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Abstract – A heat-sink has been widely used to cool down the heat generated from an electronic 
device, but it can bring unwanted electromagnetic radiation which may cause EMI problems. We 
propose a systematic method to reduce the electromagnetic radiation by using the multiple grounding 
technique based on the grounding criteria and the theory of characteristic mode analysis. Our proposed 
method provides the insight to find the specific grounding positions which can be effectively reduced 
the radiation from the heat-sink. Numerical experiments are accomplished to validate this approach. 
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1. Introduction 
 
In these days, many electronic devices operating on very 

high clock frequencies are equipped with heat-sinks to 
emanate the heat, so that the electronic devices are prevented 
from a possible malfunction or failure. For example, 
computers have been used at home, academy and industry 
throughout the society. There are central processing units 
(CPU) in the computer, which use the continuously raised 
clock frequency to handle tons of arithmetic and logical 
operations more quickly. However, the increase in the 
clock frequency has led to an overheating issue of CPU, 
and the heat-sink made of a metallic material with high 
thermal conductivity has been used with CPU to maintain 
its normal operation. But the clock frequency has increased 
above GHz, so that the electrical size of the heat-sink can’t 
be ignored any more. Such the heat-sink may cause 
radiated electromagnetic emission, which may cause EMI 
problems to electronic devices such as peripheral terminals 
or systems [1]. 

A variety of studies have been conducted to solve the 
problem of electromagnetic (EM) radiation through the 
heat-sink. There have been some typical researches that 
have reduced EM radiation using the following methods: 
simple method of grounding the heat-sink [2,3], multiple 
grounding method for grounding at different positions on 
the heat-sink [4-6], and multiple grounding with resistors 
[7]. However, in case of the above studies, there are two 
common drawbacks. The first is that the grounding 
position is not selected to consider maximum reduction of 
the EM radiation. The second is that their methods are 
applicable to only the structure such as square or 

rectangular shape. 
We proposed two methods to overcome these limitations 

and improve the efficiency of reducing EM radiation. 
First proposal is a method of specifying the positions of 

multiple grounding to reduce the EM emission radiated 
from the heat-sink. This proposed method can solve the 
problem of selecting grounding positions based on the 
current distribution of the heat-sink. The positions of 
multiple grounding are specified by analyzing the 
distribution pattern of currents induced on the surface of 
the heat-sink. However the current distribution depends on 
the source frequency applied to the heat-sink, so that it 
leads to the problem of selecting specific frequencies for 
applying efficient grounding. 

Second proposal is a theory of characteristic mode 
analysis (CMA) [8-10], which is used to choose the 
frequency to analyze the current distribution. The theory 
has been primarily used in the field of antenna design, and 
it has been utilized as a method of reconstructing the 
specific characteristic modes having a desired radiation 
pattern on an antenna [11-14]. But there are few cases that 
this theory has been used for the purpose of reducing EM 
radiation, not the antenna design. We used CMA to find the 
mode and the frequency of the heat-sink model for 
analyzing the current distribution. 

The paper is organized as follows: In Section 2, we 
describe the method of determining the specific grounding 
positions to reduce EM radiation based on analyzing the 
current distribution. In Section 3, we explain how to 
choose the characteristic modes and frequencies for 
analyzing the current distribution from the results of CMA. 
In Section 4, numerical results are presented using a given 
heat-sink model by applying the proposed methods. 
Section 5 gives the conclusions of the paper. 

The methods and examples in the paper are numerically 
implemented in the commercial computational EM 
simulation software, FEKO [15]. 
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2. Analysis of Current Distribution and 
Determination of Grounding Positions 

 
The paper is basically based on the multiple grounding 

method which is widely used to reduce EM radiation from 
a heat-sink [4-7]. The positions of multiple grounding at 
the heat-sink are determined by analyzing the distribution 
patterns of the current induced on the surface of the heat-
sink. Determining the grounding positions in our paper 
follows the next two criteria. 

 
▪ Ground at where the currents begin / converge 
▪ Avoid grounding at the middle of the current-flow 
 
We investigate the criteria numerically with a 2-

dimensional conductive plate as an example. Fig. 1 shows 
the surface current distribution and geometry of the plate, 
and its dimensions are as follow: W = 5 cm, L = 10 cm, h = 
6 mm. The objective frequency to reduce EM radiation is 
2.8 GHz. 

Fig. 1(a) and (b) illustrate the surface current distribution 
induced on the plate at 2.8 GHz as magnitudes and arrow 
plots respectively. Fig. 1(c) is the side view, and there is a 
voltage source (1 V, 50 ohms) connecting the bottom-
center of the plate to the ground plane. 

 
2.1 Criterion I: Ground at begin/converge 

 
This section represents the results when ‘Criterion I’ was 

satisfied. The criterion I is “Ground at where the 
distribution pattern of the surface currents begins and 
converges”. In Fig. 1(b), the points at which current 
distribution pattern begins are the center of the left and 
right edges at the plate near the letter ‘W’ and the opposite 
side. Likewise, the points at which the current distribution 
pattern converges are the center of the top and bottom 
edges at the plate near the letter ‘L’ and the opposite side. 
These 4 points are the positions of multiple grounding at 
this example. The grounding positions are shown on the 
upper-left in Fig. 2(a), and the radiated power graphs for 
non-grounded and grounded plates are also presented. 

In Fig. 2(a), the radiated power was reduced about 12 

dBW at the target frequency of 2.8 GHz. However, the 
curve of grounded plate shows the tendency that one of 
non-grounded plate has been shifted to the right with a 
little reduction, and the radiated power has been increased 
at 3.2 GHz by the shift-effect. But when focusing on the 
target frequency of 2.8 GHz, the effect of mitigating EM 
radiation by the first criterion can be considered to be 
effective. 

 
2.2 Criterion II: Avoid the middle of the current-flow 

 
This section represents the results when ‘Criterion II’ 

was not satisfied. The criterion II is “Avoid grounding at 
the middle of the surface current-flow”. To explain when 
the criterion II is not satisfied, 6 grounded points was 
selected as the points of the middle of the current-flow like 
the upper-left in Fig. 2(b). The radiated power graphs for 
non-grounded and grounded plates are also shown. 

Unlike Section 2.1, the radiated power of the grounded 
plate was not reduced around 2.8 GHz in Fig. 2(b). 
Although the grounded plate of this section has more 
grounded points than that of Section 2.1, there was no 

 
(a) Magnitude plot           (b) Arrow plot 

(c) Side view (with a voltage source) 

Fig. 1. The surface current distribution and geometry of the 
investigated 2-D conductive plate at 2.8 GHz 

 
(a) when ‘Criterion I’ was satisfied 

 

 
(b) when ‘Criterion II’ was not satisfied 

Fig. 2. A comparison of the radiated power referred to non-
grounded and grounded plates 
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effect of reducing the radiated power. It is evident that the 
grounding position is more important factor than the 
number of grounding points on reducing EM radiation. 
Someone can think that EM radiation will be reduced when 
the plate is grounded where the intensity of surface current 
density is strongest. But actually, it is irrelevant to reducing 
EM radiation, and it can be proved through the comparison 
of the graphs of Fig. 2. 

In Fig. 3 we calculated the radiation power when 
grounding at 10 points. We overlapped the 4 grounding 
points used in Fig. 2(a), with 6 grounding point used in Fig. 
2(b). The radiated power of both grounded plates could be 
reduced at 2.8 GHz compared with that of non-grounded 
plate. But the radiated power from the 10-point grounded 
plate is almost same as the 4-point grounded case. 

In summary, to apply the multiple grounding method, the 
appropriate grounding positions should be found, and it can 
be found with the help of the two criteria. 

 
 

3. Theory of Characteristic Mode Analysis 
 
Characteristic mode (CM) is well known as a weighted 

set of orthogonal current-modes supported on a surface of a 
conducting body, and it is proposed by Garbacz and Turpin 
[8] and refined by Harrington and Mautz [9,10] which this 
paper follows. Its numerical calculation is a so-called 
Characteristic Mode Analysis (CMA). 

CM can be extracted by solving the particular weighted 
eigenvalue equation derived from the method of moments 
impedance matrix Z  related to the structure [9, 10, 16]. 

 
 n n nλ=XJ RJ  (1) 

 
where X and R are the imaginary and real components of 
the impedance matrix Z. nλ  and nJ  are the nth 
eigenvalue and eigenvector respectively, especially 
eigenvector nJ  is called characteristic currents as well 
as characteristic modes (CM). nJ  has orthogonality 

properties, and it is normalized [9]. As shown in Eq. (1), 
the solutions nλ  and nJ  are reliant on only the shape and 
size of the structure because of the impedance matrix on 
the structure. It means that CM is calculated independently 
of any external sources or excitations. 

Eigenvalues nλ  determine whether the mode is resonant 
or not by its magnitude n| |λ . The modes with large n| |λ  
are not resonant and storing the electric or magnetic energy, 
while those with small n| |λ  are resonant. Eigenvalue nλ  
can be expressed as the characteristic angle (CA), nα . 

 
 1

n n  180 tan ( )α λ-= -o  (2) 
 
A mode is resonant when n| |λ  and nα  are zero and 

180 degrees, respectively. The following Table 1 describes 
the conditions of each parameter for resonance of a mode.  

 
Table 1. Conditions of each parameter for resonance 

Parameter Resonant Not resonant 
n| |λ  0 >>0 
nα  180o 90o~180o, 180o~270o  

 
That a mode is resonant means the structure is likely to 

be excited at that frequency. But it doesn’t mean that the 
far-field or current patterns of the resonant mode must be 
implemented when a source exists at the structure. The 
reason is that CM is calculated based on the structural 
characteristic, and it doesn’t consider the information about 
the source. Therefore, the information of the source also 
has to be considered with CM. 

CM can be expressed as a basis set in which to 
synthesize the full-wave total surface current density J  
on the object by considering a modal solution [17-19]. The 
total current J  is defined as a linear superposition of 
characteristic currents nJ . 

 

 
n,

n n n
nn n1

i

β
jλ

á ñ
= =

+å åJ EJ J J           (3) 

 
where nβ  is the nth coefficient of nJ , and it is called the 
modal weighting coefficients (MWC). iE  denotes the 
impressed electric field, and it corresponds to the voltage 
source as the CPU applied to the heat-sink in this paper. Eq. 
(3) means that the total current J  induced by the source 
can be constructed out of the sum of the characteristic 
currents nJ  and their respective MWC nβ .  

 

 n n 1 1 2 2 3 3 n n 
n

  β β β β β= = + + + +åJ J J J J JL   (4) 

 
Since characteristic currents nJ  is normalized, the 

weight of  nJ  in the total current J  is determined by the 
amplitude of nβ . For example, if 1β  of mode 1 is larger 
than the sum of those of all the other modes, the total 
current J  can be approximated as follows: 

 
Fig. 3. A comparison of the radiated power referred to non-

grounded and two grounded plates 
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The total current J  consists of a combination of the 

characteristic currents. In this regard, Eq. (5) implies that 
the total current J  produced by the source can be 
approximated by the combination of several characteristic 
currents having the largest nβ  values. And the surface 
current distribution of the selected characteristic currents 

nJ  will be used to find the positions of multiple grounding 
like the Section 2 to reduce EM radiation from the heat-
sink. 

 
 

4. Example: 2-D flat-type Heat-sink 
 
Consider a 2-dimensional flat-type heat-sink made of a 

perfect electric conductor like Fig. 4. The geometry of the 
heat-sink is as follow: W = 5 cm, L = 10 cm, h = 6 mm, 
and re  is the permittivity of free space. A voltage source 
(1 V, 50 ohms) is used instead of the CPU at the bottom-
center of the plate to the ground plane. The frequency band 
of interest is 2 to 4 GHz considering the clock speed of 
CPU. The following all results were accomplished by 
numerical calculation using the simulation software, FEKO 
[15]. 

The process about the example consists of three steps. 
First step is the analysis of CMA to find the modes and 
frequencies for analyzing the current distribution. Second 
step is to determine the positions of multiple grounding by 
analyzing the current distribution of the above-found 
modes. The final step is to ground the heat-sink with 
appropriate resistors at the grounding positions which is 
synthesized from determined the grounding positions. 

 
4.1 Analysis of CMA 

 
The current distribution to determine the positions of 

multiple grounding is extracted of the surface current 
distribution of CM. The modes are selected through the 
analysis of CMA which is calculated using the heat-sink 
with the geometry shown in Fig. 4. 

Before calculating CM, the number of modes has to be 
defined, and it depends on the structural complexity of the 
target. In the event the electrical size of the structure is 
smaller than the wavelength, many modes are required for 
accuracy. While the structure is simple or the electrical size 
is large, many modes don’t be needed. About the heat-sink 
shown in Fig. 4, the number of calculated CM is 15 modes 
since the geometry is simple. 

Fig. 5 illustrates the variation with frequency of the 
characteristic angles, nα , associated with 15 modes. By the 
graphs of Fig. 5 and Table 1, there are 6 modes which can 
resonate at their resonant frequency. The first and second 
columns of Table 2 indicate the 6 resonant characteristic 

 
(a) Top view 

 
(b) Side view (with a voltage source) 

Fig. 4. The geometry of 2-D flat-type heat-sink 

 
Fig. 5. The variation with frequency of characteristic angles, 

nα , associated with 15 modes 
 

 
Fig. 6. The variation with frequency of modal weighting 

coefficients, nβ , associated with 15 modes 
 

Table 2. The modes and modal weighting coefficients at 
the resonant frequencies 

f 
[GHz] 

Resonant 
mode Modes with Top 3 nβ (dB) 

1.36 2J  1J (-16.4) 2J (-33.9) 6J (-34.9) 
2.54 3J  6J (-16.4) 1J (-16.4) 8J (-30.5) 
2.86 6J  6J (-8.99) 1J (-16.3) 5J (-26.4) 
2.89 5J  6J (-9.51) 1J (-16.3) 5J (-27.4) 
3.75 10J  1J (-16.4) 6J (-19.9) 8J (-21.8) 
4.15 11J  1J (-16.5) 8J (-19.7) 6J (-21.8) 

※ The number in ( ) indicates the value of nβ  
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modes and their respective frequencies. 
Fig. 6 illustrates the variation with frequency of the 

modal weighting coefficients, nβ , associated with 15 
modes. It shows that the nβ  of 6 resonant modes obtained 
by nα  in Fig. 5 aren’t always larger than those of the other 
modes at their respective resonant frequencies. The third 
column of Table 2 indicates the top 3 modes with the 
largest value of nβ at the resonant frequencies. 

The total current J by the voltage source can be 
expressed as a linear superposition of 15 characteristic 
currents using nβ  of Fig. 6. 

 

 
15

n n 1 1 2 2 15 15 
n

 β β β β@ = + + +åJ J J J JL  (6) 

 
If the nβ  of several modes are larger than the sum of 

those of the other modes, the total current J  in Eq. (6) can 
be approximated like Eq. (5). The top 3 modes having the 
largest nβ  among 15 modes are listed for each frequency 
at the third column of Table 2. For example, the difference 
of nβ  between 1J  and 2J  is 17.5 dB, about 60 times, at 
1.36 GHz in Table 2. Therefore, the total current J  at 1.36 
GHz can be approximated by the characteristic current 1J . 
Table 3 shows the characteristic currents of approximating 
the total current J  at each frequency. 

 
4.2 Determination of multiple grounding positions 

 
The positions of multiple grounding to reduce the EM 

radiation from the heat-sink is based on the current 
distribution of the characteristic modes obtained through 
the analysis of CMA in the Section 4.1, and the modes are 
shown in Table 3 with each frequency. Meanwhile, the 6 
frequencies in Table 3 can be reduced to 3 frequencies 
because the change in the current distribution is negligible 
at the adjacent frequencies, then the 3 frequencies are 1.36, 
2.86, and 4.15 GHz. 

Fig. 7 illustrates the surface current distribution of each 
mode at the selected frequency of 1.36, 2.86, and 4.15 GHz 
using magnitude and arrow plot, and it also shows the 
positions of multiple grounding on the heat-sink. These 
grounding positions could be determined by the criteria in 
Section 2. 

There are 6 sets of the grounding positions for each 
mode at the associated frequency in Fig. 7, and parts of 
them are overlapped with each other. The final grounding 
positions are obtained by synthesizing these 6 grounding 
position sets, so that the 8 points can be chosen as the final 

positions of multiple grounding. 
The final grounding positions are shown on the upper-

Table 3. The characteristic currents of approximating the 
total current J at each frequency 

f [GHz] Modes f [GHz] Modes 
1.36 1J  2.89 1J , 6J  
2.54 1J , 6J  3.75 1J , 6J , 8J  
2.86 1J , 6J  4.15 1J , 6J , 8J  

 

1J   

(a) f = 1.36 GHz 

1J   

6J   

(b) f = 2.86 GHz 

1J   

6J   

8J   

(c) f = 4.15 GHz 

Fig. 7. The surface current distribution with magnitudes 
and arrow plots about the selected modes and the 
determined positions of multiple grounding at 3 
frequencies 

 

 
Fig. 8. The picture of testing the radiated power from the 

heat-sink in FEKO. The hemisphere surrounding the 
heat-sink describes the Far-field boundary for 
calculating the radiated power, and it has been 
resized for showing on the paper 
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right in Fig. 9, and the radiated power graphs for non-
grounded and grounded heat-sinks are also represented 
together. Resistors can be inserted at each grounding 
position when the heat-sink is grounded, and the change in 
the radiated power of the grounded heat-sinks using 6 
different resistances of 0 to 1kohms is shown in Fig. 9. 

 
4.3 Numerical results 

 
In Fig. 9, the radiated power curve of the non-grounded, 

which is that the heat-sink is not grounded, has the largest 
value as a peak power at 2.8 GHz which is the frequency of 
interest in this simulation. But by grounding the heat-sink 
at the 8 grounding positions like the upper-right in Fig. 9, 
this peak power at 2.8 GHz has been reduced, and it is 
verified by the 6 radiated power curves about the grounded. 

Although the peak radiating power at the frequency of 
interest is decreased dramatically using the proposed 
grounding, the radiated power has been rather increased at 

1.7 and 3.79 GHz. It is an influence of the frequency-shift 
by the change of the resonance modes due to grounding the 
heat-sink. In case of non-grounded and grounded (0ohm) 
which have the peak radiated power at 2.86GHz and 3.79 
GHz respectively, the resonance modes at each frequency 
are 6J  and 9¢J  of Table 4 respectively. The surface 
current distribution of both modes has a similar pattern 
except for the vicinity of 8-grounding positions. Therefore, 
it can be considered that the dominant resonance mode 6J  
of non-grounded has been shifted from 2.86 GHz to 3.79 
GHz by the grounding. 

Nonetheless, the increased radiated power can be further 
reduced by using resistance loaded grounding. By loading 
the resistance from 0 to 150 ohms, the radiated power was 
decreased at both frequencies, and it became the minimum 
level when the resistance is 150 ohms. When the resistance 
is 150 ohms, the radiated power of grounded is less than 
that of non-grounded at all frequency ranges, and it is 
reduced about 15 dBW to the maximum. 

But in case the resistance exceeds 150 ohm ohm, the 
radiated power curve of grounded approaches that of non-
grounded. It implies that the appropriate resistance should 
be used at the grounding positions in order to reduce the 
radiated power effectively. The appropriate resistance to 
reduce the radiated power to the maximum depends on 
not only the shape and size of the heat-sink but also the 
positions or number of grounding. In this example the 
resistance was 150 ohms, and the radiated power was 
reduced about 15 dBW in the frequency range of interest. 

 
 

5. Conclusion 
 
Besides cooling down the heat of CPU, a heat-sink can 

radiate the electromagnetic (EM) waves which may cause 
EMI problems to peripheral electronic devices. The 
multiple grounding technique has been widely used to 

 

 
Fig. 9. A comparison of the radiated power referred to non-

grounded and six grounded heat-sinks 

Table 4. The characteristic modes and its current distri-bution which have top 3 dominant modal weighting coefficients at 
each frequency between Non-grounded and Grounded cases  (the number in ( ) indicates the value of nβ ) 

※ nJ  and n¢J  are different modes, although they have the same index ‘n’. 
State of the heat-sink f [GHz] Modes with Top 3 nβ (dB) & Surface Current Distribution 

Non-grounded 2.86 

6J (-8.99) 

 

1J (-16.3) 

 

5J (-26.4) 

 

Grounded (0W ) 3.79 

9¢J (-11.2) 

 

6¢J (-18.9) 

 

1¢J (-19.2) 
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reduce the EM radiation from the heat-sink, but there is a 
drawback that the specific grounding positions were not 
considered for reducing the EM radiation effectively. 

In this paper, we proposed a method to systematically 
minimize the EM radiation from the heat-sink. In order to 
do that, we introduced two criteria on the positions of 
multiple grounding. The grounding positions in the paper 
are determined by analyzing the distribution pattern of 
currents induced on the surface of the heat-sink, and those 
are based on the proposed grounding criteria. The criteria 
are composed of two kinds, and those are “Ground at 
where the currents begin and converge” and “Avoid 
grounding at the middle of the current-flow”. The criteria 
were verified by the numerical example that the EM 
radiation can be reduced in the desired frequency if both 
criteria are met. Also, the surface current distribution of 
the heat-sink is required for determining the grounding 
positions, and it can be extracted based on the theory of 
characteristic mode analysis (CMA). Extracting the surface 
current distribution consists of two stages, at first the 
resonant modes and frequencies are found in a target 
frequency range by using the results of CMA on the heat-
sink. After that we select the modes which have the biggest 
modal weighting coefficients that can approximate the total 
current J  among the found modes, so that the current 
distribution which should be analyzed is chosen. 

The optimal positions of multiple grounding for the 
heat-sink are obtained by analyzing the current distribution 
of the selected modes based on the proposed grounding 
criteria. By inserting the appropriate resistors at the 
obtained positions, the radiated power from the heat-sink is 
effectively reduced. In case of this paper, the radiated 
power was reduced about 15 dBW on the 2-D flat-type heat-
sink through our proposed method. The proposed grounding 
method can be further extended for 3-dimensional and 
more general structure of heat-sink. 
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