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for Printed-Circuit-Board Layout to Reduce
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Abstract—This paper presents the quantified study of the
electromagnetic radiation mechanism of the 20-H rule using a nu-
merical approach that has not yet been systematically addressed.
The 20-H rule is a rule-of-thumb layout technique recommended
to minimize radiated fields propagating from the edges of a printed
circuit board (PCB) coupling onto nearby structures. Propagating
electromagnetic fields may corrupt adjacent cable assemblies,
sheet metal enclosures, and aperture openings. The magnitude of
this design rule is investigated using the full-wave finite-difference
time-domain (FDTD) method. An analysis on whether benefits
exist from use of this rule is examined and under what conditions
the rule is valid when correctly implemented. The purpose of
this paper is to provide insight into the validity of the 20-H rule,
recognizing that every PCB will have different simulation results.
FDTD is used to capture a snapshot view of field propagation.
This view allows one to determine the validity of the 20-H rule at
a single point of time within a dynamic structure and what may
be expected when digital components are finally added to a PCB
assembly, which generally negates simulated results.

Index Terms—Finite-difference time-domain (FDTD) simula-
tion, printed circuit board (PCB), 20-H rule.

I. INTRODUCTION

HE 20-H RULE states that the physical size of a power

plane in a high-density multilayer stackup topology must
be physically smaller than its corresponding return plane by a
dimension equal to 20 times the distance separation between
the two planes. The application of this rule of thumb and when
it is or is not appropriate has not been well defined due to the
complexity of the design concept, theory involved, and under-
standing how to setup a proper model that truly describes opera-
tion of the rule. For historical reasons, the 20-H rule was discov-
ered and first implemented nearly 25 years ago to solve specific
problems observed with printed-circuit-board (PCB) design and
layout.! This design technique, which was proprietary for years
but has been implemented by many companies since then, was
first released into the public domain in 1996 [1].
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IThe concept of the 20-H rule was first modeled and implemented by W.
Michael King, who also coined the term 20-H rule, circa 1980.

The 20-H rule provides termination of propagating elec-
tromagnetic fields from digital components that switch large
amounts of peak power current during cross conduction. By
itself, the 20-H rule may be appropriate to implement with
actual (resistive/capacitive) components.

Undercutting a plane to the physical location of digital com-
ponents provides the same level of benefit to terminating prop-
agating fields rather than adding discrete components, which is
an alternate layout technique that adds cost to an assembly. In
many cases, components may not terminate planes efficiently
[2].

Power and return planes must be treated as if they are an
actual digital signal transmission line. A propagating electro-
magnetic wave will return to its source after encountering a
high-impedance load or termination, which in this case, is the
physical edge of the PCB. A signal integrity situation exists ex-
cept this time it involves propagating fields within the dielectric
separating the power and return plane, similar to a signal trans-
mission line with a source driver and its corresponding return
path. This condition assumes the edge of the planes extend sig-
nificantly beyond the physical location of the components that
are connected to the planes [3].

Until now, there has been no quantified radiation mechanism
study on the 20-H rule. Designers have misinterpreted the
need for this rule with assumptions as to how and why the rule
works. This paper investigates, using multiple configurations
and frequencies, the magnitude of board-edge RF radiation
present, providing knowledge to PCB and electrical designers
as to whether the 20-H rule is fact or fiction.

Section II describes test configurations. Section III provides
the simulation model, with results in Section I'V. Sections V and
VI present Poynting vector calculations.

II. TEST CONFIGURATION

To investigate the 20-H rule accurately, extensive computing
power is required. Attempts to analyze the 20-H rule have been
made with conflicting analysis using only one physical dimen-
sion or configuration [4]. Other research validates claims made
herein [5].

The uniqueness of this paper takes into account the following:

1) Evaluation at different frequencies: determines if plane

resonances affect performance and if the rule is valid
across the frequency spectrum or only at nonresonant
frequencies of the PCB plane pair.
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2) Evaluation at different planar spacing: different distance
spacing between power and return planes examines at
what separation distance the 20-H rule becomes valid.

3) Evaluation with different board configurations: multiple
configurations: 0-H, 5-H, 10-H, 15-H and 20-H along
with different board dimensions assess if a resonance con-
dition exists and the magnitude of benefit for this design
rule.

Due to the nature of the problem definition, as well as cal-
culating the total magnitude of the propagating electromagnetic
field that resulted from simulation, attempting to correlate simu-
lated data with actual measurements from a test PCB in an ane-
choic chamber would not provide benefit for correlation pur-
poses due to the following reasons:

1) measurement uncertainty of the test environment and in-
strumentation exceeds power levels present;

2) the problem is a near-field effect and measurement in an
anechoic chamber generally is intended to occur in the
far-field,

3) the extremely low-level RF power present cannot be easily
measured with any degree of accuracy;

4) atest board with a stimulus connection (SMA connector)
would probably radiate more RF energy due to the instal-
lation of the connector than the actual fields that propagate
from the edge of the PCB.

In a typical PCB assembly, near-field flux can cause possible
coupling of undesired RF energy to adjacent metallic structures
and cable assemblies. Due to the extremely low levels of radi-
ated power present, it is difficult, if not impossible, to measure
the exact magnitude of a propagating field on an operational
PCB with hundreds of components changing logic states along
with I/O cables attached to the assembly.

In areal PCB, the calculated propagating field from finite-dif-
ference time-domain (FDTD) simulation will always be magni-
tudes less than fields generated by operational circuits or that
provided by a stimulus source using a standard SMA connector
(which itself by installation could radiate a field).

Measurement uncertainty of most instrumentation is typically
+/—3 dB, which is significantly greater than the magnitude
of the propagating field present between the power and return
plane pair. This is why attempting to measure the magnitude
of edge radiated emissions in an anechoic chamber is difficult,
if not impossible on a fully populated PCB, or even using
a test stimulus source yet benefits may be observed during
testing and certification on a final, operational product using
this design rule.

III. SYSTEM MODEL IMPLEMENTATION

In order to simulate the 20-H rule accurately, a three-dimen-
sional (3-D) model was developed that took into consideration
the electromagnetic field present at the same point in time and
space. Fig. 1 illustrates the basic model used.

The following assumptions are made.

1) Both the power and return plane are perfectly conducting

and satisfy these conditions in the positions of the two
planes.

Power plane

v oz I
h | Voltage source stimulus
Z X A | Return plane

Fig. 1.

Dimensional source model (uniform voltage configuration).

2) Both planes are infinitely thin in thickness (compared to

width and length).

3) Simulation is based on free space.

4) The source stimulus is located at a distance that is centered

equally between the two planes.

Free space was truncated into finite rectangles in which the
edges of each rectangle include reasonable perfectly match
layers (PMLs). These PMLs are then used for the absorbing
boundary condition (ABC) for this FDTD model.

Three types of stimulation sources were available for simu-
lation: Gaussian, dipole, and uniform voltage. All three sources
were investigated in the early stages of this research project and
produced similar, if not identical results. For reporting purposes
in Section IV, the uniform voltage source stimulus was chosen.

The uniform voltage source used the formulation Eji,e =
Eysin(2w fkdt). According to definition, this stimulus is de-
scribed by

V= /Edy = Eosin(2n fkdt) * h = Vo sin(2w fkdt) (1)

where f is the frequency of the source, k is the time step number
after discretization of Maxwell’s equations, A is the distance
spacing between planes, and dt is defined by the function dt =
Ax/2¢, where ¢, is the speed of light.

IV. SIMULATION RESULTS

During the process of validating results from simulation, 3-D
analysis was first performed using an enhanced and proprietary
version of FDTD software named MAFIA. The same config-
uration was reanalyzed using standard two-dimensional (2-D)
FDTD. The distribution of the E field in the z axis was inves-
tigated for accuracy. The difference between the 2-D and 3-D
model was within 1.7%. For this reason, the 2-D simulator was
deemed accurate enough for this analysis.

Our first set of 2-D simulation provides the electromagnetic
field distribution for both E and H fields separately. The fol-
lowing three test configurations are examined, each at three dif-
ferent frequencies to determine if undercutting the power plane
to other than 20-H causes different results. The separation dis-
tance between planes is h = 0.25 mm (10 mils). The physical
length of the power plane is 2 cm (0.78 in).

1) 0-H at 300 MHz, 600 MHz, 900 MHz.

2) 10-H at 300 MHz, 600 MHz, 900 MHz.

3) 20-H at 300 MHz, 600 MHz, 900 MHz.

The physical length of the power plane at 2 cm was chosen
to represent a PCB dimension commonly found in high-density
assemblies, e.g., typical physical component placement relative
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Fig. 2. Planar structure model for all simulation configurations.

to the edge of the PCB. In addition, the three frequencies chosen
are also generally found on many PCB designs.

The purpose of the 20-H rule is to provide board edge ter-
mination of propagating waves, similar in concept to signal in-
tegrity for digital circuits (transmission-line theory). Power and
return planes must be analyzed as transmission lines. For ex-
ample, if a digital component is located at the end of a signal
transmission line that is not properly terminated, any length of
that transmission line which travels past the end of the compo-
nent becomes a stub antenna. It is this stub antenna that drives
the planes as a dipole antenna. Few high-density PCBs have
components located greater than 2 cm from the edge of the
board. This research simulates a typical PCB, not one based on
a theoretical dimension commonly used for academic analysis
such as 10 cm.

The test PCB is modeled as a planar structure (Fig. 2).
Separation distance between the two planes is “Ah.” This distance
ischosen to represent an actual multilayer PCB assembly. Instead
of making the power plane smaller, the return plane is extended
by n (0, 5, 10, 15, 20). The 20-H rule performs best when used
within an eight or more layer high-density PCB assembly, not
a two-, four- or six-layer stackup where the distance spacing
between plane pairs is generally greater than 0.25 mm (10
mils).

With regard to Fig. 2, one may try to simulate this planar
model with a return plane located equidistant above the power
plane, thus making the power plane a true stripline configura-
tion. In a real PCB with eight or more layers, the physical layers
that would be located directly above the power plane would
be two signal layers, not another plane (either power or return
potential). The physical distance between the power plane and
its associated reference plane (Fig. 2) would be significantly
greater in distance separation than 0.25 mm (10 mils).

Figs. 3 and 4 illustrate the field amplitude radiating from
the edge of this model at popular frequencies. These plots il-
lustrate field distribution in the immediate vicinity of the PCB
(near-field coupling) at a single point of time but do not offer
information regarding the total magnitude of board-edge radia-
tion that can cause potential harm. This element of research is
investigated in Sections V and VI.

For Figs. 3 and 4, the uniform voltage source was used as the
stimulus (Section III). Fig. 3 shows the electric field (E,) at
300, 600, and 900 MHz with different distances of the extended
return plane. Fig. 4 is identical to Fig. 3 except that the magnetic
field (H ) is shown. For all plots, the physical size of the power
plane was constant; only the return plane was extended.

The primary area of concern lies not with the flux pattern but
with the effects that the flux has on adjacent circuits, metallic

enclosure, card guides, or cable assemblies that can and will
couple this propagated energy by capacitive means. It is the total
magnitude or steady-state condition of the radiated energy we
should be concerned with and not the flux pattern that we view
in the time domain.

Analysis of Fig. 3 indicates that, for the electric field, signif-
icant benefit occurs at 900 MHz. At 300 MHz, benefit is also
achieved; however, at 600 MHz, there appears to be minimal
improvement.

In Fig. 4, the magnetic field component is investigated. We
again achieve significant benefit at 900 MHz with improvement
at 300 and 600 MHz. It appears that, if the extended return plane
was increased to a distance greater than 20-H, any flux that re-
mains should be captured by the return plane, thus validating
the 20-H rule as fact.

It is to be noted that FDTD provides only a snapshot view of
field propagation at one specific point of time. RF field propa-
gation, both E and H will be different for all dynamic config-
urations examined at any other time period. Although transient
results differ as time moves on, steady-state propagating fields
generally do not change. Steady-state analysis for all configura-
tions is presented in Sections V and VL.

Why then is dynamic analysis performed? Results from
FDTD allow one to visualize field propagation after steady-state
conditions have been met. The plots of Figs. 3 and 4 are a snap-
shot view that illustrates clearly that the 20-H rule is valid
under certain configurations and frequencies and not others.
Sometimes, a brief visualization of a single point of time
(Figs. 3 and 4) provides “insight” into a sophisticated layout
rule of thumb prior to examining the steady-state condition.

V. POYNTING VECTOR CALCULATION

We now calculate the magnitude of the propagating electro-
magnetic field off of the edge of the board. The Poynting vector
is chosen for this calculation

P =E x H(w/m?) )

where E and H are denoted as electric and magnetic field
strengths, respectively.

Since E and H are both instantaneous field vectors, the inter-
pretation that ﬁ FE x H - ds is equal to the power flowing out of
a closed surface applies in this simulation.

As a simplified example on how to calculate the Poynting
vector, the emitted energy from a 2-D structure is the integra-
tion of the power density along edges AB, BC, CD, and DA, as
shown in Fig. 5.

When calculating the Poynting vector, 3-D simulation was
performed based on the simplified 2-D concept of Fig. 5,
whereas, in Section IV, 2-D plots are provided showing field
density, not the magnitude of radiated energy density.

With regard to discretization, the following integral equation
is used:

P.dl=— /de1+ /dez. 3)

ABCD DA BC
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Fig. 3. Electric field distribution map (E, ): frequency versus the x-H rule (h =0.25 mm or 0.01 in).

For the TE mode, the field component £, = 0, therefore
P, = 0. Similarly, for the TM mode, we have I, = 0. This
permits P, = 0. Since the magnetic flux is perpendicular to the
y axis, when the source is parallel to the y axis, we observe only
the T'm,, mode [4].

Because of the symmetry of the structure, integration along
the closed line can be simplified as the integration of line BC by

P-dl = 2/Pmdl. €]

ABCD BC

When studying electromagnetic field propagation, it is not
obvious how propagating waves travel. For convenience of un-
derstanding field propagation, we calculate the Poynting vector
(both E and H field wave propagation) based on the results of

Figs. 3 and 4. Using Fourier transformation and Matlab, we are
able to create the tables in Section VI.

VI. POYNTING VECTOR RESULTS

A. Effects of Distance Separation Between Planes

A dipole sinusoidal excitation source is applied to both
planes. The branches of the dipole are equal to the physical
length of the respective power and return planes. Different
from the uniform voltage excitation, the dipole source will
not change with separation distance. This property provides
convenience when different separation distances are studied.
The excitation source is described by (5).

E = 10000 sin(2x fkdt) V/m 5)
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— Plane ET=0  Power Plane TABLE 1
--- Closed line D 0 RADIATED POWER VERSIS SEPARATION DISTANCE (POWER PLANE LENGTH
TY_ H L =2cm, h = 0.6 mm [24 mils], f = 600 MHz)
»X A Return Plane g Distance of extended reference Edge radiated power
plane to create (nanowatts)

Fig. 5. Sample configuration for calculation of the Poynting vector. 0-h 86.51

10-h 8.41
where f is the source frequency, k is the time step in the FDTD Ll 4.9

algorithm, and dt = At = 1.667 x 10713 (s).

The frequency 600 MHz appeared to be the only frequency
of the three not affected by use of the 20-H rule per Figs. 3 and
4. For this reason, we investigate this particular frequency in
greater detail. The physical location where the data is tabulated
is at the edge of the return plane.

Tables I-I1II illustrate the radiated power from the EM field
present propagating from the extended PCB edge. The propa-

gated electromagnetic field is given in the form of the integra-
tion of P(t).

The physical dimensions of this PCB had the power plane
fixed at 2 cm long (0.78 in) with a separation distance h at 0.6,
0.4, and 0.2 mm (24/16/8, mils respectively). The value of 2 cm
is a typical physical distance that a component may be located
from the edge of the PCB. This component, when switching
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TABLE 1I
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RADIATED POWER VERSUS SEPARATION DISTANCE (POWER PLANE LENGTH
L =2cm,h = 0.4 mm[16 mils], f = 600 MHz)

Distance of extended reference Edge radiated power
plane to create (nanowatts)
0-h 124.67
10-h 11.74
20-h 6.61

TABLE 1II

RADIATED POWER VERSUS SEPARATION DISTANCE (POWER PLANE LENGTH
L =2cm,h = 0.2 mm [8 mils], f = 600 MHz)

Distance of extended reference Edge radiated power
plane to create ( pwatts)
0-h 186.90
10-h 17.59
20-h 9.53

TABLE IV
RADIATED POWER VERSUS. SOURCE FREQUENCY (POWER PLANE LENGTH
L =2cm,h = 0.4 mm)

Edge radiated power
Distance of extended (uwatts)
reference plane to create
300 MHz 600 MHz 900 MHz
0-h 316.30 767.37 705.20
5-h 55.60 135.08 124.71
10-h 31.16 76.34 72.40
15-h 22.02 54.52 53.37
20-h 17.26 43.22 43.74
TABLE V

RADIATED POWER VERSUS LARGER SIZE POWER PLANE (POWER PLANE
LENGTH L = 4 cm, h = 0.4 mm)

logic states, provides the stimulus source that drives a trans-
mission line: an unterminated stub. When simulations are per-
formed, perfect stimulus sources are generally provided which
may not describe how a fully populated PCB behaves under op-
erational conditions.

The simulated results show that the separation distance be-
tween the power and return planes does not alter the effective-
ness of the 20-H rule. However, the extended length of the return
plane does greatly affect the magnitude of the radiated power off
of the edge of the PCB. It may not be necessary to extend the
return plane to a distance of 20-H for optimal benefits, i.e., 10-H
may be sufficient.

It is therefore not proper for design engineers to assume that
a 20-H extension is required for every PCB stackup assignment
and for every frequency throughout the spectrum due to internal
board resonances.

B. Effects of an Extended Return Plane Versus Frequency

To analyze effects of PCB resonances due to application of
the 20-H rule, various configurations of an extended return
plane was simulated at different frequencies. A uniform voltage
source (6) is now provided as the stimulus instead of the dipole
source. Results are listed in Table IV. The resulting field is
located at the physical edge of the return plane

E = 1000 sin(2x fkdt) V/m (6)

Simulation voltage was 0.6 V. The power plane was recessed
at 2 cm with a distance spacing between planes set to h =
0.4 mm (16 mils). All other test conditions from Section VI were
identical.

For this configuration, extending the return plane signifi-
cantly minimized board edge radiated effects at 300, 600, and
900 MHz, as detailed in Table IV.

C. Effects of a Physically Larger Size PCB Versus Frequency

The power plane was doubled in physical size from L = 2 cm
to 4 cm while maintaining distance separation at ~ = 0.4 mm
(0.016 in or 16 mils). The reason why we changed the physical

Edge radiated power
Distance of extended (uwatts)
reference plane to create

300 MHz 600 MHz 900 MHz
0-h 1077.16 2404.31 1464.14
5-h 186.83 420.26 266.09
10-h 105.31 241.22 167.45
15-h 74.80 174.57 132.30
20-h 58.78 139.77 120.39

TABLE VI

RADIATED POWER VERSUS LARGER SIZE PCB AND SEPARATION DISTANCE
(POWER PLANE LENGTH L = 6 cm, h = 0.6 mm)

Frequency | Configuration Edgg}?ﬁr‘fig ;)wer
150 MHz 0-h 1.556
150 MHz 5-h 0.275
600 MHz 0-h 11.481
600 MHz 5-h 2.107
900 MHz 0-h 4.357
900 MHz 5-h 1.082

size of the PCB was to determine if the self-resonant frequency
of the assembly also changes and by how much, along with the
effects on application of the 20-H rule related to edge-radiated
emissions.

According to Table V, increasing the physical length of
the power plane will increase board-edge-radiated emissions
slightly and again at the higher frequencies. It can thus be con-
cluded that changing the physical size of a PCB has minimal
effect on the performance of the 20-H rule.

D. Effects of Board Resonance Versus Frequency

When another physical configuration is investigated, we ob-
serve that resonances inside the PCB significantly affect the
magnitude of the propagating field when an extended return
plane is provided. For this round of simulation, both dimen-
sion L and frequency f for different structures are analyzed.
The results in Table VI show that the physical size of the PCB
will affect 20-H rule implementation mainly through resonances



MONTROSE et al.: ANALYSIS ON THE EFFECTIVENESS OF THE 20-H RULE FOR PCB LAYOUT TO REDUCE EDGE-RADIATED COUPLING 233

within the PCB. When L is larger, it is easy to create resonances,
even when the stimulus is not very high, such as 600 MHz.

VII. CONCLUSION

The 20-H rule is quantitatively investigated using the numer-
ical approach FDTD with embedded SPICE to include field
propagation and transmission-line termination. Depending on
the physical size of the PCB and distance spacing between the
power and return planes, there are enormous resonances inside
the PCB. A PCB will be resonant at typically one primary fre-
quency. This specific frequency will change based on whether
the board is bare (theoretical analysis) or contains active digital
components (real-world usage).

In a normal configuration, 0-H, both electric and magnetic
field distribution is symmetric, both vertically and horizontally.
After implementing the 20-H rule, flux distribution will be al-
tered significantly. The results of a shield plane physically lo-
cated above the power plane would prevent z-axis EMI, thus
only z- and y-axis propagating fields should be our primary area
of concern when dealing with the 20-H rule.

Three factors, namely operating frequency, separation dis-
tance between planes, and physical size of the PCB affect im-
plementation and benefits from use of the 20-H rule. Regardless
of configuration, the 20-H rule is proven to be fact, not fiction.
Simulated results show that the separation distance between the
power and return planes does not alter the effectiveness of the
20-H rule. However, the extended length of the return plane does
greatly affect the magnitude of the radiated power off of the edge
of the PCB. It may not be necessary to extend the return plane
to a distance of 20-H for optimal benefits, i.e., 10-H may be suf-
ficient.

The 20-H rule is recommended only for high-density multi-
layer assemblies with multiple power and return planes. By con-
taining both electric and magnetic fields at the edge of the PCB,
can benefit be observed when testing to both FCC and CISPR
emission requirements? If improper use of the 20-H rule is im-
plemented, near-field coupling may increase [2].
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