loads are shorted,
Rgtq1 and Rgyq0, respectively, and calculate % from (3)
to obtain the right side of (32). At this time, accurate
Rsiq1 and Rgpq2 are measured in advance using an
impedance analyzer and a special jig.

o Apply the least squares method to (32) to estimate the
characteristic impedance Z, and propagation speed v.
 Derive the calibration coefficients K and Zct,, from
(30) and (31) using Z;, calculated from (21) when
the terminal loads are short-circuited, R, ;g1 and Rgtgo,

respectively.

e Measure S;; and Sz; when the load Z;, to be measured
is connected to the end of wire harness, and obtain
Zin|ZL:unknoum. from (15) or (20)

o Calculate the load impedance Z, from (26).

VI. EXPERIMENTAL VERIFICATION
A. Verification of Measurement Accuracy

The validity of the measurement method was experimentally
verified for both the case of two parallel wires and the case of a
wire above a ground plane. Table 1 shows the specifications of
the verification experiment, and Fig. 5 shows the experimental
view. For selecting the calibration resistor value, it is desirable
to use a short circuit terminal and an open terminal. However,
it is difficult to realize the open termination, and the accuracy
of a resistor with a large resistance value is generally not good
either. Therefore, in this study, besides the short circuit, the
resistors with 1 k2 and 2 k{2, that are not only larger than the
load assumed for automobile parts but also have sufficiently
high accuracy, were chosen for calibration. In fact, we have
experimentally confirmed that the calibration results were the

same when we changed the calibration resistor values between
1 k2 and 10 k. As long as the calibration resistors were
larger than several k{2s, no obvious difference was observed
in the measured load impedance.

Table 2 shows the characteristic impedance Zy and propaga-
tion speed v of the wire harness estimated when Rgq; = 1 k)
and Rggo = 2 k. The estimated values are the fitting
results for (32), while the simulated values are obtained
for a simplified model of the measurement system using an
electromagnetic field simulator (2D Extractor). Two reasons
can be considered for the differences between the estimated
and simulated values. One reason is the fitting error in Eq.
(32). The other reason is due to simplification of modeling,
because the injecting and receiving probes were not taken
into consideration. In fact, both of them contributed to the
differences in Table II. In other words, the estimated parameter
Zy and v actually contains the influences of probes and others
that are difficult to be obtained by a simple two-dimensional
simulation or theoretical formula.

Fig. 6 shows the absolute values of the measured load
impedance in the case of two parallel wires where the position
of the probes was 400 mm from the terminal load, and Fig.
7 shows the absolute values of the measured impedance in
the case of a wire above a ground plane where the position
of the probes was 350 mm from the terminal load. In both
case the left side of the measurement system was shorted,
i.e., Zs = 0, but it was not necessary to know its actual value.
For comparison, the conventional method without applying the
transmission line theory and the actual values measured by an
impedance analyzer are also shown.

From Figs. 6 and 7, it can be seen that the discrepancy from
the actual value becomes conspicuous when the frequency is
30 MHz or more in the conventional method. However, in
the proposed method, they agree with an error within 10%
up to 100 MHz. Moreover, the resonance frequency which
was difficult to confirm by the conventional method in the
measurement of capacitive load could be confirmed in the
proposed measurement method. It should be mentioned that,
although the wires used in the experiment were not sufficiently
long with respect to typical automotive harness, they indeed
demonstrated the insufficiency of the conventional method.
Without employing the transmission line theory as proposed,
the validity of the measurement method is limited to below
20~30 MHz. While employing the proposed method, the
validity of measurement has been extended to up to 100 MHz.
So the experimental structure in this study is useful to validate
the proposed extension, and the principle is also same when
applying the method to longer wires.

Incidentally, the reason of the errors between the measure-
ment results and the actual values may be due to an error
of the characteristic impedance and propagation speed of the
wire harness, or the influence of a parasitic component of
the wire portion at the load. In order to clarify the influence
of estimation error of the characteristic impedance Z; and
propagation speed v on load impedance measurement, we
conducted an error analysis. For the case of two parallel wires
with a resistor of 3 k2, we assumed a £10% difference from
the actual values of Z; and v, and used them to derive the
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Fig. 6. Measured absolute values of impedance in the case of two parallel wires (I = 400 mm, Zs = 0). (a) Load resistor = 3 k2. (b) Load resistor = 10 k2.

(c) Load capacitor = 470 pF. (d) Load capacitor = 1000 pF.

TABLE III
INFLUENCE OF Zy AND v ON MEASUREMENT ERROR OF LOAD IMPEDANCE
Relative error | 1 MHz 10 MHz 50 MHz 100 MHz
Zo: +10% -0.2% -0.7% -2.9% -2.3%
Zo: -10% -0.2% 0.2% 3.8% 5.0%
v: +10% 0.0% 0.0% 6.9% 15.7%
v: -10% 0.0% -1.0 % -8.1% -11.6%

load impedance. Table III summarizes the measurement result.
It can be seen that the estimation error of load impedance
is more sensitive at higher frequencies and for propagation
speed v. An estimation error of 10% on Z; or v may yield a
measurement error on load impedance up to 0.7% at 10 MHz
and 15.7% at 100 MHz.

B. Effect of Loading at the Left Side

In the derivation of the estimation formulas, we mentioned
that the calibration coefficients include the influence of the left
side load of the transmission line, which was also experimen-
tally verified. The measurement was carried out when a load
(Zs = 51Q) was attached to the left side of the loop which had
been short-circuited so far. But in applying the measurement
method, we assumed it as unknown. The measurement result
is shown in Fig. 8. As can be seen, the load impedance on
the right side of the circuit loop was correctly measured even
when a load was attached to the left side.

C. Application to Motors under Operation

As an actual example of applications, we applied the pro-
posed method to measure the load impedance for two commer-
cial motors (named as Motor A and B) under operation. The
measurement setup is the same as the case of a wire above a
ground plane. The right side was connected to the motors, and
the left side was connected to a battery. The length of wire
was one meter. The battery had a switch for power on and
off to make the motors operate or not. When calibrating the
measurement setup, we employed a resistor of 51 (2 instead
of the short termination because shortening the motors is
dangerous for battery. The other two calibration resistors were
still 1 kQ and 2 k€2 Fig. 9 shows the measured absolute
values of load impedance when the two motors operated
or not, respectively. It is obvious that the motor impedance
differed from the power-off condition when they were under
operation conditions. The load impedance for the motor in
Fig. 9(a) was inductive at frequencies below 7 MHz, and then
became conductive at frequencies above 7 MHz. When the
power was on, the load impedance varied within a range at
some frequencies, and a new peak frequency was observed
around 60 MHz. In Fig. 9(b), the motor’s load impedance
exhibits a capacitive characteristic at low frequencies and then
an inductive characteristic above tens of MHz. This feature
was explainable from the structure of the motor where two
capacitors were connected between each output terminal and
the motor housing. But a shift of resonance frequency from
10 MHz to 18 MHz was observed when the power was on.
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Fig. 7. Measured absolute values of impedance in the case of a wire above a ground plane (I = 350 mm, Zs = 0). (a) Load resistor = 3 k2. (b) Load resistor

=10 k2. (¢) Load capacitor = 470 pF. (d) Load capacitor = 1000 pF.

These results suggest that just measuring the load impedance
under the power-off condition is insufficient, and a non-contact
measurement method as described in this study is essential.
However, under the power-on condition, high frequency
noises from the motors may also flow along the wire harness
and thus affect the accuracy of measurement. So the injecting
current from the probe should be as large as possible in order
to make the influence of noise currents insignificant. For Fig. 9,
in view of the good reproducibility on the measured impedance
for the two motors, the influence of high frequency noises
seemed not noticeable, because a time-varying motor noise
should yield a low reproducibility of impedance measurement.

4000
3000 —
N
a
=, 2000
N — Proposed method
— Conventional method
1000+ Actual value
O L L
0.1 1 10 100
Frequency [MHZ]

Fig. 8. Measured absolute values of impedance of a resistive load when an
unknown load (Z57£0) was attached to the left side.

VII. CONCLUSIONS

Non-contact measurement of the impedance of load at
the end of wire harness is important in predicting emission
and immunity characteristics. However, the conventional non-
contact impedance measurement method using the network
analyzer and current probes is limited to 20~30 MHz even if
an error of 10% is allowed. In this study, we have proposed to
apply the transmission line theory to the conventional method
for extending it to higher frequencies. We have also proposed
a method to estimate the actual characteristic impedance
and phase constant for applying in our proposed non-contact
impedance measurement. As a result of experiments, the load
impedance up to 100 MHz has been measured with an error
within 10% for both resistive loads and capacitive loads. The
measurement results for two motors under operation condi-
tion have also demonstrated the importance of non-contact
impedance measurement.

A future subject is to quantitatively study the possible
influence of high frequency noise currents from an active load,
and extend the measurement method to higher frequencies.
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APPENDIX
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