FEATURE

TKno

1 Partial Inductances

to Control Emissions

JoN CurTtis, CurTIS-STRAUS LLC, (978) 486-8880

o physical property of conduc-
Ntors has received, and deserved,

more attention in recent years
than the property of partial inductance.
In this article we will explore what is
meant by the term partial inductance and
how according to the theory, it results in
emissions from digital designs. Our
future articles in this series will employ
these theories to show how to substan-
tially reduce emissions from almost any
kind of device.

We will be relying heavily on two
important papers. The first, “Identifying
and Quantifying Printed Circuit Board
Inductance”™ was presented at the IEEE
Symposium on Electromagnetic
Compatibility in 1994 by Todd Hubing,
Thomas Van Doren, and James Drewniak
of the University of Missouri at Rolla
[1]. The second, published the following
year, was a compilation of previous
works on the subject by Frank Leferink
entitled “Inductance Calculations:
Methods and Equations™ [2].

These articles both began with the clas-
sic definition of inductance. Inductance
is defined as the ratio of magnetic flux
that couples or passes through a closed
path to the amplitude of the current that
is the source of the magnetic flux.
Mathematically: (N

[43)
L=

Where:

L = Inductance in Henries

O

Magnetic flux through a closed

Strictly speaking, inductance is only
defined for complete loops. However,
physicists have found it useful to assign
a partial inductance to portions of a
loop. The concept is illustrated in Figure
1. Current flowing in a loop creates a
magnetic field passing through the sur-
face bounded by the loop itself. That
allows calculation of the loop's induc-
tance from Equation 1. In order to
assign a partial inductance to a portion of
the loop, we can divide the loop into seg-
ments and, with a fair degree of physical
accuracy, state that each segment has its
own partial inductance. Adding the par-
tial inductances of the segments together
equals the total inductance of the loop
itself.

For geometry such as a loop, the con-
cept and calculation of partial inductance
is trivial. However, for more complicated
geometries, such as a trace lying over a
finite plane, the calculation of partial
inductances are anything but. Yet their
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This is the first in our 1999
series of articles on designing
Jor EMC compliance. We begin
with the theory of partial induc-
tances. These hold the key to
predicting and mitigating emis-
sions from digital devices.

Figure 1: A loop of wire carrying current | has an
inductance defined as the ratio of the magnetic
flux through the loop divided by the current.
Here, magnetic field lines are shown either as
maving into the plane of the page (®) or o@t of it
{ ). Aportion of the loop can be assigned a par-
tial inductance by calculating the flux in the
crosshatched area outside the loop.

precise calculation is of the
utmost importance. Return cur-
rents passing through the plane
will cause a voltage to drop

4Cross it: (2} J

vr =J foLp

Where:

V, = Voltage dropped across
the return plane

® = Frequency in radians
per second = 2nuf

L, = Partial inductance of

Common Mode

Cemmon Mode
Current

the return plane Figure 2: The return plane has a partial inductance and therefore

will exhibit a voltage drop V, across it. This voltage causes wires
connected to the return, either directly or incrementally, to radiate.

loop

I = Current in the loop in Amps
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The voltage, V. , will cause wires
attached to the return plane to radiate as
shown in Figure 2.

As noted, partial inductance is generally
defined as illustrated in Figure 1. The
segment 1o be assigned a partial induc-
tance is identified and then an area, either
inside or outside the loop is defined corre-
sponding to that segment. Measuring the
total flux through either of these areas and
dividing it by the current in the segment
yields the partial inductance. Usually the
area outside the loop is used.

The concept of partial inductance is
useful for solving problems that would
otherwise seem intractable. Take, for
example, the calculation of the inductance
of a single straight, infinitely long wire.
In theory, only loops have inductance.
Nonetheless, we have all experienced sit-
uations in which a wire seemed to have
an inductance per unit length, and where
the current loop itself seems to be difficult
or impossible to define. Using the con-
cept of partial inductance, however, we
can use Figure 3 to calculate the drop
expected per unit length of wire due to
inductance. The flux through the area
shown, which is defined as a surface of
infinite length perpendicular to a selected
segment of the wire, divided by the cur-
rent in that segment yields the partial
inductance,

So far we have been talking about the
inductance of a single wire isolated in
space. Wires however, are rarely so iso-
lated. For example, two parallel wires are
shown in Figure 4. Here, the partial
inductance of our segment is due both to
the flux generated by the current flowing
in wire 1 and the flux generated from the
current flowing in wire 2. (3)

‘!‘p ot = (‘H - LFZ
Where:
Lp 1o = Total partial inductance of a
segment of wire 1.
L,, = Partial inductance of wire 1

due to the flux generated by
the current on wire 1.

Partial inductance of wire |

Li
due to the flux generated by
the current on wire 2.

The term L, . that is the ratio of the flux
generated by the current flowing in wire 1

CONFORMITY ™

FEATURE

Figure 3: The partial inductance of a straight seg-
ment of wire can be calculated by taking the flux
through the shaded area and dividing it by the cur-
rent.

Wire 1

Wire 2

Signal Wire

Return Plane -

Figure 4: A pair of wires (a) carrying opposing cur-
rents will produce opposing fields in the shaded
areas. The total partial inductance of the shaded
segment is calculated by taking the net flux and
dividing by the current. In the same manner, the
partial inductance of a segment of a return plane can
be calculated by taking the flux through the shaded
area below the plane and dividing by the current as
shown in {b).

Tempted to “save” money with a “one-box”
tester barely meeting the minimum legal
requirements of the Generic Standards?

Real Compliance

Remember, the Basic Standards, which serve
as the foundation of our industry, are based
on engineering principles. All legal
requirements, like Generic or Product
Specific Standards, may require any method
specified in the Basic Standards.

Not Real Expensive!

We do not make bells or whistles.
We make equipment able to perform every
method mentioned in the Basic Standards
{including appendices and proposed
amendments).

What does this mean to you?
o Future-Proof e Portability
o fase of Use e Reliability
o Throughput e Service & Support

Integrated EFT/Burst
and ESD test systems.
Madels PEFT 4010
and PESD 1600. Fulf
programmabifity,
automation, and
reporting for both
ESD & EFT from

front panel and PC.

30 kV Air, 25 kV Direct
Contact discharge £SD
Simulator Mode! PESD
3000 has easily
interchangeable R-C
discharge network
modules fo meet a
variety of ESD test
standards.

Integrated system for
all JEC conducted
immunity reguirements.
EUT power s not
interrupled between
mast tests. 1000-4-2,
4,5 6, 11, 1000-3-2,
and -3 shown.

= discuss your application.
North American Sales Manager

HAEFELY 203> TRENCH

Real Solutions — Not Real Expensive!

703-494-1900 « Fax: 703-494-4597
www.haefely.com

CE Mark (IEC 1000-4-X & 1000-3-2, -3)
Telecom (FCC Part 68, Bellcore 1089, ETSI)
UL, ANSI, and more (IEEE/ANSI C62.41)

CIRCLE READER SERVICE #3




Streamline
Global

Your

Product success in global
markets demands rapid
market entry and superior
quality at lower internal
costs. Enter TUV.*

We are an International
certification organization
and European Union
Competent and Notified
Body, providing EMC
Immunity and Emissions
testing and certification
services, including:

» CE Marking Assistance
* International EMC Mark

* MIL-STD, Belicore, FCC
and IEC 601-1-2 Testing

* Mitigation
* On-site EMC Testing

* Mechanical & Electrical
Safety

*1SO 9000 & ISO 14001

Streamline your global

compliance efforts and

partner with the world's
largest EMC and safety
provider, TUV.*

www.tuvglobal.com
1-800-TUV-0123

MANAGEMENT SERVICE
PRODUCT SERVICE

We speak one language...Yours.

5 Cherry Hill Drive, Danvers, MA 01923

" TOV Proaict Service and TUV Management Service
are divisions of TUV America inc., & subsidiary
of TUY Stddeutschiand and TUV Nord Groups.

CIRCLE READER SERVICE #4

FEATURE

divided by that current is known as the
self partial inductance, The term L5,
that is the flux generated by the current on
wire 2 divided by the current on wire 1 is
known as the mutual partial inductance.
The total inductance of a segment is the
sum of the self and mutual inductances.
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signal wire can be calculated by map-
ping a rectangular area above the loop
formed by the signal wire and the
plane as shown in Figure 4(b).
Calculating the flux in this area and
dividing it by the current in that seg-
ment of the signal wire yields its par-
tial inductance.

The sign on the right side of Equation 3

is a function of the direction of the cur-
rent in wire 2. If the current in wire 2
flows in the same direction as the current
in wire | then Equation 3 becomes: (4)

Lywi=Li+ Ly

The effect of wire 2
is then to raise the
inductance of wire 1.

Ly o1 s sometimes
known as the effective
inductance, L.

For symmetrical
structures such as the
two wires of Figure
4(a), the concepts of
partial inductance are
straightforward and
calculations readily
made. For structures
that are not symmet-
ric, however, such as
the classic case of a
wire over a plane
(Figure 4(b)), the cal-
culations become con-
siderably more com-
plex. Nonetheless,
some important
insight can be gained
by keeping these
things in mind when
considering the case
of a signal wire over
a return plane:

1. The total induc-
tance of any cur-
rent loop can, by
definition, be cal-
culated by taking
the flux through
the surface bound-
ed by the loop and
dividing it by the
current.

2. The partial induc-
tance of a portion
or segment of the

3. The partial inductance of a portion or
segment of the return plane can be cal-
culated by identifying a rectangular
area beneath the return plane and cal-

Shield

Center Conductor \\ /,

{a) by

Shield

(c)

Figure 5: An ideal shielded cable {a) exhibits no return inductance.
However, all real shielded cables have some flux leakage (b). The flux
around the shield causes it to exhibit an inductance and a voltage drop as
shown in (c).
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Figure 6: An open wire transmission line produces a classical dipole like
magnetic field pattern as shown in (a). The pattern produced by a wire over
an infinite return plane is the same (at least above the plane) as shown in (b).
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Figure 7: Real return planes are finite in size, s0
some flux leaks around the edges of the return
plane, accounting for its partial inductance.

culating the flux through it. That,
divided by the current in that segment
of the return plane yields its partial
inductance.

As discussed in our previous articles,
the larger the return plane’s partial induc-
tance, the greater the radiation that is like-
ly to result.

Obviously, making the return plane infi-
nitely wide will result in a return plane
partial inductance of zero. An infinitely
wide return plane will prevent any mag-
netic field lines from passing through it
and there will be no flux in the lower rec-
tangular area of Figure 4(b).

The same is also true for an ideal
shielded cable (Figure 5(a)). Here, all the
magnetic field lines created by the center
conductor are trapped within the shield.
No flux extends beyond the shield and
therefore the partial inductance of the
shield is zero. All the inductance of the
circuit is represented by the center con-
ductor through the sum of its partial
inductances. If all of our circuits were
either ideal shielded cables or had return
planes of infinite width there would be lit-

tle radiation from
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digital devices. Our
problems come
about principally
because practical
shielded cables
don’t completely
trap the flux inter-
nally and because
practical return
planes are of finite
width.
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applied to the case of a wire over a plane.
Fields that wrap around the plane repre-
sent “lost” flux and minimizing this “lost”
flux is key to minimizing the voltage drop
across the plane and associated radiation
(Figure 7).

In his 1994 paper [1], Leferink tabulat-
ed the calculated partial inductances of
the return conductors for various geome-
tries. Some of these have been included
in Figures 8 and 9 and in Table 1. To
make things manageable, Leferink had to
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Figure 8: Some common wire geometries. The
return partial inductance is tabulated for each in
Table 1.
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Leferink, in a
1992 paper [3]
introduced the con-
cept of {ost flux. In
the case of a shield-
ed cable any flux
that is lost, that is
which is due to
magnetic fields
around the shield
rather than within it,
accounts for partial
inductance of the
shield and will
result in a voltage
drop across it and
associated radiation.
The same concept
of lost flux can be

fal

{e}

ic)

Figure 9: Gaps (a) and holes (c) can raise the
return plane's impedance. Figure 9(b) is a side
view of the arrangement.
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L.« = Partial Inductance
Description of Circuit Figure of the Return Notes
Ideal Shielded Cable Fig. 5a Ly=0 Ideal Shield
Open Wire Fig. 8a %1{{ In ((_i i3 Wire radii equal
Traces Side by Side Fig. 8b wl  m(d-w)
I In( St +1)
Microstrip Fig. 8¢ ul d
2n w
Offset Microstrip Fig. 8d il [{amn 4 + atan -4 )y
2nw x X
Stripline Fig. 8e %c In (%d +1) t=0
Return Plane with Gap Fig. 9a Ljone + %% In (§) g>d
Return Plane with Holes Fig. 9¢ Lo i ur gt v = no. holes per unit
4 Imd length
Note: I in the equations above is the length of the return or a portion of the return. It does not appear in the figures. Inductances are in
Henries. In terms of inductance per unit length, the term (UW/2R)=2nH/cm,

Tahle 1

limit himself to a number of assumptions.
These were:

1. All of the marked dimensions in the
figures are considered to be small com-
pared to the wavelength.

2. The current distribution in the signal
conductor {or to use Leferink’s termi-
nology, the flux generating conductor,
FGC) is considered to be uniform.

3. The length of the transmission line
formed is much greater than all the
other dimensions.

4. The radius r where shown or the thick-
ness ¢ are considered to be equal for
the signal conductor and the return
conductor.

Leferink’s tabulations are a most useful
guide. Compare, for example, the effec-
tive return inductance of a pair of round
wires versus a two traces. Further, as
noted, the return inductance of a solid
coaxial cable is predicted to be zero.
Leferink also provides formulas for calcu-
lating the inductance due to a gap in the
return plane and holes in the plane.

These formulas allow us to predict, to at
least a first approximation,

—~ -
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e

the inductances presented by
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T for example, a wire suspend-
ed above a plane. As we all
know from our practical
work, the effective induc-
tance falls as the width of the
plane becomes greater. We
also can calculate the effect
of meving a signal conductor
closer to the edge of a plane.
Here the formulas tabulated
by Leferink predict that the

50 inductance of the return plane
will rise as the signal conduc-

Figure 10: Moving a trace towards the edge of a board raises its

inductance.
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tor gets closer to the edge of
the plane. However, this rise

10

is small until the signal conductor gets
quite close to the edge (Figure 10). We
also can compare the inductance of a strip
line as compared to a micro strip.

Finally, we can use the formulas to pre-
dict the increase in a return plane's induc-
tance due to holes or a gap in the return
plane. For a gap whose dimensions are
l=10mm, g=50mm and t=0.035mm,
Lyap=14.5nH. For a plane studded with
holes of radius 1mm and d=1.6mm, each
hole over which the signal line passes will
contribute 17 pH. Small holes in the
return plane do not tend to increase radia-
tion markedly, though gaps do.

In our upcoming articles we will return
to the laboratory to devise methods for
reducing radiation which will take direct
advantage of what we know about the
nature of partial inductances. m
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