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ABSTRACT

This dissertation describes three independent studies related to techniques for
reducing unintentional electromagnetic emissions from electronic circuits and systems.
The topics covered are: low-inductance multi-layer ceramic capacitor for high frequency
circuit board decoupling, the application of imbalance difference model to various circuit
board and cable geometries, and balanced cable interface for reducing common-mode
currents from power inverter.

The first chapter discusses the importance and the meaning of the connection
inductance associated with MLCCs and analyzes the effect of plate orientation in
MLCCs. It demonstrates that vertically oriented plates have no more or less inductance
than horizontally oriented plates when the overall dimensions of the plate stack are
similar. Decoupling capacitance options at the various levels of a high-speed circuit is
investigated to determine the range of frequencies that decoupling at each level is likely
to be is effective. Innovative low-inductance capacitive-stem capacitor configurations are
described and their connection impedance is compared to that of standard surface-
mounted capacitors.

The second chapter investigates the imbalance difference model that is a method
for modeling how differential-mode signal currents are converted to common-mode noise
currents. Various cable geometries to determine how well imbalance factor’s values of
DM-to-CM conversion compare to full-wave calculations are explored. The imbalance
difference model can be applied to cables with more than two conductors are

demonstrated.



The third chapter investigates the balanced cable interface for reducing common-
mode currents from power inverter. The concept of a balancing network to reduce the
common-mode currents on power inverter cables above 30 MHz is introduced. An
experimental test set-up is used to demonstrate the effect of a balancing network on the
common-mode current, differential-mode current and the common-mode rejection ratio
on a balanced cable with an imbalanced termination. The balancing network is also
evaluated using a 3-phase brushless DC motor driver to verify its effectiveness in a real

application.
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CHAPTER ONE

EVALUATION OF LOW-INDUCTANCE CAPACITOR CONFIGURATIONS FOR
HIGH FREQUENCY CIRCUIT BOARD DECOUPLING

Abstract

In high-speed circuits, the value of the inductance associated with a connection to
a MLCC (Multi-Layer Ceramic Capacitor) is often more important than the nominal
value of the capacitor. This paper has four main sections. The first section discusses the
importance and the meaning of the connection inductance associated with MLCCs. The
second section analyzes the effect of plate orientation in MLCCs. It demonstrates that
vertically oriented plates have no more or less inductance than horizontally oriented
plates when the overall dimensions of the plate stack are similar. The third section
describes decoupling capacitance options at the various levels of a high-speed circuit (i.e.
on-die, on-package and on-board). This section describes how the geometries at each
level affect the relationship between connection inductance and resistance, and therefore
determine the range of frequencies that decoupling at each level is likely to be effective.

The fourth section describes innovative low-inductance capacitor configurations.
A capacitor having a stem that is designed to be inserted into a single, large-diameter via
hole drilled in a printed circuit board is described, wherein the stem may have conductive
rings for making the positive and negative connections to the printed circuit board power
distribution planes. Inside the capacitive stem, current, or at least a portion thereof, may
flow to the main body of the capacitor through low-inductance plates that are interleaved

to maximize their own mutual inductance and, therefore, minimize the connection



inductance. Alternately, the capacitor may include a coaxial stem that forms a coaxial
transmission line with the anode and cathode terminals forming the inner and outer
conductors. Capacitive-stem capacitor configurations are described and their connection

impedance is compared to that of standard surface-mounted capacitors.
I. INTRODUCTION

A decoupling capacitor acts as a low impedance source of current to minimize
supply voltage fluctuations caused by the rapid switching of active devices. Typically, the
decoupling capacitance for silicon processors is implemented in multiple stages ranging
from large bulk capacitors physically located near regulated power supplies, to board-
level capacitors that stabilize the voltage supply on the printed circuit board (PCB), to
package-level decoupling incorporated on the processor package, and die-level
capacitance located on the die itself. This decoupling network regulates the current
moving through the system between the silicon die and the regulated power supply. The
required response time of the decoupling capacitors decreases as the current moves
towards the processor. The impedance of the power distribution bus versus frequency can
be equated to the decoupling capacitor response time. At relatively low frequencies, a
low impedance is achieved with high capacitance (i.e., low capacitive reactance). At
relatively high frequencies, low impedance is obtained by using capacitors with a low
connection inductance. In between these frequency ranges, there is a series resonance. At
resonance, the impedance is equal to the equivalent series resistance (ESR) of the
capacitor. Therefore, to make a capacitor work at the highest possible frequencies, it

should have the lowest possible connection inductance.



Fig. 1.1. Simple RLC equivalent circuit of a capacitor and connection inductance loop of
an MLCC mounted to PCB planes.

When considering the parasitics of bypass capacitors, a widely used simple model
is a series R-L-C network, where C is the capacitance of the part, R is the Equivalent
Series Resistance (ESR) and L is the connection inductance as illustrated in Fig.1.1. The
capacitance may be frequency dependent, primarily due to a redistribution of the current
at very high frequencies. The inductance is determined by the connection of the capacitor
to the rest of the circuit as well as the geometry of the capacitor itself.

In a multi-layer ceramic capacitor (MLCC), the inductance can be slightly higher
at low frequencies where the resistance in the copper plates forces the current to flow
uniformly through all plates. At high frequencies, most of the current flows along the

lowest inductance path and is concentrated on the lower plates. The parasitic inductance



of MLCCs is becoming more and more important in the decoupling of high-speed digital
systems. The relationship between the inductance and the ripple voltage induced on the
DC voltage line is, V=Lxdi/dt. The parasitic inductance results from the interaction of
magnetic flux created by the electric current flow in and out of the device on a circuit
board. The current path or loop includes not only the multilayer capacitor’s internal
electrodes and external termination, but also the power planes, vias, mounting pads and
solder fillets of the substrate/packages. At very high frequencies and low connection
inductances, the current path is not defined by the entire capacitor multilayered stack, but
most of the current is confined to the lower internal electrodes as the path of least

impedance for the current flow [1].

Mid-Speed Low-Speed Lowest-Speed
On-Chip Capacitor High-Speed (Ceramic Cap.) (Ceramic Cap.) (Ta Cap.)
C = about5nF C=02~1uF C=22~47uF C=10~22uF C =220~ 330uF
ESL =1pH orless ESL=0.15~0.2nH ESL =~ 0.5nH ESL =~ 0.7nH ESL=1.3~1.8nH
| /

Bare chip

[ |
Main Board (PCB)

Arféy Capacitor Capacitors w/ transmission line characteristics
C = pending C =1,000uH
ESL =0.15mH or less ESL =about1pH
Bare chip
il

Main Board (PCB)

Thin-Film Capacitor Capacitors w/ transmission line characteristics
C=0.01~0.1uF C =1,000uH
ESL =10~ 20pH ESL = about1pH
Bare chip
]

Main Board (PCB)

Fig. 1.2. Moving decoupling capacitors next to bare chip [3].



Over the past 10-12 years, decoupling capacitors have evolved into various types.
This progress has been driven by the requirement to lower the inductance of power
distribution systems to keep up with faster switching speeds and increased transistor
density in silicon processors. The board pads and vias form closely spaced cancellation
paths that support low inductance design strategies. When component companies
characterize their devices, considerable care is taken to extract the influence of the test
coupon to give a “part-only” ESL (Equivalent or Effective Series Inductance). However,
inductance is a property of current loops and a low-inductance capacitor does not have a
well-defined ESL independent of its connection to the board. The inductance of a
mounted capacitor does not equal the sum of the connection inductance and the
inductance internal to the capacitor unless there is no mutual inductance between the two
portions of the loop. For low-inductance capacitors, this mutual inductance is always
significant, making published values for the ESL practically meaningless.

As illustrated in Fig. 1.2, high-frequency noise reduction in a power distribution
bus requires moving the decoupling capacitance close to the bare chip. As packaging
structures continue to evolve, opportunities to develop new, optimal, low-inductance

decoupling capacitors will continue to present themselves.

Il. PLATE ORIENTATION EFFECT ON THE INDUCTANCE OF CONVENTIONAL
MLCCs

In high-speed circuits, the value of the inductance associated with a connection to
an MLCC (Multiple-Layer Ceramic Capacitor) is often more important than the nominal

value of the capacitor. ESL is a value often quoted in capacitor data sheets for comparing



different capacitor designs. However, the actual connection inductance for small SMT
(Surface Mount Technology) capacitors depends on several parameters that are not part
of a typical ESL measurement. The actual high-speed performance of an SMT capacitor
is generally unrelated to its nominal ESL. Capacitors that have the lowest published ESL
may not be the best capacitors to use in a particular application. In this section, the effect
of electrode (plate) orientation on the connection inductance of MLCC capacitors is
investigated. It is shown that a single vertical plate has a higher inductance than a single
horizontal plate when mounted over a board with a ground plane. However, as more
vertically oriented plates are stacked side by side, the value of the self-inductance
decreases significantly, whereas the inductance of horizontal plates that are vertically
stacked is relatively independent of the number of plates in the stack. For large stacks, the
overall width of the stack is the most significant parameter affecting the connection
inductance. When the width and height of the stacked plates is the same, the effective
inductance with either orientation is the same. Thus, capacitors with vertically oriented
multiple plates do not inherently provide an advantage over capacitors with horizontally
oriented multiple plates. The primary capacitor geometry parameters that affect the
connection inductance are the plate stack width (which should be maximized) and the
loop area associated with current flowing into and out-of the capacitor plates (which

should be minimized).

2D modeling of horizontal and vertical plates




Two-dimensional models were used to isolate the contributions of the plates from
the contributions of the end caps to the overall connection inductance of typical MLCC

geometries. These models are illustrated in Fig. 1.3.

Horizontal Vertical

Ground

Fig. 1.3. Cross-sectional view of two-dimensional plate geometry.

The simulation of the self-inductance of a single plate over a ground plane was
performed using a 0.4342 mm by 0.4342 mm plate located 0.0829 mm over a ground
plane. The calculated inductance per unit length values were multiplied by a length of
0.94 mm (corresponding to a 0402 capacitor package) to give a value for the partial-
inductance associated with the plates.

As the results in Table 1.1 indicate, the partial inductance of a vertically oriented
single plate is significantly higher than that of a horizontally oriented plate. As the
current spreads across the surface of the vertically oriented plate, the loop area formed
between the plate current and the ground current increases. The horizontal plate provides

the lowest inductance current path for a given height and plate surface area.



Table 1.1. Partial inductance of a single plate (length = 0.94 mm)

Self-inductance

Mutual-inductance

Loop inductance

(Plate) (GND-to-Plate) (S1—M1)
Horizontal plate 0.899 nH 0.772 nH 0.128 nH
Vertical plate 0.972 nH 0.750 nH 0.222 nH

The two top plots in Fig. 1.4 illustrate the magnetic field intensity and the bottom

plots show the lines of magnetic flux for each configuration evaluated.

Quasi-static models of the MLCC inductance require shorting the positive and
negative electrodes together where the plates overlap. This allows the current to spread
out over the plates in the same way that it would at high frequencies, while eliminating
the capacitive reactance from the models. Plate pairs are represented as solid conducting

“blocks” as illustrated in Fig. 1.5. The three key dimensions of the structure, w, t and |

Modeling stacked plate pairs as blocks

denote the width, thickness and length of the stacked plates respectively.




Fig. 1.4. Magnetic field intensity (top) and magnetic flux lines (bottom) for each plate

orientation.
Real Geometry Multiple Blocks A Single Block
e
|1
I ol
|1
C,

Icl:total =C +..+GC,
[l

Fig. 1.5. Simplified inductance models for MLCCs.



Although the inductance of a single plate is higher when the plate is oriented
vertically, this inductance decreases as we add more plates in parallel. Single horizontal
plates have lower inductance, but stacking more plates on top of the first one has little
effect on the high-frequency inductance. To illustrate this, we use the model in Fig. 1.6.
The parameters of a 2D single block were varied to determine the effect of the plate stack
size and orientation on the capacitor inductance. A block represents a set of internal
electrodes forming the capacitor structure for high-frequency current flow. The ground
conductor under the block is an ideal ground plane. The stack size (t for the horizontal
blocks and w for the vertical blocks) was increased from 1 to 21 plate-pair thicknesses. A

single plate-pair thickness was 0.0342 mm. The height of the block above the plane was

0.0829 mm.
Horizontal-oriented Vertical-oriented
> W,
tl::::::iz:::::::'_ 1 block ‘

A

Y
N
=

21 blocks

Fig. 1.6. Parameter variations of single block MLCC model.
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As shown in Fig. 1.7, the self-inductance of the vertically oriented block is much
higher than that of the horizontally oriented block. As the number of blocks increases, the
inductance of the vertically oriented blocks decreases significantly. However, the

inductance of the horizontal blocks shows little change as the number of blocks increases.

3D modeling for analyzing effective inductance

Fig. 1.8 illustrates a 3D model for an MLCC. It is not possible to quantify a
meaningful inductance for this structure without specifying a test fixture that completes
the current loop. Therefore, a 3D structure for extracting effective inductance was
defined. The structure consisted of a two-layer printed circuit board with an input port

and a capacitor mounting port as illustrated in Fig. 1.8.
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Fig. 1.7. Partial self-inductance values by the stack size.
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Capacitor

5mm

Test port

5.6 mm

Fig. 1.8. Top and side views of 3D model for an MLCC mounting fixture.

Commercial simulation software (Ansoft Q3D Extractor’'™) was used to
determine the effect of the stack size on the effective inductance. The AC frequency was
set to 1 GHz. The number of blocks was varied from 1 to 11 with a slight dielectric gap
between adjacent blocks in both orientations as illustrated in Fig. 1.9. The stack order
was from bottom to top for the horizontal orientation and from right to left for the vertical

orientation.
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Fig. 1.9. Three-dimensional view of multiple block MLCC model.
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The effective inductance of a vertically oriented block was found to be higher
than that of a horizontally oriented block just as it was in the 2D simulation results. As
the number of blocks increased so that the outer dimensions of the stacks were the same,

the effective inductances approached the same value for both block orientations as shown

in Fig. 1.10.

Effect of the dimensions of a single block on the effective inductance

This process was repeated without the dielectric gaps between blocks as
illustrated in Fig. 1.11. The effective inductance of a single block was analyzed as a
function of the parameters t or w. The stack size was incremented in 0.02-mm steps, with

the final dimension denoted ast e or w_e.
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Fig. 1.11. Parameter variations of three-dimensional single block MLCC model.
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As shown in Fig. 1.12, the results mimic the results obtained with the dielectric
between each block. For the horizontal orientation, as the height, t, increased, the
effective inductance varied little. For the vertical orientation, the effective inductance

decreased as the width of the stack increased.
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Fig. 1.12. Effective inductance values by the step size of plate geometry.

The results in presented indicate that a vertically oriented single plate has a higher
inductance than a horizontally oriented single plate. The simulation of multiple plates
indicates that as more vertically oriented plates are stacked to increase the overall width
of the capacitor, the value of the capacitor’s inductance decreases. Stacking horizontal
plates vertically has relatively little effect on the inductance, since most of the high-

frequency current flows only on the lower plates. The inductance of the plate stack is
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primarily a function of the width and height of the stack and relatively independent of the
plate orientation. Therefore, MLCC designs with vertically oriented plates do not
necessarily provide an advantage over designs with horizontally oriented plates in terms

of providing the lowest possible connection inductance.

1. INDUCTANCE CALCULATIONS FOR ADVANCED PACKAGING IN HIGH-

PERFORMANCE COMPUTING APPLICATIONS

Effective decoupling is crucial for the optimum performance of the power
distribution network in an electronic system. As component-packaging technologies
evolve enabling tighter integration and faster performance of electronic systems, it is
essential to develop better decoupling strategies. This section describes several new or
proposed packaging structures and evaluates the connection inductance associated with
possible decoupling locations. As expected, connections made on the chip tend to have a
lower inductance than connections made on the package; and connections made on the
package tend to have a lower inductance than connections made on the board. This
illustrates the importance of providing decoupling capacitance as close to the chip as
possible in order to maximize the effective bandwidth of the power distribution network.

Power bus decoupling issues in electronic systems are shifting from the printed
circuit board to the component packaging. This trend is being driven by the
miniaturization of electronic systems and the shift of the package manufacturing process

to the IC foundry level. Traditional wire bonding technology is steadily being replaced by
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area array (bump) interconnections and three-dimensional silicon integration
technologies.

The evolution of advanced packaging techniques is being driven by two electronic
device platforms; mobile communication applications with an emphasis on
miniaturization, and computing applications with an emphasis on high performance.
High-density integration is required for both platforms. Ultimately, the roadmap of both
platforms calls for the implementation of SOC (System-on-Chip) or SOP (System-on-
Package) structures including; 3D chip stacks, silicon carrier packaging, silicon
interconnection or bonding, copper-to-copper stud bonding and integrated decoupling
capacitors [5].

Advanced packaging includes wafer-level and 3D stacked ICs, as well as
traditional packaging technologies [6]. Vertical interconnection technology for different
packaging levels is evolving from traditional wire bonding and flip-chip bumping to
wafer-level packaging and copper-to-copper bonding. Key design parameters for power
bus decoupling of advanced packaging structures can be categorized depending on the
location or type of decoupling capacitor. Decoupling capacitors can be discrete,

singulated or distributed. They can be individual local capacitors or global arrays.

Decoupling schemes for high-performance packaging

Table 1.2 shows key design parameters affecting the decoupling capacitor
connection inductance at different interconnection levels. Typically, the vertical scaling

dimensions become smaller as the interconnections go from the PCB level to the IC level.
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Table 1.2. Key design parameters by interconnection levels

Interconnection level

Key design parameters

Vertical scaling

trace w (width), t (thickness), | (Iength) _
PCB via | d (diameter), h (height), s (distance) mm
BGA bump d (diameter), p (pitch; 1/O pitch) ~500um
Package trace w (width), t (thickness), | (Iength)
g . d (diameter), h (height; S_PG), s ~mm
substrate core via . _
(distance; d_mutual)
Flip chip u-bump d (diameter), p (pitch; 1/O pitch) ~ 100 pum
Silicon | through- . . .
substrate S|I\;ic:n d (diameter), h (height), s (distance) 50 ~ 300 pm
chip W (width), L (length) ~10 um
through- : .
i~ d (diameter), h (height; h_tvs), s _
IC sH\;;:;n (distance; d_tvs) 10 pm
Cub-(t)cr>]-dCu d (diameter), p (pitch; 1/O pitch) ~pm
. w (width), h (SMT height; h_decap),
Decoupllng MLCC | (length; |_decap) Variable
capacitor

p (terminal pitch)
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Fig. 1.13. Formulas for loop inductance of common circuit geometries [24].

The following sections describe key design parameters for several packaging
structures with the decoupling capacitor located on-chip, off-chip, and on the top or
bottom of the carrier. Formulas for calculating the inductance and resistance of circuit
board configurations are provided in Fig. 1.13.

Fig. 1.14 illustrates five possible locations for the decoupling capacitors in a high-
performance package; stacked on chip, stacked on Si-carrier, top side of package

substrate, bottom side of package substrate, and embedded in the package substrate. The



current paths, including the dominant factors affecting the loop inductance, are indicated

for each location.

Stacked on

Chip
Stacked on Stacked Chip i A
Si-Carrier, }CH _—> cu-fo-cu
Top of PP T T T T g |
Substrate , [ < Sicarner < TSV
u-bump ;’ Embedded
Package Substrate Core Via A v Substrate
Bottom of
BGA Substrate
A -
PCB PTHVia<—| A ¥
v

Fig. 1.14. Possible locations of decoupling capacitors for high-performance packaging.

As illustrated in Fig. 1.14, the ‘stacked-on-chip’ location is closest to the source
and permits the lowest possible connection inductance. A typical inductance calculation
for a ‘stacked-on-chip’ decoupling capacitor is determined by modeling the current path
as a pair of vias between two solid planes. This model is reasonable because the on-chip
grids that connect to the vias are relatively wide and contribute little to the overall path
inductance. For example, suppose that the radius of the through-silicon vias is 5 um, the
distance between adjacent vias is 50 um, and the height of a die is about 200 um. Via

inductances associated with these vias can be calculated using the formula in Fig. 1.13. In
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this case, the connection inductance would be 92 pH. The via resistance would be
R=2h/om® =89 mQ. In this case, the inductance would be more important than the

resistance at frequencies above 150 MHz.
Resistance on-chip

A decoupling capacitor placed within a die is referred to as an on-chip decoupling
capacitor. The loop area to be considered when calculating the inductance includes the
on-chip decoupling capacitor, power/ground metal and the circuit being decoupled. The
loop area should be minimized to reduce the resistance as well as the inductance of the
connection. In many cases, the resistance of the connection overwhelms the inductance

(R> jol).

R Power grid

.............

ww o el

T"""" j,w ..... T

Fig. 1.15. On-chip decoupling capacitor in power/ground metal grid.
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For example, a rectangular loop of wire in a 0.13-um process might have a total
length of 20 um, a width of 5 um and a height of 20 um. Assuming that the wire
thickness was 1 um and the conductivity of the copper was 5.7 x 107 S/m, the resistance
of the wire loop would be 275 mQ. The inductance of the same loop would be

approximately 32 pH. Therefore, the resistance would be more important than the

inductance at all frequencies below 1.37 GHz.

; Off-chip
——e
B Die
T T
l *————-P — e ———p, :
b L
Te/VIa (plug) — I L STV
1" ~>Metal grid !
L= i _ _
[ A2 ] [ 32 | Si-Carrier Substrate
= -+
h—tSVI | pitch_tsv i >TSV
i Flip chip bump
= Package Substrate
h_vshort 1 I 1/0_pitch_FC
- L4

I(./)

Y

(9]
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1
g

@ I/0_pitch_BGA O

Fig. 1.16. Current flow in the off-chip capacitors mounted on a chip or Si-carrier
package.
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Loop inductance off-chip

As illustrated in Fig. 1.16, the decoupling capacitor can also be stacked on the die,
placed on the top or bottom side of a silicon carrier substrate, or even embedded in the
silicon substrate using TSV (through-silicon via) technology to connect the switching
gates to the decoupling capacitor. For these ‘off-chip’ locations, the interconnections
should be close to the circuit being decoupled in order to minimize the loop area.

Inductance instead of resistance is more likely to be the key parameter in an off-
chip configuration. For example, if through-silicon vias have a length of 300 um, a
diameter of 70 um and a spacing of 100 um, the loop inductance of the vias would be
63 pH; whereas these same vias would only have about 0.9 mQ of resistance. Therefore,

at frequencies above 2.3 MHz, the inductance would dominate.

Loop inductance in top/bottom-side of package substrate

Design strategies for mounting decoupling capacitors on either side of the
package substrate can be divided into two cases depending on the distance between the

power planes of a multi-layer package substrate [7].
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Fig. 1.17. Current loops in the top side of package substrate.

On circuit boards with closely spaced power planes, ~ 0.3 mm or less, the location
of the local decoupling capacitors is not critical. To minimize the connection inductance,
all local decoupling capacitors should be mounted on the face of the board nearest to the
planes. Capacitors should be connected directly to the planes without using traces. Vias
should be in or adjacent to the capacitor mounting pads as close to each other as possible.
When a chip and decoupling capacitor are both mounted on the top side of the package
substrate, the inductance of the loop can be expressed as the sum of the inductances of
the two half-loops above the top plane and the inductance of the loop between the planes.
(Note that it is the absence of any mutual inductance that allows us to simply add the two

partial inductances of these half-loops.)
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When the spacing between the planes is less than ~ 0.3 mm, the inductance of the
loop between the planes tends to be small relative to the connection inductance above the
planes. When the spacing between the planes is greater than ~ 0.5 mm, the inductance
between the planes is no longer negligible. In fact, by placing the vias that carry current
to and from the lower plane near each other, it is possible to take advantage of the mutual
inductance between these vias to force the current to be drawn from the decoupling
capacitor rather than the planes. This reduces the noise on the power planes [7].
Therefore, when the planes are > 0.33 mm apart, it is important to locate the decoupling
capacitors near the source.

When the capacitor is mounted on the same side of the board as the device it is
decoupling, it can share the via connecting to the lower plane with the active device.
When the capacitor is on the opposite side of the board, the calculation of the inductance
is done using the same formulas used when the capacitor is on the same side as the active
device. However, the currents flowing on the vias in between the planes are now being
drawn from different planes. The rules for locating the decoupling capacitors are the
same, except it is no longer possible to share the via that carries current between the
planes. Therefore, the active device and the capacitor should each have their own vias

connecting to the planes (i.e. they should not share vias).
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Fig. 1.18. Current loops in the bottom side of package substrate.

Inductance calculations for MLCCs on a packaging substrate

Loop inductance of two vias at different packaging levels

Table 1.3 shows the inductance of two vias between planes at different

interconnection levels and typical values of capacitance available at each of these levels.

Fig. 1.19 illustrates this trend schematically.
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Table 1.3. Typical capacitance and loop inductance of two vias by different packaging

levels
. Via | Vertical Operatin
Packaging type | scaling, h ° ' L ¢ Fre%uencigs
level (um) | (um) | (nH) (KF)
S (um) (Ztarget =1Q)
72 kHz -
PCB |PTH | 1200 | 1000 | 150 | 0.46 | C_local | 2.2 346 MHz
Package | Core 1.6 MHz -
Substrate | via 800 750 | 125 1 0.29 | Cpackage | 0.1 549 MHz
) ) 160 kHz -
Si-Carrier | TSV 300 100 | 35 | 0.06 | Csew | 0.01 2 65 GHz
160 kHz —

BGA I/? pitch

Flip chip bump

Cu-to-cu bonding \1
N - PTH Via
TSV wha
PIG ESR
Grid i i_bum
Caie @ Conc T Cpad =

nln

hip Csisub age C_Iocal ]
—E ESL —E

Vertical scale

Chip ‘ Si-carrier | Package PCB

Mag. | <€— Resonant Frequency Capacitance (Capacitor Size)

—— _— lOPitch

Vertical Scale
Transient time to be charged -

Fig. 1.19. Equivalent circuit diagrams by different packaging levels.
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Note that the connection inductances tend to get lower as we locate the
decoupling capacitors nearer the source. This suggests that capacitors within the
packaging structure nearer the source will be effective at higher frequencies as illustrated
in Fig. 1.19.

The capacitance available limits the low-frequency effectiveness of the
decoupling. The connection inductance limits the high frequency effectiveness. For a
given target impedance, we can calculate the range of frequencies at which a given

capacitor is expected to be effective,

Z
1 < f < target (1)
2ﬂ\z C 27

target

The operating frequencies for a target impedance of 1 ohm are in the last column
of Table 1.3. These are typical values, however in many applications, the target
impedance will be different from 1 ohm and the effective frequency range of the various

package levels will vary accordingly.

29



100 pm /9(/) 50um

¢ 10mm %i i%
S 3 /ﬁ¢ 70um (TSV)
| o 10um w4 bume) T[T

200 pm ! ‘
800 pm A
@ 250um (Core Via)

47~50 mils (1.2~1.27 mm)

¢ 300um (PTH Via) %/ 3

"~ 1.0mm

Fig. 1.20. An example of advanced packaging for high-performance computing
application.

Fig. 1.20 illustrates an example of a package structure in a high-performance
computing application. The stacking order from the bottom up is the printed circuit
board, then the package substrate (organic interposer), and finally the silicon-carrier
package and possibly stacked dies. The possible interconnection technologies are solder
bump, flip chip bumping, through-silicon vias and copper-to-copper bonding. Multi-layer
decoupling capacitors may be mounted on or in the circuit board, on or in the interposer,
or between the stacked dies. Fig. 1.20 illustrates how the vertical scaling reduces as one

moves from the bottom to the top of the geometry.
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Fig. 1.21. Inductance loops for possible locations of the decoupling capacitors on a six-
layered package.

Fig. 1.21 illustrates how two 1608 decoupling capacitors would typically be
located on the top or the bottom of a packaging substrate. We can determine which
position has the lower connection inductance by using simple analytical formulas for
determining the connection inductance [24].

In the case of the top-side location, the total connection inductance is equal to the
sum of the loop inductances denoted asL2_ top, L3 _top, L3 and L3_source. In the
case of the bottom-side location, the total connection inductance is equal to the sum of

L2 bottom, L3_bottom, L3", L3" and L _source. If there is no metal plane on the
signal layer adjacent to the decoupling capacitor, L2 top and L3_top must be

considered one loop instead of two separate loops. Even though the L2 top-L3_top
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loop is not rectangular, a good estimate of the inductance can be obtained by

approximating the loop as a rectangle with an equivalent area.

Table 1.4. Inductance calculation of the illustrated packaging structure (I > 5h, w >> h)

. L2 top L3 _top , L

Location | 'O '(rr]]‘i‘l‘)“a”ce (L2_bottom) | (L3_bottom) (rﬁ) (hin (Ln:L)
(nH) (nH)

On the Top side 0.12 0.1 0.01 001 | - -

Bottom side 0.42 0.1 0.01 0.01 | 0.01 | 0.29

In the top-mounted case, the total connection inductance (L2 _top+L3') is about
0.12 nH compared to 0.42 nH (L2 _bottom+L3"+L3"") on the bottom. In this case, the

decoupling capacitor located on the top side has a lower connection inductance than the
capacitor on the bottom side. The difference is primarily due to the inductance associated
with the loop area between the inner planes, L3"".

Power bus decoupling inductance for high performance packaging in computing
applications is decided primarily by the loop area formed by the current path from the
switching device to the decoupling capacitor and to a lesser extent by the effective radius
of the connecting conductors. The spacing between the power and ground layers in the
packaging substrate, the height of through-silicon vias in the silicon carrier substrate and
the solder ball diameter for flip-chip bumping are all key factors when calculating
connection inductance. Another important factor is the horizontal distance between vias
carrying current to and from the decoupling capacitor. Vias should be placed close to

each other to reduce the inductance of the path.
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IV. NEW CAPACITOR CONFIGURATIONS FOR ADVANCED PACKAGING

New packaging technologies for system-on-chip (SOC) and system-in-package
(SIP) structures allow engineers to design faster, more tightly integrated electronic
devices that require new approaches for providing adequate decoupling capacitance.
Fortunately, SOC and SIP packaging technologies open the door to a wide range of new
decoupling options. Each option has its own merits and presents its own set of challenges.
Selecting the best decoupling option involves a cost/performance trade-off. As
performance demands increase and the costs of new packaging techniques come down,
we can expect to see a variety of new decoupling schemes rise in popularity. The
following sections describe new decoupling capacitor schemes for advanced packaging

technologies.

Capacitive-stem capacitor

The greatest contributor to the connection inductance of capacitors mounted on
printed circuit boards (PCBs) or interposers is often the loop formed by the vias that carry
current between the MLCC and the printed circuit board power planes. This inductance
can be minimized by adding more interconnecting vias or locating the vias as close as
possible to one another, but it is still generally on the order of a nanohenry. Fig. 1.22
shows a capacitor design that eliminates the traditional via-loop area. This capacitor has a
stem with metal rings for making the positive and negative connections to the PCB
planes. The stem drops into a single large-diameter via hole drilled in the PCB. Inside the

stem, the current is carried to the main body of the capacitor through low-inductance
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plates that are interleaved to maximize their own mutual inductance and therefore

minimize the connection inductance.

I ]

Ground
Stem ———»
Power

Fig. 1.22. Cross-sectional view of a ringed-stem capacitor mounted in PCB/package.

dielectric Cathode

Anode

Fig. 1.23 shows the three-dimensional geometry of the ringed-stem capacitor.
Possible variations of this capacitive stem design based on the ringed stem capacitor

include:

1. A capacitor with circular horizontal rings but the rings are only metallic in 90°

arcs on opposite sides.

2. A capacitor with a rectangular stem that has positive connection terminals on
two opposing sides and negative connection terminals on the remaining two
sides. This capacitor design also can be divided into two variations by plate
orientation. This design and the one above facilitate easy soldering, since

vertical shearing of solder cannot short the connection.

34



3. A capacitor with a coaxial stem that connects to both planes.
4. A capacitor with a cylindrical or rectangular stem that has no head. This
capacitor could be embedded in the board and does not require space above

the surface of the board.

Modeling of effective inductance

In order to compare the low-inductance performance of the proposed ringed-stem
capacitor with that of conventional MLCC, a full-wave simulation was performed. As
illustrated in Fig. 1.24, the test configuration consisted of a two-layer printed circuit
board with an input port having a source and sink and an MLCC mounting port in the left
side. The size of the MLCC is 1.0 mm x 0.5 mm x 0.5 mm. The test board for the ringed-
stem capacitor has a single large-diameter via hole drilled in the PCB for a stem with
metal rings. The diameter of the drilling via hole is a, as illustrated in Fig. 1.28. The
capacitor structure of the main body was simplified to a single block as described in

Fig. 1.5, Section II.
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Fig. 1.23. 3D geometry of ringed-stem capacitor.
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Fig. 1.24. Test configuration for effective inductance simulation.
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Fig. 1.25 shows the equivalent circuit of a conventional MLCC and the proposed
ringed-stem capacitor. The ringed-stem capacitor includes a capacitive stem that is
designed to extend into a printed circuit board and make connections with two or more
power distribution planes. In addition, the ringed-stem includes multiple interleaved low-
inductance plates. The metal bands may extend at least partially around the outside of the
capacitive-stem. In the equivalent circuit, the stem is represented as a capacitance C, in

parallel with capacitor C;.

Conventional MLCC Ringed-stem Capacitor
Conventional via Without plates With plates
Source L

par

Fig. 1.25. Equivalent circuit of effective inductance loop: conventional MLCC (left),
ringed-stem without electrode (middle), and ringed-stem (right).
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= H
Fig. 1.26. Test board dimensions (LxWxH).

Table 1.5 shows the effective inductance at 1 GHz derived from Q3D Extractor ™
simulations. The effective inductance of a proposed ringed-stem MLCC without plates is
significantly lower than that of a conventional MLCC. The effective inductance of
ringed-stem MLCC is slightly lower than that of a ringed-stem MLCC without plates.
This shows that the stem, designed to reduce or eliminate the traditional via-loop,
contributes to the connection inductance.

As the board size increases in Fig. 1.26, the effective inductance of the connection
loop decreases. As the board size approaches that of case 3, the effective inductance

becomes less dependent on the board size.
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Table 1.5. Effective inductance for three test board sizes

Test board dimension Conventional Ringed-stem MLCC
(LxWxH) MLCC w/o plates w/ plates
Case | 281x1.74x0.2 275.9 pH 232.9 pH
1 o 471.1 pH (0.47 nH) (0.28 nH) (0.23nH)
Case 232.5pH 185.3 pH
5 3.31x4.2x0.2 mm | 432.8 pH (0.43 nH) (0.23 nH) (0.19 nH)
Case 227.6 pH 175.4 pH
3 6.58x7.8x0.2 mm | 430.3 pH (0.43 nH) (0.23 nH) (0.18 nH)

Table 1.6 shows the effective inductance value for two test board heights.

Doubling the height, increases the effective inductance.

Table 1.6. Effective inductance for two test board heights (6.58%7.8xH mm)

Height of board . Ringed-stem MLCC

(stem) (H) Conventional MLCC w/o plates w/ plates
Case 1 | 0.2 mm | 430.3 pH (0.43 nH) | 227.6 pH (0.23 nH) | 175.4 pH (0.18 nH)
Case2 | 0.4 mm | 636.2 pH (0.64 nH) | 399.6 pH (0.40 nH) | 333.8 pH (0.33 nH)

Figs. 1.27 and 1.28 show how a conventional MLCC and a ring-stem capacitor
connect to the power planes of the test board. Table 1.7 shows the dependence of the
effective inductance on the diameter of the MLCC power via. The effective inductance is
lower for larger diameter vias. Additionally, the connection at the test port contributes to
the effective inductance. A solid rectangular block connection to the power plane at the

test port has contributes less to the inductance than the three via connection illustrated.
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Table 1.7. Effective inductance by the diameter of via (6.58x7.8x0.2 mm)

Conventional MLCC Power via connection at test port
Diameter of via _ ) Whole connection
(a1) 3 via connection (0.3x1.4 mm)

Casel | 0.10 mm | 430.3 pH (0.43 nH) | 429.1 pH (0.43 nH)
Case2 | 0.21mm | 399.2 pH (0.40 nH) | 373.1 pH (0.37 nH)
Case3 | 0.42mm | 179.4 pH (0.18 nH) | 154.5 pH (0.15 nH)

Conventional MLCC

LR

&

Power Via connection at Test port

Whole connection

O O O

3 via connection

Fig. 1.27. Via connection of conventional MLCC (top) and test port (bottom)
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Table 1.8 shows how the diameter of the stem of the proposed ringed-stem
capacitor affects the effective inductance. As the diameter of the stem increased, the
effective connection inductance of the ringed-stem capacitor decreased. The ringed-stem
capacitor with electrodes (plates) in the stem has less inductance than the capacitor

without electrodes.

Table 1.8. Effective inductance for two stems diameters (6.58%7.8%0.2 mm)
Ringed-stem MLCC Power via connection at test port

Diameter of stem 3 via connection Whole connection
az) w/o plates | w/ plates | w/o plates | w/ plates
Casel | 0.21mm | 0.28nH | 0.21nH | 0.25nH | 0.18 nH
Case2 | 0.42 mm 0.22nH | 0.18nH | 0.20nH | 0.15nH

The simulation results from Table 1.5 to 1.8 show how the connection’s effective
inductance is dependent on each segment forming the current loop. The wider and shorter
each segment is, the smaller the overall loop inductance will be. Additionally, this data
shows that the proposed ringed-stem capacitor performs better than a capacitor connected

to power planes through a traditional via connection.
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Ringed-stem Capacitor

— ‘\
&l
( 9] ( .
Power Via connection at Test port
“\l\"”"'\ Whole connection

> . . A

3 via connection
Fig. 1.28. Via connection of ringed-stem capacitor (top) and test port (bottom)
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Conventional MLCC Ringed-stem MLCC

Fig. 1.29. Evaluation configuration and equivalent circuit model for insertion loss.
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Transfer function analysis of proposed capacitors

The purpose of decoupling capacitors is to stabilize the voltage on the power bus.
The magnitude of the transfer function between two ports at different locations on the
planes is an indication of how well the decoupling is performing. Lower values indicate
better performance. The |Sy| for a standard MLCC and ringed-stem MLCC as illustrated
in Fig. 1.25 was calculated using the model in Fig. 1.29 and the full-wave simulation tool,
HFSS™. In an equivalent circuit for this configuration, the stem of ringed-stem MLCC is
represented as a smaller capacitor in parallel with the larger capacitance of the MLCC.

Fig. 1.30 shows the simulation results for three types of MLCC: a conventional
MLCC, a ringed-stem MLCC without plates and a normal ringed-stem MLCC. The
equivalent circuit of the stem, as shown in Fig. 1.30, is represented as a series R-L-C
circuit in parallel with the circuit representing the MLCC. Due to the lower overall
effective inductance, the resonance frequency of the ringed-stem capacitor is at a higher
frequency than that of the conventional MLCC. At frequencies above the self-resonance
of both capacitors, the |Sy| of the ringed-stem MLCC is 10 dB higher than that of the
conventional MLCC. Above the frequency where the stem plate resonates, the
performance of the ringed-stem MLCC with plates in the stem is 2-3 dB better than that

of the ringed-stem MLCC without electrodes.
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Frequency (MHz)

Fig. 1.30. Full-wave simulation responses for the proposed capacitors.

V. CONCLUSION

Power bus decoupling inductance for high performance packaging in computing
applications is dependent on the size of the conductors forming the current path from the
switching device to the decoupling capacitor and the overall loop area. Advanced
packaging geometries employing stacked silicon wafers, through-silicon vias, new
organic and ceramic substrates, micro-bumps and other unique structures provide unique
opportunities for implementing novel low-inductance decoupling schemes employing
multilayer ceramic capacitors (MLCCs). Section Il of this paper discussed the effect of

plate orientation in MLCCs and concluded that plate orientation does not have a
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significant effect on the connection inductance of an MLCC of given dimensions. Section

1l outlined the relative significance of die-level, package-level and board-level

decoupling. This section showed that higher frequency decoupling is easier to achieve

close to the die level, while lower frequency decoupling is easier to achieve further from

the die.

Section IV describes “ringed-stem” capacitors that reduce connection inductance

by moving some of the capacitance between the planes of a power distribution bus. The

improvement in connection inductance was demonstrated using 2-D and 3-D simulations.
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CHAPTER TWO

INVESTIGATION OF THE IMBALANCE DIFFERENCE MODEL AND ITS
APPLICATION TO VARIOUS CIRCUIT BOARD AND CABLE GEOMETRIES

Abstract

The imbalance difference model introduced by Watanabe is a method for
modeling how differential-mode signal currents are converted to common-mode noise
currents. A parameter called the current division factor (CDF) or imbalance factor
uniquely defines the degree of imbalance of a transmission line. The imbalance
difference model shows that changes in the imbalance are responsible for differential-
mode to common-mode conversion. This paper explores various cable geometries to
determine how well Watanabe’s values of DM-to-CM conversion compare to full-wave
calculations. This paper also demonstrates how the imbalance difference model can be

applied to cables with more than two conductors.

I. INTRODUCTION

Determining the distribution of signal and noise currents in circuit boards or
electronic systems is an important step in analyzing sources of electromagnetic
interference. In a two-conductor transmission line, currents that flow in one direction on
one conductor and in the opposite direction on the other conductor (differential-mode) are
not likely to be a significant source of radiated emissions. On the other hand, currents that

flow in the same direction on both conductors (common-mode) are often a primary
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source of radiated emissions [1]. While the differential-mode currents are generally
intentional, common-mode currents are often the result of unintentional differential-to-
common-mode conversion resulting from electrical imbalance.

Several models have been introduced to describe differential-mode to common-
mode conversion. Hockanson [1] introduced current-driven and voltage-driven source
models to describe how differential-mode signals on circuit boards induce common-mode
currents on attached wires.

An equivalent model for estimating the radiated emissions from a printed circuit
board with attached cables driven by a signal voltage on a trace was developed by Shim
[4]. This model employed an equivalent common-mode voltage source located at the
junction between the PCB ground structure and the attached wire. The magnitude of the
common-mode voltage was proportional to the ratio of the self-capacitance of the trace to
the return plane of PCB structure (effectively a measure of imbalance).

Watanabe [6] introduced the concept of an imbalance difference factor to quantify
the electrical imbalance of various transmission line configurations. He showed that
imbalance is not responsible for the conversion of differential-mode currents to common-
mode currents. Instead, it is changes in imbalance that facilitate this conversion. Using
various printed circuit board structures as examples, he showed that it is possible to
calculate the common-mode currents by replacing the differential-mode source with
equivalent common-mode sources at points where changes in the imbalance occur. This
imbalance difference modeling technique can greatly simplify the analysis of radiated

emissions due to common-mode currents.
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In this paper, the imbalance difference theory is extended to apply to structures
with more than one differential-mode current. The procedure is demonstrated using a
three-phase power system example, but can be generally extended to apply to multi-wire

cable geometries in other applications.
Il. THE IMBALANCE DIFFERENCE MODEL

A two-wire transmission line circuit with a voltage source (Vg), source

impedances (Zs1, Zs2, Zsc1, and Zsgy), load impedances (Z.1, Zi2, and Z.g), and cable
impedances (Zcapiec: and Zcapiec2) IS shown in Fig. 2.1. The currents, I, and I, flow on
each transmission line conductor. These currents can be decomposed into differential-
mode and common-mode components. If we assume that the two conductors are perfectly
balanced (Zs1 = Zs, Zsc1 = Zsc2, Z11 = Z12, Zcablec1 = Zcablez), the currents, 15 and I, have
equal magnitude but opposite direction and the common-mode component is zero. If one
side of the circuit has a different impedance to ground than the other side, then the circuit
is not perfectly balanced. According to the imbalance difference theory, and change in
the imbalance in a circuit results in the conversion of differential-mode currents into
common-mode current. We can define a current division factor (or imbalance factor), h,

that describes how much of the common-mode current flows on each conductor,

D

where 0<h<1, and perfect balance is achieved when h =0.5.
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In an unbalanced circuit, the common-mode current is not divided equally
between the two conductors. Rearranging Eg. (1), the currents, I; and I, can be

decomposed into common-mode and differential-mode components,

“:ﬂ{l_lh ﬂ[:ﬂ 2)

Source Transmission path Load

| 251 hx ICM | DM ZL1

== = { —
v

s () : O<h<1

| E.,. Zsz -‘ ZLz
e B — =5 —

' (L-h)xley E"' lom

ZSGl D D ZSGZ ZCabIeGl D chableGZ ZLG D

<« Iy, #0 HE-
If circuit is unbalanced & close to the ground

Fig. 2.1. Current flow decomposition of two-transmission line circuit.

The imbalance difference method is a method for modeling how differential-mode
signal currents are converted to common-mode noise currents. Watanabe [6] showed that
the imbalance factor can be determined from the capacitances of each conductor to

ground.
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Fig. 2.2. Stray capacitance for two transmission geometries.

For example, for the transmission line geometries in Fig. 2.2, the imbalance
factor, h, can be described in terms of the per-unit-length capacitances [6],

C
_ 9 (3)
Clg + ng

For TEM propagation, this can be shown to be equal to the static charge

distribution that is obtained when both conductors have the same voltage relative to

ground,

h:%. (4)

Note that “ground” may be a nearby metal structure (e.g. a ground plane or
chassis), or it may represent a point far away (e.g. at infinity). When the ground is

nearby, the common-mode currents are generally the currents that return to the source on
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this ground conductor. When the ground is far away, the common-mode currents are
“antenna mode” currents that return to the source as displacement current. The imbalance
difference method applies equally well in either situation. In order to evaluate the
common-mode current distribution on an EMI antenna structure, the imbalance
difference model postulates that the common-mode currents on a transmission line can be
precisely determined by removing all differential-mode sources from a circuit and
placing equivalent common-mode sources at all points where a change in the imbalance
occurred. The amplitude of these equivalent voltage sources is given by

Vem = AhxVp,, (X) (%)
where Ah is the changed in the imbalance factor and Vpy is differential-mode voltage at

the point where the change in imbalance occurs.

I1l. MODELING OF COMMON-MODE CURRENT DISTRIBUTIONS

Wire model with voltage and current driven source

A two-wire transmission line with one of the wires extended at both ends is
illustrated in Fig. 2.3 [1]. The electrical length of the entire circuit is short in terms of the
free-space wavelength (10 m at 30 MHz). The wire radius is 0.8 mm. The vertical wires
have a length of 10 mm. Vs = 1 volt at 30 MHz. Rs = 50 Q. The length of each wire

attached to the loop circuit is 30 cm.
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a=0.8mm
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Rq T+ +
VDMS VDML RL d =10mm

Cable ,, =30cm liace =10CM Cablegy, =30cm

(@) Original circuit

AV, AV,

hy Aby h, Ah, hy

(b) Imbalance difference model

Fig. 2.3. A wire circuit geometry and its equivalent imbalance difference model.

The common-mode current induced in this structure including the two wires on
each side of the circuit was computed using a full-wave electromagnetic modeling code
[16]. Simulations were run with three load impedances: an open circuit, a short circuit
and a 50-Q load.

The magnitude of the common-mode current for the open circuit (R, =) case is
indicated by the solid black curve in Fig. 2.4. Note that the common-mode current peaks
at either end of the transmission line structure and is zero at the center.

The solid blue curve shows the magnitude of the common-mode current for the

short circuit case (R_ =0). In this case, the common-mode current peaks at the source

end of the transmission line. The solid red curve shows the common-mode current when

RL =50 Q, which is a superposition of the currents for the short- and open-circuit cases.
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Table 2.1. VVoltages for the circuits in Fig. 2.3.

Source/Load
impedance Vows Ao Vou AVez
B B 0.49<Z -
Ry =50Q, R_=50Q2 | 0.53£9.8 | 0.26£9.8 111 0.25£168.9
R, =50Q, R =open 120 0540 140 0.5£180
Ry =50Q, R =short | 0.36 £69.2 | 0.18£69.2 0 0

According to the imbalance difference model, the geometry in Fig. 2.3(b) is
equivalent to the geometry in Fig. 2.3(a) in terms of the common mode currents
produced. The amplitude of the equivalent voltage sources is determined by (6). Table
2.1 shows the common-mode excitation voltages, AVci; and AVc,, for each load
impedance when the differential-mode source voltage is 1 V. The differential-mode

voltage, Vs at the source location was calculated as

VDMS :Vs n ) (6)

where Zj, is the input impedance of the transmission line.

Full-wave common-mode current calculations for the structure in Fig. 2.3(b) are
indicated by the dotted lines in Fig. 2.4. These results are labeled IDM (for Imbalance
Difference Model) and are virtually identical to the results obtained by the analysis of the
original configuration in Fig. 2.3(a).

The imbalance difference model for the open-circuit case consists of two equal
and opposite sources located at each end of the transmission line structure. The
symmetric nature of this model makes it clear that the common-mode currents be zero at

the center.
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The imbalance difference model for the short-circuit case has only one non-zero
equivalent source located at the source end of the transmission line. It is clear from the
model that the common-mode currents must peak at the source end of the transmission
line and decrease to zero at the end of each wire. This simple example demonstrates both
the accuracy of the imbalance difference model, and its ability to provide an intuitive
understanding of how and where differential-mode currents are converted to common-

mode currents.

90 I I
Full wave ZL=500
80 T — Full wave ZLzshort H
j /\ —— Full wave ZL:open
70 0 « IDM, Z,=50Q i
+ IDM, Z =short
60 L H

lll HA)

) /@ﬁ\\ [ \ . DM, Z,=open
. SN

N & / k ﬁ”"\xﬁ
DS R SR N\
2 \ NS
rd v

-%0 -20 -10 source load 10 20 30
Location (cm)

A

Fig. 2.4. Common-mode current distribution at 30 MHz.
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Cable structure attached to a PCB

Fig. 2.5 shows a simple printed circuit board configuration and its equivalent
imbalance difference model. The return plane dimensions are 10 cm by 4 cm. A 1-mm
wide trace is located 3 mm above the plane (this dimension is exaggerated in the figure
for clarity), and a 100-cm wire is attached to the return plane of the board and oriented
horizontally. A 1-volt source in series with a 50-Q source impedance is located between
trace and the return plane at the left side of the board. The other side of the trace is

terminated with a 50-Q resistor. The board is located far away from any other conductors.

Wioee =1mm

Cable =100cm

Aot 2=

Fig. 2.5. PCB model with attached wire (top) and its imbalance difference model
(bottom).
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The imbalance factor, h, for the imbalance difference model is obtained from the
ratio of the stray capacitance of the trace to the stray capacitance of the return plane of
the board as described in (3), where the “ground” is at infinity because we are interested
in the antenna-mode currents induced on the wire. The stray capacitance of the trace and
the return plane of the board can be computed by two methods: an approximate closed-
form solution or a 2D-FEM simulation.

A closed-form solution for the stray capacitance of a trace in a microstrip
structure is provided in [3],

6.189 d Coul:
oW O
In{l+3.845(ﬂ
W

where W and L are the width and the length of the board, I; is length of the trace, d is the

(7)

distance between the trace and the return plane of the board, and Cpy is the capacitance
of the trace over an infinitely wide return plane. The stray capacitance of the board is

defined as [4],

/Board Area
cboard z8‘90 T : (8)

Table Il shows the capacitances and imbalance factors calculated using the closed
form equations and also those calculated using a 2D FEM simulation [17].

Table 2.2. Comparison of h-parameter calculation

Cboard Ctrace hl
Closed form 2.53 0.11 0.042
FEM 2.57 0.08 0.048
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Fig. 2.6 shows the magnitude of the common-mode current induced on the
attached cable as determined by a full-wave model of the entire configuration, an IDM
model based on the imbalance factors computed by the 2D FEM code, and an IDM model
based on the closed form calculations of the imbalance factor. The magnitude of the
common-mode current is highest at the junction between the printed circuit board and the
wire. There is excellent agreement between the full-wave model and the imbalance
difference model (IDM) employing the 2D FEM. Both models calculate a current of
approximately 12 uA at the board-cable junction. The IDM results obtained using the

closed-form imbalance factor estimates a slightly lower magnitude, ~10 pA.
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Fig. 2.6. Common-mode current distribution at 30 MHz.

Long wire model with imbalance

Fig. 2.7 shows a 2-wire transmission line structure where the radius of one wire
changes in the middle represented as the sum of two alternative structures: one that is
perfectly balanced and carries only differential-mode currents, and one that is the
equivalent IDM model and carries only common-mode current [10]. From the imbalance
difference model, we know that the change in the balance occurring at the center of the
transmission line will result in a common-mode current distribution that peaks in the

center and goes to zero at both ends.
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Fig. 2.7. Long wire circuit (top) and its decomposition (transmission line and antenna
mode).

Fig. 2.8 shows the dimensions of the wires in the configuration modeled. The
right half of the transmission line has different wire radii, a and b. The characteristic

impedance of this part of the transmission line can be calculated as [14],
2
Zy, =60 cosh‘l{% (d— _a RH : 9)

The wires on the left half of the transmission line have the same radius, a. The

characteristic impedance of this transmission line can be calculated from [14] as,
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Z,, =120cosh™ (ij
2a

Fig. 2.8. Cross-sectional view of Fig. 2.7 transmission line structure.

At the source location, the input voltage is,

_ Zin2
in2 — Vs ’
ZS + Zin2

_ ZpriZgtan(g) o 7+ jZtan(A)

where Z,, =2, - it = o1 . :
Zo, + 12y tan(p1) Zyy + jZ, tan(pl)

At the location of the discontinuity, the differential-mode voltage is

_ Zi, 1+p,
VDM (Il) _VS ZS + Zin2 [e]ﬂ'z +pLe_jﬁ|2 j’
=7
where p, = L=ty .
i + Lo
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The amplitude of the equivalent common-mode voltage source can be calculated
from (5) using the differential-mode voltage determined from (12).

Two parallel wires having radius a; and a,, respectively, and a separation
distance, d, can be modeled by one wire having an equivalent radius a. where [15],

In(a,) ;%x[sf Ina, +SZIna, +2S,S, Ind] (13)

(5,+5S,)
as illustrated in Fig. 2.9. Typically, when applying the imbalance difference
model, the equivalent source drives all the conductors on one side of the imbalance
discontinuity relative to all conductors on the other side of the discontinuity as illustrated
by the configuration labeled “IDM” in Fig. 2.9. In many cases, it is possible to represent
the conductors on each side of the discontinuity with a single conductor as illustrated by

the configuration labeled “Equivalent Dipole Antenna” in Fig. 2.9.
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Fig. 2.9. Equivalent geometric conversion from two conductors to one [15].
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Fig. 2.10. Common-mode current on the structure in Fig. 2.8 (matched and unmatched).

Fig. 2.10 shows the common-mode currents obtained from a full-wave model of
the whole configuration, an IDM model and an equivalent dipole antenna driven by an
IDM equivalent source. The excitation frequency is 30 MHz and the wire is 100 cm long
(50 cm per section). Each wire on the left half of the transmission line has same radius,
2.5 mm; however on the right half of the transmission line the radius of one of the wires
decreases to 1.25 mm. The center-to-center spacing of the wires is 7.5 mm. The red
curves were obtained with source and load impedances that were mismatched to the
characteristic impedance of transmission line. In this case, the source impedance was 50
Q and the load impedance was 100 Q. The characteristic impedances of each half of the

transmission lines, Zy; and Zo, are 164.2 and 115.5 Q, respectively. The blue curves were
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obtained with source and load impedances that were matched to the characteristic
impedance of the transmission line. The source impedance was Zyp, = 115.5 Q and the
load impedance was Z, = Zp; = 164.2 Q. The magnitude of common-mode current was
lower when impedances were matched because the differential-mode voltage at the point

of the imbalance change was lower.

IV. MULTIWIRE CONFIGURATIONS

Im
Part a Part b
L wire,
l, wire,
I wire,
4
wire, C, wire,
X Q A
wire,
C3G :::.::::::
1

Fig. 2.11. A three-phase circuit with two differential-mode sources and y-connected
loads.
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Previous work published in the literature has not addressed the problem of
multiwire configurations where there are multiple differential-modes. For example, in a
three-phase transmission line, two independent differential mode currents can be defined.
The three-phase system illustrated in Fig. 2.11 has two independent differential-mode
voltage sources, Vs; and Vs,. The system is terminated by three load impedances, Z,1, Z,»,
and Z, 3, connected in a “Y” configuration. A change in the radius of one or more wires in
the middle of the transmission line creates an imbalance difference that causes

differential-mode to common-mode conversion.

Superposition of multiple common-mode excitation

Since there is more than one differential-mode signal that may be converted to
common-mode current, more than one equivalent source is required to model this
conversion. The total common-mode current in a three-phase system is the sum of the

currents flowing on each wire,

Il =L+, +1, (14)

Each of the differential-mode signals encountering a change in imbalance
contributes to this common-mode current. In Fig. 2.11, we’ve chosen wire 3 as the
reference for our two independent differential-mode signals, so we denote the voltage
between lines 1 and 3 with the subscript “1” and the voltage between lines 2 and 3 with
the subscript “2”. Quantities on the left- and right-hand sides of the imbalance

discontinuity are denoted by the subscripts “a” and “b”, respectively. Using this notation,
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we can define four imbalance factors corresponding to the imbalance associated with the
two differential-mode signals on the left- and right-hand sides of the transmission line;

hla — ClGa ’ hlb — Cle (15'&)
ClGa + CZGa + C3Ga Cle + CZGb + C3Gb

h _ CZGb h y = C2Gb (15_b)
2a y Ty — .
Cieb T Casb +Caap Ciep T Cosb +Caap

where, C,, means the self-capacitance (capacitance to ground at infinity) of the ith

conductor on side n.

2 ZLZY Lly

s1 s2 |3 VDM1<[)¢ Vousz ZL3y

v [

1 — ¥
IZ
Case 2 — =
|3
1 — f

hy,

{1,

Part a Part b

Fig. 2.12. Imbalance difference models for 2 three-phase circuits.

The equivalent common-mode voltages at discontinuity points were defined by

the following equations based on the superposition theorem as illustrated in Fig. 2.12.
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Vemr = Ah1VDM1 + AthDM 2 (16)
Vemz = AhlVDM 1t AthDM 2 (7
where Vpy; is the ith independent differential-mode voltage at the point of the imbalance

change and Ah, =h, —h

la ?

Ah, =h,, —h,, .
The total common-mode excitation due to imbalance difference is the sum of the

common-mode excitations,

Vem =Vem: +Veuz - (18)

In general, for multi-wire transmission lines, the equation for the equivalent

common-mode source voltage is,

Vew = ZAhiVDMi (19)

where Vpy; is the ith independent differential-mode voltage at the point of the imbalance
change, and 4h; is the change in the imbalance experienced by that component of the
signal.

Multiple common-mode excitations due to the imbalance in a circuit with
multiple wires can be described as the sum of each common-mode excitation as
illustrated in Fig. 2.12. Case 1 is an example where one wire’s diameter changes in the

middle of the cable. In Case 2, two wires exhibit a change in diameter.
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YVemi Part a Partb

Case 1
(Vewn)

Case 2
(Vewn *+ Vem)

Fig. 2.13. Detailed geometry expression for multiple common-mode excitations.

Fig. 2.13 shows the cross-sections of the wire geometries in Fig. 2.12. The circuits
evaluated have two differential-mode voltage sources with 1-V amplitudes and 50-Q
source impedances connected to three y-connected 50-Q resistors. The transmission line
between the source and load is 1 meter long. As illustrated in Fig. 2.13, two cases were
modeled. In Case 1, there is one discontinuity resulting in one equivalent common-mode
source. In Case 2, there are two discontinuities and two equivalent common-mode
sources.

Fig. 2.14 compares the common-mode currents on the original structure (solid
curve) to the common-mode currents on the IDM structure (dotted curves) for each case

(calculated using FEKO [16]). The blue curves are the results for Case 1 and the black
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curves are the results for Case 2. In each case, there is excellent agreement between the

original circuit results and the imbalance difference model results.

i il %Q%x
f{;f T, %X
_iiiiff K\

-115

oyl (@BUA)

—FWM, VCMl + VCMZ ﬁ
-120 o IDM, Vey + Ve
-125 —FWM, VCMl

o IDM, V.
130 20 40 60 80 100

Wire location (cm)

Fig. 2.14. Two differential-mode sources and single imbalance wire.

V. CONCLUSION

The imbalance difference model describes how changes in the imbalance of a
circuit result in the conversion of differential-mode signals to common-mode noise. A
parameter called the current division factor (CDF) or imbalance factor uniquely defines
the degree of imbalance experienced by a differential-mode signal at any location as it
moves through a circuit. Various cable and printed circuit board geometries have been

evaluated to illustrate how calculations of the common-mode currents on structures can
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be simplified and better understood using the imbalance difference model. A technique

for applying the imbalance difference model to multiwire structures with more than one

differential-mode signal was also introduced. This technique superimposes the equivalent

common-mode voltage sources for each independent differential-mode signal that

encounters a change in electrical imbalance.
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CHAPTER THREE

A NOVEL BALANCED CABLE INTERFACE FOR REDUCING COMMON-MODE
CURRENTS FROM POWER INVERTERS AND OTHER ELECTRONIC DEVICES

Abstract

Common-mode current is a significant source of radiated emissions from power
inverters. In an ideal power inverter, the currents flowing in one direction on the wires
between the inverter and the load are exactly equal to the currents flowing in the opposite
direction in the same wire bundle. Unfortunately, imbalances in the switching
components and circuit geometry can cause the electrical potential of the wire bundle to
change with time resulting in common-mode currents. Most inverters employ pulse-width
modulated switching at frequencies below 100 kHz. Balancing an inverter at low
frequencies without affecting the performance or efficiency of the inverter can be
challenging. However, radiated emissions are more likely to be a problem at higher
frequencies (e.g. >30 MHz). One method for reducing common-mode current emissions
at high frequencies is through the use of common-mode or differential-mode filters.
Common-mode filtering can add significantly to the cost and weight of an inverter.
Effective high-frequency differential-mode filtering can be difficult to implement without
impacting the inverter performance, and imbalances in differential-mode filters can
actually increase common-mode currents. This paper introduces the concept of a
balancing network to reduce the common-mode currents on power inverter cables above
30 MHz. Balancing networks are relatively inexpensive to implement and can be more

effective than common-mode chokes or ferrites. An experimental test set-up is used to
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demonstrate the effect of a balancing network on the common-mode current, differential-
mode current and the common-mode rejection ratio on a balanced cable with an
imbalanced termination. The results show that a balancing network reduces the common-
mode noise currents significantly more than the differential-mode signal currents. This
balancing network is also evaluated using a 3-phase brushless DC motor driver to verify

its effectiveness in a real application.

I. INTRODUCTION

Power inverters convert electrical power at one voltage or frequency to power at
another voltage or frequency. Most inverters employ pulse-width modulation schemes
that rely on frequently switching signals with ultra-fast rise and fall times. These signals
have significant energy at frequencies well above the fundamental switching frequency.
Imbalances in the switching circuitry, transmission path, and load convert some of the
power in the differential drive currents into common-mode noise currents (Fig. 3.1).
These common-mode currents can interfere with other electronic devices, especially
devices that rely on wireless communications.

A typical method of dealing with this form of electromagnetic interference is to
apply common-mode filtering. However, this can add significantly to the cost and weight
of a motor driver or power inverter and contributes nothing to the system’s overall
functionality or efficiency. A better approach is to actively enforce the electrical balance
of the driver circuitry, while simultaneously compensating for imbalances in the

transmission lines and load. Electrical balance is a measure of the relative impedance of
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the conductors in a circuit or transmission line to a zero-potential reference (ground) [1-
4]. Changes in electrical balance convert differential-mode signals to common-mode
noise. By ensuring that all of the signal or power-carrying conductors in a source-
transmission-line-load configuration have the same impedance to ground, differential-to-

common-mode conversion can be essentially eliminated.

Y [

Radio
Radiated emission
| | Inverter
DM Cl
—> Lorernnn ICM IDM
J_ ....... > -
Battery ki E -.'_'_'_'_'.'; “( Motor
< <o -|_ e O .
b ICM esusssenes .....
< ....... < .......

Chassis
Fig. 3.1. lllustration of a typical power electronics system.

Active balancing (i.e. actively compensating for naturally occurring changes in
balance) at the operating frequency of power inverters has the potential to drastically
reduce electrical noise and to actually improve the overall efficiency of the power
transfer. However, actively compensating for changes in balance at frequencies as high as
30 MHz is generally not achievable. At high frequencies, passive balancing can be used
to prevent the conversion of differential-mode signals to common-mode noise on cables.

This paper introduces the concept of a passive balancing network and
demonstrates how passive balancing can be a cost-effective way to reduce common-mode

currents on cables. An experimental test set-up is used to demonstrate the effect that a
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balancing network has on the common-mode (CM) current, differential-mode (DM)
current and common-mode rejection ratio (CMRR) of a balanced cable with an
imbalanced termination. Also, experimental results are compared to simulations based on
full-wave modeling. A passive balancing network is then applied to a three-phase

brushless direct current (BLDC) motor to verify its effectiveness in a real application.

Il. PASSIVE BALANCING NETWORKS

Electrical Balance

Several models have been introduced to describe differential-mode to common-
mode conversion. Hockanson [5] introduced current-driven and voltage-driven source
models to describe how differential-mode signals on circuit boards induce common-mode
currents on attached wires.

An equivalent model for estimating the radiated emissions from a printed circuit
board with attached cables driven by a signal voltage on a trace was developed by Shim
[6]. This model employed a common-mode voltage source located at the junction
between the PCB ground structure and the attached wire. The magnitude of common-
mode voltage was proportional to the ratio of the self-capacitance of the trace to that of
the return plane of a PCB structure.

Watanabe [1] introduced the concept of a current division factor to quantify the
electrical imbalance of various transmission line configurations. He showed that
imbalance is not responsible for the conversion of differential-mode currents to common-

mode currents. This conversion is the result of changes in the level of imbalance. Using
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various printed circuit board structures as examples, he showed that it is possible to
calculate the common-mode currents by replacing the differential-mode source with
equivalent common-mode sources at points where changes in the imbalance occur. This
imbalance difference modeling technique can greatly simplify the analysis of radiated
emissions due to common-mode currents.

Several factors contribute to imbalance in power inverter systems: geometrical
asymmetries, unequal turn-on and turn-off times of the switching components,
unbalanced PWM control schemes, unbalanced filtering, switching device parasitics, and
imbalances in the load impedance. These sources of imbalance can convert the rapidly
switching differential-mode currents to common-mode currents resulting in EMI

problems [7].

Source
7 l; Iom
S1 i — >
+ !
Vv
DM1 + VCM _
+ ZGND ICM
Voma
Zs, i 1, I om

Fig. 3.2. Circuit with DM and CM currents.

Fig. 3.2 shows a circuit with DM and CM currents. This circuit has dual
differential-mode voltage sources, a single common-mode source impedance connected
to ground, differential source and load impedances, and a transmission path as shown. If

the two wires connecting the source to the load have the same impedance to ground, the
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currents 1; and I, flowing on the two wires can be decomposed into two modes, Ipy and

lcm, defined as

RE !

The differential-mode current, Ipy, and the common-mode current, Icy, on these

balanced wires can be determined from I; and I, as
e
CM 2

Imbalance factor

Watanabe et al. [1, 2] developed techniques for quantitatively defining electrical
imbalance and developed a method for calculating common-mode currents using
equivalent common-mode voltage sources. Watanabe showed that the common-mode
current in a system can be precisely modeled by placing an equivalent common-mode
voltage source in the circuit at places where changes in the imbalance occur. The
amplitude of these voltage sources is given by
AV, = AhxV, (3)
where Ah is the change in the current division factor (or imbalance factor) and Vow is the
differential-mode voltage at that point in the circuit.

Fig. 3.3 illustrates how this approach is applied. Fig. 3.3(a) shows a pair of cable
conductors above a ground plane with the source and load impedances indicated. In

Flg 33(b), if we assume that VD|\/|1 = -VD|\/|2, 251 = ng, and ZCabIel—gnd = ZCabIeZ—gnd, then
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Part A of the circuit is perfectly balanced (h, =0.5). Part B of the circuit has an

imbalance factor,

B

Z Y, |
L2 — L _ cMm1 . (4)
Zu+Zy, Yu+Yo o low+lows
The equivalent source that drives the common-mode current is then given by

2w g5

AV, =|hB —hA|><VDMLoad =5
L1 L2

X VDM Load (5)

where Vp,, is differential-mode voltage cross the load. The common-mode currents in

the imbalance difference model (Fig. 3.3(b)) are exactly equal to the common-mode
currents in the original circuit, Fig 3.3(a). Note that ifZ ,=Z,in (5), the equivalent

common-mode voltage and the common-mode currents are zero.
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Fig. 3.3. Common-mode currents generated from unbalanced load condition (a) and
imbalance difference model (b).

There is no common-mode current if both parts of the circuit are balanced. There
is also no common-mode current if both parts are equally unbalanced. In unbalanced

circuits, it is necessary to define the relationship between Iy, 15, Icm and Ipy as [1],

:Hlﬁh —11}“} (6)
I o

In balanced circuits (h = 0.5), (6) and (7) are the same as (1) and (2), respectively.

Whether the circuit is balanced or unbalanced, the common-mode current, Icy, IS the sum

of the currents on both wires.
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Balancing Networks

Common-mode current on balanced cables can be reduced by introducing
balancing networks to compensate for imbalances in the source or load as illustrated in
Fig. 3.4. These balancing networks, indicated by the components with a BN subscript in
Fig. 3.4, are designed to have an impedance that is lower than the existing source and

load impedances at the frequencies where they are effective.

Voum: Zg,
+

DZCable 1_gnd

ZCabIeZﬁgnd D
()
hy Ah he
Za lems
‘ av, [
Al
DZCablelignd —@— Z
lom2
ZCabIeZ?gnd D ZBNL2 i
— <«
Part A ) Part B

Fig. 3.4. Equivalent circuit of wire model with balancing network (a) and its imbalance
difference model (b).

The precise value of the impedance is not critical, but it is important that the
impedances on each side of the circuit are the same. The goal of the balancing network is
to make the impedance of each phase have the same value as viewed from the cable

looking into the source and load.
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If our goal is to balance the circuit at high frequencies without affecting the
operation of the circuit at low frequencies, a good choice for a balancing network is a
resistor, Rg, In series with a capacitor, Cg. This circuit has a high impedance and is
relatively invisible at low frequencies. At high frequencies it has an impedance equal to
its resistance, which is relatively stable and easy to match to other resistances in the
balancing network.

In this paper, Zgy is a series RC (Rg, Cg) circuit connecting each phase wire to
system ground. In the circuit in Fig. 3.4(a), the impedance looking into the load from

each phase wire (including the RC balancing network), Z, 1, is

Z ., xZ i
Ziry =2 1 Zgy =1 Ll fuX e Zle(JWRm(_:Bﬁl) | (8-1)
L1 ZBNL1 Z|_1"'ZBNL1 JoRg,Cyy +1+ jarZ ,Cy,
Z ,xZ i
Zory =20, 1 Zgy =11 1 N 1 |_4ue*%en, _ _ Zsz(Ja)RBZC_)BZ+1) . (8-2)
L2 ZBNL2 ZL2+ZBN,_2 JoRg,Cg, +1+ jaiZ ,Cg,

Fig. 3.5 shows how the RC balancing network causes the load impedance to
ground of each phase wire to approach the same value at high frequencies without
affecting the low-frequency differential load impedance. For this calculation, the load
impedances without the balancing network are, Z,; =178 Q and Z,, =90 Q. The RC
balancing network component values are Rg = 51 Q and Cg = 1 nF. As shown in Fig. 3.5,
near balance is achieved at frequencies above approximately 20 MHz. Although the

51|90
(51]90) +(51/|1178)

balance is not perfect (h,;, g = =0.45), it is significantly improved

90

relative to its value at low frequencies (h,. =
q ( without _ BN 90+178

=0.33). The equivalent
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common-mode voltage is proportional to the change in the balance factor, so the

reduction in common-mode voltage with this balancing network at high frequencies

would be,
here — N, _
20log —2ReWithout BN _ 20|ogM =10.6dB. (9)
hcable - hwith_BN 0.50-0.45

Fig. 3.6 shows the actual common-mode current calculated for the circuit in Figs.
3.3 and 3.4, without and with the balancing network. The balancing network and load
impedances used for this calculation were the same as in Fig. 3.4. The source impedances

were Zgy = Zsp =75 Q. The source voltages were Vpu1 = -Vpmz = 0.5 V. Zgnp Was zero.

180
\
160 \
140 \‘
\\ A7z without BN
= DM

120 \\
~~~ \
< 100 \
~ \\

"~
80 T
'\\.\\
A7 vith BN
60,_RL1 \ DM
=2
40*_RL2
20+ZLT2 i b b | S S S S A
10° 10’ 10°
Frequency (Hz)

Fig. 3.5. Imbalance at ‘without” and ‘with’ balancing network (BN).
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Fig. 3.6. Icm comparison depending on the balancing network at load side.
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1. EVALUATION OF A HF BALANCING NETWORK

The test set-up illustrated in Fig. 3.7(b), was used to demonstrate how a balancing
network can reduce common-mode currents. The equivalent circuit for this set-up,
Fig. 3.7(a), has two voltage sources with opposing polarities, Vpui and Vpwg, that drive a
pair of wires above a ground plane. The normalized amplitude of Vpy is 1.0 V. Each wire
is terminated with a resistor to the ground plane. To create an unbalanced condition, the
load resistors were given different values, Z,; =178.3Q and Z,=91Q. The total
differential-mode termination impedance is Z; + Z,, = 269.3 Q. The length of the wires

between the source and load is 920 mm.

Network
Analyzer T Ground plane
Current probe z
Port1 Port 20 ’: | Bl
Balun Iﬂ; i) ﬂ 1 Z,, |
N . CM
L3 =

I == = T7

ZCM:T lovz I lom = 2

Llew Zgy,

~

(b)

Fig. 3.7. Equivalent circuit (a) and test configuration (b) used to demonstrate the
balancing effect.
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The magnitude of the transfer coefficient, |Syi|, between port 1 and port 2 of the
network analyzer was measured to determine the relationship between the common-mode
(CM) current and differential mode (DM) current in the circuit. Port 1 of the network
analyzer was connected to the single-ended side of a wide-band transformer (balun). Port
2 was connected to a current probe (FCC F-33-1), which was clamped around both wires
to measure the common-mode current. To measure the differential-mode current, current
probes were placed around each of the wires. While measuring the differential-mode
current, I3 or I, both current clamps were in place in order to avoid any unbalancing of
the circuit due to current clamp loading. An Agilent E5070B Network Analyzer was used
to measure Sy; from 1 MHz to 100 MHz.

The balancing network is indicated by the series R-C circuits labeled Zgy.; and
Zgni2 In Fig. 3.7. The value of each capacitor in the balancing network is 0.001 pF, and
each resistor is 51 Q. This RC combination has little effect on the termination impedance

below f.=1/2rRC =3 MHz. At 30 MHz and higher, its nominal impedance is

approximately 51 Q.

Correlation of the |S,;| measurement with current amplitude

For the configuration in Fig. 3.7, the value of |Sy1| is @ measure of the ratio of the

common-mode current, Icv, to the differential-mode voltage at the output of the balun,

low %50

20l0g,|S,,| = 20log,, + Calibration _ Factor(dB) (10)

DM
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where Calibration_Factor(dB) is a constant determined by the transfer coefficients of the
balun, current probes, and other fixed pieces of the test set-up. If we assume that the
differential-mode current is much greater than the common-mode current, and the current
probe on Port 2 is clamped around just one wire, |Sy;| is @ measure of the ratio of the

differential-mode current, Ipy, to the differential-mode voltage at the balun,

I om x50

20l0g,|S,,| = 20l0g,,

+ Calibration _Factor(dB). (11)

DM

A common-mode rejection ratio (CMRR) can be defined as the ratio of the
differential-mode current to the common-mode current. Higher values indicate better
rejection of the common mode. The CMRR for the configuration in Fig. 3.7 is given by
the difference (in dB) between measurements of |Sz1| with the current clamp around one

wire and both wires,

IDM

CMRR (dB) = 20log,, = 2010g,,|S4,|— 2010g,,[S,,| (12)

ICM

Characteristic impedance of coupled transmission line

In Fig. 3.8, the height from ground to the center of the each wire, height, is
35 mm, the distance between the two wires, d, is 25 mm, and the radius of the wire, r, is

2.5 mm. The width of the plane in this test set-up, w, is 230 mm.
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| d=25mm |
\ |

O Olim

height = 35 mm

Ground

| w =230 mm |
Fig. 3.8. Cross-sectional geometry of test configuration.

Using a two-dimensional static electric-field simulation tool [39], it was
determined that Zi; (equal to Zz;) and Zi» (equal to Z») were 201.9 Q and 67.4 Q,
respectively, and the differential-mode characteristic impedance Zpy was 269.3 Q. In this
configuration, the load impedances (Z.;=178.3 Q, Z,,=91 Q) without the balancing

network provide a matched termination for the differential-mode signals.

Balun characteristics

In order to correlate model results with measurement results, the CM and DM
impedances of the balun had to be determined. As illustrated Fig. 3.9, a 50-Q load was
used to terminate the input side of the balun, while measuring the impedance looking into
the balun output. The DM impedance was the impedance between the two output pins of
the balun as indicated in the upper part of Fig.3.9. The CM impedance was the

impedance measured between the two output pins tied together and the grounded center-
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tap of the balun output as indicated in the lower part of the figure. The measured balun

impedances are plotted in Fig. 3.10.

ZDM
N—O !31
500 BALUN | - i
J—O P2
ZCI\/I N\
500 BALUN P1
J |

Fig. 3.9. Test configuration to measure Zcy and Zpwm of the balun output.
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Fig. 3.10. Measured values of the balun’s CM and DM impedance.

90



The common-mode impedance of the coupled transmission line in Fig. 3.8 is 67
Q, while the CM impedance of the balun is approximately 20 Q. Thus, a 46.5-Q resistor
was added between the center tap of balun and the ground plane to help match the
common mode. The impedances, Zs; and Zs; in Fig. 3.7 each represent half of the balun’s
DM output impedance, which is a function of frequency as indicated in Fig. 3.10. The

measured balun impedances used for modeling this test configuration are listed in Table

3.1.
Table 3.1. Measured values of Z¢y and Zpy for the balun
Frequency | Zcm | Zom | Zem+46.5Q | Zpwl/2 (= Zg = Zsp)
1MHz |13.8| 92.3 60.3 46.2
2MHz |189 ]| 93.2 65.4 46.6
3MHz |21.3]| 93.6 67.8 46.9
4MHz |223| 93.6 68.8 46.9
5MHz |23.0]| 94.3 69.5 47.2
6 MHz |23.0] 94.1 69.5 47.0
7MHz |23.0] 945 69.5 47.0
8MHz |229]| 945 69.4 47.1
9MHz |227| 95.2 69.1 47.6
10 MHz | 224 | 94.9 68.8 47.5
20 MHz | 20.6 | 97.9 67.0 48.9
30 MHz | 19.9 | 103.2 66.4 51.6
40 MHz | 20.3 | 110.4 66.7 55.2
50 MHz | 22.2|123.1 68.7 61.6
60 MHz | 23.0 | 136.6 69.5 68.3
70 MHz | 23.6 | 147.2 70.1 73.6
80 MHz | 24.7 | 162.4 71.3 81.2
90 MHz | 26.5|183.8 72.9 91.9
100 MHz | 28.1 | 205.5 74.6 102.7
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Full-wave modeling

A full-wave analysis (using FEKO [40]) was applied to the configuration in
Fig. 3.7. The essential elements of the model are illustrated schematically in Fig. 3.11
with and without the balancing network in place. In these models, the 92-cm wire length
was divided into 100 segments. Vpui and Vpmz were set to 1 V. Zsy, Zsp, and Zcy were
given the frequency-dependent values indicated in Table I. Z; was 178.3 Q and Z,, was
91 Q. The currents I; and I, were monitored at the 1% segment to find lcws and Ipys at the

source side, and at the 100" segment to determine lcy. and Ipw at the load side.

100 segments (92 cm)

(b)

Fig. 3.11. Wire segmentation and termination for modeling without BN (a) and with BN

(b).
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Fig. 3.12. Icm comparison with BN and without BN.

Comparison with imbalance difference model (IMD)

Fig. 3.12 shows the magnitude of the common-mode current in the Fig. 3.7 test
set-up as calculated using the full-wave model and the imbalance difference model with
the imbalance parameters in Equation (9). Both analyses are well correlated between 300
kHz and 100 MHz. Because there was no need to model the balun for this comparison,
the 46.5-Q resistor for common-mode impedance matching at the source side was left out
of the circuit and the differential-mode impedance value of the source side was fixed to

150 Q instead of the frequency-dependent value in Table 3.1.
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Measurement results

The balancing network should not have a significant effect on the differential-
mode current below the 3-MHz cutoff frequency. Fig. 3.13 shows the measured |Sq|
(proportional to Ipy) with and without the balancing network in place. At 10 MHz, the
balancing network increases the current at the load end of the circuit by 6 dB. At
approximately 80 MHz, where the wires are a quarter-wavelength long, the effect on the
current is greater. This is because the balancing network creates a mismatch between the
differential-mode characteristic impedance of the transmission line and the differential-

mode termination impedance.

-12

-14

|S21],,, (dB)

-16

-18

—w/o BN, source-side \

—w/o BN, load-side

—w/ BN, source-side
w/ BN, Ioad’-sider

-20j

e~

-22 7
10 10
Frquency (Hz)

Fig. 3.13. Ipm response depending on the different monitoring locations.
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Fig. 3.14 shows the measured |Sci| (proportional to Icum) with and without the
balancing network. The balancing network attenuates the common-mode current by about

7.5 dB at 3 MHz, and the attenuation is 15 dB or more between 30 and 100 MHz.

95



/]

|S21] ., (dB)
&
()]

-50

.,
45| —w/o BN, source-side A
—w/o BN, load-side
—w/ BN, source-side
w/ BN, load-side
10’ 10
Frequency (Hz)

Fig. 3.14. Icm response depending on the different monitoring locations.
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Fig. 3.15. Measured and simulated CMRR (|lpm/Icm| in dB).

Fig. 3.15 shows the CMRR with and without the balancing network. Both
measured results and full-wave simulation results are shown. With the balancing network
in place, the CMRR is more than 30 dB higher between 30 and 70 MHz on the load side.
On the source side, where the differential-mode currents experience a null around 80
MHz, the CMRR is still improved by at least 6 dB with the balancing network in place.

Note that in this measurement, the balancing network increases the mismatch
between the characteristic impedance of the transmission line and the differential-mode
termination impedance. These values were chosen to make the point that the reduction in

common-mode current had nothing to do with better matching. In practical applications,
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the resistances of the balancing network could be chosen to improve the matching of the

differential-mode signal, rather than make it worse.

IV. A POWER INVERTER APPLICATION

The fast switching that is an inherent part of efficient motor drives and power
inverters produces a high amount of electrical noise. Imbalances in the switching
circuitry, transmission path, and load convert differential drive noise into common-mode
currents that can be significant sources of broadband radiated emissions typically peaking
around 30 - 70 MHz. These emissions can interfere with other electronic devices,
especially devices that rely on wireless communications. The 3-phase inverter and
brushless direct-current (BLDC) motor illustrated in Fig. 3.16 exhibited unacceptable
levels of radiated emissions at frequencies between 30 and 70 MHz. These emissions
were due to the common-mode current flowing on the cable connecting the inverter to the

motor.
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BLDC Motor

Power
Source

M

Fig. 3.16. Three-phase BLDC Motor system; (a) power inverter (b) BLDC motor.

The objective of the balancing network is to provide a constant, balanced
impedance to the transmission lines between the inverter and the BLDC motor at
frequencies between 30 and 70 MHz. A 1-nF capacitor in series with a 51-ohm resistor
was connected between each phase wire and a local ground plane at each end of the cable
as shown in Fig. 3.17. This provided a constant impedance of approximately 50 ohms
from each wire to the ground plane of the balancing network. 50 ohms was chosen as a
value that was low relative to the inverter output impedance and motor input impedance
at 30 MHz, but high enough to overwhelm the impedance associated with the inductance

of the connection between the components and the ground plane. While it is important
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that all three terminations have the same impedance to ground, the exact value of this
impedance is not critical.

The cable length between power inverter and BLDC motor was about 1.5 m and
the test configuration was set up on a metal table top that connected to the chassis ground
of the inverter and the wires lied on a 7-mm thick insulating pad.

The common-mode current was measured using a current probe connected to a

spectrum analyzer. In these tests, the BLDC motor was loaded by driving another motor

through a shaft.
Spectrum
Analyzer
Power Inverter Q
BLDC Motor
Rt 8% , |
CM
I, —=
= lg |—
lg |—=

Fig. 3.17. Test configuration for evaluating the balancing network.

A three-phase motor/driver system like this would be perfectly balanced if the
impedance of all three phase wires to ground was the same, and if the average of the

voltages between each wire and ground were constant. In a balanced system, there would
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be no conversion of differential-mode currents to common-mode currents. The six-step
PWM driving scheme employed by this inverter system is inherently unbalanced. At
various stages of the drive cycle one or two of the phase wires may be floating, tied high
or tied low. Fig. 3.18 shows the measured phase voltage (to chassis ground), gate voltage

on the high side MOSFET, and line current for one of the three wires in this system.

-

(a) Phase Vi.1o.np
ol ’ . ""_m..,..-v ~—
| Lo \
| (b) Gate V, of high-side MOSFET

— —— ——

(c) Line current of phase A

@ soomve € 100V o

Vil Mean Min Max S1d Dev ~
@ frequency 27.97kMz 27.97k  27.97k 2797k 0.000 12 2.00ms |[250k5/8 @ 7 -150mv
| @D Frequency 3.816kH2 Low signal amplitude (88~ 06.0000ms J{ IM points |

|
|
|
|

Fig. 3.18. Phase voltage and line current from one of three-phase cables.

Fig. 3.19 plots the common-mode current on the three wires without the balancing
network. The upper plot is in the time domain and the lower plot shows the frequency
components from 30 to 100 MHz as a function of time. Spikes in the common-mode
current correlate with the spikes in the differential-mode current that occur during the
switching of the MOSFETSs. The original design suppressed these currents using ferrite

cores clamped around the cable.
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Fig. 3.19. Measured Iy waveforms and short-term FFT.

The maximum common-mode current was observed when the inverter was
driving the motor at maximum speed. The maxhold function of the spectrum analyzer
was used to capture the maximum level of common-mode current on the 3-wire cable.
The current supplied to the inverter was adjusted to 2.0 amperes. As shown in Fig. 3.20,
when the balancing network was applied to the phase wires at the output side of the

power inverter, the common-mode noise on the cable between 30 and 80 MHz was

significantly reduced.
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Fig. 3.20. Icm at maximum speed.

V. CONCLUSION

Differential-mode voltages can be converted to common-mode currents by
changes in circuit balance resulting in EMI problems. Passive balancing networks can
cost-effectively prevent DM-to-CM conversion at high frequencies without impacting the
low-frequency operation of the circuit. Unlike DM filtering, passive balancing has a
greater effect on CM currents than it does on DM currents. Unlike most CM filtering,
passive balancing networks can be highly effective without requiring relatively bulky and
expensive inductors or ferrites. However, it should be noted that passive balancing

networks only attenuate common-mode currents that result from changes in imbalance.
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They do not attenuate common-mode currents resulting directly from common-mode
sources.

One particularly attractive application of passive balancing is the suppression of
common-mode currents in power inverters. Power inverters rely on very fast switching at
kHz frequencies. Since most power inverter driving schemes are inherently unbalanced,
the differential-mode signals produced by these inverters can be converted to common-
mode currents in balanced cables and loads. Filtering power inverter outputs can be
expensive and/or affect the efficiency of the inverter. Balancing networks can
significantly reduce the common-mode currents from power inverters without similarly

attenuating the differential-mode drive currents.

104



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

Tetsushi Watanabe, Osami Wada, Takuya Miyashita, and Ryuji Koga, “Common-
mode-current generation caused by difference of unbalance of transmission lines on
a printed circuit board with narrow ground pattern,” IEICE Trans. Commun., vol.
E83-B, no. 3, pp. 593-599, Mar. 2000.

Tetsushi Watanabe, Hiroshi Fujihara, Osami Wada, and Ryuji Koga, “ A prediction
method of common-mode excitation on a printed circuit board having a signal trace
near the ground edge,” IEICE Trans. Commun., vol. E87-B, no. 8, pp. 2327-2334,
Aug. 2004..

T. Matsushima, T. Watanabe, Y. Toyota, R. Koga and O. Wada, “Evaluation of
EMI reduction effect of guard traces based on imbalance difference model,” IEICE
Trans. Commun., vol. E92-B, no. 6, pp. 2193-2200, Jun. 2009.

H. Kwak and T. Hubing, “Investigation of the imbalance difference model and its
application to various circuit board and cable geometries,” Clemson Vehicular
Electronics Laboratory Report CVEL-10-017, March 2011.

D. M. Hockanson, J. L. Drewniak, T. H. Hubing, and T. Van Doren, “Investigation
of fundamental EMI source mechanisms driving common-mode radiation from
printed circuit boards with attached cables,” IEEE Transactions on Electromagnetic
Compatibility, vol. 38, no. 4, pp. 557-566, Nov. 1996.

Hwan Woo Shim and Todd H. Hubing, “Model for estimating radiated emissions
from a printed circuit board with attached cables due to voltage-driven sources,”
IEEE Transactions on Electromagnetic Compatibility, vol. 47, no. 4, pp. 899-907,
Nov. 2005.

Chen Wang and James L. Drewniak, “Quantifying the Effects on EMI and SI of
Source Imbalances in Differential Signaling,” IEEE International Symposium on
EMC, vol. 2, pp. 865-868, Aug. 2003.

David M. Hockanson, Xiaoning Ye, James L. Drewniak, Todd H. Hubing, Thomas
P. Van Doren, and Richard E. DuBroff, “ FDTD and Experimental Investigation of
EMI from Stacked-Card PCB Configurations,” IEEE Transactions On
Electromagnetic Compatibility, vol., no. 1, pp. 1-10, Feb. 2001.

Yimin Ding, “Dual Current Probe Techniques for EMI Investigations,” UMR EMC
Laboratory Technical Brief, August, 2000.

Nobuyoshi Mutoh, Mikiharu Nakanishi, Masaki Kanesaki, and Joji Nakashima,
“EMI noise control methods suitable for electric vehicle drive systems,” IEEE
Transactions on Electromagnetic Compatibility, vol. 47, no. 4, pp. 930-937, Nov.
2005.

105



[11] Yen-Shin Lai, Young-Kai Lin, “A unified approach to back-EMF detection for
brushless DC motor drives without current and hall sensors,” 32nd Annual
Conference on IEEE Industrial Electronics, IECON 2006 pp. 1293-1298, Nov.
2006.

[12] Yen-Shin Lai, Fu-San Shyu, and Yung-Hsin Chang, “Novel loss reduction
pulsewidth modulation technique for brushless dc motor drives fed by MOSFET
inverter,” IEEE Transactions on Power Electronics, vol. 19, no. 6, pp. 1646-1652,
Nov. 2004.

[13] H. Ertl, T. Wiesinger, and J.W. Kolar, “Active voltage balancing of DC-link
electrolytic capacitors,” IET Power Electron., vol. 1, no. 4, pp. 488-496, 2008.

[14] Byoung-Kuk Lee, Mehrdad Ehsani, “Advanced simulation model for brushless DC
motor drives,” Electric Power Components and Systems, pp. 841-868, 2003.

[15] Firuz Zare, “EMI Issues in Modern Power Electronics Systems,” IEEE EMC Society
Newsletter, Issue no. 221, pp. 66-69, spring 2009.

[16] Qian Zhaoming Wu Xin, Lu Zhengyu, and M. H. Pong, “Status of Electromagnetic
Compatibility Research in Power Electronics,” Power Electronics and Motion
Control Conference, IPEMC, 2000, pp. 46-57.

[17] Richard Redl, “Power Electronics and Electromagnetic Compatibility,” 27th Annual
IEEE Power Electronics Specialists Conference, pp. 15-21, 1996.

[18] Hans Ertl, Thomas Wiesinger, et al, ”A simple Active Method to Avoid the
Balancing Losses of DC Link Capacitors,” 24™ International Conference on Power
Electronics (PCIM), Germany, May, 2003

[19] Satoshi Ogasawara and Hirofumi Akagi, “Modeling and damping of high-frequency
leakage currents in PWM inverter-fed AC motor drive systems,” IEEE Transactions
on Industry Applications, vol. 32, no. 5, pp. 1105-1114, Sep. 1996.

[20] T. Nussbaumer, M.L. Heldwein, and J.W. Kolar, “Common mode EMC input filter
design for a three-phase buck-type PWM rectifier system,” Applied Power
Electronics Conference and Exposition, 2006.

[21] Robert W. Erickson, “Optimal single resistor damping of input filters,” Applied
Power Electronics Conference and Exposition, vol.2, pp. 1073 — 1079, 1999.

[22] Huibin Zhu, Jih-Sheng Lai, Hefner, A.R., Jr., Yuqging Tang, and Chingchi Chen
“Modeling-based examination of conducted EMI emissions from hard- and soft-
switching PWM inverters,” IEEE Transactions on Industry Applications, vol. 37,
pp. 1383 - 1393, Sep. 2001.

[23] Yang Zhao, Kye Yak See and Shi-Jin Li, “Noise diagnosis techniques in conducted
electromagnetic interference (EMI) measurement: methods analysis and design,”
IEEE Antennas and Propagation Society International Symposium, vol.1, pp. 495-
498, 2004.

106



[24] Michel Mardiguian and Joel Raimbourg, “An alternate, complementary method for
characterizing EMI filters,” IEEE International Symposium on Electromagnetic
Compatibility, vol.2, pp. 882-886, 1999.

[25] Douglas C. Smith, “Current probes, more useful than you think,” IEEE
International Symposium on Electromagnetic Compatibility, vol. 1, pp. 284-289,
1998.

[26] Douglas C. Smith, “Signal and noise measurement techniques using magnetic field
probes,” IEEE International Symposium on Electromagnetic Compatibility, vol. 1,
pp. 559 - 563, 1999.

[27] D. E. Bockelman and W. R. Eisenstadt, “Combined differential and common mode
scattering parameters: Theory and simulation,” IEEE Transactions on Microwave
Theory and Technology, vol. MTT-43, pp. 1530-1539, Jul. 1995.

[28] Shaotang Chen, “Generation and suppression of conducted EMI from inverter-fed
motor drives,” Thirty-Fourth Industry Applications Conference Annual Meeting,
vol. 3, pp. 1583-1589, 1999.

[29] Chingchi Chen and Xingyi Xu, “Modeling the conducted EMI emission of An
electric vehicle (EV) traction drive,” IEEE International Symposium on
Electromagnetic Compatibility, vol. 2, pp.796-801, 1998.

[30] Li Ran, Sunil Gokani, Jon Clare, Keith John Bradley, and Christos Christopoulos,
“Conducted electromagnetic emissions in induction motor drive systems part I:
Time domain analysis and identification of dominant modes,” IEEE Transactions
on Power Electronics, vol. 13. no.4, pp. 757-767, July 1998.

[31] Li Ran, Sunil Gokani, Jon Clare, Keith John Bradley, and Christos Christopoulos,
“Conducted electromagnetic emissions in induction motor drive systems part II:
Frequency domain models,” IEEE Transactions on Power Electronics, vol. 13. no.
4, pp. 768-776, July 1998.

[32] Gabirele Grandi, Domenico Casadei, and Ugo Reggaiani, “Analysis of common-
and differential-mode HF current components in PWM inverter-fed AC motors,”
29th Annual IEEE Power Electronics Specialists Conference, vol. 2, pp. 1146-1151,
1996.

[33] Annette von Jouanne et al, “Filtering techniques to minimize the effect of long
motor leads on PWM inverter-fed AC motor drive systems,” IEEE Transactions on
Industry Applications, vol. 32, no. 4, pp. 919-926, July/August 1996.

[34] Henry W. Ott, Electromagnetic Compatibility Engineering, John Wiley & Sons,
20009.

[35] Clayton R. Paul, Introduction to Electromagnetic Compatibility, 2nd edition, Wiley-
Interscience, 2006.

[36] Ali Emadi, Handbook of Automotive Power Electronics and Motor Drives, CRC
Press, 2005.

107


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6068
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6068
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6068
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6068
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6068
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6068

[37] Howard Johnson, Martin Graham, High-speed Digital Design, Prentice Hall, 1993.
[38] David M. Pozar, Microwave Engineering, 3" edition, Wiley, 2005.

[39] ANSYS Q2D, http://www.ansys.com/

[40] FEKO, http://www.feko.info/

108



	Clemson University
	TigerPrints
	5-2011

	INVESTIGATION OF TECHNIQUES FOR REDUCING UNINTENTIONAL ELECTROMAGNETIC EMISSIONS FROM ELECTRONIC CIRCUITS AND SYSTEMS
	Ho-cheol Kwak
	Recommended Citation


	tmp.1389118324.pdf.Njg5T

