
IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 53, NO. 4, NOVEMBER 2011 1087

= lim
δ→∞

μI

2π

∫ δ

D =2d+a

×

{
1 − ln [2D] −

√
D2 + �2

D
+ ln

[
D +

√
D2 + �2

]}
dD

= lim
δ→∞

μI

2π
�

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ln

[
�

D
+

√
1 +

(
�

D

)2
]

+
D

�
ln

[
1 +

√
1 +

(
�

D

)2
]

+2
D

�

[
1 −

√
1 +

(
�

D

)2
]
− D

�
ln 2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

δ

D =2d+a

from which we derive (8).

APPENDIX B
DETAILS OF DERIVATION OF (10)

We use approximate expressions 602.1 from Dwight [14] and (16)
from Paul (see [5, p. 369]), respectively,
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in (9), obtaining
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from which we derive (10).
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Improvements to a Method for Estimating the Maximum
Radiated Emissions From PCBs With Cables
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Abstract—It has been shown in previous studies that the coupling from
ICs, traces, or heatsinks on a printed circuit board to an attached ca-
ble can be modeled by placing equivalent common-mode sources between
the board and the cable. In a 2008 paper published in the IEEE TRANS-
ACTIONS ON ELECTROMAGNETIC COMPATIBILITY, a closed-form expression
was developed to estimate the maximum radiated emissions from board-
source-cable structures. While this expression is reasonably accurate for
frequencies not exceeding 500 MHz, it may unnecessarily overestimate
the emissions in some situations, especially when the maximum frequency
of interest is extended beyond 500 MHz. This paper introduces two en-
hancements to the previously introduced closed-form expression based on
improved methods for determining the maximum value of F(θ,k,lant ) and
the effective board size. The new closed-form expression is evaluated for
various board geometries and frequency ranges by comparing the estimated
maximum radiated emissions to full-wave simulation results.

Index Terms—Common mode, electromagnetic modeling, electromag-
netic radiation, imbalance difference model.
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I. INTRODUCTION

Previous studies have shown that the coupling from integrated cir-
cuits (ICs), traces, or heatsinks on a printed circuit board to attached
cables can be effectively modeled by placing equivalent voltage sources
between the cables and the board [2]–[5]. The maximum radiated emis-
sions due to the common-mode current on the cable can be estimated
using a closed-form equation based on the board-equivalent-source-
cable geometry [1]. The closed-form expression in [1] has been shown
to be reasonably accurate for various board and cable geometries. The
agreement between the estimates and full-wave simulation results was
shown to be within a few decibels at frequencies up to 500 MHz.

While this is good accuracy for a closed-form estimate, this paper
presents two modifications to the original estimation method that ex-
tend the frequency range and improve the accuracy of the estimate.
In [1], the maximum radiated emissions were calculated using a con-
stant, maximum value for a quantity called F(θ,k,lant ) associated with
monopole radiation. This function is expressed as

F (θ, k, lant ) =

∣∣∣∣cos (klant cos θ) − cos (klant )
sin θ

∣∣∣∣ (1)

where k is the wavenumber (k = 2π/λ), θ is a variable between 0 and
π/2, and lant is the monopole height above ground.

Since the envelope of F(θ,k,lant ) is a monotonically increasing func-
tion of frequency, this method overestimates emission levels at low fre-
quencies, especially at the first resonance. The overestimation is worse
when constant values of F(θ,k,lant ) are applied to frequency ranges
extending beyond 500 MHz. Also, it was shown in [1] that maximum
current is achieved when the board-source-cable geometry is approx-
imately a quarter wavelength long. A board factor was introduced to
account for the limiting effect that the board size has on the maximum
field at low frequencies. The board factor is a sinusoidal function of
the effective length of the board. In [1], the diagonal length of the
board is used as the effective length for both rectangular and square
boards. However, it is more accurate to use an approximation that more
accurately accounts for the shape of the board.

II. ENVELOPE OF F(θ,k,lant )

In [1], the closed-form expression for estimating the maximum ra-
diation, 3 m from the source, is given by

|E|m ax = 20 × 1
37

× 2.76 × board factor× cable factor (2a)

where

board factor =

{
sin (2πlboard /λ) when lboard ≤ λ

4
1.0, otherwise

(2b)

cable factor =

{
sin (2πlcab le /λ) when lcab le ≤ λ

4
1.0, otherwise

(2c)

and
lboard =

√
L2 + W 2 (2d)

with L and W denoting the board length and width, respectively.
In this expression, the value 2.76 represents the maximum value

of F(θ,k,lant ) in (1) when the maximum frequency of interest is
500 MHz. However, the maximum value of F(θ,k,lant ) is not con-
stant and increases on average with frequency. Hence, using a constant
value of 2.76 tends to overestimate the values of E at frequencies well
below 500 MHz and may underestimate the values of E when applied
to frequencies above 500 MHz.

The maximum values of F(θ,k,lant ) are obtained when

klant = nπ, n = 1, 2, ... (3)

Combining (3) and (1), the maximum values of F(θ,k,lant ) are

Fm ax (θ, n) =

∣∣∣∣ cos (nπ cos θ) − cos (nπ)
sin θ

∣∣∣∣
=

∣∣∣∣ cos (nπ cos θ) − (−1)n

sin θ

∣∣∣∣ . (4)

The cos(θ) terms can be approximated by the first two terms of their
Taylor’s polynomials

cos θ ≈ 1 − θ2

2
, when |θ| <

π

2
. (5)

This results in a simplified version of (4):

Fm ax (θ, n) ≈

∣∣∣∣∣∣∣∣
1 − cos

(
nπθ2

2

)

sin θ

∣∣∣∣∣∣∣∣
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The maximum values of (6) are achieved when cos( n π θ 2

2 ) = −1,
or

θ =

√
2
n

. (7)

Combining (6) and (7), we have

Fm ax (n) ≈

∣∣∣∣∣∣∣∣
2

sin

√
2
n

∣∣∣∣∣∣∣∣
, n = 1, 2, ... (8)

To get a continuous function that captures all the peaks, the discrete
function in (8) is replaced by its continuous envelope by substituting α
for n

Fm ax (α) ≈

∣∣∣∣∣∣∣∣∣∣
2

sin

(√
2
α

)

∣∣∣∣∣∣∣∣∣∣
(9)

where α (≥1) is a real continuous variable function of frequency and
is given by

α =
2flant

c0
(10)

where c0 is the speed of light in free space.
Since α ≥1, the value of (9) is always positive. The maximum value

at α = 1 is used for all frequencies corresponding to α < 1.
Combining (9) and (10), we have

Fm ax (f ) �

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

2
sin

√
2

f ≤ c0

2lant

2

sin

(√
c0

flant

) f >
c0

2lant
.

(11)

Fig. 1 shows the envelope of F(θ,k,lant ) between 0 and 1 GHz. In this
plot, Fm ax is obtained from (4) using θ =

√
2/α with α = 2flant/c0 .

The dashed line represents the maximum value of F(θ,k,lant ) over the
entire frequency range. Instead of using the maximum value over the
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Fig. 1. Maximum values of F (θ,k,lant ).

entire range, the envelope [obtained by (11)] shown by the solid black
line gives the exact maximum value at each resonance. The tendency
to overestimate at the lower frequencies is eliminated and the accuracy
is improved.

By replacing the constant 2.76 in (1) with (11), the new closed-form
estimate for the maximum radiation can be written as

|E|m ax �

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

20 × 1
37

× 2
sin
(√

2
) × bfac × cfac f ≤ c0

2lant

20 × 1
37

× 2

sin

(√
c0

flant

) × bfac × cfac f >
c0

2lant

(12)
where bfac and cfac are the board_factor and cable_factor, respectively.

III. IMPROVED EXPRESSION FOR CALCULATING

THE EFFECTIVE BOARD LENGTH

In [1], the effective length of a rectangular board is set equal to
the diagonal length. This is a good approximation when the ratio of
the board length to width is large. However, a broader board tends to
present a lower impedance. In other words, a nearly square board has
a longer effective length than a narrow board with the same diagonal
length. An empirical equation for approximating the length can be
found in [7]:

leff ,board =
√

L2 + W 2

A
(13)

where A is a function of the board dimensions given by

A =
L/2a

1 + L/2a
, a =

W

4
. (14)

Combining (13) and (14), we have

leff ,board =
1 + 2L/W

2L/W
×
√

L2 + W 2 . (15)

When the board is very narrow, the effective length is roughly equal
to the diagonal length. As the board width increases, the effective
length becomes larger than the diagonal length. Substituting leff ,board

in (15) for lboard in (2b), an improved closed-form expression for the

Fig. 2. Geometry used to validate the new estimate.

Fig. 3. Maximum radiation for a 14-cm × 2-cm rectangular board.

maximum radiated emissions is obtained:

|E|m ax �

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

20 × 1
37

× 2
sin
(√

2
) × bfac × cfac f ≤ c0

2lant

20 × 1
37

× 2

sin

(√
c0

flant

) × bfac × cfac f >
c0

2lant

(16a)
where

bfac =

{
sin (2πleff ,board /λ) when leff ,board ≤ λ

4

1.0, otherwise
(16b)

cfac =

{
sin (2πlcab le /λ) when lcab le ≤ λ

4

1.0, otherwise
(16c)

and

leff ,board =
1 + 2L/W

2L/W
×
√

L2 + W 2 . (16d)

IV. VALIDATION

To validate the new estimate, the test configurations evaluated in [1]
are reevaluated over wider bandwidths. Fig. 2 shows the simplified
structure of a board with an attached cable, where a 1-V source is
connected to the center of the board. It was demonstrated in [1] that
the peak emissions are relatively independent of the connection point
to the board. The cable is 1 m long and attached to an infinite ground
plane at its base.

The estimates in (2) and (16) are compared to full-wave simulation
results [6]. Fig. 3 shows a plot of closed-form estimates and simulation
results for a 14-cm × 2-cm rectangular board at frequencies up to
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Fig. 4. Maximum radiation for a 10-cm square board.

Fig. 5. Maximum radiation for a 63-cm × 9-cm rectangular board.

1 GHz. Using (2) with a value of 3.66 substituted for the 2.76 to
account for the wider bandwidth, the peak emissions at low frequencies
are over predicted. The value 3.66 is the maximum value of F(θ,k,lant )
for frequencies up to 1 GHz. The estimate using (16) eliminates the
overestimation at low frequencies and the accuracy is comparable to
(2) at high frequencies. Fig. 4 illustrates a similar plot for a 10-cm
square board. The estimates are different for square and rectangular
boards that have the same diagonal length. The effective length of a
square board is slightly longer than that of a rectangular board, and
consequently, the resonant frequencies of the square board are slightly
shifted to the left. By using the new effective length in (15), the board
factor in (16) accounts for the frequency shift at low frequencies. The
maximum radiation for a 63-cm × 9-cm rectangular board and a 45-cm
square board are plotted in Figs. 5 and 6, respectively. The closed-form
expression in (16) does a reasonable job of estimating the maximum
emissions for both of these large board dimensions.

The improvement in the accuracy of the estimate is even greater
when the maximum frequency is further extended. To illustrate this,
the configuration in Fig. 6 was evaluated between 10 MHz and 3 GHz,
as shown in Fig. 7. For the results shown, a new constant, 6.78, replaced
the 2.76 term in (2). The value 6.78 is the maximum value of F(θ,k,lant )
for frequencies up to 3 GHz. Note that this causes the lower frequency
peaks to be significantly overestimated. The new estimate improves the
accuracy at low frequencies by up to 10 dB.

Fig. 6. Maximum radiation for a 45-cm square board.

Fig. 7. Maximum radiation for a 45-cm square board up to 3 GHz.

V. CONCLUSION

This paper describes two improvements to the method introduced
in [1]. The accuracy of the estimate at low frequencies and for larger
frequency ranges is improved by using an expression for the envelope of
F(θ,k,lant ) that equals the maximum value at every resonant frequency.
A modified expression for calculating the effective length of the board
improves the accuracy of the estimate when applied to nearly square
boards.
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Quantification of Self-Damping of Power MOSFET
in a Synchronous Buck Converter

Keong Kam, David Pommerenke, Ankit Bhargava, Bob Steinfeld,
Cheung-wei Lam, and Federico Centola

Abstract—Ringing in the switching waveform of the switching power
supply (e.g., synchronous buck converter) is known to cause broadband
electromagnetic interference problems in the 30–300 MHz range. The
measured switching waveform shows overshoot and, then, exponential de-
cay of the ringing. It has been observed that this exponential decay rate
varies significantly between using different low-side FETs; thus, the low-
side FET dominates the attenuation of the ringing. This paper provides a
novel method for quantifying the losses by using the measureable quantity
“Ross ,” which is equivalent to the loss of the output capacitance Coss of
the FET. This paper describes the method of measuring Ross and explains
its relevance to the self-damping of the switch ringing. The method permits
selection of a low-side FET to optimize the electromagnetic compatibility
performances of the supply.

Index Terms—Buck converter electromagnetic interference (EMI), FET
device parameter Ross , broadband EMI, switch ringing.

I. INTRODUCTION

Switching power supplies are widely being used in today’s electronic
systems because of their high efficiency; however, they often cause
electromagnetic interference (EMI) issues because of their nature of
high dv/dt and di/dt [1]. A synchronous buck converter is one of the
most popular switching power supply topologies used for stepping
voltage down. The switching waveform for this type of converter often
exhibits ringing due to the parasitic LC resonance in the switching
loop [2]. This ringing is known to cause broadband EMI problems, the
frequency of which is centered at the ringing frequency. Fig. 1 shows
an example of the broadband noise observed in the measured radiated
emissions from a prototype computer system. The broadband emission
is shown around 125 MHz.

Much of recent effort has been focused on solving broadband EMI
issues related to the synchronous buck converter. Researchers have
proposed several approaches, including addition of circuit elements
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Fig. 1. Measured radiated emissions.

Fig. 2. Synchronous buck converter.

(e.g., passive/active snubber, input filtering) and layout optimization
[3].

It was observed that the selection of FETs greatly affects the switch-
ing waveform, in general, and the ringing frequency and its attenua-
tion specifically. Many parameters contribute to the switching wave-
form; these include capacitances (gate capacitance, output capaci-
tance), driver strength, and body-diode reverse-recovery characteris-
tics, and different parameters influence different aspects of the switch-
ing waveform (e.g., rise time, overshoot, ringing frequency, and decay
rate). This paper concentrates on one parameter, i.e., Ross , which has a
dominant effect on the damping of the ringing. Ross has been previously
introduced by [4] in an analysis of the losses of very high frequency
dc/dc converters.

In Section II, we demonstrate the significance of FET selection with
respect to switching waveform ringing and the corresponding effects
on EMI. In Section III, we present quantification of the loss related to
the switch ringing attenuation. In Section IV, we show that the missing
piece of the loss mechanism is Ross of the low-side FET.

II. EFFECT OF FET SELECTION IN SWITCH RINGING

Fig. 2 shows a typical schematic of a synchronous buck converter. In
this topology, the two switches M1 and M2 alternate, and this switching
produces lower output voltage than the input voltage.

The following experimental results show the effect of low-side FET
(M2) selection on the switching waveform in a synchronous buck con-
verter. The test board used in the measurement comprised a single
synchronous buck converter operating at 12 V input and 3.3 V, 3.3 A
output. The switching frequency of the converter was 300 KHz.

This measurement used the same gate driver and the high-side
FET (M1). Several different FETs from various manufacturers (see
Table I) served as a low-side FET. Fig. 3 shows the measured switching
waveforms.

The ringing on the rising edge is of interest in this case since the
ringing on the rising edge is known to be the root cause of the broadband
EMI from synchronous buck converters [1]–[3].
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