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ABSTRACT 

A new method to visualize coupling path is proposed to help solve EMI problems. 

Based on the reciprocity theorem and the concept of reaction, coupling coefficient (CC) is 

defined to characterize coupling power density. For two-port networks, surface integral of 

CC can represent coupled voltage on the open-circuited port or coupled power on the 

loaded port. For dipole-moment based systems, surface integral of CC can represent 

coupled field components. The calculated CC should be a complex scalar at each point. By 

properly adjusting the excitation phases, the imaginary part of surface integral of CC will 

be zero and thus can be ignored. Also, the conservative property of the surface integral of 

CC makes it suitable for tracing the coupling path. Therefore, the coupling path 

visualization is fulfilled by plotting the real part of CC over the space between aggressor 

and victim. The calculated CC in rectangular coordinates has been applied in several full-

wave simulations, and the coupling paths between aggressor and victim are clearly 

visualized. However, the limitation of using CC in rectangular coordinates is that the 

coupling paths around the aggressor or victim cannot be well characterized because the CC 

in rectangular coordinates is invalid in the region that is not between aggressor and victim. 

The CC in spherical coordinates is proposed to overcome this limitation. It also has been 

successfully applied in the coupling visualization for automotive intentional 

electromagnetic interference (IEMI) simulation.  



 

 

iv 

ACKNOWLEDGMENTS 

I would like to thank everyone who helped me during the past two years. My 

advisor, Prof. Chulsoon Hwang, provided me many interesting research topics and projects. 

His guidance to the correct research direction was very important and helpful for me. It 

helped me to clearly understand what I should do and motivated me to move forward. Also, 

thanks to his patient review and comments on my paper manuscripts and presentation 

slides, my writing ability and expression capability improved a lot. My committee 

members, Prof. Jun Fan and Prof. David Pommerenke, also gave me much help in my study 

and research. Participating in Prof. Fan’s group meeting broadened my vision and 

knowledge. From Prof. Pommerenke’s RF measurement and design courses, I learned 

useful skills on measurement and circuit design. Senior students helped me to 

accommodate the study and research in the USA. Qiaolei Huang, especially, gave me many 

suggestions and resources in terms of courses and projects at the beginning. Last but not 

least, thanks to the EMC laboratory who supported me with stipends during the last two 

years. I am very lucky and glad to be a graduate student and research assistant in the lab. 

Many thanks and best wishes to everyone in the EMC Laboratory! 

 

 



 

 

v 

TABLE OF CONTENTS 

Page 

ABSTRACT ....................................................................................................................... iii 

ACKNOWLEDGMENTS ................................................................................................. iv 

LIST OF ILLUSTRATIONS ............................................................................................ vii 

LIST OF TABLES ............................................................................................................. ix 

SECTION 

1. INTRODUCTION ...................................................................................................... 1 

2. MATHEMATICAL FORMULATION ..................................................................... 3 

2.1. RECIPROCITY THEOREM .............................................................................. 3 

2.2. REACTION ........................................................................................................ 4 

2.3. COUPLING COEFFICIENT .............................................................................. 5 

3. PHYSICAL INSIGHT ............................................................................................... 8 

3.1. OPEN CIRCUIT VOLTAGE ............................................................................. 8 

3.2. COUPLED POWER ON THE LOAD ............................................................. 11 

3.3. DIPOLE-MOMENT BASED SYSTEM .......................................................... 16 

4. COUPLING PATH VISUALIZATION IN RECTANGULAR COORDINATES . 19 

4.1. VISUALIZATION METHOD ......................................................................... 19 

4.2. COUPLING BETWEEN TWO DIPOLE ANTENNAS .................................. 20 

4.3. COUPLING IN RFI PROBLEMS .................................................................... 24 

5. COUPLING PATH VISUALIZATION IN SPHERICAL COORDINATES ......... 26 

6. APPLICATION IN AUTOMOTIVE IEMI ............................................................. 28 



 

 

vi 

6.1. IEMI SOURCE MODELING ........................................................................... 28 

6.2. COUPLING PATH VISUALIZATION FOR IEMI SIMULATION .............. 36 

7. CONCLUSION ........................................................................................................ 41 

BIBLIOGRAPHY ..............................................................................................................42 

VITA ..................................................................................................................................44 

 

 



 

 

vii 

LIST OF ILLUSTRATIONS 

 Page 

Figure 2.1. The closed surface covers the entire space ....................................................... 3 

Figure 2.2. The closed surface that separates two sources ................................................. 5 

Figure 2.3. Infinite large plane surface that separates two sources .................................... 6 

Figure 3.1.  Coupling between the open circuit antennas ................................................... 8 

Figure 3.2. The procedure to avoid imaginary part of the coupled voltage ........................ 9 

Figure 3.3. Two half-wavelength dipole antennas with open circuit ports ....................... 10 

Figure 3.4. The real part of CC on a large plane............................................................... 11 

Figure 3.5.  Coupling between two antennas with load .................................................... 12 

Figure 3.6. Two half-wavelength dipole antennas with loads .......................................... 14 

Figure 3.7. The real part of CC on a large plane............................................................... 15 

Figure 3.8.  Dipole-moment based system........................................................................ 17 

Figure 3.9. Two dipole moments ...................................................................................... 18 

Figure 3.10. The real part of CC on a large plane............................................................. 18 

Figure 4.1. The conservative property of the surface integral of CC ............................... 19 

Figure 4.2. Plotting the magnitudes of Poynting vector ................................................... 20 

Figure 4.3. The 3D coupling path of two dipole antennas ................................................ 21 

Figure 4.4. The 3D coupling paths that penetrating apertures .......................................... 22 

Figure 4.5. Quantification of the coupling path ratios ...................................................... 23 

Figure 4.6. A typical RFI model in HFSS ........................................................................ 24 

Figure 4.7. The real part of CC on a large cross section ................................................... 25 



 

 

viii 

Figure 4.8. The coupling path visualization for the RFI model ........................................ 25 

Figure 5.1. Limitation of using CC in rectangular coordinates ........................................ 26 

Figure 5.2. Using CC in spherical coordinates ................................................................. 27 

Figure 6.1. Standard mesoband source ............................................................................. 29 

Figure 6.2. Measurement set-up for the IEMI source modeling ....................................... 30 

Figure 6.3. Measurement set-up for the IEMI source modeling ....................................... 30 

Figure 6.4. IEMI source measurement data ...................................................................... 31 

Figure 6.5. The equivalent dipoles .................................................................................... 34 

Figure 6.6. E-field comparison at the center column, 3m ................................................. 35 

Figure 6.7. The comparisons of the maximum values in the waveform ........................... 36 

Figure 6.8. IEMI experiment for car ................................................................................. 37 

Figure 6.9. Illustration of the simulation model ............................................................... 37 

Figure 6.10. Comparison when the source is 3m in front of the car ................................. 38 

Figure 6.11. Simulation models based on the reciprocity theorem................................... 39 

Figure 6.12. Coupling path when IEMI source is located in front of the car ................... 39 

Figure 6.13. Coupling path when IEMI source is located on left side of the car ............. 40 

 



 

 

ix 

LIST OF TABLES 

 Page 

Table 4.1. Coupling path ratios ......................................................................................... 23 

 



 

 

1. INTRODUCTION 

Making the coupling path as inefficient as possible is a common approach to 

prevent unintentional interference. It might be easy to determine the coupling path between 

a few ideal behavior components. However, non-ideal behavior of components and hidden 

schematics may cause unanticipated emissions and make it difficult to identify the coupling 

path [1]. Since the modern electronic system is becoming more and more complicated, 

visualization will gradually become the inevitable and most straightforward method to 

characterize the coupling path. 

Much effort has been given to identifying the coupling path through visualization 

[2]-[6]. A coupling path visualization method based on measurement has been introduced 

[2], but it can only be applied in specific cases where the transmitted signal is discontinuous 

and cannot be overlapped with the reflected signal. Moreover, this method requires 

knowledge of possible coupling paths in advance. In order to identify the coupling path 

without predetermination, the theoretical method is needed. The established theoretical 

methods include ray-tracing algorithms that use the rules of geometrical optics [3] or 

diffuse scattering [4] and the energy parcel and its trajectory concept that characterizes 

electromagnetic energy flow [5][6]. However, for the coupling issues, it is insufficient to 

only trace the energy flow of the transmitting sources. Even if Poynting vectors were found 

to be directed at the receiving structure, it is difficult to conclude that all energy represented 

by these vectors was finally coupled on the victim. For example, the part of energy reflected 

by the victim was not considered in these methods. Instead of the transmitting energy, the 

concept of coupled energy should be applied in the coupling path visualization. Rumsey 
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first gave the name “reaction” to represent the quantity that closely relates to the coupled 

energy between two sources [7]. The reaction theorem was then used in the mutual 

impedance calculation [8]. A coupling path visualization method using the concept of 

vector impedance density was proposed in [9]. This method overcame the limitation of 

plotting transmitter’s Poynting vector. However, the physical meaning of the mutual 

impedance is not directly associated with the coupling path, and thus it is not 

straightforward for engineering insight. Besides, the mutual impedance concept requires 

an ideal current source connected to the aggressor port and open termination to the victim 

antenna, which is usually not the case in most practical problems. Therefore, a new 

coupling path visualization method is needed to characterize the coupling energy and be 

easily applied to engineering problems. 

A new method to visualize the coupling path by using the concept of “reaction” and 

the reciprocity theorem is proposed. Instead of using the most widely used form of 

reciprocity by assuming the closed surface extends to infinity, closed surfaces that separate 

two sources are selected in the derivation. A complex scalar called the coupling coefficient 

(CC) is defined. The surface integral of CC can represent the coupled power on the load. 

The plotting of CC on each surface indicates the distribution of the coupling power density 

on that surface. By moving the surface over space, the coupling paths can be formed. 

Taking advantage that the defined parameters can be calculated in the commercial full-

wave simulation tools, the coupling path can be easily visualized together with the 

simulation model. Thus, the proposed method can be widely used in solving EMC 

problems. 



 

 

3 

2. MATHEMATICAL FORMULATION 

2.1. RECIPROCITY THEOREM 

Assume that within a linear, isotropic medium, there are two sets of sources 1 1,J M  

and 2 2,J M  that produce fields 1 1,E H  and 2 2,E H , respectively. For the fields to be valid, 

they must satisfy the following equation:  

   1 2 2 1 1 2 2 1 2 1 1 2
ˆ ' '

S V

E H E H ds E J H M E J H M dv                  (1) 

Equation (1) is known as the Lorentz reciprocity theorem in integral form [10]. It 

is directly derived from Maxwell’s equation without other assumptions [11]. In (1), V is 

the space enclosed by a surface S. There is no limitation on this closed surface. In particular, 

the left side of (1) is equal to zero when the surface S extends to the infinity. 

 

 

Figure 2.1. The closed surface covers the entire space 

 

As shown in Figure 2.1, the surface S is far away from the sources. The propagation 

on the infinitely large surface S becomes plane wave. The left term of (1) can be written as 



 

 

4 

2 1
1 2

ˆ ˆ ˆ ' 0
S

E E
E n E n ds

 

    
            

    
                    (2) 

In (2), η is the wave impedance, and n̂  is the unit normal vector of the surface S, 

which is also perpendicular to 1E  and 2E . In this case, the reciprocity theorem can be 

simplified to 

   1 2 1 2 2 1 2 1' '
V V

E J H M dv E J H M dv                             (3) 

Equation (3) is the commonly used form in the radio frequency interference 

estimation [12-14].  

2.2. REACTION 

Reaction is the quantity represented by the integrals in the reciprocity theorem. Its 

definition is given by [7],   

 

 
1

2

2 1 2 1

1 2 1 2

2,1 '

1,2 '

V

V

E J H M dv

E J H M dv

   

   




                                       (4) 

The symbol 2,1  represents the reaction from source 2 to source 1. In Figure 2.2 

(a), the source 1J  and 1M  are enclosed by the surface 1S . Comparing the expression of 

2,1   to the right side of (3), they are equivalent because there is no 1J  and 1M  outside 

of 1S . It is similar for the Figure 2.2 (b) and 2,1 . According to the reciprocity theorem, 

the reactions between two sources are the same,  

1,2 2,1                                                      (5) 
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(a) The closed surface only covers the source 1 

 

(b) The closed surface only covers the source 2 

Figure 2.2. The closed surface that separates two sources 

2.3. COUPLING COEFFICIENT 

Figure 2.3 shows the special case of the Figure 2.2. The closed surfaces 1S  and 2S  

become infinite large planes, which are equivalent to the original closed surfaces. For the 

1S   and 1V  in Figure 2.3 (a), the reciprocity (1) can be written as 

 
1

1 2 2 1 1̂ ' 2,1
S

E H E H n ds


     
                               (6) 

In Equation (6), 1n̂  is the unit normal vector of the surface 1S  . Similarly, for the 

2S   and 2V   in Figure 2.3 (b), the reciprocity gives that 

 
2

1 2 2 1 2
ˆ ' 1,2

S

E H E H n ds


      
                               (7) 
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(a) A special surface that enclosed source 1 

 

(b) A special surface that enclosed source 2 

Figure 2.3. Infinite large plane surface that separates two sources 

 

In Equation (7), 2n̂  is the unit normal vector of the surface 2S . If 1S  and 2S  are 

overlapped, 2n̂  will become 1̂n . Comparing (6) and (7), the reactions still satisfy the 

relationship in (5). In general, for any infinitely large plane S that separates 1 1,J M  and 

2 2,J M , let  the unit vector be perpendicular to the plane and directed to the right side as 

the unit normal vector n̂  of S. The coupling coefficient (CC) is then defined as the quantity 

under the surface integral in (6) and (7) as  

 1 2 2 1
ˆCC E H E H n                                              (8) 
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CC is a complex scalar and its value usually varies from locations. The unit of CC 

is 2W m . The physical meaning of this parameter will be addressed in next section. 

Substituting (8) into (6) and (7), the reaction can be represented by the integral of CC over 

the infinitely large plane S that separates the two sources:  

1,2 2,1 '
S

CCds


                                              (9) 
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3. PHYSICAL INSIGHT 

3.1. OPEN CIRCUIT VOLTAGE 

As shown in Figure 3.1, there are two antennas in the two-ports network. In order 

to obtain the fields generated by antenna 1 and 2, the forward problem and the reverse 

problem are conducted respectively.  

 

 

(a) The forward problem 

 

(b) The reverse problem 

Figure 3.1.  Coupling between the open circuit antennas 

 

In the forward problem, antenna 1 is excited by current source 11I  and generates 

fields 1 1,E H  . The open circuit voltage on antenna 2 is represented by 21U , and the coupled 
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current 21I  is zero. In the reverse problem, port 1 is open. Current source 
22I  feeds antenna 

2 and creates fields 2 2,E H . The reaction on port 2 can also be expressed in terms of 

voltages and currents by following the procedure in [7]:  

 1 2 1 2 21 22 22 21 21 221,2
V

E J H M dv U I U I U I                         (10) 

Furthermore, if the unit current generator 22I  =1 A is used in the reverse problem, 

the open circuit voltage in the forward problem can be represented by the reaction or the 

surface integral of coupling coefficient:  

21 1,2 '
S

U CCds


                                             (11) 

The mutual impedance 21Z  between two antennas is defined as the ratio of voltage 

21U  and current 11I  when the victim antenna is open circuited where current 21I  is zero:  

21

21
21 0

11 11 22

1
'I

S

U
Z CCds

I I I




                                      (12) 

 

 

Figure 3.2. The procedure to avoid imaginary part of the coupled voltage 
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(a) The forward problem 

 

(b) The reverse problem 

Figure 3.3. Two half-wavelength dipole antennas with open circuit ports 

 

The procedure of eliminating the imaginary part is illustrated in Figure 3.2. A full-

wave simulation model was used to validate (11). In Figure 3.3, two half-wavelength dipole 

antennas were placed 10 mm away from each other. The excitation frequency was 30 GHz. 

In the forward problem, the current source 11I  =1 A fed the left-side antenna. The open 

circuit voltage 21U  was measured to be 10.25+j18.06 V. The phase difference between 21U  

and 11I  was 60.42 degrees. By adjusting the excitation phase to be −60.42 degrees in the 

forward problem, the coupled voltage became a pure real value 21U  = 20.76 V. By using 

the definition (8), the coupling coefficients over the whole space can be calculated.  
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Figure 3.4 shows the real part of CC on the large plane in the middle of the two 

antennas. Its surface integral was equal to 20.76 V, numerically the same as the coupled 

voltage 21U   in the forward problem. The imaginary part of CC was ignored because its 

surface integral equaled zero after using the phase adjustment. Otherwise, the complex CC 

needs to be investigated because the coupled voltage consists of both real and imaginary 

parts. For the open circuit case, the surface integral of CC represents the product of the 

inverse current and the forward coupled voltage. By setting the inverse current source to 

be 1 A, the surface integral of CC is equivalent to the coupled voltage.  

 

 

Figure 3.4. The real part of CC on a large plane 

3.2. COUPLED POWER ON THE LOAD 

In most applications, the victim antenna will be terminated with a load LZ  as shown 

in Figure 3.5 (a). To distinguish from the open circuit case, the notations in Figure 3.5 are 

changed. The superscript “fwd” and “rev” indicate the problem types. The subscript “1” 
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and “2” refer to the port numbers. The coupled voltage 2

fwdU  on the load is no longer equal 

to the coupled voltage 21U  on the open circuited port. 

 

 

(a) The forward problem 

 

(b) The reverse problem 

Figure 3.5.  Coupling between two antennas with load 

 

For any infinitely large surface S that separates the two sources, the reactions 1,2  

and 2,1  can be calculated by (6) and (7). For these reactions, they can be represented by 

the integral of CC on the surface S as illustrated in (9) because of the reciprocity. They can 

also be expressed by the port voltages and the impedances. The following equation 

illustrates the detailed derivations. 
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 

 
2

2 2 2 2

2 2 2 2

2 2 2 2

2 2

1,2 '

'

1 1

fwd rev fwd rev

V

fwd rev fwd rev

S

fwd rev rev fwd

fwd rev

in L

E J H M dv

E J H M ds

I U I U

U U
Z Z

   

   

 

 
  
 




                                   (13) 

In Equation (13), 2S  is the overall surface of the antenna 2, LZ  is the load 

impedance on port 2 in the forward problem, and inZ  represents the input impedance of 

port 2 in the reverse problem. Therefore, the coupled voltage on the load can be expressed 

by the surface integral of CC:  

2

2

'
( )

fwd in L

rev

in L S

Z Z
U CCds

U Z Z


 
                                      (14) 

Note that 2

fwdU  and 2

revU  are the total voltages, (14) can be simplified by replacing 

2

revU  with the incident voltage 2_

rev

iU   [15]. Furthermore, both the characteristic impedance 

of the port oZ  and the load impedance LZ  are 50 ohms. Thus,  

   

 

2

2_

2_

2_

'
1

'

1

'
2

fwd in L

rev

i in L S

in L

rev Sin o
i in L

in o

L

rev

i S

Z Z
U CCds

U Z Z

Z Z
CCds

Z Z
U Z Z

Z Z

Z
CCds

U

 
 

 
 
  

 

 







                         (15) 

The power provided in the reverse problem is calculated by  

2

2_( )

2

rev

i

rev

o

U
P

Z
                                                       (16) 



 

 

14 

In the forward problem, the coupled power 
cP  on the load can be calculated from 

the following equation.  

2

2
2

2_2

'
2( ) 1

'
2 2 16

L

revfwd
i S

c

L L rev S

Z
CCds

UU
P CCds

Z Z P

 
         

 


                 (17) 

 

 

(a) The forward problem 

  

(b) The reverse problem 

Figure 3.6. Two half-wavelength dipole antennas with loads 

 

If the reverse power revP  is set to be 1∕16 of the coupled power cP  in the forward 

problem, the coupled power on the load will be equal to the surface integral of CC:   
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'c

S

P CCds


                                                 (18) 

To validate (18), two terminated ports were assigned to the dipole antennas in the 

model shown in Figure 3.6. Following the phase adjustment in Figure 3.3, when the phase 

of excitation in the forward problem was −44 degrees, the coupled voltage on the 50 ohm 

load was 2

fwdU  = 1.12 V, the coupled power was cP  =12.54 mW. In the reverse problem, 

the provided power was set to be 0.78 mW, which satisfies rev cP P  ∕16. The coupling 

coefficient was then calculated. Figure 3.7 shows the real part of the CC on the large plane 

in the middle of the two antennas. Its surface integral was 12.54 mW, which was equal to 

the coupled power.  

 

 

Figure 3.7. The real part of CC on a large plane 

 

Comparing Figure 3.4 and Figure 3.7 shows that the CC distribution patterns are 

the same. The only difference is their scales. Because the geometries and locations of 

antennas in two examples are the same, the coupling mechanism does not change. 
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Excitation differences only affect the coupling strengths. In sum, for the case with a load, 

the coupled power on the load is equal to the surface integral of CC when the reverse power 

is assigned to be 1∕16 of the coupled power in the forward problem. In this situation, the 

CC has the meaning of coupling power density. Similar to the current density, the coupling 

coefficients have different values on the cross section planes with different normal vectors. 

3.3. DIPOLE-MOMENT BASED SYSTEM 

According to the dipole-moment based source reconstruction, the finite sized noise 

source can be replaced by equivalent dipole moments. The system with equivalent dipole 

moments is commonly used in EMI problems. For dipole moments, it is meaningless to 

talk about the coupled power on it. Previous derivations and illustrations for the two-port 

networks cannot be directly used in the dipole-moment based system. Thus, the physical 

insight of the surface integral of CC in the dipole-moment based system need to be 

determined. 

  As shown in Figure 3.8, there are two sets of dipole moments represented in scalar 

form. In the forward problem, a set of dipole-moments locates at position 1. In the reverse 

problem, another set of dipole-moments locates at position 2. Using the definition of 

infinitesimal dipole-moment, the volume integral of current density can be replaced by the 

dipole-moments, respectively. The new relationship is shown as below. 

1 1 1 1 1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2 2 2 2 2

'

rev rev rev rev rev rev

x x y y z z x x y y z z

fwd fwd fwd fwd fwd fwd

x x y y z z x x y y z z

S

E P E P E P H M H M H M

E P E P E P H M H M H M

CCds


    

     

 

        (19) 
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(a) The forward problem 

 

(b) The reverse problem 

Figure 3.8.  Dipole-moment based system  

 

If there is only one type of dipole moment, the relationship given by reciprocity can 

be largely simplified. For example, as shown in Figure 3.9, the sources are a Pz dipole at 

position 1 in the forward problem and a Pz dipole at position 2 in the reverse problems. 

After phase adjustment, the coupled field component 6

2 1.862 10 /fwd

zE V m  . In the reverse 

problem, 2 1zP Am . The real part of CC on the infinite surface S is shown in Figure 3.10. 

The surface integral of CC is 61.862 10 W  which is equivalent to the production of 2

fwd

zE  

and 2zP . If the unit dipole moment is used in reverse problem, the surface integral of CC 

represents the coupled field component in the forward problem. 
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(a) The forward problem 

 

(b) The reverse problem 

Figure 3.9. Two dipole moments 

 

 

Figure 3.10. The real part of CC on a large plane 
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4. COUPLING PATH VISUALIZATION IN RECTANGULAR COORDINATES 

4.1. VISUALIZATION METHOD 

Another important feature of the coupling coefficient is its conservative property. 

For any closed surface that separates two sources, the surface integral of CC is constant.  

Figure 4.1 exhibits the special case that the closed surface is replaced by the large planes 

that extend to infinity.  

 

 

Figure 4.1. The conservative property of the surface integral of CC 

 

These planes have the same unit normal vectors because these planes are in parallel. 

Therefore, the coupling coefficients on these planes have the same expressions. The 

conservative property is written as  

1 2

' ' ... '

NS S S

CCds CCds CCds                                   (20) 
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This property also makes the coupling coefficient comparable to the scalar current 

density. From last section, it has been known that CC has the meaning of coupling power 

density. The coupling power distribution on any cross section between two sources can be 

shown by plotting the scalar CC on the large plane. Furthermore, the 3D coupling paths 

can be visualized by plotting CC on all parallel planes between the sources. Based on this 

method, the coupling path can be visualized together with the simulation model in 

commercial simulation tools, for example, HFSS [16]. 

4.2. COUPLING BETWEEN TWO DIPOLE ANTENNAS 

Before using the proposed visualization method on the terminated dipole antenna 

model in Figure 3.6, the magnitude of Poynting vector when antenna 1 was excited by 1 W 

source is plotted in Figure 4.2. It can be observed that the Poynting vector depicts radiation 

properties of the excited antenna rather than the coupling between two antennas. 

 

 

Figure 4.2. Plotting the magnitudes of Poynting vector 
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Therefore, the proposed method based on the coupling coefficient was applied. The 

parallel large planes were selected in the XZ domain. The common unit normal vector of 

these planes was ŷ . The 3D coupling path is shown in Figure 4.3 by plotting the real part 

of CC over the space between two antennas. For each XY plane between the antennas, the 

surface integral of CC was calculated to be 12.54 mW, which satisfied the conservative 

property.  

 

 

Figure 4.3. The 3D coupling path of two dipole antennas  

 

For the same dipole antennas, a large PEC plate with five apertures was placed in 

between of them, as shown in Figure 4.4. The coupling path was different because of the 

added plate. As estimated, the coupling between two dipole antennas only took place 

through the apertures. If the plate has no apertures and is infinitely large, the coupling 

between two antennas will become zero. The five apertures shown in Figure 4.4 allow the 

coupling to exist. However, the coupled power on the load reduced to 0.32 mW. 
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Figure 4.4. The 3D coupling paths that penetrating apertures 

 

Furthermore, the coupling power ratio of these paths can be quantified. Figure 4.5 

shows the real part of CC on the plate’s surface. On PEC surface, the projections of cross 

production terms in the CC’s definition (8) on the normal direction are zero because the 

tangential E-fields on PEC are zero. Therefore, the CC on PEC surface is zero while it is 

non-zero on the aperture surfaces. Let us designate five coupling paths in response to the 

five apertures. In Table 4.1, the surface integrals of CC and their ratio are listed in the 

second and the third columns.  

For comparison, the integrals of the magnitude of Poynting vector and their ratio 

are also listed in the last two columns. From the coupling path of two dipole antennas, it is 

found that the coupling power density concentrates at the center, as shown in Figure 4.3. 

However, in the example shown in Figure 4.4, the dominated coupling path is no longer at 

the center. In fact, the path at the center contributed the least to the coupled power. Instead, 

the second aperture contributes the most to the coupling. 
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Figure 4.5. Quantification of the coupling path ratios 

 

Table 4.1. Coupling path ratios 

 

The total integral of Poynting vector magnitude is 2.46 mW which is much larger 

than the coupled power. Therefore, it is not correct to quantify the coupling ratios of 

different paths based on Poynting vector. Instead, the surface integral of CC should be used 

for coupling ratio quantification. 

Path Integral of CC 

[mW] 

Ratio Integral of P’s 

magnitude [mW] 

Ratio 

1 0.04 12.3% 0.23 9.3% 

2 0.14 43.8% 1.32 53.7% 

3 0.01 4.2% 0.26 10.6% 

4 0.06 17.8% 0.27 11.0% 

5 0.07 21.9% 0.38 15.4% 

Total 0.32 100% 2.46 100% 
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4.3. COUPLING IN RFI PROBLEMS 

For the near-field situations, the coupling path visualization also works well. Figure 

4.6 exhibits a typical RFI model contains a noise source and an embedded antenna on the 

DUT. Resonant frequency of the inverted-F antenna was designed to be 1.3 GHz. Let the 

noise source be a tangential magnetic dipole at the same frequency. The dipole was placed 

1 mm above the ground plane.  

 

 

Figure 4.6. A typical RFI model in HFSS 

 

In the forward problem, the magnitude and phase of the dipole were set to be 1 Vm 

and −65.78 degrees, respectively. The coupled voltage on the 50 ohm antenna port was 

then measured to be 2.19 V. The coupled power on the load was calculated to be 47.79 

mW. In the reverse problem, the dipole strength was set as zero. The power provided on 

the antenna port was 2.99 mW, which was 1∕16 of the forward coupled power. By using 

definition (8), the coupling coefficient over the entire space was calculated. Figure 4.7 

shows the real part of CC on a large XY plane. The surface integral of CC on this plane 

was 47.53 mW, which was close to the forward coupled power with small numerical error. 
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Figure 4.7. The real part of CC on a large cross section 

 

From this cross section plane, two major coupling paths can be found. For the path 

on the left side and that on the right side, their coupling power ratios were calculated to be 

46% and 54%, respectively. The 3D coupling path was visualized in Figure 4.8. The 

intuitive conclusion for this RFI model is that the majority coupling energy from the noise 

source to the victim antenna is flowing along the edge of the ground plane.  

 

 

Figure 4.8. The coupling path visualization for the RFI model 
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5. COUPLING PATH VISUALIZATION IN SPHERICAL COORDINATES 

In last section, the closed surfaces were selected as infinite planes which separates 

two sources. Therefore, the coupling paths between two sources can be visualized by 

plotting CC. However, the surface integral of CC becomes zero on the infinite plane that 

on one side of the sources. As shown in Figure 5.1, the surface 
1NS 
 does not separate 

source 1 and source 2 and thus the defined CC is invalid on this plane. For the source 2 in 

Figure 5.1, the visualization method in rectangular coordinates can only exhibit the 

coupling path on the left side. In some cases, it is important to characterize the coupling 

path from all directions around the victim or aggressor but the method in last section cannot 

work. To solve this problem, CC is converted into spherical coordinates where the origin 

is set as the victim location or aggressor location.  

 

 

Figure 5.1. Limitation of using CC in rectangular coordinates 
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 As shown in Figure 5.2, defining the victim location as origin point of the spherical 

coordinates, the closed surfaces are selected as the origin centered spherical surfaces that 

separates the aggressor and victim. The normal vector becomes r̂ . By plotting the CC in 

spherical coordinates, coupling path around the victim can be clearly visualized. 

 

 

Figure 5.2. Using CC in spherical coordinates 
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6. APPLICATION IN AUTOMOTIVE IEMI 

With the increasing use of electronics to control every aspect of modern 

automobiles, from engine management to driverless cars, intentional electromagnetic 

interference (IEMI) is a growing threat. The driverless car, for example, depends on 

electronics that detect roads, traffic, and any obstacles that suddenly emerge and then 

control engine accordingly. IEMI attack could disable them, possibly causing injuries or 

fatalities. Numerous investigations have been conducted on the disruptive and damaging 

effects of IEMI attacks on automobiles. In report [17], among 37 cars tested in an 

electromagnetic pulse (EMP) environment, three cars stopped at field strength of 30kV/m 

or above, twenty-five automobiles exhibited malfunctions, and electronics in the dashboard 

of one automobile were permanently damaged. In order to effectively protect against the 

risk of IEMI, it is required to understand the nature of attack at first. Several automotive 

IEMI experiments were conducted [18][19]. In this section, the effective automotive IEMI 

simulation model using dipole moment is proposed. Also, the coupling path visualization 

method is applied in the automotive IEMI simulation. 

6.1. IEMI SOURCE MODELING 

The IEMI source Replex HPEM-DMS-120KV is exhibited in Figure 6.1 [20]. The 

attack source uses a dipole-shape antenna as a radiator. The ideal waveform generated by 

this source is a damped sinusoidal wave. Its percentage bandwidth and band ratio satisfy 

the standard mesoband source specification for the IEMI experiments defined in the IEC 

61000-4-36 [21]. 
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Figure 6.1. Standard mesoband source 

 

 Figure 6.2 shows the set-up for measuring the fields generated by the IEMI source. 

The measured fields were then used for source reconstruction. TEM sensor was used to 

measure the z component of E-field. High voltage attenuator and RF attenuator were 

connected to the TEM sensor in order to reduce the signal amplitudes to satisfy the input 

range of the electric-optic converter. For safety, the oscilloscope was placed far away from 

the measurement region, the long optical fiber was used to avoid the signal degradation 

and potential electromagnetic coupling to the wire. E/O converters were added on the two 

ends of the optical fiber.  

The voltage measured by the oscilloscope can be converted to the electric field 

intensity after calibration. There are three columns of measurement points in parallel. For 

the center column points, their distances to the source varies from 3 m to 10 m with 1 m 

step. 
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Figure 6.2. Measurement set-up for the IEMI source modeling 

  

 

(a) Real measurement set-up 

 

(b) Coordinate of source and measurement locations 

Figure 6.3. Measurement set-up for the IEMI source modeling 
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Figure 6.3 (a) is a picture shows the real measurement set-up. Figure 6.3 (b) shows 

the coordinate of the source and measurement locations. The time-domain data was 

measured at each points. The source can generate 10 pulses in one second. For each 

measurement point, 30 pulses were recorded by the oscilloscope which was triggered by 

the rising edge. The proper one among 30 measured pulses will be used in the following 

calibration and source reconstruction. 

 

 

(a) Waveforms in the time domain 

 

(b) Single side spectrums in the frequency domain 

Figure 6.4. IEMI source measurement data 
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The measured raw data was converted to the field data by multiplying the transfer 

function. Figure 6.4 (a) shows the waveform of zE  at several measurement points in the 

center column. Figure 6.4 (b) shows the corresponding single side amplitude and phase 

spectrums. The fields at different distances are plotted on top of each other. The time delay 

caused by the propagation distance difference has been excluded. Therefore, the measured 

pulses start at the same time in Figure 6.4 (a). In the spectrum, they also have the same 

phases at the frequencies with significant amplitudes. 

The far field boundary of the IEMI source can be estimated by:  

2 2 22 2 2
2.67

3

D m
R m

m


                                (21) 

In Equation (21), D is the largest dimension of the antenna. λ is the wavelength of 

100 MHz signal. When the distance to source is larger than 2.67 m, it will belong to the far 

field region. In far field, it is reasonable to replace the source by an ideal infinitesimal 

electric dipole. As shown in Figure 6.3 (b), the vertical electric dipole zP  is used to replace 

the IEMI source. The equivalent dipole is placed at 1.5Z  m, which is that same height of 

the center of the original source. The height of TEM sensor is 1.3 m. The data used for 

source reconstruction is zE  at the observation points in the center column. The rest 

geometry information is given by Figure 6.2. 

According to the antenna theory, the transfer function between a dipole moment 

and its generated field can be calculated once the geometries and frequency are known [22]. 

For example, the zE  at the observation point ( , , )x y z  that generated by a dipole zP  can 

be calculated by: 
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2 2

1 22
( , , ) [ ( ) ( )]z E z

x y
E x y z K g r g r P

r


                              (22) 

In Equation (22), r is the distance from the dipole to the observation point. EK  is 

related to the wave impedance 0  and the propagation constant 0k :  

0 0

4
E

k
K j




                                                 (23) 

The 1( )g r  and 2 ( )g r  in (2) represent the following terms:  

 

 

0

0

1 2

00

2 2

00

3 3
( ) 1

2 2
( )

jk r

jk r

e
g r j

k r rk r

e
g r j

k r rk r





 
   
  

 
  
  

                                 (24) 

From (22) to (24), the transfer function is obtained. From the measurement results, 

we can also calculate the synchronized field components by  

3

0

3 3

,

( 3 )

, , 4 ,5 ,...,10

m

y

jm m

z z measured

j jk y my y

z z measured

E E e

E E e e y m m m



  



 
                          (25) 

In Equation (25), 
3

,

m

z measuredE  represents the magnitude of the measured zE  

component at 3m, 3m  is the corresponding measured phase. In (5), the measured field at 

3 m is used as reference. The fields at other locations are then modified by the phase term

0 ( 3 )jk y m
e
 

. After using (25), the calculated zE  at different locations become the real time 

measurement results of a single excitation. With the synchronized fields and the transfer 

function, the equivalent source zP  can be calculated from (22). The matrix form of (22) 

is written as 
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z zE TF P                                                   (26) 

TF and EZ are vectors defined by  

3 4 10

3 4 10

, ,...,

, ,...,

m m m

m m m

z z z z

TF TF TF TF

E E E E

   

   

                                (27) 

Since there are more than one observation points while only one unknown source, 

the least square method was used in solving the following equation [23]:  

 
1

' 'z zP TF TF TF E


                                       (28) 

 Figure 6.5 shows the reconstructed 100 dipoles from 10 MHz to 1 GHz with the 

step of 10 MHz. 

 

 

(a) Magnitudes 

 

(b) Phases 

Figure 6.5. The equivalent dipoles 
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Importing the reconstructed dipoles into the EMCoS [24], the fields at the 

observation points can be simulated. Figure 6.6 (a) and (b) exhibit the comparison of 

measurement results and those in simulation at the point that is located in the center column 

and 3 m away from the source. Moreover, Figure 6.7 shows the comparison of the peak 

values in the time domain waveforms. The comparison for the right column points is the 

same as Figure 6.7 (b). For the observation points in the left or right columns, different 

distances to the source correspond to different azimuth angles. Therefore, the comparison 

in Figure 6.7 (b) suggests that the equivalent dipoles characterized the radiation pattern of 

the original IEMI source.  

 

 

(a) Waveforms in the time domain 

 

(b) Single side amplitude spectrums in the frequency domain 

Figure 6.6. E-field comparison at the center column, 3m 
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In sum, the perfect matches in Figure 6.6 and Figure 6.7 indicate that the equivalent 

dipole reconstruction based on the least square method is suitable for the high power source 

modeling. 

 

 

(a) Maximum values comparisons for the center column 

 

(b) Maximum values comparisons for the left column 

Figure 6.7. The comparisons of the maximum values in the waveform 

6.2. COUPLING PATH VISUALIZATION FOR IEMI SIMULATION 

  An IEMI experiment on a car was conducted using the same attack source as shown 

in Figure 6.8. Besides recording the behaviors of the car under the IEMI environment, the 
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vertical E-field inside the car were measured. D-dot sensor was used to measure the E-field 

component inside the car because of its small size. For example, the D-dot sensor was place 

close to the pedal. Thus, the zE  around the pedal was measured in the experiment. 

 

 

Figure 6.8. IEMI experiment for car 

 

  Figure 6.9 illustrates the simulation model using the equivalent source. A field probe 

was added in the simulation model to obtain the field results in simulation. 

 

 

Figure 6.9. Illustration of the simulation model 
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Figure 6.10 shows the comparison of vertical E-field component in the experiment 

and that in the corresponding simulation when the source was placed 3m in front of the car. 

The small differences may be caused by the inaccuracy of the automotive model. Besides, 

potential multi-reflections between the source and the car was ignored in the simulation. 

The agreement of measurement and simulation indicates that the IEMI simulation model 

using the equivalent dipole moment is reliable. 

 

(a) Waveform of Ez in the time domain 

 

(b) Single side amplitude spectrum of Ez in the frequency domain 

Figure 6.10. Comparison when the source is 3m in front of the car 
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For visualizing the coupling path, the forward and reverse simulations are done as 

shown in Figure 6.11.  

 

 

(a) The forward simulation model 

 

(b) The reverse simulation model 

Figure 6.11. Simulation models based on the reciprocity theorem 

 

 

Figure 6.12. Coupling path when IEMI source is located in front of the car 
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Calculating and plotting CC in spherical coordinates where the origin is set at the 

pedal. The 3D coupling path at 100 MHz is shown in Figure 6.12. It can be observed that 

major coupling path passes through the front window of the car. For the IEMI source 

located on the left side of the car, the coupling path is also visualized in Figure 6.13. There 

are two major coupling paths: one is from the left side window and another is from the 

narrow gap under the front door. 

 

 

Figure 6.13. Coupling path when IEMI source is located on left side of the car 
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7. CONCLUSION 

The proposed method can visualize a 3D coupling path by plotting the coupling 

coefficient over the space. It is derived from Maxwell’s equation and has clear physical 

meaning. For example, the properly calculated coupling coefficient represents the coupling 

power density. Moreover, the visualization method has good compatibility with 

commercial simulation tools because the coupling coefficient can be conveniently 

calculated with their embedded field calculators. Since the coupling coefficient can be 

plotted on top of the simulation models, it is helpful for EMC engineers to identify and 

quantify the coupling path. The proposed method has been applied in both rectangular 

coordinates and spherical coordinates. Several examples has been used to illustrate the 

coupling path visualization method. Especially, the coupling path visualization for the 

automotive IEMI is detailed discussed.  
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