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A Closed-Form Expression for Estimating the
Maximum Radiated Emissions From a

Heatsink on a Printed Circuit Board
Xinbo He, Member, IEEE, and Todd H. Hubing, Fellow, IEEE

Abstract—A closed-form expression is derived for determining
the maximum possible radiated emissions from a heatsink over a
printed circuit board or chassis plane as a function of the maximum
voltage between the heatsink and plane. Two modes of radiation
are considered: a patch-antenna mode and a monopole-antenna
mode. The maximum emissions are the sum of the emissions due to
each of these modes. Circuit board dimensions are assumed to be
large compared to the heatsink dimensions. The most relevant pa-
rameters affecting the emissions are the dimensions of the heatsink.
The closed-form expression is validated by comparing its results
to full-wave simulation results for a variety of heatsink sizes and
shapes.

Index Terms—Electromagnetic modeling, electromagnetic radi-
ation, maximum emissions.

I. INTRODUCTION

ADVANCES in very large scale integration (VLSI) tech-
nology are producing faster and denser devices that often

require large heatsinks to maintain allowable operating temper-
atures. These heatsinks are normally made of metal materials
that can couple noise from the VLSI devices to the rest of the
system.

At low frequencies where the heatsinks are much smaller
than the shortest wavelength of the coupled noise, the heatsinks
do not radiate electromagnetic energy efficiently. Usually, the
only way for electrically small heatsinks to radiate enough to
cause a radiated emissions problem is by coupling to larger
structures such as conductive enclosures [1] or cables attached to
the system [2], [3]. However, as operating frequencies get higher,
heatsink dimensions can become comparable to, or even greater
than, the noise wavelength. At these frequencies, heatsinks can
radiate very efficiently [4]–[6]. In some situations, heatsinks can
even serve as intentional antennas that perform dual functions:
dissipating heat and communicating with electromagnetic waves
[7], [8].
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In most cases, it is undesirable to have a heatsink geometry
that radiates efficiently. Considerable research has been car-
ried out on the influence that heatsink geometry can have on
the radiated emissions from heatsinks [5], [9]–[11]. In earlier
studies, the fin structure was ignored and only a conductive
metal block was modeled to simplify simulations [4], [9]. More
recently, the influence of the fins has been investigated, includ-
ing fin length, height, spacing, orientation, and number of fins
[12]–[14].

Several researchers have also investigated the mitigation of
the unintentional emissions from heatsinks. The most common
methods include the application of shorting posts, which connect
the heatsink body to a nearby printed circuit board (PCB) ground
[4], [5], [9], [15]. This method can work well for reducing the
heatsink radiation at low frequencies. At least one report also
investigates the use of conducting gaskets to electrically “cage”
the IC, and thus reduces the radiated EMI [16].

In order to effectively squelch the radiated emissions from
VLSI heatsinks, it is necessary to understand the radiation mech-
anism behind these emissions. Factors affecting heatsink radia-
tion can include the heatsink dimensions, the proximity of the
heatsink to the PCB ground, and properties of the noise source.
However, there has not been a systematic study of how these
factors affect the radiation from a VLSI heatsink above a circuit
board.

Calculating the precise levels of radiated emissions from a
heatsink in a complex system is neither practical nor desirable.
Even if the precise nature of the VLSI components driving the
heatsink could be determined, small variations in the heatsink
geometry and its proximity to the board and other objects could
have a profound influence on the radiated emissions at frequen-
cies near resonance. In fact, at the frequencies of greatest interest
(i.e., near resonance), the calculated field strengths would be the
most susceptible to error. For this reason, engineers concerned
with potential interference problems are usually not interested in
determining the exact levels of radiated emissions for a precisely
defined geometry. Instead, it is much more useful to obtain an
accurate estimate of the maximum radiated emissions that is
independent of small variations in the geometry or the influence
of nearby components.

This paper presents a method for estimating the maximum
possible radiated emissions for a heatsink with given maxi-
mum dimensions driven by a known voltage relative to a PCB.
Although the voltage between a heatsink and a PCB is dif-
ficult to predict from pure simulations, it can be readily ob-
tained by measurements of the VLSI component and is relatively
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Fig. 1. Heatsink modeled as a superposition of a thick monopole and a patch
antenna.

independent of the specific circuit board or heatsink geometry
used for these measurements.

II. MODEL OF A VLSI HEATSINK

Radiation from a heatsink can be viewed as having two com-
ponents: a cavity radiation component that dominates in short
heatsinks with a large cross section and a monopole component
that dominates when the heatsink is relatively tall [12], [17].
This concept is illustrated in Fig. 1. The cavity is the space
between the heatsink bottom and the PCB plane. Normally, the
spacing S between the heatsink body and the PCB ground plane
is much smaller than the length L and width W of the heatsink
bottom surface, and is much shorter than a wavelength at the
frequencies of interest. Thus, the cavity can be modeled as a
TMz -2-D cavity where the electric field is constant in the ver-
tical direction. The heatsink body can be modeled with good
accuracy as a solid metal block if we are not interested in the
small shifts in resonances caused by the fin structure [25]. When
the heatsink is tall and thin above a relatively large PCB ground
plane, it can be modeled as a thick monopole, which radiates
effectively when its height H approaches a quarter wavelength.

When the radiated emissions from a system with a heatsink
are evaluated, an important part of that evaluation is the char-
acterization of the source. VLSI devices and their coupling to
heatsinks can be difficult to model precisely. Depending on the
software and the state of the device at any given time, the en-
ergy available to couple at a given frequency can vary widely.
Nevertheless, it is possible to measure the voltages coupled to
a heatsink by a VLSI device, and these measurements are rel-
atively independent of the heatsink geometry [25]. Therefore,
in this paper we start with an estimate or measurement of the
maximum voltage between the heatsink and the plane and derive
the maximum possible radiated emissions for that voltage.

III. DERIVATION OF THE MAXIMUM FIELD TO VOLTAGE RATIO

In this section, a closed-form formula is derived to evalu-
ate the maximum possible radiated emissions from a heatsink
mounted above a PCB, when the maximum voltage around the
cavity perimeter is known. The necessary input parameters are

the physical dimensions of the heatsink and its spacing above
the PCB. The formula is derived in two parts: maximum radia-
tion from the heatsink cavity and maximum radiation from the
heatsink as a monopole.

A. Patch-Antenna Component

At high frequencies (L or W > λ/2), the space between
the heatsink and the PCB can behave like a cavity resonator.
Other researchers have addressed the problem of calculating
the maximum radiated emissions from a resonant 2-D cavity
[18], [19]. These papers develop equations for obtaining the
maximum voltage along the cavity walls when the source is
well defined. The length L and the width W used in these
equations must be extended to account for the edge effects. The
extension is approximately twice the cavity height, which in this
application is the spacing S between the heatsink and PCB [20],
[21]. So,

Leff = L + 2S; Weff = W + 2S (1)

where Leff and Weff are the effective length and width of the
cavity, respectively.

The equations derived in [18] and [19] are for a 2-D cavity
formed by two identical plates. However, when the 2-D cavity
is formed by a plate (Leff × Weff ) over a relatively large elec-
trically conductive ground, the reflected E-field from the plane
must be taken into account. For the purposes of estimating the
maximum emissions, the PCB plane can be modeled as an infi-
nite PEC ground. Thus, the maximum radiated E-field from such
a cavity is twice the maximum field obtained in [18] and [19],
or

|E|max = 2
kηSIin

4πr
=

kηSIin

2πr
(2)

where k is the free space wavenumber, η is the free space in-
trinsic impedance, Iin is the maximum source current, and r is
the observing distance.

The voltage along the edges of the cavity is approximately
constant for any given frequency below the first resonance, and
can be derived from the cavity transfer impedance formula [18],
[19] as

|V |max =
ηSIin

Leff Weff k
. (3)

Thus, the |E|max to |V |max ratio is

|E|max

|V |max
=

k2Leff Weff

2πr
. (4)

For a resonating cavity, the far-field radiated emissions from
the TMmn (m �= 0 and n �= 0) are usually weaker than the
nearby TMm 0 (m �= 0) or TM0n (n �= 0) modes [22], [23]. Thus,
only the latter modes are considered. For frequencies above the
first cavity resonance, the ratio can be obtained by calculating
|E|max from the far-field formula and obtaining |V |max from the
transfer impedance formula. For frequencies around the TMm 0
modes of the cavity, the ratio is

|Em0 |max

|Vm0 |max
=

mkWeff

πr
. (5)
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Similarly for frequencies around the TM0n modes, the ratio
is

|E0n |max

|V0n |max
=

nkLeff

πr
. (6)

By equating the low-frequency expression (4) to the high-
frequency expression (5) at the first cavity resonance (TM10),
the connection point between the two expressions is

k1 =
2

Leff
. (7)

For a normal cavity configuration without special structures
that favor higher order TMm 0 or TM0n modes, the maximum
radiated emissions will not exceed the emissions occurring at
the TM01 mode [22]. So for frequencies above this mode, the
maximum radiated emissions expression can be reduced to

|E|max

|V |max
=

|E01 |max

|V01 |max
=

k01Leff

πr
=

1
r

Leff

Weff
(8)

where k01 = 2π/2Weff is the free space wavenumber at the
TM01 resonance.

To allow for the possibility that the TM01 mode has a wide
bandwidth, the connection frequency is shifted lower by averag-
ing the resonant frequencies of the TM01 mode and the highest
TMm 0 mode, which is no higher than the TM01 mode [22]. The
revised connection frequency is then given by

k =
(

π

Weff
+

πp

Leff

)
/2 (9)

where p is Leff /Weff rounded to the nearest integer.
The formula for the maximum cavity radiation is then

|E|max

|V |max

∣∣∣∣
Patch

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

k2Leff Weff

2πr
, k ≤ 2

Leff

kWeff

πr
,

2
Leff

< k ≤
(

π

Weff
+

πp

Leff

)/
2

Leff

rWeff
, k >

(
π

Weff
+

πp

Leff

)/
2.

(10)

B. Monopole-Antenna Component

The heatsink body can be modeled as a thick monopole when
the heatsink is taller than its width. The radiated emissions from
a monopole are well known. The expression for the maximum
radiated field from a monopole at its first resonance is [23]

Emax =
ηoIo

2πr
, at θ =

π

2
(11)

where Io is the source current of the monopole antenna.
|E|max in (11) is derived from the first resonance of the

monopole. For frequencies higher than the first resonance, an
ideal monopole’s maximum radiated field can be higher than
it is at the first resonance. However, these higher levels of ra-
diated emissions only occur in narrow lobes for thin, low-loss
antennas and this equation works well even at high frequencies

for realistic heatsink dimensions. Thus, (11) is used to repre-
sent the maximum emissions due to monopole radiation at all
frequencies.

The maximum voltage at the monopole input at resonance is
Vmax = Io ×Rres , where Rres is the resonant input resistance of
the monopole. Thus, the ratio of the maximum radiated electric
field to the maximum voltage at the feed port for the resonant
monopole is

|E|max

|V |max
=

ηo

2πrRres
=

120π

2πrRres
=

60
rRres

. (12)

At frequencies lower than the first monopole resonance, the
input impedance is mostly capacitive and thus approximately
inversely proportional to frequency. So the feed voltage to this
thick monopole is also inversely proportional to frequency if
the feed current is constant. At the same time, the maximum
radiated field is proportional to frequency for a short (shorter
than a quarter wavelength) monopole with a constant feed cur-
rent [23]. Thus, the ratio of |E|max to |V |max is approximately
proportional to the square of the frequency, and can be written
as

|E|max

|V |max
≈

(
f

f1st

)2 60
rRres

(13)

where f1st is the first resonant frequency of the thick monopole,
and f is no higher than f1st .

The first monopole resonance occurs when the heatsink is
approximately one quarter-wavelength tall. Expressions for the
input impedance of a monopole at resonance are available in the
literature (e.g., [23]) and simulations by the authors [25] indicate
that the minimum input resistance of an antenna radiating like
a monopole at resonance is approximately 36–40 Ω regardless
of the specific dimensions of the antenna. Setting Rres to 36 Ω
in (13) provides an equation for the maximum possible radi-
ated emissions (at frequencies up to the first resonance) from a
heatsink radiating like a monopole at a given distance and for a
given input voltage.

The first resonant frequency of a monopole occurs when its
height approaches a quarter wavelength. However, for a thick
monopole where the dimensions of the end face are not negligi-
ble, the first resonant frequency is shifted lower. The additional
distance that current flows across the end surfaces can be viewed
as increasing the effective length of a fat monopole. An approx-
imation of the shifted resonant frequency is then

f1st-shifted =
co

4
(
H + S +

√
L2

eff + W 2
eff /2

) (14)

where co is the speed of light in free space. This approximation
was verified with full-wave simulations in [25].

So, the final expression for the monopole component of the
heatsink radiated field is

|E|max

|V |max

∣∣∣∣
Monopole

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
f

f1st-shifted

)2 60
rRres

, f <f1st-shifted

60
rRres

, f ≥f1st-shifted .

(15)
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C. Maximum Emissions Estimate

When combining the maximum electric field contributions of
the cavity and the heatsink body, (10) and (15) are separately
calculated and then added

|E|max

|V |max

∣∣∣∣
Heatsink

=
|E|max

|V |max

∣∣∣∣
Patch

+
|E|max

|V |max

∣∣∣∣
Monopole

. (16)

The added results overestimate the radiated emissions in most
cases. However, the overestimation is minimal when both com-
ponents are significant and coincident.

The final formula for the maximum radiated field can be
written in the following segmented form (17a)–(17c), as shown
at the bottom of this page, where khs = 2πf1st-shifted/co is the
free space wavenumber for the thick monopole’s first resonance.

IV. MODEL VALIDATION

To validate the closed-form expression (17), several heatsink
configurations were evaluated using a full-wave field solver [24]
and the results were compared to (17). An initial heatsink with
size (L = 90 mm, W = 64 mm, S = 6 mm, and H = 38 mm)

[15] was evaluated. Then, its height was varied from 0 mm to
600 mm. At very small heights, the heatsink resembled a patch
antenna. When the height was much larger than L and W , the
heatsink looked more like a monopole antenna.

Multiple sources were used in one heatsink configuration to
demonstrate that (17) applies regardless of the number of in-
dependent sources driving the heatsink or the location of these
sources. For each configuration evaluated, the full-wave simu-
lation results and the ratios obtained from (17) are plotted in the
same figure for comparison.

Fig. 2 shows both the maximum emissions estimate and the
actual emissions obtained from a full-wave [24] simulation of a
heatsink with negligible height driven by an ideal current source
located close to the center. Since the zero-height heatsink is
essentially a patch antenna, it is not surprising that the actual
emission peaks come very close to the maximum emissions
estimate at several frequencies.

When the heatsink height is increased to 5 or 38 mm (see
Figs. 3 and 4, respectively), both the estimation and the full-
wave field strengths increase, though these heatsinks are still
relatively short compared to their cross sections. In these cases,

|E|max

|V |max
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k2Leff Weff

2πr
+

(
k

khs

)2 60
rRres

k ≤ khs

k2Leff Weff

2πr
+

60
rRres

khs < k ≤ 2
Leff

kWeff

πr
+

60
rRres

2
Leff

< k ≤
(

π

Weff
+

πp

Leff

)/
2

Leff

rWeff
+

60
rRres

k >

(
π

Weff
+

πp

Leff

)/
2

khs ≤ 2
Leff

(17a)

|E|max

|V |max
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k2Leff Weff

2πr
+

(
k

khs

)2 60
rRres

k ≤ 2
Leff

kWeff

πr
+

(
k

khs

)2 60
rRres

2
Leff

< k ≤ khs

kWeff

πr
+

60
rRres

khs < k ≤
(

π

Weff
+

πp

Leff

)/
2

Leff

rWeff
+

60
rRres

k >

(
π

Weff
+

πp

Leff

)/
2

2
Leff

< khs ≤
(

π

Weff
+

πp

Leff

)/
2 (17b)

|E|max

|V |max
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k2Leff Weff

2πr
+

(
k

khs

)2 60
rRres

k ≤ 2
Leff

kWeff

πr
+

(
k

khs

)2 60
rRres

2
Leff

< k ≤
(

π

Weff
+

πp

Leff

)/
2

Leff

rWeff
+

(
k

khs

)2 60
rRres

(
π

Weff
+

πp

Leff

)/
2 < k ≤ khs

Leff

rWeff
+

60
rRres

k > khs

khs >

(
π

Weff
+

πp

Leff

)/
2 (17c)
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Fig. 2. Field-to-voltage ratio for a 90 mm × 64 mm × 0 mm heatsink 6 mm
above a plane.

Fig. 3. Field-to-voltage ratio for a 90 mm × 64 mm × 5 mm heatsink 6 mm
above a plane.

the overestimation is larger. This larger difference is the result of
directly adding the maximum radiated fields from both compo-
nents, whose direction of maximum radiation occurs at different
spatial positions and/or different frequencies.

As the height is further increased to 76 mm (see Fig. 5),
the first resonance of the monopole shows up. This resonance
occurs at about 515 MHz as predicted by (14).

As the heatsink height continues to increase to 150 and
600 mm (see Figs. 6 and 7, respectively), the height becomes
larger than the other dimensions and the resonances of the
monopole component show up at frequencies much lower than
the first cavity resonance. The actual emission levels are close
to the estimate at these resonance peaks.

The previous simulation results used only one excitation
source. In real situations, multiple sources could exist and inde-
pendently drive the heatsink. To evaluate this possibility, multi-
ple independent sources were used to drive one of the heatsink
configurations and the results are compared to (17) in Fig. 8.

Fig. 4. Field-to-voltage ratio for a 90 mm × 64 mm × 38 mm heatsink 6 mm
above a plane.

Fig. 5. Field-to-voltage ratio for a 90 mm × 64 mm × 76 mm heatsink 6 mm
above a plane.

Fig. 6. Field-to-voltage ratio for a 90 mm × 64 mm × 150 mm heatsink 6 mm
above a plane.



210 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 54, NO. 1, FEBRUARY 2012

Fig. 7. Field-to-voltage ratio for a 90 mm × 64 mm × 600 mm heatsink 6 mm
above a plane.

Fig. 8. Field-to-voltage ratio for a 90 mm × 64 mm × 38 mm heatsink 6 mm
above a plane driven by sources at various locations.

For multiple independent sources, even for up to 30 sources dis-
tributed around the cavity edges, the estimate provides a good
envelope.

In addition to the results shown here, the authors have evalu-
ated many additional heatsink geometries of different sizes and
cross sections and have yet to observe radiated emissions higher
than predicted by the maximum emissions estimate obtained by
(17) [25].

V. CONCLUSION

A maximum emissions estimate for heatsink-PCB configura-
tions has been derived by viewing the radiation source as being
a combination of monopole and resonant-patch antennas. The
estimate relates the maximum possible radiated emissions to the
maximum voltage between the heatsink and the circuit board.
Maximum emissions estimates like this can be used to deter-
mine whether a particular source-antenna structure might pos-
sibly cause a radiated emissions problem. The only parameters

required for this estimate are the dimensions of the heatsink and
the maximum applied voltage. This expression has been shown
to be effective for various heatsink dimensions, including short,
fat heatsinks and tall, thin heatsinks.
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