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Abstract ─ Since the structure complexity of a PCB 

makes its EMI modeling be very difficult or impossible, 

an equivalent modeling method to predict the 

electromagnetic radiation of a PCB is presented by 

means of a dipole array based on near-field scanning. 

Firstly, the equivalent modeling method is theoretically 

derived and its accuracy is validated by a commercial 

full-wave tool. Then, the equivalent model is applied to 

predict the electromagnetic coupling of different parts on 

a PCB and the electromagnetic leakage of a PCB in an 

enclosure with numerous small apertures. The results 

show that the proposed method has high efficiency and 

acceptable accuracy. 

Index Terms ─ Dipole array, electromagnetic interference, 

equivalent modeling, printed circuit board (PCB), near-

field scanning. 

I. INTRODUCTION
The printed circuit board (PCB) is the most 

frequently-used component in electronic device. Since 

the PCB always radiates electromagnetic interference 

while working, it is necessary to model the PCB during 

the electromagnetic compatibility (EMC) analysis of 

an electronic device. However, the complexity of the 

structure of PCB makes its EMI modeling be very 

difficult and time-consuming, even impossible. Thus, 

investigation of the equivalent model with a simpler 

structure and similar EMI characteristics of the original 

PCB is of significance in applications [1-4]. 

In the EMC analysis area of PCB, Shi and Weng 

analyzed the electromagnetic emission information of 

PCB by near-field scanning, and the equivalent electric/ 

magnetic current source was applied to replace radiation 

characteristics of original source [5-6]. This method 

showed a good performance on far-field radiation 

characteristic prediction, but was not fit to represent 

near-field electromagnetic radiation and coupling 

characteristics. The optimizing work of equivalent 

model and dipole-dielectric-conducting plane (DDC) 

model which simultaneously considered the affection of 

dielectric slab and ground plane have been introduced by 

Tong [7-9]. Then Obiekezie proposed new equivalent 

dipole models, which predicted the EMI characteristic of 

3D radiation source on the finite ground plane and 

characterized edge currents along a finite ground plane 

[10-11]. In [12], an equivalent modeling method without 

phase information was realized by using particle swarm 

optimization algorithm. The outer components, like heat 

sink structure and IC pins were considered in [13-15], 

and practical equivalent dipole models were established. 

A decomposition method was proposed to predict the 

coupling from a digital noise to the radio frequency (RF) 

antenna based on equivalent dipole modeling method 

and reciprocity theory in [16-18]. 

In this paper, an equivalent dipole modeling method 

of PCB is proposed, which can predict the near-field 

electromagnetic radiation characteristics of original PCB 

model, and validated by patch antenna with a commercial 

full-wave tool. Then, an improved analytical algorithm 

is established, and the efficiency of this algorithm is 

verified by calculating the coupling parameters of 

different parts of PCB and antenna array. Finally, the 

equivalent model is applied to predict the electromagnetic 

leakage of the PCB in an enclosure with numerous small 

apertures, and also shows very high accuracy. 

II. EQUIVALENT MODELING METHOD

A. Basic theory

According to the basic theory of electromagnetic

[19], the near field PCB radiated is quasi-static. It 

includes abundant radiation information of PCB. So it is 
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workable to make use of this critical information to 

establish the equivalent model of the PCB. On the other 

hand, the real radiating source on the PCB are onboard 

electric and magnetic current. They have similar radiating 

characteristics with electric and magnetic dipole. 

Therefore, electric and magnetic dipole are adaptable to 

be used to build the equivalent model we need. 

In this paper, the magnetic near field is extracted 

by HFSS simulation, which includes three Cartesian 

components: xH    yH    nd  zH    Correspondingly, the 

magnetic dipole is chosed to codstitute the equivnledt 

mo el of n PCB  which cnd be  ecompose  idto three 

momedt compodedts: 
xM , yM , and

zM . As n result 

the rn intiod chnrncteristics of the equivnledt mo el nre 

mnidly  etermide  by the  ipole nd  its imnge source of 

groud  plnde (GND)  The  ipole is locnte  fnr nwny 

from the boud nry of GND  so the e ge  iffrnctiod is 

igdore   Besi es  nccor idg to the imnge theory  the 

rn intiod of verticnl mngdetic momedt cnd be igdore  

whed the  ipole is lni  close to GND  So odly tndgedtinl 

momedt compodedts 
xM nd yM nre codsi ere   

When a dipole is located in  0 0 0
, y ,x z   the magnetic

field of point  , ,x y z id free spnce which is rn inte  by

xM   yM nd their imnge sources cnd be expresse ns 

[18]: 
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where h is the thickness of the PCB, 1r  2r ,  1g r ,  2g r

are respectively defined as: 
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The equation (1) can be written as the following 

matrix: 
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 (3) 

Letting the number of scanning points be m and the 

number of dipoles be n ( m n  is required), (3) can be 

written as: 

11

1 1 1 1

11

1 1 1 1

11

1 1 1 1

11

11

11

y nyx nx

x x x x

y nyx nx

y y y y

y nyx nx

z z z z

y nyx nx

mx mx mx mx

y nyx nx

my my my my

y nyx nx

mz mz mz mz

M MM M

H H H H

M MM M

H H H H

M MM M

H H H H

M MM M

H H H H

M MM M

H H H H

M MM M

H H H H

a a a a

a a a a

a a a a

a a a a

a a a a

a a a a

 
 
 
 
 
 







 

1

1 1

1 1

2

3

3 2

.

x

x y

y z

nx mx

ny myn

mz m

m n

H

M H

M H

M H

M H

H



 
 

   
 

 
 

 
    
   
   
      

  


 
(4) 

The equation (4) can also be simplified as: 

,AM H  (5) 

where the matrix A can be obtained by the defined near-

field sampling grids and dipole locations. The Tikhonov 

regularization method addressed in [8] is applied to deal 

with the ill condition problem, and the regularization 

parameters are obtained by generalized cross validation 

(GCV) method, which is the value of min  GCV  .

B. Numerical validation

Figure 1 (a) gives a patch antenna model, its physical

structure is a 60mm60mm1mm board (Rogers RT 

substrate) with a circle patch (radius is 23mm) on one 

face and a ground plane on the other face, and the 

excitation source is 1V voltage through a coaxial cable. 

The antenna model is calculated with HFSS at its 

working frequency 2.5GHz, and the magnetic field data 

on the plane 10mm off the ndteddn’s top surface is 

extracted. The size of the scanning plane is 80mm80mm, 

scanning resolution is 4mm, and the total number of 

sampling points is 441.  
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The constructed equivalent model is as shown in 

Fig. 1 (b), consists of an initial matrix of 99 dipoles 

within an area of 48mm48mm. Each dipole can be 

represented by two tangential moment components 
xM

nd  yM . 

60mm

6
0

m
m

R=23mm

9
.2

m
m

Coaxial Feed R=1.12mm

Incentive Port R=4mm

GND

X

Y

X

Y

Z

Z

1
m

m

Substrate 

Layer(2.33)

(a) 

-30 X

Y

-30

30

30

GND

Dipole 

Array

(b) 

Fig. 1. (a) The physical structure of a patch antenna, and 

(b) the equivalent dipole array model of the antenna.

Importing the near-field data into MATLAB, the 

dipole moments are calculated by Tikhonov regularization 

method, Fig. 2 is the determination of regularization 

parameter (  ) by using GCV. Then equivalent model is 

obtained. 

The magnetic fields on the plane 10mm above the 

upper surface of antenna from the original PCB and the 

equivalent model are compared in Fig. 3. It can be seen 

that the equivalent model can predict the radiating fields 

of the PCB quiet accurately, all the relative errors of each 

component calculated by (6), as summarized in Table 1, 

are smaller than 5%. It should be note that the relative 

error of xH smaller than that of yH and zH is random.

Actually, several attempts later we find that it will 

change with different near-field scanning and equivalent 

modeling parameters. Normally, we only need to consider 

that if the errors of xH , yH and zH are smaller than 

10%, then we think the equivalent model is available: 

mod ln

1 1 1

1

M M N
means e

im im

m m n

M
means

im

m

H H

H


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





 


, ,i x y z .   (6) 

To extend the application of the equivalent 

modeling method, the following section will propose an 

improved analytical algorithm to enhance the efficiency 

of calculating board-level radio-frequency interference 

in [17]. 

Fig. 2. Determination of regularization parameter by 

GCV. 

(a) xH , original model        (b) xH , equivalent model 

(c) yH , original model        (d) yH , equivalent model 

(e) zH original model (f) zH , equivalent model 

Fig. 3. A comparison of magnetic field distribution 

between the original antenna model and the equivalent 

dipole model in free space by full-wave simulation. 
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Table 1: Relative errors of equivalent model 

xH
yH zH totalH

10mm nbove the 

upper surfnce of 

PCB 

0 58% 4 87% 4 49% 0 84% 

III. RADIO-FREQUENCY INTERFERENCE

ESTIMATION 

A. Basic theory

According to [18], a decomposition method based

on reciprocity theory is proposed to predict near-field 

coupling from a digital noise source to an RF antenna. 

This method consists of three main steps. Firstly, a 

Huygeds’ box is introduced to enclose the victim 

antenna, and the antenna is removed. Then, an equivalent 

dipole array model of working noise source is applied 

to calculate the tangential electromagnetic fields on the 

exterdnl surfnce of Huygeds’ box  This is a forward 

problem. Secondly, the victim antenna is excited, and the 

tangential electromagnetic fields on the internal surface 

of the snme Huygeds’ box are recorded by using full-

wave simulation. This is a reverse problem. Thirdly, the 

coupling parameter between noise source and victim 

antenna is calculated by the recorded tangential 

electromagnetic fields and reciprocity theory. Examples 

in [18] show that this method has achieved decent 

RFI estimation, but the calculation of the tangential 

electromagnetic fields is time-consuming in the second 

step. So the electromagnetic fields achieved by equivalent 

dipole model is proposed in this paper. This method 

can improve the calculating efficiency significantly with 

high accuracy, especially for antenna array where noise 

and victim sources share the same model. Then the 

original problem can be transformed into the equivalent 

problem as shown in Fig. 4, and the three main steps are 

described as follows. 

Coupling

Ground

Radiation Source Victim Antenna

  (a) 

Coupling

Ground

...

...

Equivalent Dipoles

...

...

Equivalent Dipoles

  (b) 

Fig. 4. (a) Original coupling problem, and (b) equivalent 

problem. 

(1) Forward Problem: As shown in Fig. 5 (a), victim

source is edclose  by Huygeds’ box, and then it is 

removed. Excite the noise source, and the induced 

electromagnetic fields on the port of noise source are 

named as fwd

aE   fwd

aH . Establish the equivalent dipole 

model of the noise source, and divide the surface of 

Huygeds’ box into small cells. Then the tangential 

electromagnetic field on each cell can be calculated by 

equivalent model, which named as fwd

cE , fwd

cH . 

(2) Reverse Problem: Similar to step1, as illustrated

in Fig. 5 (b), keep victim source being enclosed, remove 

the noise source, and excite the victim source instead. 

The excited electromagnetic fields are recorded as rev

aE , 

rev

aH . Then establish equivalent model of victim source, 

and calculate the tangential electromagnetic fields on the 

same cells, and they are named as rev

cE , rev

cH . 

Coupling

Ground

...

...

Victim Antenna 

is removed 

Equivalent Dipoles
Huygens’s

Box

, fwd fwd

c cE H

on the Box

(a) 

Ground

...
...

Equivalent Dipoles

Huygens’s

Box

Radiation Antenna 

is removed 

Radiation from 

Antenna

, rev rev

c cE H

on the Box

(b) 

Fig. 5. (a) Forward problem, and (b) reverse problem. 

(3) Interference Estimation: According to [18],

based on the forward problem and reverse problem, the 

reciprocity theory can be expressed as: 

 

 

  ,

rev fwd fwd rev

S

rev fwd fwd rev

V

fwd rev rev fwd

V

E H E H ds

E J H M dv

E J H M dv

    

   
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





  (7) 

where J and M represent the electric current and 

magnetic current source, respectively. “fwd” mends the 

forwnr  problem  nd  “rev” mends the reverse problem. 

If equation (7) is integrated over the entire space, it can 

be simplified as: 
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 

  ,

rev fwd rev fwd

c c c c
V

fwd rev fwd rev

a a a a
V

E J H M dv

E J H M dv

  

   




  (8) 

where subscript “a” means the antenna port, and “c” the 

electric/magnetic field and current on the Huygeds’ box. 

By dividing the Huygeds’ box into cells and replacing J 

and M: through electric field and magnetic field, the two 

terms on the left side of (8) are derived as: 

   

 ˆ ,

c

rev fwd rev fwd

c c c c
V S

rev fwd

c c cell

cells

rev fwd

c c cell

cells

E J dv E J ds

E J S

E n H S

  

 

  

 





    (9) 

   

 ˆ ,

c

rev fwd rev fwd

c c c c
V S

rev fwd

c c cell

cells

rev fwd

c c cell

cells

H M dv H M ds

H M S

H E n S

  

 

  

 





       (10) 

where n̂  is the normal vector of the cells, cellS  the area 

of a single cell. The right side of (8) can be written as 

[18]: 

  ,
a

fwd rev fwd rev rev fwd

a a a a a a
V S
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Substituting (9)-(12) into (8), we obtain: 

ˆ ˆ

,
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a a

in L

n H E S n E H S

I U I U

Z Z
U U

Z Z

    

  


 

 

 (13) 

where inZ and LZ are respectively the input impedance

of the victim source and the load of the noise source,

50 in common. rev

aU  is the excitation voltage of the 

victim source, and here is 1V. Thus, the coupling voltage 

can be solved as: 

( )

ˆ ˆ .

fwd in L

a rev

a in L

fwd rev fwd rev

c c cell c c cell

cells cells

Z Z
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U Z Z
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Assuming that 
inU is the incident voltage of noise

source, the scattering parameter can be calculated by (15): 

( )

ˆ ˆ .

fwd

a

in

in L

rev

a in in L

fwd rev fwd rev

c c cell c c cell

cells cells
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(15) 

B. Numerical validation

As illustrated in Fig. 6, a patch antenna array model

is constructed with four antenna elements which are 

the same as that in Section II. Assuming that Part 1 is 

the noise source, Part 2, 3, 4 are the victim sources. A 

60mm60mm60mm Huygeds’ box is applied to enclose 

the victim sources, then its surface is divided into small 

cells with a size of 1mm×1mm. Based on the equivalent 

dipole model of the single patch antenna in Section II, 

both the tangential electromngdetic fiel s od the Huygeds’ 

box in the forward problem ( fwd

aE   fwd

aH ) and reverse 

problem ( rev

cE , rev

cH ) can be calculated from the dipoles. 

1
7

6
m

m

176mm

Part 1 Part 2

88mm

Y

X

8
8

m
m

Part 3 Part 4

R=23mm

Fig. 6. Patch antenna array structure. 

Substituting all the data into (14) and (15), the 

scattering parameters are calculated. Figure 7 shows 

the comparison of the scattering parameters between the 

proposed method and HFSS simulation. Note that part 2 

and part 3 share the same scattering parameter because 

of their symmetry. It can be seen that the proposed 

method can predict the scattering parameters well. Thus, 

the worst coupling frequency (2.5 GHz, it is both the 

frequency point corresponding to the peak of scattering 

parameters and the working frequency of patch antenna) 

could be identified with high efficiency, and the precision 

of equivalent dipole model is further validated. 

ACES JOURNAL, Vol. 34, No. 5, May 2019788



 (a) 

 (b) 

Fig. 7. Comparison of scattering parameters: (a) 
12S and

(b) 
14S . 

IV. ELECTROMAGNETIC LEAKAGE

ESTIMATION 
This section will verify the estimation accuracy 

of electromagnetic leakage with our equivalent dipole 

model. Figure 8 (a) shows an M micro-strip line which 

is a common trace structure on a PCB. Applying the 

method described in Section II, its equivalent dipole 

model is established as illustrated in Fig. 8 (b). 

Place respectively the original micro-strip line model 

and its equivalent model into a shielding cavity with 

aperture arrays, and calculate these two models by HFSS 

at 1GHz. The cavity’s size is 240mm60mm200mm, 

and 12 apertures are uniformly distributed on one face of 

the cavity, and other details of the cavity and aperture 

arrays are shown in Fig. 9. 

Figure 10 demonstrates the HFSS simulation results 

of the magnetic field at 1GHz on the plane 3mm above 

the aperture face (outside of the cavity) from these two 

models, and the relative errors are summarized in Table 

2. It can be seen that the equivalent dipole model can

predict the electromagnetic leakage with acceptable errors

(smaller than 10%), which depicts that the equivalent

model is applicable to describe the interaction between

the original PCB model and the enclosure. On the other

hand, the results in a half-closed environment are slightly

worse than in free place, because multiple reflection of

electromagnetic fields in cavity may change real current

distribution on PCB, and make the error of equivalent

model bigger.

Y
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100mm
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Feed

Load

(a) 

-30 X

Y

GND
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30

(b) 

Fig. 8. (a) Physical structure of M micro-strip line, and 
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Fig. 9. (a) Structure of shielding cavity, and (b) structure 

of aperture face. 
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(a) xH original model (b) xH , equivalent model 

(c) yH , original model        (d) yH , equivalent model 

(e) zH , original model         (f) zH , equivalent model 

Fig. 10. Magnetic field distribution comparison between 

original antenna model and equivalent dipole model in 

aperture array cavity by full-wave simulation. 

Table 2: Relative errors of equivalent model 

xH
yH zH

totalH

3mm nbove the 

nperture fnce 

(outsi e) of PCB 

9 33% 3 94% 6 57% 5 07% 

V. CONCLUSION
This paper proposes an equivalent dipole modeling 

method of a PCB. This method can model original PCB 

emission characteristics when its physical structure and 

circuit structure are uncertain or complicated, and can 

be applied in some common structures like board-level 

patch antenna, micro-strip line, and other complicated IC 

structures. An improved analytical algorithm of board-

level electromagnetic coupling estimation is also proposed 

using the equivalent dipole modeling method and 

reciprocity theory. Compared with full-wave simulation, 

the proposed method can predict the electromagnetic 

coupling parameters and the worst coupling frequency 

fast, especially when the structure of noise source is the 

same as that of victim source like the patch antenna 

array. Then, the application of equivalent dipole model 

is extended to predict the electromagnetic leakage of a 

PCB in an enclosure with numerous small apertures, 

and the calculation precision is validated by a common 

micro-strip line model. Finally, the limitation of the 

proposed equivalent method is that it only applies to 

relative lower frequency (smaller than 4GHz). Because 

with an increase of the frequency, the number of the 

equivalent dipole increases and the relative errors also 

become greater. However, with emergence of higher 

frequency electronic equipment, further work can be 

done to explore the equivalent model of PCB in these 

kind of devices. Besides, method to decrease the relative 

errors of equivalent model in half enclosed cavity also 

can be further taken into consideration. 
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