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A dual polarization broadband gigahertz field simulator for measuring

immunity and emissions of electronic equipment meets
many criteria for advanced testing programs.
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he expansion of wireless commu-
nication and the growth of high
power microwave (HPM) technol-
ogy is shifting the interest of the
EMC community to the requirements for
broadband, continuous wave and pulse
testing at gigahertz frequencies. One re-
sult is a new concept for a dual polariza-
tion broadband gigahertz field (BGF) simu-
lator for the measurement of immunity and
emissions of electronic equipment. The
dual polarization BGF simulator allows
fully automated immunity and emissions
testing of electronic and electrical equip-
ment, in both polarizations, in accordance
with the existing Furopean (IEC 61000-4-
3) and North American (ANSI C63-4) stan-
dards. The simulator can be installed into
either semi-anechoic chambers or ane-
choic chambers. In contrast to existing
methods, the simulator does not require
change or rotation of test antennas, and
when conducting immunity testing, there
is no need to install absorbing material
on the floor. The full automation of im-
munity and emission measurements in the
simulator, and a ten-fold reduction of the
testing time, result in substantially lower
costs for the user.

BROADBAND GIGAHERTZ FIELD
(BGF) SIMULATOR

The simulator was initially conceived as a
single polarization simulator, either hori-
zontal or vertical, capable of operating in
the frequency range from DC to at least
40 GHz. Later, the simulator was devel-
oped as a dual polarization simulator with
two versions implemented—anechoic and
semi-anechoic chamber design. The
anechoic chamber design can be used for
testing different sized ground-free struc-
tures, such as mobile phones or aircraft in
flight, while the semi-anechoic chamber
design can be used to test structures that
require a ground plane, such as systems
using power outlets.

This article addresses the dual polar-
ization simulator, installed into a semi-
anechoic chamber and used simulta-
neously for immunity and emission mea-
surements in both polarizations. A cross-
section of the simulator is shown in Fig-
ure 1.

The simulator technology is based on
a hybrid concept that utilizes two testing
techniques:

» Transmission lines for testing at frequen-
cies below 80 MHz

» Large horn antennas at frequencies
above 80 MHz.

In Figure 1, one vertical polarization
horn antenna and two horizontal polar-
ization horns are attached to the walls of
a semi-anechoic chamber. The antennas
positions are fixed. The septum of each
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Figure 1. Cross-sectlon view of dual polarization BGF simulator:
(a) vertical polarization, and (b) horlzontal polarization.

of three horns is extended in the
form of wire transmission lines along
the walls and ceiling of the semi-
anechoic chamber. To avoid reflec-
tion at frequencies above 80 MHz,
the wire transmission lines are hid-
den between the cones of the semi-
anechoic chamber absorbers. Each
wire transmission line is terminated
with a 50-ohm resistor that, depend-
ing upon requirements, can be lo-
cated either inside or outside the
chamber.

The first dual polarization BGF
simulator, for simultaneous testing in
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vertical and horizontal polarization
of immunity! and emission?, was
built in 1995. The simulator was fully
automated, permitting not only the
instantaneous change from immunity
to emission measurement, but also
an immediate change from vertical
to horizontal polarization. The BGF
simulator was built into a semi-
anechoic chamber having internal
shielded room dimensions of 6.78 m
x 3.7 m and 2.77 m high. The result-
ant operational volume.is 3.8 m x
2.3 m and 2.1 m high.

In this BGF simulator, the dimen-

sions of 1.5 m width and 1.0 m height,
positioned 80 ¢cm above the ground
that are required for emissions tests
(ANSI Std. C63.4) were maintained,
and the recommended 30-cm spac-
ing from the test area to the anechoic
material is retained.

For immunity testing in accor-
dance with IEC 61000-4-3, the re-
quired electric field uniformity of 0
to -6 dB in a test area of 150 x 150
cm was preserved. Moreover, the op-
erational frequency range of 1 GHz
imposed by both ANSI C63.4 and IEC
61000-4-3 was extended up to 5 GHz
to accommodate the requirements.
However, one should keep in mind
that, even considering that present
computer clock frequencies are al-
ready reaching 500 MHz and still in-
creasing, the upper frequency limit
of the simulator can easily be ex-
panded to 40 GHz to allow the 10th
harmonic testing of faster, future sys-
tems.

IMMUNITY TESTING

Currently, the immunity measure-
ments are conducted in accordance
with IEC 61000-4-3. The standard re-
quires that measurements be taken
in the frequency range of 80 to 1000
MHz, at the electric field uniformity
of 0 to -6 dB, in the testing area of
150 ¢m x 150 cm. Such electric field
uniformity needs to be maintained
in 12 out of 16 field points that are
equally spaced in the prescribed test-
ing area.

Until now, the immunity measure-
ments were usually done using
biconical and log-periodic antennas
in semi-anechoic chambers. How-
ever, to achieve the electric field
uniformity in the specified frequency
range, the metallic floor of the cham-
ber must be covered with absorbing
material.

Presently, only the BGF simula-
tor is known to achieve the IEC
61000-4-3 requirements of field uni-
formity of 0 to -6 dB
« in both polarizations (vertical and

horizontal)

* in the frequency range 27 MHz to

5000 MHz




e in the testing area of 150 cm x
150 cm (allowing testing of ob-
jects as high as 150 cm)

e with no need for changing the test
antennas or installing the absorb-
ing material on the floor.

An example of BGF simulator field
uniformity measured at frequencies
27, 80, 303.82 and 1000 MHz, using
a 16-point method per IEC 61000-4-
3 is illustrated in Figure 2. The test
results indicate that in the frequency
range from 27 to 1000 MHz, the elec-
tric field uniformity at 12 points is
always maintained. Moreover, for the
frequencies lower than 200 MHz (27
to 80 MHz), the electric field unifor-
mity is maintained for all 16 points.
This is attributed to the use of TEM-
mode septum design in the BGF
which ensures exceptional unifor-
mity of the generated electromag-
netic field.

The use of the dual polarization
simulator also ensures that the re-
quirement imposed by IEC 61000-4-
3 for the electric field intensity of 10
V/m can be achieved by using two
25-W power amplifiers. Since there
is no need to use absorbing material
on the floor of the BGF, the testing
area of 150 cm x 130 c¢m can be lo-
cated only 10 cm above the ground.
The testing of floor-standing equip-
ment then becomes possible. As a
result, the one test setup can be used
for both immunity and emission test-
ing.

Based on the performance of the
simulator, it was approved for im-
munity testing in accordance with
IEC 61000-4-3 by NEMKO, the Eu-
ropean Authorized Body of Norway
on Feb. 13, 1996.

EMISSIONS TESTING

Presently, the emissions measure-
ments are conducted in accordance
with ANSI C63.4-1992. Although this
standard requires that emissions be
measured in the frequency range 30
to 1000 MHz, and that the tested
object be placed in the testing area
of 100 cm (height) x 150 cm (width),
located 80 cm above the ground, it
is common practice to measure the
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emission up to the 10th harmonic of
the emission source (computer
clock). Until now, the emissions mea-
surements were most often done
using biconical, log-periodic and
horn antennas at Open Area Test
Sites (OATS), or they were done in
an alternative site such as a semi-
anechoic chamber or GTEM cell.
ANSI C63.4-1992 requires that all
measurements done in an alternative
site be within 4 dB of the measure-
ments taken at an OATS.

Currently, the emissions measure-
ments at OATS and in the semi-
anechoic chambers require that the
tested object be horizontally rotated
(incremental 360°), so that the most
radiating side of the tested object is
found. In addition, the receiving
antennas are raised from a height of
1 m to 4 m above the ground, so
that the maximum emission result-
ing from the summary of direct and
ground reflected signals is deter-
mined. Unlike testing in the BGF, the
results of emissions measurements
done at an OATS are affected by the
ground loss of the site and by the
environmental noise level. In the
case of the semi-anechoic chamber,
the need to raise the receiving an-
tenna to a height of 4 m imposes a
requirement that the test chamber
height be at least 6 m—a very ex-
pensive proposition.

In the BGF simulator (as in the
semi-anechoic chambers and on
OATS), the incremental 360° horizon-
tal rotation of the tested object per-
mits location of the most radiating
side of the tested object. However,
in the simulator, the maximum total
of direct and ground-reflected emis-
sion signals is found by raising and
lowering the tested object from its
standard height of 80 cm above the
ground, rather than by the up-and-
down movement of the receiving an-
tennas. Moreover, the use of the
transmission line concept in the
simulator assures that only a 30-cm
movement of the tested object from
its standard height (80 cm) is re-
quired. This small movement does
not affect the tested object radiation

pattern, nor does it affect the radi-
ated signal strength. The small 30-
cm movement of the tested object
{versus a 300-cm antenna movement
on an OATS or in semi-anechoic
chambers), allows much faster mea-
surement of the maximum emission
signal. Since there is no need for a
change of antennas or antenna po-
larizations, this small movement of
the tested object results in reduced
testing time by an order of magni-
tude.

The computer-conducted, com-
parative emission measurements at
an OATS and in the dual polariza-
tion simulator spanned two years.
The results indicated a very good cor-
relation of the emission data for
laptop, desktop and server comput-
ers measured in the simulator and
on OATS. Figure 3 illustrates the dif-
ferences in the amplitude of the
emissions signal with respect to the
reverse limits of the OATS and the
simulator where the reverse limits are
defined as a maximum acceptable
voltage at the spectrum analyzer in-
put which corresponds to the E-field
emission limits specified by ANSI.
Figure 3 indicates that, with vertical
polarization, the emission test results
in BGF versus OATS do not exceed
3.0 dB, and with horizontal polar-
ization, the deviation of the emis-
sions test results in the BGF versus
the OATS do not exceed 3.5 dB. The
difference in the readings between
the BGF and the OATS never exceed
those imposed by ANSI C63.4, Para
5.4.6.1, or 4 dB.

Based on the proven performance
of the simulator, it was accepted as
an alternative test site for emission
testing by the U.S. Federal Commu-
nication Commission (FCC) on Oc-
tober 16, 1998.

CONCLUSIONS

A BGF simulator can be installed in
either semi- or fully-anechoic cham-
bers. When the BGF is installed in a
semi-anechoic chamber, the semi-
anechoic chamber height required is
less than half that required in a semi-
anechoic chamber used in standard
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Std. 61000-4-3.
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emission measurements. Currently,
the immunity and emissions mea-
surements can be taken in both hori-
zontal and vertical polarizations, in
the frequency range from a few kHz
to an extended frequency range of
at least 40 GHz, with no need for
vertically rotating the test object or
changing the position or type of test
antenna. The currently imposed re-
quirement by IEC 61000-4-3 for a
testing area of 150 x 150 cm can be

modified to accommodate testing of |

different sized objects (mobile
phones or aircraft) at field strengths
as high as 50 kv/m.

For immunity testing, the imposed
standard field uniformity of 0 to -6
dB is achieved in the testing area of
150 x 150 cm, and the field intensity
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of 10 V/m required by the IEC 61000~
4-3 is achieved in the BGF, at low
cost, with two 25-W amplifiers. The
immunity testing is done without vio-
lation of environmental ambient field
requirements. Since no absorbing
material is required on the floor, the
same test setup can be used for both
immunity and emissions testing.
For emissions testing, the trans-
mission line concept in the BGF en-
sures that only a 30-cm movement
of the tested object from its standard
height (80 cm) is required, allowing
much faster determination of mea-
sured maximum emission signal. The
emissions testing is free from ambi-
ent interference and ground losses.
The ability to use the BGF simu-
lator as a new installation or as a

modification to existing installations,
easy access to the testing area, full
automation of measurements, and
therefore, ten-fold reduction of the
testing time, are key factors which
endorse use of the BGF.
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ground planes/traces decreases, the possibility of sparks
and arcing in the inter-line spacings and the chances of
breakdown in the board substrates increase. The main
concerns are arcing between the circuit board traces
and breakdown in the insulation substrates that could
be detrimental to components and circuit boards used
in electronic equipment circuit cards.

In the analyses and discussions that follow, it will be
assumed that, in pursuit of new trends in circuit board
technology, the line spacing and the inter-layer sub-
strate thickness have decreased such that the threat of
inter-trace arcing and inter-substrate breakdown exists.
Since using circuit boards crowded with smaller line
spacings will find extensive application in the foresee-
able future, the ultimate goal is to provide these circuit
boards with protection from lightning-induced transients.
That is, the objective is to protect the circuit board and
the circuit card components from failure and perma-
nent damage, to immunize the functional operations of
the circuit cards to upset, and to safeguard the MTBF of
the circuit board from degradation.

CIRCUIT BOARD TRACE-INDUCED VOLTAGE
THEORY

In general, evaluation of the lightning-induced transient
voltages at the circuit board interface traces in avionics
equipment may require application of complicated tech-
niques used in coupled mode theory using distributed
circuit parameters for traces acting as portions of strip
transmission lines. Such is the case when lightning tran-
sients, such as short duration Waveform 2 and 10-MHz
damped sinusoidal Waveform 3 voltages, are the sources
of induced currents in cable wiring with lengths com-
parable to the wavelength of the frequency content of
the transient waveform. However, for induced lightning
transients of longer duration such as Waveform 3, 1-
MHz damped sinusoidal, or Waveforms 4 and 5 tran-
sient pulses, and under conditions of sufficiently small
cable wiring lengths and circuit dimensions, the well-
established elementary lumped circuit theory can be ap-
plied. In order to enhance and demonstrate the exist-
ence of large lightning-induced voltages between the
traces, the circuit board trace-induced voltage theory is
developed for application to typical cable wiring and
trace impedance terminations which are specifically se-
lected to confirm the agreement of the experimental
results with developed theory based on the well-known
lumped circuit theory. For the sake of analysis simplic-

L
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i A
T - Reo Rji— Véi RL
D) %
k(/t) Ground Trace or Plane =
+e

Figure 9. Single interface trace-induced lightning voltage
theory.
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Implications of decreasing circuit card trace size and spacing ... continued from page 96

ity, it is assumed that the impedances Z, and Z_ im-
posed by lightning are resistive, as are found in most of
the circuit card designs (Figure 9).

SINGLE TRACE COMMON-MODE LIGHTNING-
INDUCED YOLTAGES

The lightning-induced current flowing into a trace in a
single wiring loop is then related to the lightning-in-
duced voltage e(t), the loop self-inductance L, and the
input and output impedances R, and R by the well-
known lumped circuit equation as follows:

e()=(R; +ROI(D+L d 1)

¢y

In the case of large terminating input and output
impedances R, + R_, the loop self-inductance termina-
tion has insignificant effect on the loop lightning-in-
duced current. In this case, the trace lightning-induced
voltage at the trace input with terminating impedance R,
becomes

R; e(D)

V() =IR, =
(0 = (DR, R oR )

i o

Then for the input loads R;<<R_, the total terminating

impedances R, + R, = R_, and
R;e(t) _ R
Vi) = ——=—e( 6)
R, +R, R,

which indicates that the trace voltages are much smaller
than the loop lightning induced voltage e(0).

R, _ K _ 1
For R>>R , the ratio R, +R, TR, and
R, e(t)
Vi(t) = ——==¢e(t) €]
R, +R

1 (o]
proving that the trace voltage may become as large as
the loop lightning-induced voltage. For the special case
of R, = R,,

R
Vi) = —— ©))
R, +R

LIGHTNING-INDUCED VOLTAGES BETWEEN
TWO NEIGHBORING TRACES

“The dependence of common-mode induced voltages

on the loop termination impedances are well under-
stood by considering Equations 2 through 4. The equa-
tions for the trace-induced common-mode voltage e, (D
and e (1), and the induced currents I (1) and I, () flow-
ing into Traces A and B (Figure 10) due to lightning,
can be expressed as
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e, =1, dld(t) FLEOR, + LOR,, =My, S )
dt
dI, (0
e (D =Ly, =22 + 1, (DR, + 1, (DR, + My,
where
L and L, = Self-inductance of the cable wiring loops

connected to Traces A and B respectively
R, and R_ = Input and output impedances at Trace A
R,, and R ;= Input and output impedances at Trace B
M, = Mutual inductance of the wiring loops termi-
nating on Traces A and B

Note that the mutual capacitance between the loops
that may have some effect on the potential difference
between the traces is neglected. This assumption can
be proved valid because of the long duration of the
induced lightning pulses involved in this analysis. Also,
a no-load termination between the adjacent traces has
been assumed for further simplification in analysis and
for further enhancement in the inter-trace potential dif-
ference.

In general, e (1) and e () may vary for wiring loops
of different dimensions and for different categories of
lightning environments. However, when the two cable
interconnect wiring loops terminating on Traces A and
B are in the same lightning environments and have equal
loop dimensions, e (t) and e (D) can be considered equal
(e, (O = e ().

As in the case of single-trace, common-mode induced
voltages, for large values of the total loop terminating
input and output impedances, both self- and mutual-
inductance terms have an insignificant effect in limiting
the induced lightning currents. The loops I,(t) and I,(D
are considered to depend primarily on the input and
output trace impedances, yielding the following loop
voltage equations:

e, (=1, (R, +Ry,) 8
e, (0 =TI, (DR, + Rep) C)
For R, <<R_,, the sum
o Rib
R + ROa = odr and fOI' Rib>>Rob7 the ratio >~ 1
Ry + Ry
Fa
Rsa M ba
Roa -— — R,
te (t) b Ciround Trace or Plane =
Mab .
Rob ‘—Rob ib — Rjp Rib
—(O—
te(t) Ground Trace or Plane =¥

Figure 10. Two-trace induced lightning voitage theory.
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Then the trace voltages become equal to

e, (UR, R
vV, =L®OR, = S ORy ze, (D= QO
Ria + oa Roa
e, (D R;
V(D) = (D Ry, = 22— = ¢, (D an
ib + Rob
The trace potential is then obtained as
R.
Voo = €p(D—e, =5 12

oa

Assuming no common impedance within the loads
at the end of the lines, both theoretical calculation and
experimental results indicate that the inter-trace mutual
capacitance has no effect on the R, /R_, ratio.

In the case where e (1) = e (D, the potential differ-
ence equation yields

R.
Via = ea(t){l - ——“‘—}
ROZ{

Equation (13) indicates that when inequality relations
R,<<R_, and R >>R_ hold, the potential difference
between the nelghbormg traces may approach the wir-
ing loop lightning-induced voltages.

(13)

EXPERIMENTAL VERIFICATION

In order to verify the potential differences which ap-
pear between circuit card traces, and to confirm the
validity of Equations (4) and (13) derived in the theory,
an experiment was performed using the wiring configu-
ration and load termination found in a typical avionics
cable. The 12-foot long avionics cable consisted of 13
wires terminated in typical circuit card input and output
loads, such as protective diodes, 12-kohm resistors simu-
lating ARINC 429 inputs, 10-kohm discrete inputs, small
resistors and shorts simulating other input and output
trace impedances (Figure 11).

The circuit card input and output impedances in each
wiring loop were chosen so that at any typical trace,
such as Trace A, the total loop impedance R, + R_, was
larger than 12 kohm in order to simulate a typical avi-
onics equipment. The large total impedance made the
loop currents small, and therefore, the self- and mutual-
inductance terms in Equations (9) and (10) are negli-
gible as compared to the i, R + R ) or iy Ry + R
terms. The list of input and output trace impedances is
provided in Table 1.

The cable bundle was routed through a ferrite core
coupling transformer with the cable wiring loops form-
ing the inductively coupled turns of the transformer sec-
ondary. The wiring loop lightning-induced voltages were
simulated by injecting pulses from a damped sinusoidal
pulse generator connected to the single turn primary of
a ferrite core transformer.
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The pulse generator output was
adjusted until an open-circuit peak
voltage of 800 V at a secondary turn,
small calibration loop terminal was
recorded. In order to avoid the se-
vere noise variations in the damped
sinusoidal first peak, the 800-V peak
voltage was referenced to the sec-
ond peak. Nevertheless, a 2- to 5-
percent variation in the peak volt-
age was noticed as the simulated
lightning-induced voltages between
the trace and ground, or between the
traces, was measured.

With the trace input and output
impedances acting as the transformer
secondary loads, the damped sinu-
soidal pulses were injected into the
cable wiring bundle. Trace potential
to ground Vag, ng, Vmg and the
potential difference between traces
Vab’ Vac’ vam’ Vbc’ Vbd’ me’
etc. was measured at the input wir-
ing terminal using a storage oscillo-
scope with a differential input. The
measured data for all the input traces
(wire terminals) a, b, ¢, ... m, is pro-
vided in Table 2.

The effect of inter-trace potential
differences causing arc and spark-

over between traces was confirmed
by connecting the traces on a circuit
board to the cable bundle terminal
pins, a, b, ¢, d, and f. The arcing
and sparkover was initiated when the
potential difference was increased
and the electric field level for break-
ing down the inter-trace was
reached. The effects of mutual in-
duction between the cable bundle
wiring was also investigated by in-
creasing the current in one of the
cable wires. The increased current
in the wire, terminated on Trace A,
was achieved by reducing the out-
put impedance at Trace A to zero.
The result of the experiment indi-
cated that in a cable with 13 tightly
bundled high-impedance wiring
loops, the low impedance wire at
Trace A reduced the trace voltage
and inter-trace potential by approxi-
mately 4 dB. Further reductions of 6
dB and 12 dB in inter-trace potential
differences were obtained by increas-
ing the number of low impedance
wires to 2 and 4 respectively. Based
on these experimental results, no
further significant reductions in po-
tential difference could be reached,

12 Feet

Cable Wires 7

even when the number of low im-
pedance wiring loops increased
above 4.

Low-impedance wiring loops in
the cable bundle are effective in in-
ter-trace potential reduction only if
they are in paralle]l with other cable
loops in the same bundle. Any loop
which terminates on circuit card
traces through the same connector,
but is not part of the main cable wir-
ing bundle, may remain unaffected
by the cable low impedance loops.
This finding was supported by ex-
periments and showed that the po-
tential difference between Trace n
and the main cable wiring traces will
remain independent of the number
of low impedance loops in the wir-
ing (Figure 11).

SUMMARY

State-of-the-art circuit card opera-
tional function design has been con-
cerned with common-mode voltages
most often limited to 30 Vdc and
differential voltages varying between
-15 to +15 V. Lightning-induced volt-
ages generated by the lightning en-
vironment result in common-mode

Transformer position for

separately routed loop
testing only.

PC Board

PC Board Traces
/

= ==$————Arcing & Sparkover

000

Connector Pins /

From Lightning Generator Equipment

Ferrite Core
Transformer

shares the same connector
with cable wiring but it is
separately routed.

/

Loop terminating on Trace n

Trace n

To Oscilloscope
{Differential Voltage
on Oscilloscope).

Loop Terminating on Trace n

Figure 11. Twelve-foot cable bundle with 13 parallel cables and one cable not In parallel connected to terminating loads
and PC board traces through wires simulating connector pins.
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¢ TraceTerminal | a b fe .4 e J.-f | &
Input Impedance 12 kQ2 short 12 kQ2 short 12 k2 1N5646 short
Output Impedance short 12 kKQ short 12 k2 1N5646 12 kQ2 12 k2

JraceTerminal. .{. h [ . ko e Lm,
Input Impedance INS646 10 kQ IN5646 short short 12 kQ)
Output Impedance 10 kQ 10kQ 12kQ + 12kQ 12kQ IN5646

IN5646
Table 1. Input and output trace impedances.

i Trace a.|lsb |.c . |.d ] e. g | o i | cjealok.) 1] m
P to Gnd 800 | 0 |[800| 0 | 800 0 46 | <5 | 780 | © 0 | 780
Vagrer Ving
P to Trace 780 | O | 800 | 50 | 760 | 780 | 760 | 780 | 50 | 780 | 780 | 50
Vabr+- Vam
Voer- Yom 760 | O | 760 0 48 | <5 | 780 | O 0 | 760
Vearer Vem 800 | 46 | 780 | 800 | 760 | 800 | 45 | 800 | 800 | 45
Vaore: Vam 800 0 (42 | <5 [ 780 | © 0 | 780
Vetr- Vem 780 | 800 | 780 | 800 | O | 820 | 820 | ©
Vig Vim 46 | 12 | 48 | 780 | 48 | 48 | 740
Vighi--- Vgm 48 [ <5 | 760 | © 0 | 780
Viiseer Vim 42 | 780 | 40 | 760 | 760
Vi Vim 760 | <5 0 | 780

Note: P = Potential

Table 2. Experimental data measurements.

voltages up to 1500 V peak which
have often been suppressed to a
maximum of 50 V peak using semi-
conductors, transistors, or varistors
deployed as voltage clamping de-
vices. Differential-mode voltages in-
duced between the circuit card traces
have been of little concern with re-
spect to clamping, design safety, or
component reliability evaluation.

This article proves, that as a re-
sult of new input and output imped-
ances imposed on the circuit cards
by the lightning protection devices
and components in the lightning en-
vironment, the differential mode
voltages which appear between the
traces are significant and large
enough that they should be clamped
or their resulting electric field re-
duced. The results of the analysis
indicate that inter-trace voltages can
easily approach the magnitude of the
loop voltages induced by the light-
ning. Since the wiring loop lightning-
induced voltages in high lightning
environments may reach 1500 V peak
levels, carefully designed trace spac-
ings and protective devices are re-
quired in order to prevent the ad-
verse effects of sparkover between
the circuit card traces as well as be-
tween the circuit card traces and the
ground planes.
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The accuracy of the theory has
been proven by the experimental
measurements provided herein. The
evidence of the sparks appearing
between the traces resulting from
trace potential differences proves that
protection of electronic components
from lightning effects is important,
as is protection of the circuit board
itself.
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