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Modeling the Electromagnetic Radiation from
Electrically Small Table-Top Products

TODD H. HUBING, MEMBER, IEEE, AND J. FRANK KAUFMAN, MEMBER, IEEE

Abstract—Often, the most difficult radiated electromagnetic interfer-
ence (EMI) problems with table-top products occur at frequencies where
the maximum dimensions of the product are much smaller than a wave-
length. Electrically small table-top products tend to be much meore effi-
cient radiation sources than dipole source models would predict and the
radiation is generally much more difficult to contain than other types of
EMI source models indicate. This paper investigates the ways in which
electrically small sources radiate and proposes a technique for model-
ing electrically small table-top products that have power or signal cables.
The end-driven wire model, as it is referred to in the paper, is a strategy
for reducing the product to a form that is more readily analyzed. The
result is a relatively simple configuration that includes only those param-
eters of the product that are of primary importance to the radiated EMI
calculation.

I. BACKGROUND

EVERAL YEARS ago an interesting observation was

made concerning the radiated electromagnetic interference
(EMI) from video display terminals. Measurements of several
prototype terminals made by different manufacturers showed
that the most significant EMI problems occurred between 30
and 100 MHz, the low end of the frequency range regulated
by the FCC [1]. In every case, the EMI was due directly to
the video signal, which was routed on a shieclded cable from
the logic board to the monitor. Since the fundamental video
frequency of each display was below 30 MHz, it was not sur-
prising that there was significant EMI at the lower harmonic
frequencies where most of the signal energy was concentrated.
However, each of the displays tested was very small relative
to a wavelength at these frequencies and therefore a relatively
inefficient radiator. It seemed reasonable to expect more ra-
diation at the higher frequencies, since the decreasing energy
in the video signal should have been compensated for by the
increasing radiation efficiency of the source.

One explanation for the displays’ ability to radiate at low
frequencies was that currents on the relatively long attached
cables were responsible for the radiation. Each display tested
had a power cable and one coaxial signal cable attached that
dropped to the ground plane below. However, attempts to iso-
late the cables from the display with ferrites and baluns had
little effect on the radiated EMI. On the other hand, modi-
fications made to the video circuit components including the
signal driver, cable, and connectors tended to have a very
significant impact on the radiation.
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Although the video circuit was apparently the primary EMI
source in each of the display terminals tested, the radiation
from each terminal was unique. Modifications to the video
circuit that lowered the radiation from some displays increased
the radiation from others. There was no clear correlation be-
tween the radiated EMI and any of the video circuit parame-
ters that could be established based on the measured data. A
radiation model for video display terminals was needed.

The video circuit in most displays is simple and electrically
small. However, attempts to model the video circuit using a
dipole modeling technique (see the Appendix) resulted in cal-
culated values for the EMI that were much lower than mea-
sured values. In fact, even the most pessimistic of the video
circuit dipole models tended to be well below the actual mea-
surements.

The cables were thought to be contributing to the problem,
but a better model was needed. Several radiation modeling
procedures described in the literature [2]-[6] were researched
and their applicability to the video display problem was exam-
ined. Unfortunately, none of these models correlated well with
actual measurements of video displays. They were not detailed
enough or did not focus on the correct radiation mechanism
for video display products.

The goal of this work was to develop a relatively simple
model that could be used to analyze and perhaps predict the ra-
diation from video display terminals. Various radiation source
configurations were analyzed on the computer using moment-
method techniques and many of these were built and measured
in the lab. The result of this work was a modeling technique
that is referred to in this paper as end-driven wire modeling.
This technique has proven to be very useful in the development
and analysis of video display terminals and may be applied to
other electrically small table-top products.

II. A CircuiT RADIATION SOURCE

Two of the more popular moment-method programs for
the analysis of time-harmonic electromagnetic radiation prob-
lems are the Wires program developed at Syracuse Univer-
sity [7]-[9] and Numerical Electromagnetics Code devel-
oped at Lawrence Livermore National Laboratory [10]. These
FORTRAN programs accept wire configurations with voltage
sources and loads as input and calculate parameters such as
the radiation pattern, input impedance, and near electric field
at designated points. The moment-method calculations pre-
sented in this paper were obtained using one or both of these
programs.

Fig. 1 shows a simple circuit configuration consisting of
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- 0cm ‘ Frequency: 30 MHz
Tom () Source Voltage: 100 mV
b Wire Radius: 5 mm

ELECTRIC FIELD STRENGTH AT A DISTANCE OF 3 METERS
IN THE DIRECTION OF MAXIMUM RADIATION

dB(uv/m)

DIPOLE MODEL MOMENT-METHOD MCDEL

IN FREE SPACE

50-ohm circuit os shown: 18.0 19.2
50-ohm circuit (Imm wire radius): 18.0 19.8
50-ohm circuit (5 cm x 2 ¢m): 18.0 19.5
50-0hm circuit (load at top) 18.0 18.7
B800-ohm circuit as shown: Q0.4 4.2
800-ohm circuit (Imm wire radius): 0.4 5.8
%B00-ohm circuit {5 cm x 2 cm) 0.4 4.2
B802-ohm circuit (load at top): 0.4 o.e
10000-0hm circuit os shown: 0.4 0.2
10000-0hm circuit (Imm wire radius): 0.4 3.2
10000-0hm circuit (5 cm « 2 cm): 0.4 0.8
10000~0hm circuit (load at top) 0.4 4.9

ABOVE A GROUND PLANE

50-ohm circuit 80 cm above gnd plane: 24.0
800-ohm circuit 80 cm above gnd plone: 6.4
10000-ohm circuit 80 cm above gnd plane: 6.4

Fig. 1. Calculated field strengths for simple circuit configurations

a voltage source, load resistance, and two connecting wires.
At 30 MHz, with a 100-mV source and a 50-Q load, the
maximum electric field strength (calculated using the Wires
program), at a distance of 3 m is 19.2 dB (uV/m). This is
in relatively good agreement with a simple dipole model cal-
culation. The moment method model is about 1 dB higher
primarily because of the near electric field, which the dipole
model does not.account for.

The moment-method model accounts for parameters such
as the wiré radius and the layout of the circuit. As Fig. 1 in-
dicates, these parameters do not affect the maximum radiated
field strength from the 50-Q circuit very much, but they can
have a significant effect on the radiation from high impedance
circuits. This is because the open-circuit transmission line ap-
proximation (see (A10) in the Appendix) that is used in the
derivation of the high-impedance dipole model is only valid
for relatively symmetric circuits with wires that are thin rel-
ative to the wire spacing.

The 800-Q circuit in Fig. 1 illustrates another problem with
the dipole model. When the load resistance is neither very high
nor very low, the radiation due to the uniform and nonuniform
current distributions (see the Appendix) can add in phase in
some directions causing the maximum field strength to be
greater than predicted by the model.

EMI measurement procedures [11], {12] generally require
that the equipment under test (EUT) be located above a ground
plane. Using the dipole modeling technique, a common way
of accounting for the ground plane is to add 6 dB to the cal-
culation if the radiation is vertically polarized (the maximum
electric field due to the source and its image in the ground

D.C. -~ 10ecm ———
POWER
SUPPLY RRenT H Z
120 VAC POOCK] IN'METAL BOX ¢

Fig. 2. Test setup for simple circuit radiation measurements.

plane). This is a relatively good approximation at low fre-
quencies as the results in Fig. 1 indicate.

Even though the dipole model is relatively crude, it predicts
the radiation for each of the configurations in Fig. 1 within 6
dB. This is relatively good accuracy for an EMI prediction. If
sources of EMI such as computers and computer peripherals
could be approximated by a collection of simple, noninteract-
ing circuits similar to the one in Fig. 1, the error associated
with the dipole model would probably be acceptable.

However, circuits are rarely isolated from nearby objects
that affect the radiated fields. Consider the test setup dia-
grammed in Fig. 2. A dc power supply is used to power a
circuit containing an oscillator and a CMOS NAND gate. The
circuit is packaged in a metal box. The output from the NAND
gate is a trapezoidal wave with harmonics at multiples of 2.0
MHz. The amplitudes and frequencies of these harmonics are
very stable making this a good reference source [13]. The
NAND gate output drives a 10 cm X 1 cm, 50-Q circuit sim-
ilar to the one in Fig. 1. The oscillator frequency is 2.0 MHz
and the output of the NAND gate has frequency components
at harmonics of 2.0 MHz as expected. The amplitude of the
harmonic at 30 MHz is measured with a spectrum analyzer
and is found to be 100 mV.

Although this is a very poor circuit design from an EMI
standpoint, the calculated field strength for this circuit, using
the dipole model and adding 6 dB for the effect of the ground
plane, is only 24 dB (xV/m). A careful measurement of this
configuration shows that the actual maximum electric field
strength at 30 MHz is 59 dB (¢V/m).

Why is the measured field so much higher than the dipole
model prediction? Refer to the model in Fig. 3. It is similar
to the circuit in Fig. 1, but a wire has been added between
the circuit’s ground and the ground plane. With the wire
dropping to within 1 cm of the ground plane, the field strength
(calculated using the Numerical Electromagnetics Code) from
the 50-Q circuit is 36.2 dB (xV/m), 12 dB higher than from
the circuit alone. When the wire is attached to the ground
plane, the field strength increases another 6.4 dB. A 2.8-m
attached wire (0.8 m of cable oriented vertically and 2 m
of cable oriented horizontally) increases the calculated field
strength to 57.4 dB (uV/m).

Clearly, an attached wire can have a significant effect on
the radiated fields. The test setup illustrated in Fig. 2 includes
a power cord that is (indirectly) connected to the radiation
source. Dipole models do not account for the presence of the
wire. A moment-method analysis approach can be used, but
first it is necessary to understand what parameters of the con-
figuration to be analyzed have a significant impact on the ra-
diation. This is necessary so that essential features of the con-
figuration are not ignored when the equipment to be modeled
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Frequency: 30 MHz
CE ][ Source Voltage: 100 mV
Wire Rodius: 5 mm

3-METER MAXIMUM
ELECTRIC FIELD STRENGTH

dBuv/m)

50-chm circuit (dipole prediction): 24.0

50-chm circuit with ungrounded wire: 35.2

50-ohm circuit with grounded wire: 42.6

800-ohm circuit (dipole prediction): 6.4

800-ohm circuit with ungrounded wire: 35.0

80 cm B00-ohm circuit with grounded wire: 42.3
10000-0hm circuit (dipole prediction): 6.4

10000-ohm circuit with ungrounded wire 34.8

10000-0ohm circuit with grounded wire: 42.3

LT T T T LT L T 1T T T T i v 7
Fig. 3. Simple circuit with attached wire.
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Fig. 4. Field strength and currents as a function of load resistance.

is reduced to a form suitable for input to a moment-method
program.

1. SMALL SOURCES ATTACHED TO LONG WIRES

Fig. 3 suggests that the radiation from a circuit with a rela-
tively long attached wire is somewhat independent of the load
impedance. This becomes even more apparent when the max-
imum radiated field strength from the configuration in Fig. 3
is plotted as a function of load resistance as in Fig. 4. The
circuit current and the current at the base of the long wire
are also plotted as a function of load resistance. Note that
the radiated field strength closely tracks the long wire current
and is relatively independent of the circuit current. This sug-

UNIFORM
COMPONENT

R

NON-UNIFORM
COMPONENT

Fig. 5. Components of current in a circuit with an attached wire.

5 6 7
. 8
: E::} ;
2
2 10
1 n
13
POSITION  TOTAL CURRENT  UNIFORM COMPONENT NON-UNIFORM COMPONENT
(WAY (WA (uA)
e REAL  IMAG REAL  IMAG REAL  IMAG
1 1635.7 -760.4 1629.8 -784.1 6.0 237
2 16355 -758.7 1629.8 -784.1 58 25.5
3 16355 -757.8 16298 -784.1 57 26.
4 18354 7502 1629.8 -784.1 5.7 249
5 16350 -763.8 1629.8 -784.1 53 20.4
3 1633.7 -77\5 16298 -784.1 40 2.7
15 7 BI.7 7788 1629.8 -784.1 2.0 5.3
8 1630.3 -782.9 1629.8 ~784.1 05 13
9 1629.8 ~784.) 1629.8 -784.1 0.0 0.0
10 18303 -7835 1629.8 -784.1 0.5 0.7
" 18310 -7822 1629.8 -784.1 12 2.0
12 1632.0 -779.3 1629.8 -784.1 2.3 4.9
1 13 34 157 00 00 34 15.7
1 34 155 00 00 34 155
5 31 142 a0 00 31 142
16 33 4s 00 00 33 14.5
7 33 s 00 00 33 146

17

[
B A

Fig. 6. Current component distributions for a long-wire configuration.

gests that the overall current distribution can be broken into
two components. One component (see Fig. 5) is uniformly
distributed around the loop portion of the circuit. The other
component is zero at the load and increases linearly to a finite
value at the source. This component of the current continues
down the long wire and its distribution on the wire depends on
the length of the wire and how the wire is terminated.! Fig.
6 lists the currents calculated for the configuration in Fig. 3
and shows how the overall current distribution can be factored
into these two components.

In most practical configurations, the contribution of the uni-
form component of the current to the radiated field is relatively
insignificant. The radiation can be modeled with sufficient ac-
curacy by accounting only for those parameters that affect the
nonuniform (i.e., long wire) component of the current. For
example, the circuit in Fig. 7(a) can be reduced to the config-
urations in Fig. 7(b) or Fig. 7(c) without significantly chang-
ing the calculated field strength. The load resistance and the
circuit’s shape are completely neglected, and yet this simple

1 A third component can be defined that is zero at the load, has a maxi-
mum at the source, and goes to zero again at the other side of the load. This
component with the other two comprise a complete set but the third compo-
nent will generally be insignificant relative to the long-wire component for
electrically small circuits.
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30 MHz
100 mv
50 ohms

Wire Radius:
Circuit Size:

Frequency:
Source Voltage:
toad Resistance:

.5 mm
10 X1cm

S B I

a. b. C.

Y e

26.9 dB(uA)

CURRENT:

{neor gnd plane)

E FIELD:
(ot 30 meters)

23.8 dB(uA) 25.2 gswa)

24.6 dBluwym)  25.3 dBuW/m) 27.5 dBuwm)

Fig. 7. Reducing a circuit to its end-driven wire radiation equivalent.

model consisting of a wire driven near one end estimates the
radiated electric field strength within 3 dB.

This raises some important questions. Can rea/ sources of
EMI that are small relative to a wavelength and attached to
long wires be reduced to an end-driven wire model like the
one in Fig. 7(c) for predicting the radiated fields? If so, what
parameters of the configuration have to be taken into account
and when is this type of model valid?

Refer back to the test setup in Fig. 2. This is somewhat rep-
resentative of a realistic EMI source in that it contains an oscil-
lator, digital circuits, and a power supply. The model suggests
that the radiation is primarily due to common-mode? currents
induced on the power cord. To confirm this, the power sup-
ply was removed from the configuration. A built-in battery
pack continued to supply power to the circuit and the voltage
at the output of the NAND gate was still 100 mV. The 3-m
electric field strength calculated for this configuration, using
either the dipole model or a moment method technique, was
about 24 dB (xV/m). The measured field strength was 25 dB
(#V/m), indicating that (in the absence of a power cord) there
is good agreement between the models and the measurement.

The tothl length of the power cord, including the length of
the power supply and the dc voltage supply wires, was ap-
proximately 280 cm. The line cord ran horizontally across
the table for 1 m then dropped to the ground plane and was
plugged in to a line impedance stabilization network [11] lo-

2 Common-mode current is the component of the cable current that flows
in the same direction on all conductors as opposed to differential or normal-
mode current which flows in opposite directions using different conductors
in the same cable.
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Frequency: 30 MHz

Source Voltage: 100 mV

Wire Radius: .5 mm
10 cm

4

<—— 100 cm ——>

80 cm

Y Scm
RN e T

Fig. 8. End-driven wire model of test circuit with dc power supply.

cated directly under the source circuit. Using the crude model
illustrated in Fig. 8, the calculated field strength at 3 m is 61.9
dB (uV/m). This is within 3 dB of the actual measurement.

But what about small EMI sources that do not have cables
or whose radiation is not dominated by the common-mode
currents induced on the cables? An end-driven wire model
could certainly not be applied to a device without cables, but
cable-less computing devices are the exception. The FCC EMI
measurement procedure [11] requires that any device with
a place to plug a cable must be tested with a cable. Even
a battery-powered calculator has to be tested with a power
cord if a port has been provided for charging the batteries.
Therefore, restricting the model to EMI sources with attached
cables is not a severe limitation.

Situations where the radiation from an electrically small
source is not dominated by the common-mode currents in-
duced on the cables are also rare. Electrically small circuits
that are capable of exceeding the FCC requirements on their
own tend to radiate much more with a cable. For example,
a battery-powered reference source with a 23-cm antenna ra-
diates at or near the FCC Class A limit between 30 and 100
MHz as shown in Fig. 9. However, with a 1-m wire attached,
the amplitude of the radiated field changes dramatically. The
radiated levels at every frequency are affected.

If there were some way to isolate the cable from the source
and thereby reduce the cable currents without affecting the
circuit currents, situations where the common-mode currents
did not dominate would be common and the end-driven wire
model would not be useful. Isolation techniques such as this
exist in theory, but are only moderately successful in practice.
As a result, common-mode currents on cables tend to domi-
nate the radiation from most electrically small table-top prod-
ucts. The problem of effectively isolating a radiation source
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Fig. 9. Measured EMI from a circuit attached to a 23-cm antenna.
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Fig. 10. Example of how one cable may be driven relative to another.

from power and signal cables will be discussed in the next
section.

There is one class of electrically small table-top products
that cannot be modeled with an end-driven wire technique.
Products with more than one attached cable where one cable
is being driven relative to another (see Fig. 10) are relatively
complex radiation sources. Products that drive the cables in
this manner can have severe EMI problems and generally it
is desirable to tie all of the cable shields together with a low-
impedance connection in order to avoid this problem. When
the cable shields are connected, the end-driven wire model can
be applied to products with more than one cable by replacing
the bottom section of the model with multiple wires connected
Jjust below the source.

IV. FiLters, FERRITES, AND BALUNS

Referring back to the test setup in Fig. 2, a low-pass filter
(0.01-uF capacitor and ferrite beads) was placed on the two
wires carrying the dc power between the power supply and the
circuit. The radiated electric field at 30 MHz was unaffected.
The reason for this is simply that filters of this type do nothing
to reduce common-mode currents induced on the cables. The

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 31, NO. 1, FEBRUARY 1989

Filtered Circuit

—l
T

End-Driven
Wire Mode!

Y

Fig. 11. End-driven wire model of a filtered circuit.

nonuniform component of current (Fig. 5) is unaltered by the
presence of the filter. If a similar filter had been placed in the
circuit itself as shown in Fig. 11, a reduction in the radiated
field would be expected. Note that the filter is only effective
to the extent that it reduces the high-frequency components of
the signal.

A large ferrite core was placed on the power cord of the
configuration in Fig. 2 and the radiated electric field strength
was measured again. The amplitude of the field was 59 dB
(1V/m), approximately the same as it had been before adding
the ferrite. In order to understand the reason for this, it helps
to refer to the end-driven wire model. A moment-method anal-
ysis of the configuration in Fig. 8 reveals that the impedance
(ratio of open-circuit voltage to short-circuit current) in the
vicinity of the source is very high. This is not surprising since,
near the wire’s termination, a relatively high voltage would
be required to get even a small amount of current flow. At the
point in this model where the ferrite was added (about 10 cm
below the source), the calculated impedance is around ;3000
Q. Ferrite devices are not very effective in high impedance
situations since the reduction in common-mode current is pro-
portional to the change in the overall impedance caused by the
addition of the ferrite. In this particular case, the measured
impedance of the ferrite turned out to be only 38 + j53 Q at
30 MHz. The calculated change in the common-mode current
is approximately

J3000
38 + j52 + j3000

As Fig. 12 indicates, the impedance at points near one end
of a wire above ground tends to be very high at most fre-
quencies. The frequency f) in Fig. 12 is the frequency at
which the total wire length (including the image) corresponds
to a half-wavelength. f; is the frequency at which the length
of wire between the measurement point and its image is a

20 log = —.15 dB. 1)
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IMPEDANCE OF A 1 MM DIAMETER, 120 CM LONG, GROUNDED WIRE
AT A POINT 100 CM ABOVE THE GROUND PLANE
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Fig. 12.

Resistance and reactance near one end of a long wire.
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Fig. 14. Ferrite’s effect on the radiation from the 120-cm wire.
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Magnitude of Impedance in kohms

Frequency in MHz ¢

Fig. 13. Magnitude of the impedance near one end of a long wire.

half-wavelength. At points near the end of the wire, these
frequencies are close to each other and the range of frequen-
cies with a low reactance is narrow. At the frequency f>, the
real part of the impedance is very high. Therefore, the only
frequencies at which a ferrite can be expected to attenuate
common-mode currents are in the narrow band around fi,
where the magnitude of the wire impedance is comparable to
that of the ferrite’s impedance (see Fig. 13). Fig. 14 shows
a plot of the radiated electric field from the wire in Fig. 12
both with and without a ferrite® located at the measurement
point. The ferrite reduced the radiated electric field strength
near resonance by about 3 dB. At other frequencies it was
relatively ineffective.

Ferrites are often found on electrically small products be-
cause radiation at resonant frequencies is often a problem.
Since they can affect the common-mode currents near res-
onance, ferrites should be included in the end-driven wire
model when they are present in the product. However, despite

3 The ferrite was modeled with a 192- resistor and a 500-nH inductor
in series.

the presence of the ferrite, the radiation at each frequency in
Fig. 14 is dominated by the current on the wire below the
point where the ferrite is located. Ferrites do not isolate elec-
trically small sources from cables well enough to prevent the
nonuniform component of current from dominating.

Baluns and isolation transformers are also relatively inef-
fective means of isolating electrically small sources from their
cables. As in the case of the ferrites, the reason is due to the
high impedance in the vicinity of the source. Even very good
isolation transformers have a certain amount of leakage ca-
pacitance. A transformer with just 10 pF of capacitance, for
example, would put an additional reactance of only about 530
© on a wire at 30 MHz. If this transformer were placed at the
measurement point in Fig. 12, the expected reduction in the
common-mode current would be only

wire impedance
wire impedance + transformer impedance

net decrease

~ 20 — ;2391
) J
20 — j2391 —
J 273 x 107)(10 x 10-12)
—0.82
= -1.7 dB. (2a)

At 60 MHz (near resonance), where the wire impedance is
close to its lowest value, the additional isolation provided by
the transformer is still minimal

net decrease = 396 — /113 -
396 —J1B3 — 6% 107)1(10 x 10-12)
= 0.75
= —2.5 dB. (2b)
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Fig. 16. Radiation from a small circuit with and without a shield.

These small reductions in the common-mode currents are
reflected in the calculation of the radiated electric field
strength. Fig. 15 shows the calculated field strength for the
wire in Fig. 12 with and without a 10-pF capacitance located
at the measurement point.

V. SHIELDS

Another way to try to isolate a circuit from power and signal
cables is to shield the circuit. In theory, a circuit completely
surrounded by a conductive enclosure is unable to induce cur-
rent on an attached cable. However, completely sealed metal
enclosures are not very practical. Generally, shielded enclo-
sures have holes for displays, connectors, ventilation, etc.
Many devices are shielded on only two or three sides and
often a shield consists of a single metal plate.

How effective are partial shields for reducing the common-
mode currents induced on wires attached to electrically small
circuits? Fig. 16 shows the measured EMI from the previ-
ously mentioned CMOS NAND gate circuit with and without
a shield. For this measurement, the entire circuit was laid
out on a breadboard over a 29 X 23 cm aluminum plate. The
breadboard circuit was placed on a table 80 cm above a ground
plane. The circuit’s ground was connected to the aluminum
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Fig. 17. Wire model of circuit with and without a shield.

plate and a 1-m wire was dropped from the plate to the ground
plane. The circuit output was terminated with a 1000-( resis-
tor. The shield consisted of three thin pieces of brass. Each
piece had four to six legs that plugged into the breadboard
connecting to circuit ground. The three shields completely
covered the circuitry on the breadboard.

As Fig. 16 indicates, the radiation from the shielded circuit
was significantly higher than that from the unshielded circuit.
In order to help understand how this can happen, we again go
back to the moment-method analysis of the end-driven wire
model.

Four circuit configurations are illustrated in Fig. 17. The
first configuration is a simple 50-Q circuit. The radiated 30-m
field strength from this circuit is 27.9 dB (xV/m). The sec-
ond configuration is the same circuit with a 4-mm diameter
wire attached. The thick grounded wire essentially encloses
the circuit in the plane of the measurement in a manner simi-
lar to the shield in the example of Fig. 16. As expected, the
radiated field strength is lower (by 4.3 dB). The third configu-
ration is similar to the first with a 1-m wire attached. Its 30-m
field strength is 37.1 dB (xV/m). The addition of the same
thick wire to this configuration, however, actually increases
the radiated field strength by 8.3 dB.

Breaking the total current into uniform and nonuniform
components, it was found that the nonuniform component ex-
tends beyond the load resistance and up onto the shield wire as
illustrated in Fig. 18. This results in a lower input impedance
at the source and increases the amplitude of the nonuniform
component of the current. A shield or anything metallic in the
vicinity of the circuit termination can have this effect.

Clearly one objective in the design of a shield is to avoid
driving the shield and thereby enhancing the ability of the
source to put the common-mode current on the cables. This
suggests the possibility of using a flat plate attached to the
circuit ground between the circuit and the attached wire as
shown in Fig. 19. This configuration is found in many prac-
tical situations and it is roughly equivalent to a circuit on a
printed circuit board with internal voltage and ground planes.

If the plate in Fig. 19 were infinite, the amplitude of the
current on the attached wire would be zero. In practice, how-
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Fig. 19. Mo:le] of circuit with attached wire mounted above a ground
plate.

ever, these ground plates have dimensions much smaller than
a wavelength. It is not obvious how a plate that is large rel-
ative to the dimensions of the circuit, but small relative to
a wavelength, will affect the common-mode currents on an
attached cable. '

Moment-method modeling of this configuration presents a
complex problem that is investigated in [14]. A quick mea-
surement, however, provides us with an indication of how ef-
fective this shielding technique is. The shield of a 1-m-long
coaxial cable is attached to a copper plate (1 m off the floor)
at one end and a metal floor tile at the other end (see Fig. 20).
A short monopole antenna is mounted above the copper plate
and connected to the center conductor of the coaxial cable.
A 30-MHz signal source is connected to the other end of the
coax. The résult is a configuration equivalent to an end-driven
wire model of the circuit in Fig. 19. As the table in Fig. 20
indicates, the shield does not reduce the common-mode cur-
rents on the long wire. In fact, the larger shields resulted in
higher levels of common-mode current. The reason for this
increase [14] is that common-mode currents were forced to
go around the shield, which lowered the resonant frequency
of the configuration and reduced the input impedance at the
source.

In general, a shield of this type is not an effective way of
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Measured Cable Current in dB(uA)
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No Plote 54 0
15x15 cm Plate 53 n
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42x42 cm plate 61 ]

Point of Current Measurement

N
mmm r

<— To Source

Fig. 20. Physical model of an end-drive wire with ground plate.
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isolating a source from its power and signal cables. Common-
mode cable currents are generally the dominant source of
the radiated electric fields from electrically small table-top
sources despite the presence of ferrites, filters, baluns, trans-
formers, or shields designed to keep these currents off the
attached cables.

VI. THE MODELING PROCEDURE
The analysis of electrically small table-top products is a

two-step process:

1) Reduce the product to its end-driven wire equivalent,
complete with lumped-element components and shields.

2) Analyze the end-driven wire model using a moment-
method technique.

Reducing a product to its end-driven wire equivalent is rela-
tively straightforward once the source circuit has been identi-
fied. Circuit analysis programs, scope probes, or close-field
probes may be used to locate this circuit. If there is more
than one source, separate end-driven wire models should be
derived and the sources should be analyzed individually.

Once the source is identified, ail components that do not
have an effect on the common-mode current can be ne-
glected. Parameters that generally have the biggest effect on
the common-mode current are the signal source (e.g., a TTL
gate), the cables, metal plates, and any lumped-element com-
ponents such as ferrites that are in series with the common-
mode current path. Details of the circuit’s termination can
usually be neglected except for the effect that the termination
has on the source’s signal amplitude.

Once the product is in the form of an end-driven wire
model, it can be analyzed using a moment-method analy-
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sis technique [7]-[10], [14]. Metal plates and shielded cabies
present unique problems beyond the scope of this paper, but
they do not prevent the end-driven wire model from being
analyzed using moment-method techniques [14], [15].

The model does not eliminate the necessity of measuring
the product. However, it has proven to be very useful for
estimating how good one particular design is relative to an-
other or what impact a change in the design will have on the
EMI. The accuracy of the model is limited primarily by three
factors:

1) The ability of the user to identify the correct source cir-
cuit.

2) The accuracy of the source amplitude used in the model.
(It is generally best to measure the source component on
a spectrum analyzer, although the measured spectrum
may change when the source is operating under different
conditions. )

3) The fact that the exact resonant frequencies of the end-
driven wire may be different from the resonant frequency
of the product. (The exact resonant frequency is often
dependent on parameters that the end-driven wire model
ignores.)

Radiation models alone can be used to recognize the po-
tential for an EMI problem early in the design stage, but they
are most useful when they are compared with actual mea-
surements. Understanding the reasons that the model results
disagree with the measurements is the key to understanding
how the product radiates. In situations where a product be-
haves very differently than predicted by the end-driven wire
model, it is generally because the wrong source is assumed
or because the source is indirectly driving another cable as
shown in Fig. 10. The model helps the design engineer to
recognize and correct these situations.

VII. CONCLUSIONS

Electrically small circuits are very inefficient sources of ra-
diation. When these circuits are operating in the vicinity of
relatively long power or signal cables, the currents induced on
the cables are generally the primary sources of electromag-
netic radiation. This is true even when the circuit has been
isolated from the cables with ferrites, filters, transformers,
or metal plates.

The end-driven wire modeling technique takes advantage
of this fact by discarding all of the configuration parameters
that do not significantly affect the common-mode currents in-
duced on the power and signal cables. This results in a rela-
tively simple configuration that can be analyzed with general-
purpose moment-method techniques. End-driven wire models
are relatively accurate because they focus on the primary ra-
diation mechanism in electrically small table-top products and
the cables are modeled as antennas instead of using circuit or
transmission-line representations. This modeling technique is
particularly useful for analyzing early designs or evaluating
potential EMI “‘fixes.”

The results that have been presented illustrate the impor-
tance of the circuit’s environment in determining the overall
radiation. A knowledge of how electrically small sources in-

(@ ()
Fig. 21. Ideal dipole radiation sources.

teract with relatively large objects near them is critical to
the analysis of many radiation problems. The end-driven wire
model cannot be used to analyze products that are not electri-
cally small at the frequency of interest, products without ca-
bles, floor-standing products, or well-shielded products. How-
ever, the principles used in the derivation and understanding
of this model are basic and can be applied in many situations.

APPENDIX
Di1poLE RADIATION MODELING

Radiation sources with dimensions much smaller than a
wavelength are often modeled as ideal dipole sources. An ideal
electric dipole can be represented by a short uniform current
element as shown in Fig. 21(a). The fields emanating from an
electric dipole are described by the following equations [16]:

_ T8 s [ J 1]
Bo="g ¢ [m " @rr (ﬂr)3] smf (D
_Iammf® [ 2 2
E, = e e’ [(Br)2 (6")3] cos 6 (A2)
_ 18 [ J t] .
H, = o e [@T) + (ﬁ")z:l sin 6 (A3)

where 8 is the wavenumber and 7 is the intrinsic impedance
in free-space. An ideal magnetic dipole can be represented by
a very small electric current loop as shown in Fig. 21(b). The
fields associated with a magnetic dipole are

_ _IasyB e[, i ]

Ey = Te J [6’ + (ﬁr)z] sinf (A4)
_ IS e[ 2 2

H, = o e/ [(Br)2 + (Br)3] cos @ (AS)
I CX T s R SRR B B

Hy = in e’ [(—Bf—) Gre + (37)3] sin @

(A6)

Note that the field components have terms that are propor-
tional to 1/r (far-field) and terms that are proportional to
1/r% and 1/r3 (near-field). Although the near-field terms must
be considered in order to predict how a source will interact
with nearby objects (e.g., other sources or shields), dipole
modeling techniques generally assume that the source is un-
affected by its surroundings and therefore only the far-field
terms are considered. In the far-field, the maximum electric
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field strength from a magnetic dipole is given by
1(AS)B?
dar

The maximum electric field strength from an electric dipole
is given by

lE¢ !max = (A7)

B, = 18208
wr

The current distribution in a simple electrically small circuit
can be broken down into two components as illustrated in Fig.
22. One component is uniform throughout the circuit and the
other component has a maximum value at the source and is
zero at the load. The total current distribution is a sum of
these two components.

The uniform current component can be modeled as a mag-
netic dipole and the maximum radiated electric field strength
can be calculated by substituting V/R for I in (A7). The
nonuniform current component is modeled as an open-circuit
transmission line. The radiation is dominated by the section
of the circuit containing the source, which is a single wire
element with length A#. Modeling this segment as an electric
dipole soyrce, the maximum electric field strength can be cal-
culated using (A8). The dipole current is approximately the
source current

(A8)

| 4
Izinl
where Z,, is the input impedance of a short transmission line
with length Aw

I (A9)

n
BAw’ (A10)

Combining (A8)-(A10) and noting that A A XAw = AS, the
following expression for the maximum electric field strength
due to the. nonuniform current component is obtained:

V(As )32
47r

Therefore, the overall maximum radiated field strength from
an arbitrary small circuit with both current components
present is

|Zin| =

|Eglmax = (A1D)

VASyS?
VASIE g
4nrR
Elmex = VASE?
4xr R >m.

(A12)

Note that in low-impedance circuits, the uniform current com-

EXAMPLE 1:
<« Vem —> V =100 volts
m. -1
A 100 g- 20~ 628
Tem 30 MHz 50 ohms
i, M =377 ohms
R = 50 ohms
Measurement Distance: 3 meters r=3m
AS = 10x 01m?
Maxinum Rodioted Electric Field: £ = oozt 79 WW/m
mex (4X3.14)3)(50)
EXAMPLE 2:
V =200 volts
<—3em —>
A 8- l}\fl <105
! 200 mV )
ZC‘"‘ M50 e 000 ofms 7= 377 ohms
¥ R = 1000 chms
r=3m
Measurement distance: 3 meters AS = 02x.03 mZ
Moximum Rodioted Electric Field: € = _taoo0enosf 35uW/n
mox (4X3.14)3)
Fig. 23. Two dipole modeling examples.

ponent dominates and the radiation is similar to that of a mag-
netic dipole. In high-impedance circuits, the nonuniform com-
ponent dominates and the radiation is similar to that from an
electric dipole. The maximum electric field strength is inde-
pendent of the load impedance when the load impedance is
greater than the intrinsic impedance of free-space.

Fig. 23 outlines the procedure for calculating the maximum
radiated field strength from two sample circuits. The dipole
modeling technique is simple to use and helps the user to
understand what parameters of a circuit could be changed in
order to reduce the radiated field strength. Even though this
technique neglects the effects of parameters such as wire ra-
dius, circuit shape, and the relative placement of circuit com-
ponents, it provides a fairly accurate estimate of the maximum
radiated field from simple circuit configurations.

The primary limitation of the dipole modeling technique
stems from the fact that the near-field terms in (A1)-(A6) are
not utilized. Most practical circuits are located in the presence
of other circuits, wires, and metallic surfaces. These nearby
objects can have a very significant effect on the radiation.
The interaction between the source circuit and other objects is
generally too complex to be adequately accounted for in the
dipole model.
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