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Abstract

The imbalance difference theory provides both physical insight and a powerful technique for
modeling the conversion from differential-mode signals to common-mode noise, especially for radiated
emission problems. Although the theory has been successfully used to model a wide variety of important
EMC problems over the past 14 years, it has not been rigorously derived. This paper provides a strict
derivation of the theory and carefully defines the important quantities. The derivation demonstrates that
imbalance difference calculations are exact provided that the differential-mode propagation is TEM and
the current division factor, h, represents the actual ratio of currents on the two transmission line
conductors excited by a common-mode source. The paper also discusses the acquisition of the current
division factor from 2D calculations of the cross-section of the transmission line.

1. Introduction

Unintended radiated emissions can present a challenging EMC problem. These emissions are often
caused by unintended common-mode (CM) currents induced on long wires or metal structures[1]-[3].
The generation of CM currents from the known differential-mode (DM) signals has been studied
extensively over the last two decades. In [4], for typical printed circuit board (PCB) structures with
attached cables, two fundamental common-mode source mechanisms were identified as the current-
driven mechanism and voltage-driven mechanism. Current-driven common-mode currents are caused by
the signal currents flowing through the partial inductance of the current return path resulting in an
effective voltage drop between different portions of the board. VVoltage-driven common-mode currents
are caused by the electric-field coupling between the signal trace and the attached wires. Although these
coupling mechanisms were intuitive, their application required the user to make approximating
assumptions, so the results of the calculations were not precise.

More recently, another approach to the problem of modeling differential-mode to common-mode
conversion was introduced [5],[6]. This approach is commonly referred to as the Imbalance Difference
Theory (IDT). IDT defines the concept of electrical balance in a transmission line (TL) and an imbalance
factor (also known as current division factor) that precisely quantifies this balance. IDT demonstrates
that changes in the electrical balance on TLs results in a conversion from DM propagation to CM
propagation. The amplitude of the induced voltage driving the CM propagation can be accurately
expressed as the product of the DM voltage and the change in the imbalance factor at any given point
along a transmission line. The IDT provides great insight into the DM-to-CM conversion mechanism
and provides an easy way of modeling this conversion in many practical situations. It has been applied
to the modeling of many radiated emission problems that would be otherwise difficult to analyze [6]-
[19] and has proven to be a very powerful and accurate technique.

Despite its successful application to a wide variety of important EMC problems, IDT has not been
widely utilized. Although researchers have shown it to be accurate and reliable, the original papers
deriving IDT made simplifying assumptions that seemed to limit the application of the method to
structures of little overall interest. The most significant assumption in the original derivation was that
both the DM and CM modes exhibited TEM propagation. This appeared to prohibit the application of
the theory to radiated emission problems, despite the fact that it seemed to work well for radiated
emission modeling.

This paper rigorously derives the IDT for radiated emission problems where no TEM assumption is
made for the CM propagation. To avoid confusion, in this paper we will use the term antenna mode
(AM), instead of common mode (CM) to describe currents that propagate in one direction on both
transmission line conductors without returning on a nearby ground (i.e. the non-TEM case).
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2. Definitions of Differential Mode and Antenna Mode Propagation on
Transmission Lines

Fig. 1 shows a pair of two-conductor TLs connected end-to-end. The variation in the thicknesses of
the bars is to indicate that the left-side TL and the right-side TL have different cross sections. The
currents on each conductor, 11(z) and 12(z), are generally functions of position. At the interface where the
two TLs connect, these currents are continuous with amplitudes 11 and Iz as shown in Fig. 1. Throughout
this derivation, quantities that are functions of position along the transmission line will be written as
functions of z. The value of those quantities at the interface will employ the same variables without being
expressed as functions of position.

—
I

Fig. 1. Two two-conductor TLs with different cross sections connected end-to-end.

2.1 Definition of Antenna Mode Signals

The antenna-mode current, lam is defined as the total current that flows on both conductors,
L (2) =1(2)+1,(2) . (1)

The antenna-mode impedance at the interface, Zaw, is defined as the input impedance of the antenna that is formed by the
conductors in Fig. 1 and when it is driven by a source as indicated in Fig. 2.

IRV,
—

Zym

Fig. 2. The antenna-mode voltage at the interface between the TLs.

The AM voltage, Vaw, is defined as the product of the AM current and the AM impedance at the
interface,

VAM = IAM 'ZAM . (2)

2.2 Definition of Current Division Factor

The AM current is carried by both conductors of the TLs. We define the current division factor, h, as
the portion of the AM current that flows on one conductor divided by the total AM current flowing on
both conductors.
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Fig. 3. Antenna mode of TLs with divided AM currents.

In Fig. 3, lam-1t, lam-2L, lam-1r and lav-1r denote the current on each conductor of the TLs at the points
just to the left and right of the interface, respectively. Due to the continuity of the currents I1 and I, they
satisfy the following relationship:

IAM =|AM1—L+IAM2—L :IAMl—R+IAM2—R . (3)

At the interface, we denote the current division factors for the left-side and right-side of the TL as h. and
hr. These factors are defined as,

hy =l M am (4)
he = lavir / Lau (5)
Combining (3), (4) and (5), the AM current on each conductor can be expressed as:

Lawie = aw Dy , (6)
Larze = s -(@=h) @)
Lawir = Lam - , (8)
Lwzr = Law -@=he) )

2.3 Definition of Differential Mode Signals
The DM signals on the TLs are TEM, so we can define the DM voltage, Vom(z), as the voltage difference between the two
conductors. Vpwm specifically represents the DM voltage at the interface, as shown in Fig. 4.

ZpaL Vom Zpmr

Fig. 4. Differential-mode voltage at the interface of two two-conductor TLs.

The DM impedance, Zpw, is defined as the characteristic impedance of the TLs. They are denoted as
Zpwm-L and Zpwm-r for the left-side and right-side of the TLs.

The AM current was defined in (1). We want the differential mode and the antenna mode to be
orthogonal, so we define the DM current to be the current remaining when the AM current is subtracted
from the total current. This means, that the DM components of current have the same amplitude and
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opposite direction on each conductor. The DM components of the current on each side of the interface
can be expressed as,

om-L — "1 7 tami-L , 10
:_(IZ_IAMZ—L):(l_hL)‘Il_hL'IZ ( )

IDM—R = |1_ IAMl—R
. 11
Z_(IZ_IAMZ—R)Z(l_hR)'Il_hR'IZ ( )

3. Conversion between DM signals and AM signals on TLs

The AM circuit in Fig. 3 can be represented equivalently as shown in Fig. 5. In this figure, the voltages
between the 4 conductors at the interface are identical to their values in Fig. 3.

Laniin Laniir
A=

hy, hyg
() —

I&\D -L I&\TZ -R

Fig. 5. Equivalent AM circuit.
Applying superposition, the AM circuit of Fig. 5 can be decomposed into the two circuits in Fig. 6 and

Fig. 7.
Iy In
== ()=
hy hy
- —
153 IX'—1

Fig. 6. Decomposition of AM circuit (1/2).

I}'l I‘_-'\

hL hR
= () —
L

I3

)

Fig. 7. Decomposition of AM circuit (2/2).

The current on each conductor in Fig. 5 can be expressed as the sum of the corresponding currents on
the same conductor in Fig. 6 and Fig. 7 (denoted as “Ix”s and “ly”s):

(12)
(13)

lavi ot =la t+ Iyl )

IAMl—R = I><2 + Iy2 )
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IAMZ—L=|x3+Iy3' (14)

IAMZ—R:|x4+Iy4 : (15)
The continuity of the current ensures that,

le+|x3:|x2+|x4 ' (16)

Lyl =l,+1,, . (17)

In Fig. 6 and Fig. 7, the ideal voltage source Vawm drives three conductors relative to the fourth one.
The configurations in Fig. 6 and Fig. 7 can be redrawn equivalently as shown in Fig. 8 and Fig. 9,
respectively.

IXl Ix2
= (=
e -
— —
4

I I,

Fig. 8. Equivalent to AM circuit (1/2) in Fig. 6.

L,

Fig. 9. Equivalent to AM circuit (2/2) in Fig. 7.

Examination of these circuits reveals that the current on the lower left conductor, Iy, in Fig. 8, and
the current on the upper left conductor, ly1, in Fig. 9, are due to the same source voltage, Vaw, driving
the same load impedance, the DM impedance of the left-side TL. As a result these currents are equal,

lo=1, . (18)
Substituting lyz in (12) with Ixsand combining the result with (16), we get,
I =latla=lo+ 1. (19)

It is interesting to note that the total AM current on the circuit in Fig. 8 is equal to the portion of the
AM current that flows on the upper conductor on the left-side TL in Fig. 3. Similarly, the total AM
current in the circuit of Fig. 9 is equal to the portion of AM current that flows on the lower conductor of
the left-side TL in Fig. 3.

Using a similar approach, we can represent the original AM circuit of Fig. 3 as shown in Fig. 10. This
circuit can be decomposed into the two circuits shown in Figs. 11 and 12.

x3
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Fig. 10. Equivalent AM circuit.

Fig. 12. Decomposition of AM circuit (2/2).
We can define partial AM impedances as follows,
Z

i =Zaw 10,
maL =Zaw 1 A=hy),

ik =Zam g,

mizr =Zaw [ (L=hg).

The partial AM impedances are the impedances seen by the voltage sources in Fig. 8, Fig. 9, Fig. 11,
and Fig. 12. The AM currents associated with these circuits are:

Z
y (20)
Z

AM1-L _VAM /ZAMl L’

(21)

|

Lamz-t =Van T Zawo-ss
Lamicr =Vaw ! Zawir:s
|

AM 2-R _VAM /ZAMZ R*

Referring back to the original circuit in Fig. 1, the DM voltage at the interface is Vpwm. Placing two
ideal voltage sources with amplitude of Vpwm in parallel at the interface, as indicated in Fig. 13, does not
change these currents.
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Fig. 13. A circuit equivalent to the original circuit in Fig. 1.

Placing two additional ideal voltage sources in series with the same amplitude, Vpwm, and opposite
sign, as shown in Fig. 14, does not change these currents either.

L
ce

ZDM-L ZDM-R

—
L

Fig. 14. Another circuit equivalent to the original circuit in Fig. 1.
Using superposition, the circuit in Fig. 14 can be decomposed into the two circuits shown in Fig. 15

and Fig. 16.

| —

IA_M

Fig. 15. Decomposition of the original circuit (1/2).

—
I 23

AM

Fig. 16. Decomposition of the original circuit (2/2).

Other than the amplitude of the voltage sources, Fig. 15 and Fig. 16 are identical to the circuits in
Fig. 8 and Fig. 11. As a result the AM currents, lam and lam’’, generated in Fig. 15 and Fig. 16 can be
calculated as,

IAM' =Vou ! Zpuie ==Nou 1 Zpw) -y,
IAM" =Vou I Zarr = Vou 1 Zpw) - hi. (22)

The total AM current generated in the original circuit in Fig. 1 will be the sum of the AM currents in
Fig. 15 and Fig. 16,

| am ZIAMI+IAM":(VDM/ZAM)'(hR_hL) . (23)
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Combining (23) and (2) we get,
Vim =Vou -(hg =) . (24)

Equation (24) is the core equation of the IDT that has been used to model the DM-to-AM conversion
in awide variety of structures. Here, it is shown to be an exact relationship as long as the DM propagation
is TEM and the imbalance factors are defined based on the antenna-mode current division as indicated
in (4) and (5).

4. Calculation of Current Division Factor

4.1 Discussion of Previous Calculation Method

In published applications of IDT for radiated emission modeling [5]-[18], the current division factors
are calculated using one of the following equations [5]:

— C11
C11 + C22 , (25.8.)
or
— L22 — L12 )
L+ L, 2L, (25.b)

These definitions of the current division factor (or imbalance factor) are not strictly equivalent to the
current division factors in (4) and (5). In [6], (25.a) and (25.b) are derived assuming that the AM signals
satisfy the telegrapher’s equations (i.e. exhibit TEM propagation). In this case, C11, C22, L11, L22, and L12
are the per-unit-length parameters of a transmission line with a well-defined and nearby ground. For
TEM propagation, the per-unit-length parameters can be determined using a 2D static field solver. For
the static field solution, the ground can be moved farther and farther away from the conductors until its
size and location no longer affect the solution. The per-unit-length parameters calculated with the ground
essentially at infinity and (25.a) or (25.b) have been used to determine the imbalance factors by a number
of researchers and have been successfully applied to modelling the radiated emissions of a wide variety
of structures [6]-[19].

However, the AM currents are not TEM and do not satisfy the telegrapher’s equations. It is reasonable
to expect that the size and orientation of the conductor on one side of the antenna can have an effect on
the current division factor on the other side. To illustrate this point, we drive a two-conductor TL with a
quasi-static voltage source against another conductor, as shown in Fig. 17. The arrows in Fig. 17
represent the resulting electric field distribution. If the left side conductor is bent upwards, as indicated
in Fig. 18, the field distribution near the two-conductor TL changes causing slightly more AM current
to flow on the upper conductor of the TL. In other words, it is not possible to calculate the current
division factor on one pair of conductors without accounting for the geometry of the entire 3D structure.
Equations (25.a) and (25.b) which are based only on 2D, per-unit-length parameters cannot be precisely
equal to (4) and (5) for arbitrary 3D geometries.
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Fig. 17. Hlustration of electric field distribution resulted from a quasi-static source driving a two-
conductor transmission line relative to another wire.
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Fig. 18. Illustration of electric field distribution resulted from a quasi-static source driving a two-
conductor transmission line relative to another angled wire.

However, even though the current division factor calculated using (25.a) or (25.b) is not
mathematically exact, the following section will show that it is a very good approximation of the actual
current division factor for most radiating structures of practical interest. This is because, for most
monopole or dipole antenna structures, the geometry on one side of the antenna has very little effect on
the field distribution near the conductor(s) on the other side.

4.2 Example Calculations

To examine how much the current division factor on one half of a dipole antenna is affected by the
geometry of the other side, the current division factors of some example structures were calculated using
a 3D full-wave field solver and compared to calculations made using a 2D static field solver. The 2D
static field solver was QuickField Student Edition [20], which employs a finite element method. The 3D
full-wave solver was FEKO [21], which is a method of moments code.
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4.2.1 Description of the Example Structures

The first structure is shown in Fig. 19. A TL is formed by two wire conductors with circular cross-
sections that have radii Rt=1 mm and R>=2 mm. The wires are 12 mm apart. This TL is driven by an AM
source relative to another wire conductor with radius Rs3=5 mm. The lengths of all the wire conductors
are 500 mm.

* T

1=500mm

1=500mm

Fig. 19. Example Structure 1.

The second structure is shown in Fig. 20. The same TL as that in Structure 1 is driven by the same
AM voltage source. On the other side of the AM source, instead of a wire, there is a metal sheet that is
perpendicular to the TL. The metal sheet is connected to the AM source at the center of one edge and
extends to the right side. This structure is intended to bias the current division factor by making it easier
for current to flow on the right-side wire of the TL rather than the left-side wire.

Fig. 20. Example Structure 2.
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The third structure is similar to Structure 2 except that the metal sheet is flipped to the left side, so
that it favors current flowing on the left-side wire of the TL, as shown in Fig. 21.

Fig. 21. Example Structure 3.

4.2.2 Calculation Results

Fig. 22 shows the calculated current division factors obtained using the 2D static field solver and 3D
full-wave code over the frequency range from 30 MHz to 200 MHz.

0.5
045 .............................................................
0.4
0.35
0.3
0.25 1 — FEKO_Structure_3
02 +—
— FEKO _Structure 2
015 +——
—— FEKO_Structure 1
01 +——
- - - - QuickField_2D analysis
0.05 —
0 T T T
30 80 130 180
Frequency (MHz)

0.438

0.436

0.434

0.432

0.43

0.428

0.426

0.424

0.422

0.42

0.418

30 80 130
Frequency (MHz)

180

Fig. 22. Current division factor calculation result over 30MHz to 200MHz.

In Fig. 22, the three solid lines are current division factors calculated using FEKO, for Structures 1,
2, and 3. All of them are curved over frequency, which means the actual current division factor is a weak
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function of frequency. The relative positions of these three solid lines are consistent with our expectation
that the conductor on one wing of the antenna will affect the current distribution between two conductors
on the other wing. However, for all three structures over the full frequency range, the biggest current
division factor we obtained was 0.435 and the smallest was 0.419. The actual current division factor
never deviated more than 2.6% from the 2D imbalance factor obtained using QuickField and (25.a).
Since the asymmetry in these examples was greater than that which would be encountered in most
practical situations, it can be concluded that the 2D per-unit-length calculations in (25) will generally
provide a fairly accurate estimate of the current division factor.

5. Conclusion

The imbalance difference theory as applied to radiated emission modeling has been derived rigorously
without making any assumptions related to TEM propagation of the antenna-mode signals. The
relationship between differential-mode voltage and antenna-mode voltage at points where there is a
change in electrical balance is precisely described by (24) as long as the differential-mode propagation
is TEM and the current division factor, h, represents the actual division of antenna-mode current on the
two transmission line conductors.

The second part of this paper demonstrates that the division of antenna-mode current on one half of
a radiating dipole structure is relatively independent of the geometry of the other half. Therefore, (25.a)
or (25.b), which rely on a simple 2D static-field analysis of the cross-section of the transmission line,
provide an excellent approximation of the actual current division factor.
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