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Abstract—Heatsinks may cause radiated emission and radio
frequency interference problems when they are mounted on
printed circuit boards. In this paper, the radiation mechanism of
heatsinks is systematically investigated using characteristic mode
theory. The dipole moment is a commonly used equivalent source
model for integrated circuits that drive radiated emission from
heatsinks. On the basis of a simplified modal weighting coefficient
formulation, the interactions between the dipole moment and
the significant modes of the heatsink are efficiently evaluated,
thus providing clear physical insight into noise source placement.
Finally, the grounding post design, a commonly used EMI
mitigation method, is also discussed. The relative error of the
mode-based field prediction is less than 3 dB compared to the
full-wave simulation.

Index Terms—Radiation mechanism, heatsink, characteristic
mode, dipole moment, EMI mitigation, grounding design.

I. INTRODUCTION

AS the integration density of integrated circuits (ICs)
and electronic systems continues to increase, system

power consumption is also dramatically increasing, thus mak-
ing heatsinks a critical component for heat dissipation [1].
However, heatsinks also cause substantial electromagnetic
interference (EMI) problems because of their relatively large
electric sizes [2] [3].

The radiation mechanism of heatsinks has long been studied.
In [4], analytical formulas have been proposed to relate
the maximum radiated emission to the voltage between the
heatsink and ground plane. The far-field radiated emission
is then predicted on the basis of the equivalent magnetic
current in the cavity region and the monopole-antenna current
approximation on the tall heatsink body. This approximation
is valid only for heatsinks with a relatively simple shape.
Recently, several studies have been conducted to investigate
the effects of heatsink geometry [5] [6] [7]. A more accurate
model than monopole antennas is needed to reflect geometric
variations in EMI risk assessment.

Heatsinks have also been studied with characteristic mode
analysis (CMA) in previous works [8] [9]. The results in
[8] have shown that heatsink resonance can be accurately
predicted with the CMA approach, on the basis of comparison
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TABLE I
LITERATURE REVIEW OF CMA APPLICATION IN EMC COMMUNITY

Topic Literature
Mitigation of EMI using absorbing material [8]

Radiation from cubic heatsink [9]
Radiation hotspot Analysis based on eigencurrent distribution [10]

Experimental verification of CMA using reverberation chamber [11]
Out-of-band coupling between antennas [12]

with measurements of the total radiated power (TRP). In [9],
CMA has been used to simulate a cubic heatsink and to inves-
tigate multiple grounding designs based on the modal current
distribution. The effectiveness of CMA has also been validated
by TRP simulation. Because the TRP of each mode depends
on the power intensity integrated over the entire sphere (far-
field region) [10], whether CMA can be used to accurately
predict the near-field and far-field emissions generated in a
specific region/direction remains an open question.

Generally, heatsinks absorb energy from noisy digital ICs
[3] [13]. However, the detailed IC information is generally
not available to electromagnetic compatibility (EMC) engi-
neers; therefore the equivalent source reconstruction method
is commonly used to model the radiation of digital circuits
[14]–[16]. The dipole moment model is the most commonly
used equivalent radiation source for the IC structure because
it represents the current paths that cause emission problems
[17]. For example, a magnetic dipole has been extracted in
[16] to represent the radiated emission from the bonding wires
of a digital IC. However, to our knowledge, no comprehensive
analysis of the interaction between the dipole moment source
and the heatsink has been reported in the literature.

The purpose of this article is threefold:
1) Verify the validity of using the CMA approach to predict

the near-field and far-field emissions from the heatsink, which
are essential for radio frequency interference (RFI) estimation
and radiated emission (RE) prediction. (The criterion for
selecting significant modes for interference prediction is also
discussed. More stringent criterion than that used by the
antenna research community is needed.)

2) Model the interaction between the dipole moment model
and the characteristic modes of the heatsink.

3) Discuss several mitigation methods based on modal
analysis, including noise source placement and grounding
design.

This article is organized as follows. In Section II, character-
istic mode theory is briefly revisited. A partition-based emis-
sion prediction strategy is subsequently introduced and used to
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relate the resultant field to a specific geometry (current path).
In addition, formulas for calculating the interaction between
the general reconstructed noise source and the characteristic
modes are presented. In Section III, validation of emission risk
prediction by using the modal fields is conducted. Finally, the
selection of critical modes and the mitigation methods based
on modal analysis are further discussed, and a plate heatsink
is used as an example.

II. THEORY BACKGROUND

A. Theory of Characteristic Mode

The characteristic mode currents [18] are derived from a
generalized eigenvalue equation

XJn = λnRJn (1)

where Jn is the nth modal current, and R and X are the real
and imaginary parts of the impedance matrix Z, respectively.

Z = R + jX (2)

Because the modal currents form a weighted orthogonal set
over the surface of the conductor body, the induced current
on the object, J, can be expressed as a linear superposition of
the modal currents when the heatsink is subjected to external
excitation

J =

N∑
n=1

αnJn (3)

where Jn is the nth modal current, and N is the mode number
used to expand the currents. N could be a small number for
an object of electrically intermediate size [18]. The modal
weighting coefficient (MWC), αn, can be calculated as

αn =
< Einc, Jn >

1 + jλn
(4)

where Einc denotes the incident field from the external source,
and the inner product <> is taken over the entire object.

Owing to the linear nature of Maxwell’s equations, the
scattered field can be represented by a linear combination of
the modal patterns

E =

N∑
n=1

αnEn (5)

where En is the modal near-field or far-field produced by the
modal current Jn.

Of note, the half-space green’s function, rather than the
free-space green’s function, must be used here to calculate
the impedance matrix to account for the infinite large plane
approximation for the large printed circuit board plane [4].

B. Dipole Moment as Excitation

In the original article on characteristic mode theory, Har-
rington discussed and presented MWC formulations with
infinitesimal dipole sources as excitations (equations (34) and
(35) in [18]). However, this case has received less attention
than the delta gap voltage source and the plane wave source

cases, which are widely used for antenna performance and
scattering analysis [12] [19]. In the EMC research community,
dipole moments are widely used as equivalent noise sources
for the IC and other components in RFI and RE prediction
[13] [14] [20]. For instance, the dipole moment model has
been used to develop an effective RFI mitigation strategy by
rotating the noise source [21]. This section revisits the MWC
formulation for the dipole moment excitation case, which can
serve as a practical noise source for a heatsink [3] [21].

Here, we study the interaction between the magnetic dipole
and the modal currents of the heatsink. The case of an electric
dipole can be handled similarly. On the basis of the reaction
concept, the Rayleigh-Carson reciprocity theorem indicates the
sensibility of the heatsink modal currents by the dipole source
[22]

∫
V

−(Hn · M)dV =

∫
V

(E · Jn)dV (6)

where Jn and Hn denote the nth modal current and its radiated
H field, M and E represent the magnetic dipole source (noise
source) and its E field, and V is the entire space. Of note, the
dipole moment is defined only at a discrete point in the space;
thus:

−Hn(r0) · M =

∫
V

(E · Jn)dV (7)

where r0 is the location of the dipole source.
After substitution of the inner product in (4) with -Hn(r0) ·

M, the modal weighting coefficient for a single magnetic
dipole excitation becomes

αn = −M · Hn(r0)

1 + jλn
(8)

Now the modal weighting coefficient depends only on the
eigenvalue, the magnitude of the dipole moment, and the
modal H field at a particular location, but not on the integral
over the surface of the heatsink. This simplified formulation is
not only a valid alternative to the MWC calculation, but also
provides an intuitive explanation of the interaction between
the noise source and modal currents.

C. Partition-based Emission Prediction Method

Geometric differences in heatsinks may result in different
EMI risks [6]. To demonstrate whether CMA can be used to
accurately predict the emission from a specific geometry, such
as the plates on a heatsink body, a partition-based approach is
used.

Because the operator connecting the current and its resultant
field is linear (equation 3.25 in [23]), the radiated fields from
the entire structure can be decomposed into the contributions
from different geometry partitions,

E(r) = ES1(r) + ES2(r) (9)

where S1 denotes the base partition surface, and S2 denotes
the heatsink body partition surface, as shown in Fig.1b. E(r),
ES1

(r), and ES2
(r) denote the radiated fields due to the
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(a)

Heatsink body 

partition

Base partition

(b)

Fig. 1. The plate heatsink and the partitioning procedure. (a) Geometry of
the heatsink. (b) Base partition and heatsink body partition.

currents on the entire structure, the currents on the base
partition, and the currents on the body partition, respectively.
The formulas used to calculate the near-field and far-field for
arbitrary current distribution can be found in [23] and are not
repeated herein.

The partitioning procedure is a simple yet efficient and
effective post-processing procedure to understand the contri-
butions from different current paths. If necessary, it can also
be used to study the emission of an individual pin of a pin-type
heatsink or an individual plate of a plate heatsink.

III. VALIDATION

A. CMA for a Plate Heatsink

In this section, the plate heatsink structure in Fig. 1a is
analyzed by using CMA from 2.3 GHz to 2.5 GHz, wherein
its emission can be picked up by a Wi-Fi antenna. The heatsink
sits above a large printed circuit board ground plane, and the
gap between the base and the ground plane is 4 mm. The
largest length of the triangular cell is set as 3 mm (λ/40),
which is sufficient to capture the behavior of the high-order
modes.

The modal significance (MSn = |1/(1 + jλn)|) spectrum
for the first six modes is shown in Fig. 2. The modal currents
are shown in Fig. 3. Two resonant modes are observed and the
results for 2.4 GHz are analyzed in the rest of this paper. The

Fig. 2. Modal significance spectrum between 2.3 GHz and 2.5 GHz.

(a) (b)

(c) (d)

Fig. 3. Modal current distribution at 2.4 GHz. Units: dBA/m. (a) Mode 1.
(b) Mode 2. (c) Mode 3. (d) Mode 4.

modal currents on the base partition of the first and second
modes correlate with the typical TM10 and TM01 modes of a
rectangular cavity. For the heatsink body partition, the currents
also differ for the two modes: a vertical monopole-like current
is observed for mode 1, and a horizontal monopole-like current
is observed for mode 2 on the plates. In particular, for mode 4,
both vertical and horizontal current components are presented
along the edges of the plates.

Fig. 4 shows the modal far-field for modes 1, 2, and 4.
The differences in the radiation lobes can be attributed to the
difference in the modal currents (base and body partition). To
support our hypothesis, the partitioning procedure is applied
for mode 1 and mode 2. The radiated emission from the entire
structure and the heatsink body is compared in Fig. 5. The
vertical current component on the heatsink body in mode 1
can be concluded to introduce a main lobe in the horizontal
directions, while both horizontal current components on the
base and heatsink body in mode 2 produce lobes toward the
θ = 90 direction (XY plane). In addition, the contribution
of the heatsink body partition can be quantified; for instance,
the horizontal lobe in mode 1 is 13 V/m and is the main
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(a) (b)

(c) (d)

(e) (f)

Fig. 4. Modal far-field pattern. Units: V/m. (a) Eθ , mode 1. (b) Eϕ, mode
1. (c) Eθ , mode 2. (d) Eϕ, mode 2. (e) Eθ , mode 4. (f) Eϕ, mode 4.

(a) (b)

Fig. 5. Comparison of 2D cut of modal far-field. Units: V/m. (a) Eθ

component of mode 1 (ϕ = 90 and ϕ = 270 planes). (b) Eθ component
of mode 2 (ϕ = 0 and ϕ = 180 planes).

contributor to the radiation along the horizontal direction.

B. Interaction Between the Noise Source and Characteristic
Modes

To verify whether CMA can be used for EMI risk prediction
(i.e., prediction of the field levels at the near-field region of
interest and far-field direction of interest) when a noise source
is present, an x-direction-oriented magnetic dipole (Mx dipole)
is placed at [-13 mm, 10 mm, 2 mm] to mimic the radiation
of an IC structure [16]. For simplicity, the magnitude of the

(a)

(b)

Fig. 6. Full-wave simulation configuration. Excitation I: Mx dipole at [-13
mm, 10 mm, 2 mm]. Excitation II: My dipole at [0 mm, 0 mm, 2 mm]. (a)
Side view. (b) Bottom View.

(a) (b)

(c) (d)

Fig. 7. Modal Hx component in the cavity region at z = 2 mm. Units for
field: A/m. Units for coordinates: m. (a) Mode 1. (b) Mode 2. (c) Mode 3.
(d) Mode 4.

magnetic dipole is set to 1 V m, which is much larger than
the realistic case (0.0026 V m for the bonding wires’ radiated
emission in [16]).

The simulation configuration is shown in Fig. 6. The MWC
can be calculated from (8), on the basis of the eigenvalue and
the modal Hx component of each mode (shown in Fig. 7). The
MWC comparison with FEKO (using (4)), as shown in Table
II, indicates a good correlation. Mode 1 is excited because of
its larger Hx component.

The current distribution from the full-wave simulation is
shown in Fig. 8. Mode 1 is excited. A near-field scanning
surface (x from -130 mm to 130 mm, y from -130 mm to 130
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Fig. 8. Current distribution based on full-wave simulation when the heatsink
is excited by the Mx dipole. Units: dBA/m.

(a) (b)

(c) (d)

Fig. 9. E-field comparison at the near-field scanning surface between the
modal-based prediction and the full-wave simulation when the heatsink is
excited by the Mx dipole (the white area in the center is occupied by the
heatsink). Units: dBV/m. (a) Ex predicted by α1E1. (b) Ex from full-wave
simulation. (c) Ey predicted by α1E1. (d) Ey from full-wave simulation.

Fig. 10. Eθ component between modal-based prediction (α1E1) and full-
wave simulation when the heatsink is subjected to Mx dipole excitation (ϕ =
90 and ϕ = 270 planes.).

TABLE II
MODAL WEIGHTING COEFFICIENT COMPARISON FOR MX DIPOLE

EXCITATION

Mode Index λn |Hx| |αn| (using 8) |αn| (FEKO)
1 -0.122 3.853 3.825 3.825
1 -0.189 0.032 0.032 0.032
2 -1.11 0.435 0.291 0.291
3 14.59 0.195 0.013 0.013
4 22.1 3.07 0.139 0.139

mm, z= 8 mm) is defined around the heatsink to monitor the
near-field emission in the near-field zone. The near-field and
far-field emissions based on mode prediction and full-wave
simulation are shown in Fig. 9 and Fig. 10, respectively. In
this case, the correlation shows that one significant mode is
sufficient to predict the near-field and far-field emission levels
with high accuracy.

IV. DISCUSSION

A. Selection of Critical Modes

For conductors of electrically intermediate size, only a few
modes are needed to characterize the resultant field of the
structure, which are called significant modes. The antenna
research community usually defines significant modes by using
the modal significance

MSn

{
≥ 0.707 significant mode.
≤ 0.707 non-significant mode.

(10)

which is based on the half-power bandwidth of each mode.
For the heatsink case, according to the criteria in (10), mode

4 is non-significant and can be ignored. Through the numerical
experiment below, we show that in some cases ignoring mode
4 can lead to relatively large errors in both the near-field and
far-field predictions.

First, the modal Hy pattern in the cavity region is summa-
rized in Fig. 11. According to (8), if the modal H field of the
non-significant mode is sufficiently larger than the significant
modes, the non-significant modes can also be effectively
excited. Therefore, the magnetic dipole is rotated to the y
direction and placed at [0 mm, 0 mm, 2 mm] to excite mode 4.
The MWC spectrum is summarized in Fig. 12. The magnitude
of the MWC of mode 2 is 7.6, and that of mode 4 is 1.47.
Both mode 2 and mode 4 are effectively excited. The vertical
component of the induced current of the plates (full-wave
simulation result), as shown in Fig. 13, also indicates that
mode 4 is excited.

As shown in Fig. 14, the Ez component of mode 4 (on
the near-field scanning surface) is larger than that of mode 2,
thus indicating that ignoring mode 4 may lead to errors in Ez
component prediction. The resultant Ez field on the scanned
surface, according to different predictions, is shown in Fig.
15. As expected, mode 4 is also a significant contributor to
the near-field emission. It is worth mentioning that there is
a large discrepancy between the mode-based predictions and
the full-wave simulations in the very near region of the heat
sink, which is caused by neglecting the higher-order modes.
Overall, the relative error is less than 3 dB.
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(a) (b)

(c) (d)

Fig. 11. Modal Hy component in the cavity region. Units: A/m. (a) Mode 1.
(b) Mode 2. (c) Mode 3. (d) Mode 4.

Fig. 12. Modal weighting coefficient when the heatsink is excited by the My
dipole.

Fig. 13. Current distribution based on full-wave simulation when the heatsink
is excited by the My dipole. (Units: dBA/m)

(a) (b)

Fig. 14. Modal Ez component on the near-field scanning surface. Units:
dBV/m. (a) Mode 2. (b) Mode 4.

(a) (b)

(c) (d)

Fig. 15. Ez field prediction at the near-field scanning surface (when the
heatsink is excited by the My dipole). Units: dBV/m. (a) α2E2. (b) α4E4.
(c) α2E2 + α4E4. (d) Full-wave simulation.

On the other hand, the far-field comparison between the
modal-based prediction and full-wave simulation is shown in
Fig. 16. The results show that when only mode 2 is considered,
significant errors are observed in the emission risk prediction
in the x/y directions; however, if both mode 2 and mode 4 are
considered, the modal-based approach accurately predicts the
far-field emission. If the victim is located in the x/y directions
of the heatsink, using only mode 2 for the prediction causes
significant errors.

In summary, with several critical modes, the modal-based
approach can predict the emission risks of a heatsink. How-
ever, the criterion used by the antenna research community
may not be sufficient for EMI/RFI prediction purposes, es-
pecially when interference at a specific direction/region must
be considered. Herein, we suggest including more high-order
modes for interference prediction, e.g.,

MSn

{
≥ 0.02 significant mode.
≤ 0.02 non-significant mode.

(11)
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Fig. 16. Eθ comparison when the heatsink is excited by the My dipole (ϕ = 0
and ϕ = 180 planes). Units: V/m.

(a) (b)

Fig. 17. Mitigation method experiments. (a) Noise source placement. (b)
Grounding designs.

B. Mitigation Method

Noise source placement and grounding posts are two com-
monly used approaches for RFI/RE mitigation [15] [21] [24].
In this section, these two methods are discussed on based on
CMA.

1) Noise Source Placement: Because the MWC can be
obtained with the modal H field and eigenvalue of each
mode, the IC placement method can be studied with the
CMA approach. A numerical experiment is used as a proof
of concept. As shown in Fig. 17a, the Mx dipole in the
first simulation is swept from (-13 mm, 0 mm, 2 mm) to
(-13 mm, 8 mm, 2 mm) with a step size of 2 mm along
the y direction. Based on the modal approach, the MWC is
first calculated with (8), and then the radiated emission is
estimated by multiplication of the MWC with modal pattern
(only mode 1 is used for field prediction). The comparison
of the modal-based approach and the full-wave simulation
is shown in Fig. 18. A good correlation is achieved for the
far-field radiation prediction using one significant mode. This
numerical experiment demonstrates that the Mx dipole mainly
excites the first mode of the heatsink, and the radiation level
can be decreased by placing the IC in the weak field region
of the first mode. In addition, less than 1 second is required
to calculate the final radiation pattern for the modal-based
approach, because the MWC calculation is efficient.

2) Grounding Design: Because of the increasing complex-
ity of integration in systems, IC placement is not always
feasible for layout engineers to mitigate the EMI/RFI problem.
Another popular technique for reducing interference is the
use of grounding posts [9] [24]. As shown in Fig. 19, three
grounding designs are proposed to study their effectiveness.

Fig. 18. Eθ at ϕ = 90◦ with different noise source placements. The solid
line indicate modal-based predictions, and the dashed lines indicate full-wave
simulation results. (Units: V/m)

(a)

(b)

(c)

Fig. 19. The MWC for different grounding designs when excited by Mx
dipole. (a) Design I. (b) Design II. (c) Design III.
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The CMA is performed and the MWC excited by the previous
Mx dipole at [-13 mm, 10 mm, 2 mm] are shown in Fig. 19.
The first mode in the ungrounded heatsink is observed in all
the cases: mode 2 in Fig. 19a, mode 1 in Fig. 19b, and mode
1 in Fig. 19c. In addition, new patterns, such as mode 3 in
design I (shown in Fig. 19a), are presented and excited. In this
situation, merely reducing the initial dominant mode (mode 1)
does not ensure that interference will be reduced. Algorithms
for shape optimization could be utilized to place grounding
posts in the best possible places [25].

V. CONCLUSION

In this article, characteristic mode theory is utilized to ana-
lyze the radiation mechanism of heatsinks. The CMA approach
is demonstrated to accurately predict both near-field and far-
field interference. Through use of a partitioning approach,
the accuracy of the characteristic modes is verified, and the
radiated emission contribution from the heatsink body can be
accurately predicted. The simplified MWC formulation for the
case of dipole source excitation is revisited and validated, thus
not only enabling an intuitive understanding of the interaction
between the noise source and heatsink, but also providing
a fast and efficient method for IC placement. The method
utilized in this work may also be used by the system-level
EMC enginners or RF de-sense enginners and facilitate the
analysis of the resonance and interference caused by other
metallic housings in the consumer electronic devices. The
partition-based radiated emission prediction approach may
also be used to study the critical parameter that cause the
interference [26]. Further improvements to this study may
include a systematic grounding design methodology.
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