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Abstract

When a heatsink is mounted on an integrated circuit (IC) package above a printed circuit board
(PCB) ground, noise from the IC can be coupled to it and radiate. At high frequencies, where the
height of the heatsink is comparable to a quarter wavelength, the heatsink/board geometry can be an
efficient antenna. One method to reduce heatsink radiation is to use shorting posts that bypass some of
the noise current to the PCB. This report examines the effectiveness of shorting posts for reducing
heatsink radiation.

1. Introduction

Since the introduction of very large scale integration (VLSI), the integration density and the
operating frequency of integrated circuits have been increasing steadily. The huge number of
semiconductor gates switching every second can draw significant amounts of current, which inevitably
generates a lot of heat. Heatsinks are often used to carry this energy away and maintain an acceptable
IC temperature. Heatsinks are generally made of copper, aluminum, and other metals that have high
thermal conductivities; however, these metals also have high electrical conductivities. As IC operating
frequencies increase, heatsinks are more likely to form resonant antennas with the power and ground
planes on PCBs. This phenomenon is commonly observed in current VVLSI applications [1, 2].

VLSI heatsinks can be modeled as a superposition of a patch antenna and a fat monopole [3]. When
the heatsink height is small relative to its length and width, it radiates like a patch antenna. When the
heatsink height is much larger than its length and width, it looks more like a monopole antenna [3, 4].
Different methods have been investigated to reduce the radiation from heatsinks [5, 6]. The damping of
relatively short heatsinks is similar to the damping of chassis mounted circuits boards, which has been
investigated in an earlier study [7].

One method to reduce the radiation from tall heatsinks is to use shorting posts that connect the
heatsink body to the PCB ground [1, 2, 5, 8-10]. There can be one or more shorting posts and the
locations of these posts can be anywhere around the heatsink. A general design guideline is that more
posts work better [5]. However, design and cost constraints, limit the number of posts, thus it is
important to understand how post positions and impedance affect the radiated emissions.

2. Calculation of Heatsink Driving Voltage

Fig. 1 shows an illustration of a tall heatsink mounted above an IC and its corresponding antenna
model. Normally the PCB ground plane length and width are much larger than the heatsink cross
section, and the heatsink can be modeled as a monopole or patch antenna [3]. A heatsink with a height
much larger than its length and width can be modeled as a fat monopole antenna driven by the voltage
coupled from the VLSI component. The radiation from fat monopole antennas has been well studied.
Once the driving voltage is known, the radiated emissions can be readily obtained.

Heatsink

Fig. 1. A tall heatsink mounted on an IC above a PCB and its simplified model.




When conducting posts are mounted between the heatsink and the PCB ground, the voltage between
the heatsink and the ground plane will be influenced by the size and location of the posts. Some of the
source current will flow to the PCB ground through the posts and the rest will flow to the heatsink
resulting in radiated emissions. The distribution of the noise current is shown in Fig. 2. To investigate

how the posts reduce the heatsink radiation, it is necessary to determine the driving voltage of the
heatsink, V.
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Fig. 2. Current distribution through the heatsink body and the mounted shorting posts.

At high frequencies, Vy is primarily due to the mutual inductance between the loop formed by the
source current and the shorting posts and the “loop” formed by the monopole radiation. It is tempting
to calculate the self inductance of the loop formed by the posts, the source, and the top and bottom
plates of the cavity; then to multiply the impedance associated with this inductance by the current to
get V. However, this approach is not correct. To illustrate this point, suppose the number of posts
mounted along the edge of the patch is increased until the conducting posts form a “cage” around the
enclosed noise source as shown in Fig. 3. In the limit as the number of posts approaches infinity, no
current flows from the noise source to the external faces of the heatsink and consequently the heatsink
does not radiate. The horizontal cross-section of the cavity now looks like a rectangular coaxial cable
with the source as the inner conductor and the posts as the outer conductor. The inductance of this
coaxial geometry is not zero; yet the voltage driving the monopole approaches zero.
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Fig. 3. Numerous posts that confine the field inside the cavity.

Vy is determined by the net magnetic flux that wraps the posts externally. Therefore, the mutual
inductance between the source-post (inner) loop and the heatsink-post (outer) loop is the quantity of
interest. Because the heatsink and circuit board geometries are very wide relative to the posts, little
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magnetic flux wraps these portions of the loop. The total mutual inductance is therefore determined by
the partial mutual inductances [12]between the source and the ground posts. Suppose there are two
shorting posts and one noise source in the cavity as shown in Fig. 4. The net magnetic flux is
determined by the partial mutual inductances between the source and the two ground posts [12-14].

! Wi2

Post 2 I Post 1

Fig. 4. Self and partial mutual inductance associated with one post (green).

The magnetic flux wrapping Post_1 externally is indicated by the shadowed area in Fig. 4. This flux
is due to the current in Post_1 plus contributions from the currents in the source and Post 2. The
voltage drop, Vy, can be determined by summing the contributions that each of these current segments
makes to the total external magnetic flux.

For short posts between wide planes where all dimensions are short relative to a wavelength and
displacement current can be neglected, the magnetic field intensity between the planes due to a post
current | is [13][15]

ﬁ:L¢_ 1)

This is a reasonable approximation for the magnetic field between the heatsink and the PCB due to
posts that are not too close to the edge of the heatsink. An expression for the magnetic field intensity in
the shadowed region of Fig. 4 is more complicated, but can be represented as function of the distance
from the outer post, r,

H=1xf(r). 2

where f(r) approaches zero as r approaches infinity at a rate exceeding 1/r. The partial inductance can
be calculated using the following formulas [13, 14].
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where Ljs is the mutual partial inductance between Post 1 and the source, Li; is the self partial
inductance of Post_1, and Ly, is the mutual partial inductance between Post_1 and Post_2. The width
of the heatsink is W, the distance from the source to the posts is s, and the posts have a radius a and a
height h.

The first terms in Eqgs. (3a - ¢) can be evaluated explicitly. The resulting equations can be written as
the sum of a calculable term and a constant that has the same value in all three equations,
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Summing the contributions from the partial and mutual inductances associated with Post_1, the voltage
that drives the heatsink is given by

Vi = ol L, +ol, L, —ol L. ®)
where I, 11, and I, are the current flowing in the source, Post_1, and Post_2, respectively.

For symmetric configurations like the one in Fig. 4, the current flowing through each post is equal.
For post impedances much smaller than the monopole radiation impedance, which is generally 36 Q or
greater, the total current flowing through all the posts is approximately equal to the source current. So,
for this post configuration, we make the following approximation, 1; = I, = I¢/2, and we rewrite (5) in
terms of the source current,
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In general, for a heatsink with n symmetrically located posts, the voltage driving the heatsink is
given by,

VH — Cl)ls { L'll + LI12n+.“+ L‘ln _ L15:| ) (7)

Substituting the integrated terms in (4a) — (4c) for the corresponding terms in (6), and applying the
properties of natural logarithms, (6) can be further simplified as
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Similarly, (7) can be re-written as
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where s; is the distance between Post_1 and Post _i.
The reduction in radiated emissions is equal to the reduction in Vy,
. \4 h
Reduction = Ml o hila — (10)
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3. Validation of the Calculation Method

To validate the calculations in the previous section, PCB-heatsink geometries were simulated using
full-wave electromagnetic modeling software [16]. The simulation results were then compared to
results obtained using Eg. (10). In the first example, the heatsink dimensions are Ly = 45 mm, W = 45
mm, and H = 140 mm. The spacing between the heatsink and the PCB is 3 mm. A current source is
located at the center of the cavity, with posts at the middle of the edges as shown in Fig. 5.
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Fig. 5. Source and post locations viewed from the top of the heatsink cavity.

Five post combinations were evaluated with 1, 2, 3 or 4 posts. For the 2-post case, two possible
locations were evaluated: two posts in the middle of opposite sides (180°) or in the middle of adjacent
sides (90°). As a reference, the heatsink without any posts was also simulated. For each simulation, the
magnitude of the maximum radiated electric field 3 meters away was obtained for frequencies up to
5 GHz as shown in Fig. 6.




In the full-wave simulations, the posts are simulated using a flat PEC ribbon instead of a round wire
for convenience. The ribbon height is 3 mm and the width is 2 mm. For the purposes of the calculation
in (8), the ribbon is equivalent to a circular cylindrical post of the same height with a radius equal to a
quarter of the ribbon width [11].
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Fig. 6. Full-wave simulation results: maximum electric field vs. frequency.

In Fig. 6, the brown line represents the maximum radiated field from the heatsink without any posts.
The peak at about 500 MHz is due to a resonance of the heatsink body. The heatsink height is much
larger than its length and width. Thus it resonates like a monopole at low frequencies. The resonant
frequency is approximately

300 300 300
A 4(H+h)/0.96 4(0.14+0.003)/0.96

~500 MHz | (11)

where H is the height of the heatsink, and the factor 0.96 is applied to take into account the thickness
of the monopole [11].

With shorting posts, the radiated field at frequencies at or below the first monopole resonance is
decreased. As more posts are added, the radiated fields are reduced and the effective frequency range is
extended. In the two-post case, the 180° configuration results in better reduction than the 90° case. This
is due to the lower partial mutual inductance in the 180° configuration.

For each post configuration, the radiation reduction at the first monopole resonance was also
calculated using the partial inductance method, Egs. (1) - (10). The calculated reduction from the full-
wave simulation and the partial inductance calculation are listed in Table 1. Note that the 2-90°
configuration and the 3-post configuration are not symmetric and therefore violate one of assumptions
made when deriving (10). Nevertheless, for all 5 of the post configurations, the difference between the
full-wave calculations and results obtained using Egs. (1) — (10) are less than 2 dB.




Table 1. Radiation reduction for different post configurations

Configuration of Posts Full-wave (dB) Partial L (dB)
1 12.1 13.6
2-90° 19.9 21.6
2-180° 22.7 22.7
3 26.9 27.2
4 33.1 31.6

The radiated emissions with 2 posts on opposite sides of the heatsink are about 10 dB lower than the
emissions with 1 post. If the reduction were simply a function of post impedance (self partial
inductance), one might expect the reduction to be 6 dB (a factor of 2). This emphasizes the importance
of evaluating the partial mutual inductances of the shorting post configuration, and placing the posts in
positions that maximize the cancelling of magnetic flux outside the PCB-heatsink cavity.

4. LC Resonance Damping

In the previous section, it was shown that shorting posts can help to reduce tall heatsink radiation at
frequencies up to and including the first monopole resonance. However, (in Fig. 6) LC resonances
occurring at frequencies higher than the first monopole resonance resulted in increased radiation at
those frequencies. The L in these resonances comes from the inductance associated with the posts and
C from the top and bottom surfaces of the 2D cavity. At resonance, peaks occur in the voltage, Vy, that
drives the monopole. Adding more posts reduces the inductance and causes the LC resonance to occur
at higher frequencies.

It is often desirable to damp these LC resonances, while maintaining the low-frequency radiation
reductions. One method of damping is to introduce lossy components in series within the shorting
posts. These lossy components reduce the resonance quality factor. With a resistor mounted in series
with the post’s connection to the ground plane, the equivalent circuit for the LC resonance is replaced
with C parallel to R+jwL. The quality factor of such an RLC circuit is

1 |L

Q =\C (12)

To validate the effectiveness of a lossy component in series with the shorting posts, a heatsink of
the same size as that used in Fig. 5 with two posts (180° configuration) was analyzed. In this case the
posts were wider, equivalent to a radius of 1.25 mm, than those used in Fig. 5 and seven simulations
were done with variable resistance in the posts. In each case, the resistors in the two posts had the same
value. The maximum radiated electric field at 3 meters obtained from these simulations is plotted in
Fig. 7.

As shown in Fig. 7, the LC resonance peaks are reduced by adding resistance in series with the two
posts. The higher the resistance value, the more the peak is damped. At low frequencies, where the
impedance of the posts is dominated by the resistance, the radiation increases. There is a trade-off
between the squelching of the low frequency radiation and the damping of the LC resonance. It is
apparent from Fig. 7 that as the resistance of the posts increases above a certain value, the LC
resonance is well damped and cannot be reduced further.

Forcing the RLC circuit to be critically damped (Q = 0.5), an optimal value of R is obtained. For the
heatsink in this example, the effective inductance associated with the posts is 0.53 nH and the patch
capacitance is 7.7 pF. Thus the optimal R is approximately 16 Q. In Fig. 7, this value falls between the
10-Q and 37-Q simulations, where the LC resonance appears to be well damped. A lower resistance
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does not damp the LC resonance enough, while a higher value sacrifices the low frequency radiation
reduction.
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Fig. 7. Effect of damping the LC resonance with different resistances in series with the shorting posts.

The reduction in field strength at the first heatsink resonance for various post resistances is shown
in Table 2.

Table 2. Radiation reduction at first heatsink resonance

Series R in post (Q) Full-wave (dB) Partial L (dB)
37 4.5 6.5
10 11.6 13.2
5 16.5 17.7
0 21.7 26.5

It is also worth noting that the squelching effect is about 5 dB better for the shorting posts (0 Q
resistance) in Table 2 than the 0 Q post configuration in Table 1. The only difference between the two
models is wider posts. Wider posts have lower partial inductances and work better to reduce the low
frequency radiation.

In these simulations, loss associated with the source was neglected. It is also important to note that
the LC resonances occurred at frequencies that may be above the highest frequency of concern in a
given application. For these reasons, it may not always be necessary or desirable to damp LC
resonances with a series resistance. In some situations it may be optimal to add resistance to some, but
not all shorting posts. This option for damping PCB chassis resonances was explored in [7].
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5. Summary

In this report, the use of shorting posts to reduce heatsink radiation was examined. The effectiveness
of shorting posts can be analyzed using the concepts of partial inductance and partial mutual
inductance, with Egs. (1) — (10). Using the partial inductance calculations described in this report, the
effectiveness of shorting posts can be predicted; therefore this technique can be used to optimize the
design and placement of these posts. The method was validated using full-wave electromagnetic
models of heatsinks over ground planes. The full-wave and partial inductance models calculate
reductions in the amplitude of the first monopole resonance that are within 2 dB of each other for all 5
post configurations.

The report also describes a procedure for damping the LC resonance caused by shorting posts.
Adding resistance in series with the posts reduces the quality factor of the equivalent circuit. By
forcing the RLC circuit to be critically damped, an optimal R can be calculated using Eq. (12), where L
can be obtained with Egs. (1) — (10) and C is approximated using the parallel plate capacitance
formula.
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