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Abstract—Low frequency radiated emissions problems are 
often caused by common mode currents flowing on wiring 
harnesses. The ability to predict radiated emissions problems 
early in the design process can save both time and money and 
result in a better product. Methods have previously been reported 
for rapidly characterizing common-mode sources driving a 
harness and then using these equivalent sources to predict 
radiated emissions. These methods are extended in the following 
paper to predict radiated emissions from a complex 32-wire 
harness bundle connected to an engine control unit. Rapid 
experimental characterization of the common mode sources is 
enabled using an equivalent cable bundle approximation of the 
original harness, where wires with roughly equivalent source and 
load impedances are lumped together and treated as a single 
equivalent wire. Sources driving the equivalent bundle were found 
using a specialized measurement fixture. Only a few 
measurements are required, even if there are many wires 
associated with the source and they originate at different ports on 
the component. Full-wave models of the equivalent harness were 
built and along with the equivalent source were used to predict 
radiated emissions. This model was able to predict radiated 
emissions from 20-300 MHz with reasonable accuracy, with peak 
emissions typically predicted within about 6 dB of measurements, 
when using multiple different harness lengths and routings. 

Keywords—cable harness, common-mode source, engine control 
unit, common-mode currents, radiated emissions, measurement. 

I.  INTRODUCTION  

An automotive component connected to a wiring harness can 
drive common mode currents on the harness and generate 
radiated emissions [1]. When the common mode currents are 
known, the radiated emissions can be accurately predicted [1]-
[3]. While many component level tests measure these common 
mode currents, their values may vary dramatically if system 
conditions like the load impedances or harness configuration is 
changed [7]. The common mode currents can be predicted with 
substantial information about the system [4]-[6], but this level of 
information is often not available or is exceedingly difficult to 
measure.  

A method was proposed in [8] to rapidly characterize the 
common mode sources driving a harness bundle by taking 
advantage of the generalized equivalent cable bundle method to 
reduce the number of sources that must be characterized 
[9],[10]. Using this technique, the wires in the harness, and by 

extension the sources, can be lumped together when the sources 
and loads are of similar impedance. As a result, the hundreds of 
measurements that might be required to characterize a harness 
containing tens of wires is reduced to only a few. The harness 
studied in [8] to demonstrate this proof of concept included only 
seven wires which could be reduced to two groups in the 
equivalent harness bundle, and was not representative of a 
modern automotive component like an engine control unit 
(ECU). Only the common mode currents were predicted in this 
study. 

The work in [8] is extended in the following paper to predict 
the radiated emissions from a 32-wire harness bundle that can 
be reduced to a four-wire equivalent harness bundle. Since this 
bundle consists of four sources which originate from multiple 
ports on the ECU, a much more sophisticated measurement and 
simulation process is required than in the previous example. 
Section II introduces the equivalent common mode source 
model. Methods required to characterize the source are given in 
Section III. The simulation approach is presented in Section IV, 
and are compared to measurements in Section V. Conclusions 
are given in Section VI. 

II. EQUIVALENT COMMON-MODE SOURCE MODEL 

A typical configuration of an N-wire harness is shown in Fig. 
1. Each circuit has its own voltage source, source impedance and 
load, as well as parasitic coupling between the wires and to the 
common mode return. This N-wire harness can be regarded as a 
multiconductor transmission line. Using the generalized 
equivalent cable bundle method an N-wire harness can be 
approximated with an equivalent 4-wire multiconductor 
transmission line at a given frequency [9]. Here, wires are 
grouped according to the size of their common-mode source and 

 
Fig. 1. Common-mode circuit describing an N-wire harness. 
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load impedances relative to the common mode impedance of the 
bundle, ZCM. That is, wires with source and load impedances ZS 
and ZL are grouped together when a) ZS>ZCM and ZL>ZCM, b) 
ZS<ZCM and ZL>ZCM, c) ZS>ZCM and ZL<ZCM, or d) ZS<ZCM and 
ZL<ZCM. Only a single equivalent source and load needs to be 
characterized for each group, dramatically simplifying the 
measurement process. As a result, an equivalent common-mode 
source can be modeled as a four-port admittance network with 
four equivalent parallel current sources, as shown in Fig. 2. The 
four-port admittance network is described by a Y4p file which 
can be measured using a Vector Network Analyzer (VNA) and 
represents the common-mode source impedances of the 
modeled component. The current sources, I1-I4, are found from 
measurements of the source voltages at each equivalent port. 
The ports, S1-S4, drive the individual wires of the equivalent 
harness model. The equivalent harness and load can be modeled 
in a full-wave solver to determine the common-mode current on 
the harness and the resulting radiated emissions. If applying the 
technique over a broad frequency range, more than four 
equivalent sources may be required as will be explained further 
below. 

 
Fig. 2. Equivalent 4-port common-mode source model 

III. CHARACTERIZATION OF COMMON-MODE SOURCE 

The system to be characterized is shown in Fig. 3 and Fig. 4. 
The ECU is being used to drive a harness consisting of 32 wires. 
The wires are each driven from one of three ports on the ECU 
(ECU1-ECU3). To reduce the number of equivalent sources and 
equivalent cable bundles, the harness was divided into groups 
based on the similarity of source- and load-impedances driving 
each wire in the 32-wire harness. In the equivalent harness 
bundle technique, wires are grouped according to the relative 
size of their source and load impedances compared to the 
characteristic impedance of the transmission line. In a real 
harness, however, the impedance of a source or load may change 
over frequency so that an impedance that was initially lower than 
the characteristic impedance at one frequency may be higher 
than the characteristic impedance at another or vice-versa. Since 
many wires in a transportation system harness will have similar 
types of common mode source or load impedances (e.g. load 
impedances that are all large resistances, or are all inductive, use 
that the same common-mode capacitive protection, etc.), wires 
were grouped here according to the similarity of the impedances 
seen at the two ends of the harness rather than their value relative 
to the characteristic impedance. This method of grouping may 
result in more groups than are ideally required by the equivalent 
harness bundle technique, but it also allows a single set of 
measurements and a single model to be applied over a large 
frequency range of interest. The 32 wires in the harness studied 

here were divided into four groups: the first group (called group 
G1) for the fourteen power wires (12V and 0V) which are 
connected to a Line Impedance Stabilization Network (LISN) at 
the far end and are assumed to be “shorted” together at high 
frequency at the ECU, the second group (G2) for the 7 wires 
connected to large resistive loads, the third group (G3) for the 5 
wires connected to inductive loads around 120 nH, and the last 
group (G4) for wires loaded with small capacitances. The fact 
that the bundle could be reduced to four groups is a coincidence, 
and is not explicitly related to the four groups specified in the 
equivalent cable bundle method. 

 
Fig. 3. The system under test consisted of an ECU connected to a 32-wire harness 
run over a metal ground plane. 

 

The ECU drives the harness through three ports, (ECU1-
ECU3), as shown in Fig. 4. The wires associated with each 
group may come from more than one of these ports, which 
means that a measurement fixture must be constructed which 
allows measurement at all three ports simultaneously. The ports 
are extended out from the surface of the ECU and separated by 
short metal ridges. Their physical configuration makes it 
difficult to use a single PCB or similar fixture to measure the 
source characteristics of each group, as was done in [8]. Such a 
fixture would cause unacceptable parasitics here. 

To overcome this issue, the ports were characterized with 
respect to the voltages and currents seen at a vertical plane 

  
                            (a)                                                           (b) 

 
(c) 

Fig. 4. ECU and characterization board. (a) Shape of ECU; (b) Top view of 
fixture; (c) Front view of fixture and four SMA ports. 
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placed a short distance from the ports themselves, as shown in 
Fig. 4b and 4c. Doing so allows all the individual wires to be 
pulled into a harness configuration, as it would in the real 
application, and allows characterization of the source not at the 
ECU port locations but at a location where the harness begins to 
travel away from the ECU and into the rest of the system. Since 
the source characterization already includes a short portion of 
the harness, it should be noted that the source should be applied 
at the measurement plane in later simulations rather than at the 
ECU1-ECU3 port locations themselves. Four measurement 
ports are shown on the measurement plane in Fig. 4c, one for 
each group G1-G4. A DC block is placed between the power and 
signal pins and the measurement port so that measurements may 
be made while the ECU is powered. The measurement reference 
plane is electrically connected to the ECU enclosure. 

Four-port VNA measurements were used to find the Y-
parameter impedances associated with the four equivalent 
common mode sources for each group, as indicated in Fig. 5. 
The voltages driven by each port on the measurement plane were 
measured with a 4-port oscilloscope while the ECU was 
powered by a 12V DC battery. Using an oscilloscope allows 
measurement of both the magnitude and relative phase of signals 
at each port. The relative phase is critical for accurately 
determining the total common mode current on the harness. The 
time domain data was transformed into the frequency domain 
using the short-time Fourier Transform (STFT) for further 
analysis. 

  
                              (a)                                                           (b)     

Fig. 5. Characterization of source impedance. (a) Admittance network and 
current sources; (b) Currents at and between ports. 

 The voltages and impedances found at the measurement 
plane can be used to calculate the source currents described in 
Fig. 5a. The voltage at the oscilloscope is measured across the 
50-ohm oscilloscope impedance in parallel with the source 
admittances. Including this parallel combination, the total 
admittance at the scope is given by: 

1
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(1)   

where 𝑌௜௝  are the Y parameters describing the source 
impedance, as measured by the VNA, and 0.02 Ω-1 represents 
the 50 ohm oscilloscope impedance. The currents flowing in 

each branch of the source admittance matrix are shown in 
Fig. 5b. Solving at each node, the currents are related as: 

11 1 1 22 2 2 33 3 3 44 4 41

12 2 1 12 13 3 1 13

14 4 1 14 23 3 2 23

24 4 2 24 34 4 3 34

, , , ,

( ) , ( ) ,

( ) , ( ) ,

( ) , ( )

i V Y i V Y i V Y i V Y
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   

   

   

   

 
(2)   

where iij are given are the frequency-domain branch currents 
shown in Fig. 5b, and Vi is the frequency-domain voltage at each 
port (both magnitude and relative phase). The magnitude and 
phase of the source currents I1-I4, are then given by: 

1 11 12 13 14

2 12 22 23 24

3 13 23 33 34

4 14 24 34 44

I i i i i

I i i i i

I i i i i

I i i i i

   

    

    
    

 
(3)   

IV. SIMULATION MODEL 

An equivalent harness bundle was created following the 
approach described in [9]. In this approach, each group of wires 
is used to create a single conductor in the equivalent harness, as 
shown in Fig. 6. Assuming the original harness as a uniform 
cross-section along its length, the 32-wire harness can be 
described using its per unit length RLGC matrices. The RLGC 
matrices for the reduced harness are found by summing self and 
mutual terms of the 32-wire RLGC matrices according to the 
grouping of the wires, as shown in [9]. The height of each 
equivalent conductor is given by the average height of the wires 
in the group. The radius of each equivalent wire is set to realize 
the self inductance associated with the group, and the distance 
between the conductors is set to realize the effective mutual 
inductance between the groups.  

 
Fig. 6. Illustration of the creation of an equivalent harness bundle from the 
grouped wires. 

Radiated emissions and common-mode currents were 
measured while the ECU was driving the harness as shown in 
Fig. 3, similar to a CISPR 25 radiated emissions test. A full wave 
simulation model was built in CST to predict these radiated 
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emissions and common-mode currents as shown in Fig. 7. The 
harness was modeled using the four equivalent conductors as 
shown in Fig. 8. The harness loads were modeled in parallel as 
in [9]. The ECU and LISN were modelled as rectangular blocks. 
The wire representing the group G1 in the equivalent harness 
was connected to the LISN model via a 50-Ω port. In the 
measurement, the loads at the end of the harness were connected 
to the return plane through a short wire, so that the harness could 
maintain a consistent height along most of its length. These short 
wires were included in the CST model. The source at the ECU 
was modeled using a wave port, to account for the fact that the 
source is defined at a measurement plane as in Fig. 4c. A full 
wave model was also built of the SCHWARTZBECK VHBB 
9124 4:1 BALUN biconical antenna used to measure radiated 
emissions in the experiments. A 200-ohm impedance was used 
at the antenna port to account for the antenna balun, so as to 
avoid modeling the balun itself.  

 
Fig. 7. CST model of the radiated emissions test setup. 

   
Fig. 8. Modeling of the harness bundle. (Left) Waveport driving the harness. 
(Right) Close up of the equivalent harness bundle. 

Full-wave simulations were performed with the antenna in a 
vertical and horizontal polarization to find the S-parameters 
relating the nine simulation ports shown in Fig. 7. These S-
parameters were used in a SPICE model as shown in Fig. 9 along 
with the ECU source model to predict the radiated emissions that 
would be measured from the ECU. The S parameter description 
of the test set up (S9P in Fig. 9) was recalculated if the harness 
position or length was changed. 

V. RESULTS 

Fig. 10 shows a comparison of the measured and predicted 
common mode currents on a 1 m harness 5 cm above the return 
plane run straight between the ECU and LISN. The common 
mode currents were predicted within less than 6 dB from 20-200 
MHz, confirming the accuracy of the approach. The prediction 
falls below the measurement above 200 MHz, where the 
common mode current measurements were at the noise floor of 
the measurement instrument. 

 

 

Fig. 9. Circuit model combining the source characterization of the ECU along 
with the full-wave model of the measurements setup in Fig. 7 used to find the 
radiated emissions from the system. 

 

 
Fig. 10. Comparison of predicted and measured common mode currents on a 1-
m long harness. (Top) Measured at the ECU; (Bottom) Measured at the LISN. 

A comparison of the measured and simulated radiated 
emissions from the 1-m long harness are shown in Fig. 11. To 
more easily compare the prediction with the measurement, 
measurement “noise” was added to the estimated radiated 
emissions according to the following equation:  

2

EMI dBm Gain Noise
2 200

aV 
     

 

where Gain is the amplifier gain and noise is the noise floor of 
the spectrum analyzer when using a 100 kHz RBW. Predicted 
emissions are within and about 3 dB from 20-300 MHz. 
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Fig. 11. Comparison of predicted and measured radiated emissions from the 
setup in Fig. 3 using a 1 m long harness. (Top) Vertical polarization; (Bottom) 
Horizontal polarization. 

To further test the limits of the proposed approach, radiated 
emissions were studied for two additional configurations. 
Fig. 12 shows the radiated emissions predicted for a straight 
harness that is 161 cm long. While there continues to be good 
correlation in the trend, errors are somewhat bigger than the 1-
m long case. Peaks in the measurement are still generally 
captured well and results are within about 6 dB, with a possible 
exception at roughly 180 MHz where a resonance frequency 
was shifted and the emissions are over-estimated. 

 
Fig. 12. Comparison of predicted and measured radiated emissions from the 
setup in Fig. 3 using a 161 cm long harness. (Top) Vertical polarization; 
(Bottom) Horizontal polarization. 

Another scenario was tested where one group of wires was 
pulled away from the rest as shown in Fig. 13, similar to what 
would happen when the harness branches and connects to two 
different components. The length of the branch is about 27 cm, 
accounting for 17% of the total 161-cm harness length. The 
measured and predicted radiated emissions for this case are 
shown in Fig. 14. The emissions continue to have good 
correlation with the measurements. 

 
Fig. 13. Test case where one group of wires branched away from the rest. 

 
Fig. 14. Comparison of predicted and measured radiated emissions when the 
setup uses a 161-cm long harness with one wire group branching away from the 
rest. (Top) Vertical polarization; (Bottom) Horizontal polarization. 

VI. DISCUSSION AND CONCLUSIONS 

Methods previously developed to characterize the common 
mode sources associated with a component and to predict 
common mode currents on an equivalent two-wire harness 
bundle were extended here to predict radiated emissions from a 
more complicated harness bundle where the equivalent harness 
bundle contained more equivalent conductors. The extension 
was enabled in part by using admittance parameters to 
characterize the source impedances, which allows determination 
of multiple common mode current sources driving the harness. 
Wires in the original harness were grouped together when they 
were expected to have similar source and load impedances, so 
that the groupings could be used over the entire frequency range 
of interest. To allow accurate representation of the equivalent 
sources, which for a single group of wires could be driven in part 
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from three separate ECU ports, the sources were characterized 
at a plane a short distance from the ECU where the wires had 
already come together to form the wire harness bundle. 3D 
simulation models driven by the equivalent component source 
were used to predict common mode currents and radiated 
emissions from the ECU connected to multiple different harness 
configurations. The shape of the emissions were generally 
predicted well and peak emissions were found within about 6 dB 
of those found in measurements. These results demonstrate the 
approach can predict emissions with good accuracy in a realistic 
test scenario. One challenge to predicting results was accurately 
representing differential mode resonances within the harness 
and the resulting differential-to-common mode conversion. The 
main advantage of this approach is that it allows relatively fast 
measurement of the source characteristics using only a few 
measurements, rather than measuring the characteristics of 
every wire in the bundle and the impedances between them. 
Simulation complexity is also improved since only a few 
conductors must be modeled in the equivalent harness bundle. 
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