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The mathematical modeling of a printed circuit
board (PCB) for the prediction of its
electromagnetic interference (EMI) properties is
investigated. Two key aspects examined are
crosstalk and the high-frequency voltage
developed between the ends of a PCB land
(ground drop). The notion of partial inductance
as opposed to loop inductance is the key to
predicting the high-frequency voltages that are
developed between two ends of a land.
Crosstalk predictions are a by-product of the
modeling. Experimental results are shown to
illustrate the accuracy of the model. A technique
for the accurate measurement of the high-
frequency voltage developed between two ends
of a PCB land is described and explained in
terms of partial inductances.

1. Introduction
Electronic systems are becoming increasingly complex in
terms of numbers and density of components as well as in
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function. An important problem associated with these
technological advancements is the increasing potential for a
system to cause electromagnetic interference (EMI) with
other electronic systems. In order to address this problem,
the Federal Communications Commission (FCC) in the
United States published under FCC Rules and Regulations,
Part 15, Subpart J, the requirement that any commercial
product marketed in the United States that “generates and
uses timing signals or pulses at a rate in excess of 10,000
pulses (cycles) per second and uses digital techniques” must
not radiate signals in excess of certain levels in the frequency
range of 30 MHz to 1 GHz [1]. A similar requirement is
imposed on emissions conducted from the product into the
commercial power mains in the frequency range of 450 kHz
to 30 MHz. Clock frequencies in digital electronic products
are well in excess of 10 kHz, so that virtually all digital
products today are subject to the FCC regulations. Products
that are intended to be marketed in other countries are
subject to similar and no less stringent regulations. These
regulations are intended to limit the interference caused by
electromagnetic emissions from the product. Susceptibility of
the product to external electromagnetic emissions from other
products is not currently regulated by governmental

agencies, although the FCC has been granted the authority to
do so. However, companies usually voluntarily test their
products for susceptibility in order to ensure that the

product will operate satisfactorily in the expected
environment. 33
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These governmental restrictions on the electromagnetic
emissions of a product have caused considerable concern in
the electronics industry, since a product cannot be legally
marketed in a country unless the product’s electromagnetic
emissions comply with that country’s regulatory limits.
Companies that produce these electronic products currently
devote significant resources to designing their products to
satisfy not only these legal requirements but also
susceptibility requirements. When a product is tested and
found not to be in compliance with these requirements,
suppression components must be added to the product in
order to bring it into compliance. This adds cost to the
product over that required for its desired functional
performance. This also frequently results in schedule delays
that are required to diagnose the source of the emission (or
susceptibility). Therefore, the design of a product to
minimize its electromagnetic emissions (and its susceptibility
to electromagnetic emissions) is an important aspect of its
design.

The subject of this paper is the mathematical modeling of
printed circuit boards (PCBs) with regard to the prediction of
the EMI properties of the board. It is known that two
different layouts or positionings of the board’s conductors
(lands) can yield vastly different radiated and conducted
emission profiles of the product that contains the board
[2, 3]. Therefore, an understanding of how different land
patterns affect the EMI properties of the board (and
consequently the product) is an important aspect in
controlling the EMI properties of the product. PCBs are also
connected to peripheral devices with cables. These cables
serve as effective radiators of signals that are present on the
PCB. The predominant cable radiation mechanism appears
to be common-mode or “antenna” currents on those cables
[4]. It is usually held that the sources of these common-
mode cable currents are the high-frequency voltages
developed between the ends of the PCB lands [2, 3, 5, 6] to
which the cables are attached. These voltages are commonly
referred to as “ground drop,” although voltage drops across
all lands seem to contribute to these currents whether or not
the land constitutes a signal return (ground) land. Common-
mode currents are also generated on the PCB lands
themselves and contribute to direct radiation from the PCB.
German experimentally showed a correlation between a
reduction in ground drop on a board and a corresponding
reduction in the radiated emissions of that board [3]. It
should be emphasized that no quantitative relation between
ground drop and radiated emissions has been established.
However, the experience of this author and others in
electromagnetic compatibility (EMC) qualification of typical
digital products tends to support the concept that given two
printed circuit boards which have identical function and
components but different land patterns, the board having the
lower levels of ground drop will also have lower levels of
radiated emissions. Consequently, the development of a
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mathematical model for the prediction of ground drop was
deemed to be useful in determining, prior to board
construction, which of two candidate land patterns would
result in less radiated and conducted emissions.

In addition to radiated and conducted emissions, there are
other aspects that affect the functional performance. The
digital signals carried by the PCB lands are in the form of
trapezoid-shaped current pulses. Rise/fall times of these
pulses are of the order of 10 ns. As the digital signals are
switched from one state to another, a voltage Vi is
developed across a land inductance which is proportional to
the land inductance L, and the rate of change of the
current through that land, i.e.,

di(t)
Vano(® = Lono _dt— -

For example, a typical PCB land exhibits a land inductance
of some 15 nH/in., although this value is dependent on the
proximity of nearby lands. Switching of a current of 100 mA
in 10 ns in a 5-in. land develops a voltage of 0.75 V across
that land. Consequently, the “ground” terminals of two dual
in-line packages (DIPs) may be at quite different voltages;
this may result in false logic switching, resulting in data-
processing errors. As will be shown, the net inductance of
the return lands and hence the “ground drop” can be
significantly reduced by the close placement of additional
return lands. This type of “gridded-ground” system has been
shown to be an effective way of reducing ground drop and
the associated radiated and conducted emissions [3]. The use
of decoupling capacitors is another means for reducing the
effect of land inductance [6].

An additional EMI problem that affects the functional
performance of a product is crosstalk [7, 8]—the inadvertent
coupling of electromagnetic fields from one circuit to
another, causing signals in one circuit to appear at the input
terminals of devices that are attached to lands of another
circuit. These induced signals may degrade the performance
of those devices. It will also be shown that closely spaced
return lands, as in a gridded-ground system, can significantly
reduce the crosstalk.

The primary objective of this paper is to develop a
mathematical model for PCBs that can be used to predict
the high-frequency voltage drop across PCB lands. Such a
model will serve to provide a better understanding of how to
arrange land patterns on a PCB in order to reduce voltage
drops across the lands, and the resulting conducted and
radiated emissions. The prediction of crosstalk, although not
the primary purpose of this paper, is a natural by-product of
the modeling used. There are numerous models available for
the prediction of crosstalk, but none allow the prediction of
voltage drop across lands. The modeling described in this
paper can be used to predict high-frequency voltage drop as
well as crosstalk and is amenable to lumped circuit
simulation programs such as ASTAP [9]. The models are an
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adaptation of similar notions used in modeling (much
smaller) integrated circuits [10-12]. An important objective
of this work is to determine the limits of applicability of the
model for the much larger PCBs.

Experimental results are given to illustrate the accuracy of
the modeling. This experiment will also show that a return
land must be placed in very close proximity to its associated
signal land in order to significantly reduce the inductance of
the return path as well as to reduce crosstalk. A
measurement technique that allows the correct measurement
of the voltage drop across a land is also described.

2. Interpretation of land inductance
There are frequent references to the phrase “inductance of a
PCB land” throughout the literature. As indicated
previously, it is commonly held that a reduction in the
inductances of the lands of a PCB often results in a
reduction in the levels of conducted and radiated emissions
from that PCB, and there is evidence to support this [3]. But
since inductance is conventionally defined for closed loops
(because of the requirement for a current), what is meant by
the “inductance of a segment of a conductor or portion of a
loop?” This notion is often mistakenly thought to mean the
frequency-dependent, internal inductance of the conductor
due to magnetic flux internal to that conductor. It will be
shown that this internal inductance is dominated by an
external inductance which is frequency-independent. The
following development gives meaning to this notion of the
inductance of a segment of a conductor or portion of a loop.
Consider a rectangular loop that supports a current / as
shown in Figure 1(a). The currents give rise to a magnetic
flux density B. The inductance L of this loop is
conventionally defined [13] as the total magnetic flux ¥
penetrating the surface s bounded by the current, viz.,

v, = fﬁ.JE, (1a)

§
per unit of that current, so that

\I’m
L= - - (1b)
For later purposes we will identify currents associated with
individual sides of the rectangle, /, but /=1, =I,=I,=1I,.
We now wish to construct the equivalent circuit of the loop
shown in Figure 1(a). The equivalent circuit is depicted in
Figure 1(b). Its inductances L, are referred to as self partial
inductances, and the inductances L, with i # j are referred
to as mutual partial inductances [14, 15]. These may be
defined in a unique and meaningful way by using an
alternate form of (1). Since V.B= 0, we may write B in
terms of the magnetic vector potential 4 as B = V X 4
[13]. Substituting this into (1) and using Stokes’ theorem
gives [13]
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Apportioning loop inductance into inductances associated with
segments of the loop.

L=——ro (2)

where ¢ is the contour of the loop.

The alternate result in (2) suggests that the partial
inductances of the equivalent circuit in Figure 1(b) be
defined as

[

Lp,‘j = —T—" (3)

J

where Zi,.j is the magnetic vector potential along segment /,
due to current /; on segment /. If i = j, these are referred to
as self partial inductances, and if i # j, they are referred to as
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Illustration of the definitions of partial inductance: (a) self partial
inductance; (b) mutual partial inductance.

mutual partial inductances. With this definition, the voltage
developed across a segment of a conductor can be uniquely
and meaningfully obtained. For example, the voltage
developed across segment 2 is

dl, d, dl, dl,
E2 = Lpzz gt‘ + Lp21 E + Lp23 —CE + Lp24 gl- 4)
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We now turn to the important calculation and
interpretation of these partial inductances. Ruehli has shown
that an alternative to (3) is

fBij-ds,.

Lpij = —IT- ’ )

J

where s, is the area bounded by the conductor / and infinity
and by straight lines that are located at the ends of segment j
and are perpendicular to segment j [14]. This is illustrated in
Figure 2 for parallel segments. The extension to nonparallel
segments is straightforward and is given in [14]. The
equivalence between (3) and (5) is important and simple to
prove. Utilizing B =V x A4 and Stokes’ theorem, the
numerator of (5) can be written as

f§i1.£i=§z,]~c?/)’f, (6)

S <

where Ei, is the total magnetic flux density penetrating s,
(which extends from segment i to infinity) and 4, is the
corresponding vector magnetic potential associated with B,
along the closed contour ¢; which bounds s,. The magnetic
vector potential A has two important properties that aré
crucial to this proof. These are that (1) Ais parallel to the
current producing it, and (2) 4 goes to zero as the distance
away from the current increases [13]. By construction, the
sides of s, are perpendicular to segment j, whose current, /,
produces 4. Since A, is aligned with the current producing
it, A, is perpendicular to the sides of s, and as such
contributes nothing to the right-hand side of (6) along this
portion of ¢;. Also, Zu at infinity is zero, and no contribution
is obtained along that part of the contour. Consequently, the
only contribution to the right-hand side of (6) is along
segment i, as was to be proven. The important result is that
the partial inductance L, is the ratio of the flux penetrating
the surface between segment i and infinity and the current /,
which produces it. Equivalently, L,,; can also be determined
in terms of the vector magnetic potential along segment i, as
in (3). Either concept may be used in computing L, but
the notion of the relation to magnetic flux through the
surface bounded by the segment and infinity is more useful
in visualizing qualitative results to be observed in later
sections of this paper.

Clearly, the net inductance of a segment of a loop is the
sum of the self and mutual partial inductances of that
segment, viz.,

N
L=3%Y=xL,, N

Jj=1

where the loop contains a total of N current segments each
supporting a current /;, and the sign of each term is related
to the relative orientation of the currents assigned to
segments { and /. Note that for the rectangular loop shown in
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Figure 1(a) mutual partial inductances exist only between
segments that are not perpendicular to each other, since Z,j
is perpendicular to segment / for segments j which are
orthogonal to segment /. For example, L,; = L,, = 0 and
L= L, =0. The total loop inductance can then be
obtained as

L=3Y L, )]

where the loop is broken into S segments. Note that from a
knowledge of the self and mutual partial inductances of the
loop, the total loop inductance can be determined via (7)
and (8), but the reverse is not true; each partial inductance
must be computed directly and cannot be determined from a
knowledge of L alone.

These notions can also be extended to systems of more
than one loop. Each loop can be divided into segments, and
the partial inductances due to currents on all segments of all
loops can be obtained. Once again, the above notions are
meaningful because the voltage drop across a segment can be
uniquely determined from Faraday’s law and a segmentation
of each loop inductance by use of (2). Implicit in these
results is the requirement that the electrical dimensions of a
portion of the physical system that is represented with these
lumped partial inductances be small.

3. Determination of lumped circuit elements
characterizing PCB land structures

In order to analyze PCB land structures with regard to
determining crosstalk and ground drop, lumped circuit
elements which characterize those structures must be
determined so that lumped circuit analysis programs such as
ASTAP [9] may be used to determine the crosstalk and
ground drop. This section addresses that problem.

e PCB land inductance

The previous development implicitly assumes filamentary
current segments. Nonuniform current distributions over the
conductor cross sections are due to skin effect as well as
proximity to nearby conductors [16, 17]. To handle this
case, the conductors may be partitioned into subconductors.
It is assumed that the current in each subconductor is
directed along the subconductor axis and is uniformly
distributed over that subconductor cross section. The partial
inductances of the subconductors of a conductor can be
combined to yield an overall self partial inductance and
mutual partial inductances to all other conductors. The
technique is essentially the same as combining lumped
inductors in parallel and in series into an equivalent lumped
inductor. Subconductors of a conductor that are parallel are
combined like lumped inductors in parallel, and
subconductors that are in series are combined like lumped
inductors in series. The technique is described by Ruehli
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[14]. The result gives self partial inductances, L, of all
conductors of the system and mutual partial inductances,
L, between all conductors of the system. A matrix-
inversion process is used to ensure that all interactions
between the subconductors are accounted for. Thus,
nonuniform current distributions over the conductor cross
sections are effectively taken into account.

Results for the self and mutual partial inductances for
subconductances of rectangular cross section are given by
Ruehli [14] and by Hoer and Love [18]. The self and mutual
partial inductances of the PCB lands investigated
experimentally in this paper are computed using those
results according to the above method.

e Capacitances of PCB lands

A second and equally important parameter in characterizing
PCB land structures is the capacitance between its lands.
Closed-form expressions for conductors of circular cross
section are available [8], but numerical methods must be
employed for conductors having rectangular cross sections.
Ruehli and Brennan, along with others, have provided
numerical methods for calculating these quantities for
conductors of rectangular cross section [19]. These methods
are in a sense comparable to the method of segmenting
conductors into subconductors for the purpose of calculating
the partial inductances of the conductors, as described
above. The methods take into account nonuniform charge
distributions over the conductor surfaces in a fashion dual to
the above method for calculation of partial inductances,
which takes into account nonuniform distributions of
current over the conductor cross sections.

The numerical method for determining the capacitances is
essentially comparable to the above method for determining
partial inductances. Each conductor face is divided into
subfaces, and the charge on each subface is assumed to be
uniformly distributed over that subface. There are other
possible choices for the charge distribution over the subfaces,
but the choice of a uniform distribution simplifies the
procedure. The potential of each subface with respect to
infinity is related to the charges on each subface with a
matrix expression. Each entry can be viewed as a self or
mutual partial capacitance of or between subfaces. These
partial capacitances associated with the subfaces can be
reduced to equivalent self and mutual partial capacitances of
the individual conductors in a fashion similar to the
reduction of lumped capacitances in parallel or series to an
equivalent lumped capacitance. Matrix inversion essentially
ensures that interactions between all subfaces are taken into
account. The result gives the self partial capacitances of the
conductors, C;,, and the mutual partial capacitances, C;,
between the conductors. It is important to note that the self
partial capacitances C,, are with respect to infinity rather
than directly between conductors, since the potentials used
to derive them are with respect to infinity. 37
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. Reduction of partial inductances and partial capacitances to (a) loop inductance and (b) capacitance between conductors.

o Computation of the lumped circuit elements

The equivalent circuit in terms of self and mutual partial
inductances for each conductor is sufficient for modeling the
inductive effects of the lands. However, it may be further
reduced if, instead of choosing » different currents in the
conductors, we choose one conductor as the reference
through which the other (n — 1) currents return, as is done
in transmission-line analyses [8]. This is illustrated for a two-
conductor line in Figure 3(a). The difference in voltage
between the ends of the line for a line of length dx is

Vix, t) — V(x + dx, t)

dl, dl,

dl, dl,
pll E + LplZ E

=L 22 E\_ Lplz E 9)

L
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But 7, = —I,, so that
dar
Vix, 1) = Vix +dx, t) = (L, + Ly — 2L,,) 5 (10)

where we denote I, = I. Here we identify the “loop
inductance” as L,, = L, + L5, — 2L,,),.
For the more general case of a system of n conductors in
which the nth conductor is chosen as the reference
conductor through which all the other (n — 1) currents
return, a similar reduction of the partial inductances to loop
inductances can be made. The details of such a reduction are

given in [14]. The results are
Lin = Lpii + Lprm - 2L (1 la)

pin *
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Ly=L,,—-L,,—L,, +L,,. (11b)

For transmission-line analyses, the per-unit-length loop
inductances are traditionally employed because the lines are
usually assumed to be infinite in length to avoid fringing
when computing the line parameters, and partial
inductances cannot be defined for lines of infinite length [8].
For the purposes of computing voltages at the endpoints of
the line, loop inductances are sufficient. However, loop
inductances cannot be used for computing voltages between
endpoints of the conductors, since one can only determine
the voltages at the endpoints of the line as in (10).

The case of capacitances between conductors is quite
similar. Consider the case of two conductors. Recall that the
partial capacitances are defined with respect to infinity, as
are the partial inductances. The equivalent circuit in terms
of partial capacitances is shown in Figure 3(b). In order to
reduce this to a lumped capacitance, C,,, between the two
conductors, as shown in Figure 3(b), we must eliminate the
node at infinity. This is accomplished by noting that the
voltage between the conductors can be obtained in terms of
the potentials defined with respect to infinity, ®, and ®,, as

Vix,)=® — &,. (12)
In addition, the charges of the system of two conductors
must satisfy the condition

0,+0,=0 (13a)
or

J+J,=0, (13b)
where J, is the current into node /. The matrix of partial
capacitances relates these quantities as

Q=C¢ (14a)
or

J=C, -;1[ ®. (14b)

The entries in C, are composed of the partial capacitances:

C = [Cpll + Cplz _Cp12 ]
i _Cp12 szz + Cp12

These constraints can be imposed if we invert (14) to yield,
for this two-conductor system,

(15)

_(i |:(I>l:| = l |:Cp22 + Cplz CplZ :|[‘Il] (16a)
dt [®, A Coiz Cont + Gl 2]’

where

A= Cplle22 + CplleIZ + Cp22Cp12 . (16b)

Subtracting the second row of (16a) from the first yields,
according to (12),

d “Lic —c %
2; V(X, t) = A [szz Cp“] I:J2:| . (17)
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Imposing (13b) and defining

I(x +dx, t) — I{x, t) = J(x, t) (18)

yields

d c,+C
Zv(x, 1) = 22 I(x, 1) - I(x + dx, 1)]. (19)
dt A

Inverting (19) yields the capacitance between the two

conductors as

A
Cpy = ———
2 Cpll + Cp22
Co Cox

pll

=C,, +
PG t+ Gy

ptl

= GGy + Con)s (20)

pll P

where || denotes “in parallel with” and where we treat the
capacitor impedances as resistors.

For the general case of an n-conductor system, the partial
capacitances defined with respect to infinity can be reduced
similarly to capacitances between pairs of conductors, C;.
The details are described in [20, 21]. The result is

Cpii ijj
Cij = Cpij + 5. (21)
Z Cpkk

k=1

In the analyses to be presented in this paper, a mixture of
the above characterizations will be used to define the lumped
circuit characterizing the land structures. The partial
inductances will be used instead of loop inductances, since
we are interested in determining the voltage drops across the
lands (ground drop) as well as the voltages at the ends of the
lands (crosstalk). However, the conductor-to-conductor
capacitances will be used rather than the partial capacitances
because the node at infinity constitutes an unnecessary
complication.

o Land resistance

For conductors of circular cross section (wires), it is well
known that high-frequency currents are concentrated near
the outer periphery of the conductors [22]. This is referred to
as skin effect and results in the conductors having a
frequency-dependent impedance in addition to the net
partial inductance of that conductor. The conductor
resistance remains at the dc value up to a point where the
wire radius is of the order of a skin depth. Above that
frequency the resistance, R( /'), increases as the square root
of the frequency. Similarly, the inductance of the wire due to
magnetic flux internal to the wire, L;, remains at the dc level
of 5 x 10”7 H/m up to this point and decreases as the square
root of frequency above that frequency. This is referred to as
internal inductance, L;, and its inductive reactance, wL,,
therefore increases as v/ . The net impedance of the wire is 39
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the sum of these internal impedances and the net partial
inductive reactance of the wire, L, as

Z(S) = R() + JolL(f) + L] (22)

For conductors having rectangular cross sections, few such
quantitative results are known, although there is little doubt
that the qualitative aspects of the phenomenon are very
similar to the case of conductors having circular cross
section {16, 17, 23]. For most cases of interest, the partial
inductance dominates the internal inductance. If this is true
at dc, it is certainly true for higher frequencies, since the
internal inductance decreases as vf. For most practical
cases, then, the internal inductances of the lands may be
neglected, as is done in this paper.

Although the frequency dependence of the skin-effect
resistance, R( /), is well-characterized for sinusoidal
excitation, its usage in time-domain calculations is
complicated [23]. For the results shown in this paper, it is
shown that the inductive reactance of the net partial
inductance of the conductor, wL,, dominates the resistance
term when skin effect becomes well-developed and where
R(f) deviates from its value at dc, R,.. Therefore, we shall
approximate R( /') as its dc value.

CLAYTON R. PAUL

This dc resistance is also shown to be important at low
frequencies. This effect is illustrated in Figure 4. The
magnitudes of the near-end and far-end crosstalk voltages for
a three-conductor line are shown as voltage transfer ratios. It
can be shown that for lines composed of perfect conductors,
the crosstalk increases linearly with frequency by 20 dB per
decade for resistive loads [24]. At lower frequencies there is
an additional and dominant component of that crosstalk
which is due to imperfect conductors and is frequently
referred to as “common-impedance coupling.” This is quite
simple to see. For a sufficiently small frequency, the current
in the driven or generator line, I, is approximately
determined as
I. = L (23)

S R+ R

since Ry p 1S sSmall compared to Rg and R, . The majority of
this current passes through the common return conductor,
developing a voltage drop of

Vono = Ranols (24)

across that conductor. This voltage is divided across the near
end and far end of the pickup or receptor circuit to yield

ﬁ _ Rie Renp (25a)
Vo R+ Ry Rg+ R’

ﬁ - _ Reg Ronp (25b)
Vs Ry + Reg Ry + R

which is frequency-independent. This provides a “floor” for
the total crosstalk and is clearly seen in the experimental
results to be presented. As will be seen, if one is only
interested in the frequency range of the FCC regulatory
limits (450 kHz to 1 GHz), the land resistances can be
removed from the model for typical board dimensions. On
the other hand, if one is interested in calculating the
functional performance of the board, the land resistances
cannot be omitted, since a significant portion of the spectral
content of the signals may lie in the lower-frequency
components.

4. Circuit characterization of the lands

There are numerous ways to model the PCB land structures
by arranging the lumped elements that were developed
previously. If the lands are parallel and have uniform cross
sections along their length, and if their length-to-width
separation ratio is large, a distributed-parameter
transmission-line model can be used [8]. The resistive,
inductive, and capacitive elements in this model are per-
unit-length values and may be approximately obtained from
the previous results by dividing those total elements by the
length of the line. For sinusoidal excitation, the
transmission-line equations are derived in the conventional
manner, resulting in [8]
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4 V(x) = =[r(f) + jel]l(x),

N (26a)

4 12 = —juweV(n),

p (26b)

where the line axis is denoted as x. The (n — 1)-dimensional
vectors V(x) and I(x) contain the line phasor voltages (with
respect to the reference conductor) and currents,
respectively, and the (n — 1) X (n — 1) matricesr, 1, and ¢
contain the per-unit-length line parameters. Computer
programs have been written to solve those differential
equations for sinusoidal excitation and incorporate the
terminal constraints [25]. In addition to its inability to
predict voltage drop across the line conductors, there 1s an
additional difficulty associated with this transmission-line
model; conventional lumped circuit programs cannot be
used to solve these equations. In addition, the direct, time-
domain solution of the transmission-line equations is
difficult.

More common ways of modeling these lines are with
lumped circuit iterative structures [8]. Two examples are
shown in Figure 5 for a three-conductor line. These are
referred to as the Lumped Pi and the Lumped Tee structures
because of their physical appearance. The Lumped Pi
structure is used to characterize the PCB land structures in
the computed results to be shown, and the ASTAP circuit
analysis program is used to solve the resulting lumped-
element circuit for the prediction of crosstalk and ground
drop (across the reference conductor, which is conductor 3
in Figures 4 and 5).

Crosstalk predictions are obtained with both the
transmission-line model and the Lumped Pi model. In the
transmission-line model, the per-unit-length loop inductance
matrix, 1, in (26a) is computed from capacitance calculations
as [8]

1
I==¢,
Vo

27

where ¢, is the (n — 1) X (n — 1) per-unit-length capacitance
matrix with the surrounding dielectric (the PCB) removed,
and v, is the speed of light in air. This is a “high-frequency
inductance” in that it presumes that skin effect is well-
developed and that currents are confined to the conductor
surfaces [14]. Assuming the current to be uniformly
distributed over the conductor cross section would give dc
inductances. For conductors that are widely spaced, there is
usually very little difference between these two [10, 14]. By
using the numerical techniques outlined in the subsections
on capacitances of PCB lands and computation of lumped
circuit elements, both ¢, and ¢ are computed by dividing
those capacitances computed for a line of total length £ by
that line length; i.e.,

¢, = (1/L£) Cyand ¢ = (1/.0)C.
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It should be pointed out once again that voltage drop
across the line conductors cannot be predicted with the
transmission-line model, since loop inductances are used in
that model. Loop inductances could also be used in the
Lumped Pi model once a conductor is designated as
reference, but we use partial inductances computed by the
numerical methods of the subsection on PCB land
inductance in the Lumped Pi model so that the voltage drop
across the return conductor can be predicted.

Land patterns on PCBs are predominantly in the form of
chains of rectangular conductors whose widths vary along
the chain. These types of patterns can be modeled using the
previously described techniques by breaking the conductors
into individual lengths of uniform cross section. Each
conductor subsection can then be modeled as described
previously, and the conductors can then be reconnected in
the model.

5. Comparison of model predictions and

experimental results

Four configurations were measured. They were formed from

a set of seven parallel lands 10 inches in length. The land 41
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The four configurations that were investigated, numbered in
accordance with pattern shown in Figure 6: (a) configuration 1A; (b)
configuration 1B; (c) configuration 1C; (d) configuration 1D.
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thicknesses were 1.38 mils, corresponding to one-ounce
copper cladding. The supporting board was glass—epoxy

(¢, = 4.7) having a thickness of 47 mils. The basic land
pattern used is shown in Figure 6. The land widths were 15
mils, and the center-to-center land separations were 30 mils.
The four configurations formed from the basic pattern are
illustrated in Figure 7. The lands are numbered with
reference to Figure 6. Load resistances of 50 @ were used,
and land 2 with respect to land 6 was driven at the left end
with a zero source impedance sinusoidal source, V;,, and
terminated at the far end in 50 Q. Lands 4 and 6 were also
terminated at each end in 50 Q. The remaining lands (1, 3,
5, 7) were either removed or connected in parallel with the
reference land (no. 6) to illustrate the effect of placement of
additional ground lands. The frequency response of the
crosstalk at the near end, V., was measured, and the
magnitude of the crosstalk transfer ratio, Vg /V;,, will be
shown. Also, the frequency response of the magnitude of the
ground drop transfer ratio, Vgp/ V., will be shown. The
phase of these transfer ratios was also measured but will not
be shown. The frequency response of these quantities is of
primary interest because the FCC limits are stated in the
frequency domain.

The measurements were made at frequencies of 1, 1.5, 2,
2.5,3,4,5,6,7, 8, and 9 in each decade from 10 kHz to 500
MHz. Hewlett-Packard 3400A RMS voltmeters were used to
monitor V,,, Vg, and Vgyp from 10 kHz to | MHz. A
Hewlett-Packard 8405A Vector Voltmeter was used to
measure these quantities from 1 MHz to 500 MHz.

The four configurations were chosen to illustrate the
importance of the judicious placement of ground lands on a
PCB. Configuration 1A contained only one ground (signal
return) land. Configuration 1B contained two additional
ground lands, as did configuration 1C. The two additional
ground lands of configuration 1B were not placed as close to
the driven conductor as they were in configuration 1C.
Configuration 1D contained four additional ground lands
and was a combination of 1B and 1C. Note that the lands
were quite close to each other in all four configurations.
However, we will find that in order to achieve a significant
reduction in both crosstalk and ground drop, the ground
lands must be placed very close to driven land. For example,
the crosstalk and ground drop of configuration 1B were
some 5 dB below those of 1A, but the crosstalk and ground
drop of configuration 1C were some 16 dB below those of
1A! Going to the pattern of configuration 1D provided only
some 3 dB additional reduction from that of 1C. Hence,
ground lands must be placed very close to the driven land in
order to significantly reduce crosstalk and ground drop.

The predictions of crosstalk were obtained with both the
transmission-line model and the Lumped Pi model, whereas
the predictions of ground drop were obtained from the
Lumped Pi model. The land inductances and capacitances
used in these models were obtained as described above. In
computing the partial inductances, each land was partitioned

IBM J. RES. DEVELOP. VOL. 33 NO. | JANUARY 1989




01
1A
2
5
£
G 1B
g
E
=
E| 1c
g
S 001 -
1D
0.001 I | | |
10 kHz 100 kHz 1MHz 10 MHz 100 MHz 500 MHz
Frequency

& 0 . . .
¢ Comparison of measured crosstalk transfer ratio for the four experimental configurations.

into 15 subconductors by using five partitions across the
width and three partitions across the thickness. In computing
the partial capacitances, the width was partitioned into five
divisions, the thickness into one division, and the length into
seven divisions, giving a total of 84 subfaces for each land.

o Crosstalk

The experimentally obtained crosstalk transfer ratios are
compared in Figure 8. Compare these to Figure 4. From 10
kHz to 100 kHz, these are frequency-independent, which is
due primarily to common impedance coupling, as described
previously. Because configurations 1B and 1C contain three
ground lands in parallel, their levels should be 1/3 of the
level for 1A. In fact, the ratios at 10 kHz are 2.94 and 3.15,
respectively. Similarly, 1D contains five ground lands in
parallel. The ratio of the level for configurations 1A and 1D
at 10 kHz is 4.94. From | MHz to 10 MHz the levels
increase at a rate of 20 dB per decade, as explained

IBM J. RES. DEVELOP. VOL. 33 NO. 1 JANUARY 1989

previously. Above 100 MHz, we observe the usual rapid
variation with frequency, since the line is electrically long in
this frequency range. Using numerical methods, the effective
dielectric constant ¢, = C/C,, was computed for a two-land
line to be 2.62. Thus, the 10-in. line was one wavelength (\)
long at 730 MHz. Therefore, the line was A/5 at 146 MHz.
Thus, the range of frequencies above 150 MHz may be
considered to constitute the range for which the line is
electrically long. Modeling the entire line with only one
Lumped Pi model would not be expected to give accurate
predictions above, for example, 150 MHz. For frequencies
above 150 MHz, the conductors must be divided into
segments of smaller length, and Lumped Pi models must be
constructed for them. This results in a larger lumped circuit
to be solved, although codes such as ASTAP would be able
to solve these larger circuits.

The predictions of the transmission-line model and the
Lumped Pi model (labeled as ASTAP) are shown for
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configuration LA in Figure 9. The model gives similar
prediction accuracies for the other configurations.
Predictions below 100 MHz are within 3 dB of the
experimental data. Predictions of the Lumped Pi model
using two Pi sections for the entire line are also shown for
1A in Figure 9 [ASTAP (2 Pi)]. Note that at 10 kHz the
maodels underpredict the “common-impedance coupling
level.” This level is directly related to the land impedance, as
shown by (25). and should be easy to predict. The dc land
resistance was calculated directly from the assumed land
cross-sectional dimensions (15 mils X 1.38 mils). Because
levels at 10 kHz are not well predicted, the only source of
error should be the land dimensions and/or the conductivity
of the land material. Investigation of the land widths with a
microscope revealed that their widths were approximately 15
mils. The assumption of copper having a conductivity of 5.8
x 10" S/m as the cladding material is probably also valid, so
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Predicted compared to measured crosstalk transfer ratio for configuration |A.

i

the only other source of this error is in the assumed land
thickness. One can compute from (25) and the measured
levels at 10 kHz that a land thickness of 1.1 mils yields a
correct prediction of the common-impedance coupling level.
Discussions with the board manufacturer indicated that this
25% reduction in cladding thickness from the nominal value
of 1.38 mils would not be unreasonable to expect.

The prediction of the time-domain (transient) crosstalk
was also investigated. A Hewlett-Packard 8082A pulse
generator was set to provide an open-circuit trapezoidal
pulse voltage waveform of |-V peak with 20-ns rise/fall
times and a repetition rate of | MHz with a 50% duty cycle.
The pulse generator was attached to the inputs of the four
configurations, and the time-domain near-end crosstalk was
measured with a Tektronix 7834 400-MHz oscilloscope. A
comparison of the peak levels with those predicted with the
Lumped Pi model and ASTAP is given in Table 1. The

IBM J. RES. DEVELOP. VOL. 33 NO. | JANUARY 1989




predicted waveshapes were virtually identical in form to
those measured. The time-domain ground drop was similarly
measured and computed. Prediction accuracies similar to
those for the time-domain crosstalk were observed.

As is evident from Figure 9, the lumped circuit models
shown in Figure 5 are valid so long as the structure they are
used to represent is electrically small. For time-domain
predictions, this means that spectral components of the time-
domain signals below a certain frequency will be well-
predicted, whereas spectral components above that
frequency will be poorly predicted. Thus, lumped circuit
models have difficulty predicting certain high-frequency
properties of the waveform such as rise/fall times. This pulse
spectrum consists of discrete-frequency components at
multiples of 1| MHz. A bound on these spectral amplitudes
consists of a 0-dB-per-decade level up to 637 kHz, a —20-dB-
per-decade level up to 16 MHz, and a —40-dB-per-decade
level above that [7]. These results indicate that errors in
predicting the high-frequency spectral components are not
significant in the prediction of the time-domain pulse
waveshape and level so long as the pulse rise/fall times are
sufficiently greater than the one-way transit time of the
board, which in this case is of the order of 1.4 ns [7].

e Ground drop

The experimental measurement of ground drop is much
more difficult than measurement of crosstalk since it is
required that the voltage be measured between two widely
spaced points (the two ends of the ground lands). The initial
measurement used a small, insulated wire lying on top of the
ground land and soldered at the far end to the ground land.
The voltage between the near end of this wire and the near
end of the ground land was measured. This measurement
configuration was chosen in order to minimize the loop area
between the measurement wire and ground land so as to
minimize any extraneous voltages induced in this loop
caused by magnetic fields of the currents in the system.
However, it will be shown that this is perhaps the worst
possible placement of the measurement wire; it should be
placed as far as possible from the ground land in order to
measure the ground drop accurately. This point was noted
by Skilling [26], who gave an alternative rationale for its
validity.

To illustrate this point, a measurement conductor was
placed parallel to and at different heights above the ground
land for configuration 1A, as shown in Figure 10(a), by
placing a similar PCB on edge along the ground land. A
schematic of the configuration is shown in Figure 10(b). The
measured voltages, V.., are plotted in Figure 11 for various
heights of the measurement land. Note that all measured
levels from 10 kHz to 100 kHz are virtually identical, as they
should be since these are directly related to Ry, [see Figure
4 and Equation (25)]. However, at frequencies from 1 MHz
to 100 MHz, the measured levels increase for increased
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Measurement of ground drop: (a) physical configuration, (b)
schematic, and (c) inductance model using partial inductances.

Table 1 Peak time-domain near-end crosstalk.

Configuration Measured Predicted
(mV) (mV)
1A 42 38.1
1B 24 19
1C 6.5 4.7
1D 4.5 3.27

height of the measurement conductor and converge. One

might expect that the additional voltage drops around the
measurement loop (consisting of lands 6 and 8) due to the
magnetic flux through this loop would cause the measured
voltage, V..., to differ from the desired ground drop voltage
Vino- The following results show that, in fact, the reverse is
true; V..., approaches Vg, for increasing height of the

measurement conductor!
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This result can be readily explained with an understanding
of the meaning of partial inductances developed in Section
2. Consider the inductive equivalent circuit shown in Figure
10(c). Note that these are partial inductances and not loop
inductances. The voltage V... was measured with a high-
impedance voltmeter, so it is reasonable to assume zero
current through the measurement conductor. It is also
reasonable to assume that the generator and receptor circuit
currents, I and [, respectively, return through the ground
land. From that circuit, the difference between V.. and
Vanp 18 the voltage drop across the self partial inductance of
the measurement conductor, Lpss, viz.,
|4 — Vono = LpZSIG + Lp481R - Lpés(IG + Ip)

= (Lyys = Liyge)l + (Loss — Liggdly - (28)

We desire
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Vieas = Vo

meas GND »

(29)

which will be true only if L3 = L and L., = L ;. Recall
that these mutual partial inductances are the ratio of the flux
between one conductor and infinity and the current in the
other conductor. Observing Figure 10(a), we see that as we
move the measurement conductor (no. 8) higher above the
ground conductor, L ,; — L — L, and (28) reduces to
(29)! Thus, an understanding of partial inductances is the
key to accurate measurement of ground drop.

The experimentally measured ground drops are shown for
configurations 1A, 1B, 1C, and 1D in Figure 12 at the largest
height, 630 mils. Note that the different ground land
placements show a reduction in ground drop similar in
magnitude to the reductions in crosstalk shown in Figure 8.
Once again, ground lands must be placed extremely close to
the driven land to achieve any significant reduction in
ground drop!
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The predictions of V, with the Lumped Pi model
(ASTAP) are shown for configuration 1A in Figure 13.
These are quite accurate below some 50 MHz for the
maximum height of the measurement conductor (630 mils).
Predictions of Vg, for the other land configurations show a
similar accuracy. This tends to confirm that V. converges
to Vup as the height of the measurement conductor above
the ground land increases. With a correct value of Ry, the
predictions should converge to the measured value at 10
kHz.

Note that for all the configurations, the measured ground
drop shows a peak at around 80 MHz. This peak in Vs
not truly a part of V, but is due to the presence of the
measurement land (no. 8) and the loading of the vector
voltmeter used to measure V, To confirm this, the

meas®

inductances and capacitances were recomputed for

configuration A to include the measurement conductor (no.

IBM J. RES. DEVELOP. VOL. 33 NO. | JANUARY 1989

8) and were included in the Lumped Pi model. The loading
of the vector voltmeter was included as a resistance (100 kQ)
in parallel with a capacitance (2.5 pF plus 5 pF of probe

capacitance) between the near ends of lands no. 6 and no. 8

). The measured voltage, V.

(across V_ . ‘neas» Was computed
from this model, and the results are also shown in Figure 13,
Note that including (1) the measurement land and (2) the
loading of the measurement voltmeter allows a very accurate
prediction of the peak at 80 MHz. In fact, the predictions are
quite good up to 150 MHz.

Evidently, the inductance of the measurement loop
formed by lands no. 6 and no. 8 combined with the
capacitance of the measurement voltmeter caused this
resonance at 80 MHz. This illustrates a practical limit on the
height to which one may raise the measurement conductor
above the ground land. Increasing this height increases the

inductance of the measurement loop, which causes the
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resonance to occur at lower frequencies. This point is
evident in Figure 11, which shows the results for
configuration 1A for increasing heights of the measurement

conductor.

6. Summary and conclusions

The modeling and prediction of crosstalk and ground drop
on PCBs has been investigated. For typical PCB land
dimensions one should be able to predict crosstalk for
frequencies of 100-200 MHz. Use of a distributed-parameter
transmission-line model or more sections of the Lumped Pi
or Tee models extends this prediction range.

The accurate prediction and measurement of voltage
between the two ends of the signal return land (ground drop)
required the use and understanding of the concepts of partial
inductance. A transmission-line model is inherently
incapable of predicting ground drop because that model uses
loop inductances. Partial inductances used in a lumped
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Predicted compared to measured ground drop transfer ratio for configuration 1A.

circuit model allow the accurate prediction of ground drop
up to frequencies for which the line lengths are of the order
of A/5. For typical board dimensions one should be able to
predict ground drop up to frequencies of 100-200 MHz. A
finer segmentation of the conductors along their largest
dimension (length) and the subsequent use of more Lumped
Pi or Tee sections should extend that frequency range.

The correct measurement of ground drop could be
explained in terms of the concept of partial inductance. It
appears that accurate measurement of ground drop requires
that the measurement conductor be placed far from the
ground land. However, resonances caused by the inductance
of the measurement loop and the capacitance of the
measurement voltmeter place a practical limit on the
maximum height of the measurement conductor.

It should be noted that radiated emissions of these boards
were measured from 30 MHz to 1| GHz in a semianechoic
chamber. An unterminated wire one meter in length was
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attached to the far end of the set of reference lands to
simulate the attachment of a cable shield. There appeared to
be a correlation between a reduction in ground drop and a
reduction in radiated emissions. Reductions in radiated
emissions of some 10 dB were observed between
configurations 1A and 1D from 30 MHz to about 60 MHz.
Above this frequency, the reductions were not as substantial
and were somewhat erratic. (Radiated emissions for
configuration 1D were larger than those for 1A at some
frequencies.) It is worth noting (as indicated in Figure 12)
that the large and consistent differences in ground drop
occurred below approximately 60 MHz. From 60 MHz to
about 100 MHz, less of a difference between those is
observed for all four configurations than was observed below
60 MHz. Perhaps this explains the ineffectiveness of ground
lands in the reduction of measured radiated emissions above
60 MHz. Reduced ground drop may very well reduce
radiated emissions. However, it should be realized that, as
was shown in this paper, two different land patterns may
exhibit quite different levels of ground drop over certain
portions of the frequency spectrum and very little difference
over other portions.
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