
I. INTRODUCTION

THE TWIN standards SAE J1752/3 [1] and IEC 61967–
2 [2] describe procedures for evaluating the radiated and

conducted emissions of integrated circuits (ICs) using a trans-
verse electromagnetic (TEM) cell. These procedures require an
IC to be mounted on a 10 cm× 10 cm printed circuit board
(PCB) with the IC on one side and the other components needed
to exercise the IC on the other side. The PCB is mounted on
the top side of a TEM cell with the IC side facing into the cell,
as shown in Fig. 1. The voltage measured on one end of the
cell is used to evaluate the performance of the IC from 150 kHz
to 1 GHz. However, the procedure described in these standards
does not directly measure the radiated emissions from the IC or
its package. The voltage obtained is a function of the electric
and magnetic �eld coupling between the IC test board and the
TEM cell. The electric �eld coupling can be isolated from the
magnetic �eld coupling by using a hybrid measurement setup
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and
C

trace characterize the electric �eld coupling between an IC
driving a trace or heatsink and the objects off the board. The
value ofCtrace can be calculated by using three-dimensional
numerical modeling tools when the geometry is well known.
This paper will show that the product ofVDM andCtrace can be
determined by TEM cell measurements. This enables TEM cell
measurements of ICs or other components to be used to derive
simple equivalent sources that can replace complex geometry
descriptions in a full-wave analysis of the radiated emissions in
order to estimate the peak radiated emissions.

The paper is organized as follows. In Section II, the elec-
tric �eld coupling from a microstrip trace to a TEM cell is
described. The measured mutual capacitance results are com-
pared with calculated results using numerical simulation tools
for various trace geometries. In Section III, a closed-form equa-
tion for estimating the self-capacitanceCtrace of a microstrip
trace structure from measured values of the mutual capacitance
between the TEM cell septum and traceCTEM is derived.
The closed-form estimates are compared with calculated re-
sults obtained by using an electrostatic �eld solver. Section IV
demonstrates that for a small heatsink over a test board, the
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TABLE I
MEASURED ANDNUMERICALLY CALCULATED MUTUAL CAPACITANCE (CT EM ) FORMICROSTRIPTRACES INTEM CELL

between the TEM cell wall and the septum was 4.5 cm. The
trace-septum mutual capacitance for these con�gurations was
obtained from the measured value ofS21 andS11, using [3]

CTEM = Re
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The electric �eld coupling from each of these open traces
can be modeled fairly well with a single frequency-independent
capacitance up to several hundred megahertz. The average value
of the measured mutual capacitance from 30 to 500 MHz was
recorded. The mutual capacitance for these trace con�gurations
in the TEM cell was also calculated using a quasi-static �eld
solver [10] that modeled the electric �elds throughout the entire
interior of the TEM cell. The measured mutual capacitance
results and the simulation results are reported in Table I. The
agreement between the measurements and the simulations is
within 1 dB for all six trace con�gurations investigated.

III. CLOSED-FORM EQUATION FORSELF-CAPACITANCE

The mutual capacitance between a trace and a return plane
per unit length of a microstrip line is a function of the dielectric
substrate relative permittivity, the trace width, the trace height,
and the size of the return plane [11]. A closed-form equation
for calculating the mutual capacitance between a trace and an
in�nitely large return plane (no dielectric substrate) is presented
in [11] and [12]

CDM = 2πε0
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where

F1 = 6 + (2 π − 6) exp
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and h is the height of the trace above the return plane, and
a is the width of the microstrip trace. The self-capacitance of
a microstrip trace with a �nite return plane with or without a
dielectric substrate can be estimated by using the closed-form
approximate expression [13]

Ctrace =
6.189

π

h

W

CDM ltrace

ln
[
1 + 3.845

(
L
W

)] (3)

whereCDM is the mutual capacitance per unit length shown in
(2), ltrace is the length of the trace,W is the width of the return
plane, andL is the length of the return plane.

Fig. 7. Self-capacitance as a function of trace heighth.

As described in Section II,CTEM quanti�es the electric �eld
coupling between the microstrip trace and the septum.CTEM is
determined by the small portion of electric �ux emanating from
the trace and terminating on the septum of the TEM cell. For a
given microstrip trace, it seems reasonable to expect the value
of the trace self-capacitanceCtrace (determined by the amount
of �ux originating on the trace and terminating at in�nity) to
be roughly proportional to the value ofCTEM (determined by
the amount of �ux that originates on the trace and terminates on
the septum), provided that the distance to the septum is much
greater than the trace height above the return plane.

This assumption was evaluated by comparing the calculated
values ofCTEM with values ofCtrace obtained using 3-D mod-
eling software and the values obtained from the closed-form
expression forCtrace shown in (3). The results demonstrated
thatCTEM andCtrace were indeed proportional and related by
a factor of 2.1 for this TEM cell geometry

Ctrace ≈ CTEM

2.1
. (4)

Figs. 7–9 compare the estimated self-capacitanceCtrace, cal-
culated using the closed-form expression (4) and the quasi-
static modeling code, to the results obtained by derivingCTEM

through simulation and estimatingCtrace from (4). Fig. 7
plots Ctrace for various trace heights (the trace width is
2 mm and the trace length is 21 mm). Fig. 8 plotsCtrace for
various trace widths (the trace height is 2.4 mm and trace length
is 21 mm). Fig. 9 plotsCtrace for various trace lengths (the trace
width is 2 mm, and the trace height is 2.4 mm). For all the trace
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Fig. 8. Self-capacitance as a function of trace widtha.

Fig. 9. Self-capacitance as a function of trace length,l.

geometries evaluated, the values ofCtrace calculated using the
three different methods agree within 2 dB.

As indicated in (3), the value ofCtrace is also a function of
the board dimensions. Measurements in the TEM cell, however,
are performed by using a �xed-size 10 cm× 10 cm board. The
self-capacitance of a microstrip trace mounted on boards of other
sizes can be estimated by measuring the mutual capacitance of
the trace on a TEM cell test board and correcting for the new
board dimensions. From (3) and (4), we get

Ctrace(L,W ) = Ctrace(L = 0 .1 m,W = 0 .1 m)

×
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or

Ctrace(L,W ) ≈ CTEM
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Equation (6) can be used to estimate the self-capacitance
of microstrip traces as long as they are not near the edge of
the board. This equation relates the measured valueCTEM to
the valueCtrace, which can be used to estimate the maximum
radiated emissions due to voltage-driven common-mode cur-

Fig. 10. Equivalent circuit showing TEM cell loading of the effective source
structure.

rents [9]. The model in [9] shows that the electric �eld coupling
is proportional to the product of the driving voltage and the
trace capacitance. TEM cell measurements can be used to ob-
tain this product directly, even when the voltage driving the
trace is unknown. Since the TEM cell presents a 25-� load
to the source/capacitor IC model, as illustrated in Fig. 10, the
magnitude of the open-circuit voltage is given by

|VDM | =
1 + 25ωCTEM

25ωCTEM
|Vmeasured| ≈

|Vmeasured|
25ωCTEM

(7)

where VDM is the open-circuit voltage on the trace, and
Vmeasured is the voltage from the TEM cell measurement
(A + B)/2 in Fig. 2. Rearranging the terms in (7), it is clear that
the measured TEM cell voltage is proportional to the product of
the voltage driving the trace and the quantityCTEM

|Vmeasured| ≈ 25ωCTEM |VDM |. (8)

Note that by combining (4) and (8), a TEM cell measurement
can be used to determine the productCtrace|VDM |. This product
divided by the board’s self-capacitance, is the amplitude of an
equivalent common-mode voltage that can be placed between
the board and the attached cables in full-wave simulations elimi-
nating the need to model the traces or heatsinks explicitly [9]. In
other words, this technique allows the TEM cell measurement
results to be used to replace the complex structures on a circuit
board in full-wave simulations.

IV. HEATSINK SELF-CAPACITANCE AND RADIATED EMISSIONS

A. Heatsink Self-Capacitance

Heatsinks can play a signi�cant role in voltage-driven cable
radiation. If a board is electrically small and the self-capacitance
of the heatsink is smaller than that of the self-capacitance of
the board, the model described in [9] and illustrated in Fig. 3 can
be used to estimate the radiated emissions. The self-capacitance
of the heatsink can be calculated using a numerical static
�eld solver or determined from TEM cell mutual capacitance
measurement results, as described in Section III for the mi-
crostrip trace.

A simple copper heatsink structure was constructed as shown
in Fig. 11 and measured in a TEM cell, using the con�guration
shown in Fig. 6. The mutual capacitance between the heatsink
and the septum was obtained using (1). The measurement



DENG et al.: CHARACTERIZING THE ELECTRIC FIELD COUPLING FROM IC HEATSINK STRUCTURES 789

Fig. 11. Illustration of a heatsink test board.

TABLE II
MEASURED ANDNUMERICALLY CALCULATED MUTUAL

CAPACITANCE FORHEATSINKS IN TEM CELL

was then repeated for another test board with a heatsink of
different size. The two measurement results are compared with
the corresponding results calculated using the quasi-static �eld
solver in Table II. The measurement results and the numer-
ically calculated results agree within 1 dB for both heatsink
geometries.

In order to demonstrate that (4) can be used to estimate the
self-capacitance of a heatsink from the mutual capacitance mea-
sured in a TEM cell, the self-capacitance of various heatsink ge-
ometries was calculated using a quasi-static �eld solver. These
results were compared to the self-capacitances obtained by us-
ing the simulations of the heatsink in a TEM cell to obtain
CTEM and then applying (4). The self-capacitance values ob-
tained using both of these techniques is shown in Fig. 12. For the
curves labeled “various heights,” a 30 mm× 30 mm × 10 mm
heatsink was located at heights from 1 to 10 mm above the test
board. For the curves labeled “various thicknesses,” the heatsink
was 30 mm long, 30 mm wide, and 2.4 mm above the test board,
and the thickness varied from 2 to 20 mm. For the two curves
labeled “Various lengths,” the heatsink was 30 mm wide, 5 mm
thick, and 2.4 mm above the test board, while the length varied
from 10 to 50 mm. For all of the heatsink geometries investi-
gated, the estimated self-capacitance values obtained from the
TEM cell simulation and (4) agree with the full-wave simulation
results within 1 dB.

B. Heatsink Radiated Emissions

To show that TEM cell measurements can be used to esti-
mate the peak radiated emissions, the radiated emissions from
a test board with a heatsink were measured in a semianechoic
chamber, as shown in Fig. 13, and compared with the results
derived from TEM cell measurements. The board was located 3
m away from the receiving antenna, and the signal driving the

Fig. 12. Self-capacitance for various heatsink geometries.

Fig. 13. Setup for radiated emissions measurement.

heatsink was delivered through a cable attached to the back side
of the board near the middle. The board was 10 cm× 10 cm.
The heatsink was 33 mm× 31 mm× 14 mm, and was 22 mm
above the board. The peak voltage between the heatsink and
the test boardVDM was 0 dBm (0.224 V).S21 results were
converted to radiated �eld strengths using the equation

E(dBµV/m) = VDM (dBµV) + AF(dB /m)+ S21(dB) (9)

where AF is the antenna factor of the receiving antenna. The ra-
diated emissions were also calculated using a full-wave electro-
magnetic �eld solver.1 Fig. 14 plots the measured and simulated
open-�eld radiated emissions.

In the frequency range investigated (30 to 250 MHz),
the 10 cm× 10 cm board is electrically small and the self-
capacitance of the heatsink is smaller than that of the board;
therefore, the voltage-driven radiation model shown in Fig. 3
can be used to estimate the peak radiated emissions from the
board with attached cables. The amplitude of the common-mode
voltage sourceVCM can be approximated as [9]

VCM ≈ Cheatsink

Cboard
VDM (10)

whereCheatsink is the self-capacitance of the heatsink,Cboard

is the self-capacitance of the board, andVDM is the voltage

1CST Computer simulation technology, CST microwave studio 5.1.
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