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INTRODUCTION

EMI filter designers are often
faced with the problem of de-
signing or selecting an EMI filter
from a catalog without knowl-
edge of the specific source and
the load impedance between
which the filter will be inserted.
The insertion loss of filters in
catalogs is usually specified into
a b0 Q source/load impedance
as per MIL-STD-220. Animped-
ance measuring systemhasbeen
designed to determine the opti-
muin filter,

The software program uses a
network analyzer, an S-param-
eter test set and a technical com-
puter to design EMI filters. This
measurement system does the
following:

e It measures the device under
test (DUT) source and load im-
pedances between which a cus-
tom or off-the-shelf EMI filter
is to be inserted.

* It determinesthefrequencyre-
sponse of a candidate EMI fil-
ter with a network analyzer, S-
parameter test set and techni-
cal computer into 50 ohims.

¢ It recalls the DUT impedances
from the technical computer
memory, computes and prints
out the frequency response
that the candidate EMI filter
would have when placed be-
tween the actual impedances.

The system is best described by
presenting an example of the
manner in which it was used to
design an EMI filter to render a
DUT EMI compatible.
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AN EXAMPLE OF

EMI FILTER DESIGN

While performing conducted
emissions tests on a system, a
circuit module failed to pass the
MIL-STD 461/462 conducted
emissions (CE) test specification.
The DUT was out of specification
at several points in the region
from 1 MHz to 3 MHz. A spectrumn
analyzer print-out is shown in
Figure 1. The specification limit
line is superimposed over the DUT
emission levels. The plot shown
in Figure 1 is in the standard

spectrum analyzer units (dBm =
dBuV - 107 dB). The module’s
conducted emissions level was
above the specification limit by
up to 10 dB over most of the
frequency span between 1 MHz
and 3 MHz.

The electronic module in ques-
tion was a 24-volt/+ 15-volt/
dc/dc converter that drew 3 am-
peres from a remote 24-volt bat-
tery source. A power filter was
clearly required.

An examination of Figure 1 indi-
cated the need for an EMI filter
having a maximum attenuation
of at least 10 dB at 1.43 MHz.
The next step was to measure
the source impedance to the fil-
ter at connector B and the filter
load impedance at connector C
(Figure 2). Then the network
design approach could com-
mence.
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FIGURE 1. Conducted Emission Levels.
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- The impédance measurement
system then was employed to
measure the source and load
impedances between which the
EMI filter was to be inserted.

SYSTEM COMPONENTS

The impedance measurement
‘system consists’of the compo-
nents listed below (Figure 2). .
-« A monitor screen that directs
the user in a step-by-step test
procedure for testing and
evaluating filters

¢ Atechnical computer for oper- |

.ating the impedance measure-
ment system, storing imped-
"ance data and performing ana-
lytical filter performance cal-
culations
¢ A floppy disk drlve
* An HP network analyzer that
operates between 10 Hz and
.. 200 MHz
e An S-parameter test set
* Aharness probe for measuring
- filter source and load imped-
ances’
¢ System, program and memory
. disks
e A printer for plotting DUT im-
pedances, EMI filter response
curves, and power flow effi-
ciencies
‘o Areflection/transmission test
set for performing impedance
" measurements between 10 Hz
and 100 kHz,

The components listed above are
interconnected by a HP interface
" bus cable.

STEPS FOR FILTER SOURCE AND
LOAD IMPEDANCE
MEASUREMENTS

- The impedance measurement

system ‘disk is inserted in the

floppy disk drive and the pro-

gram is loaded. A data analysis
~ and storage floppy disk is then
inserted: The monitor then pro-

vides step-by-step instructions

. for calibrating the impedance of
the test probe shown in Figure 2.
The user is then prompted to
. connect the test probe connec-
tor A to connector B at the open
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FIGURE 2. DUT Impedance Measurement System.

end of the DUT remote battery
harness cable.

The impedances of the remote
power source and DUT harness
are empirically measured by the

_system at connector B, on the

basis of the reflection coefficient

measurement procedure de-

scribed below. Four-hundred
measurements, under the con-
trol of the measurement system
software, are made over the fre-

. quency range 100 kHz to 200
- MHz using the S-parameter test

set and network analyzer indi-
cated in Figures 3 and 4.
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Frequency measurements be-
tween 10 Hz and 100 kHz can
also be made by conneecting a
reflection / transmission test kit
to the network analyzer as indi-
‘cated at the bottom of Figure 2.

The DUT source impedance mea-
surements at each frequency are
made by measuring the voltage
injected into the source imped-
ance and the voltage reflected
* from this impedance. The ratio
of reflected voltage divided by
incident voltage is termed the
reflection coefficient.

The DUT source impedance is
obtained from the normalized
network analyzer reflection co-
‘efficient as follows:

Zn =11—:lt_‘l|3—

where

R = reflection coefficient,

and \

Z_ =isthenetworkanalyzer
DUT impedance meas-
urement normalized to 50
+ jO ohms. ’

Z =50-Z,

out

where

Z isthe non-normalized DUT

out

impedance.

A detailed description of imped-

ance measurements and reflec- -

tion coefficient is provided by
. the Hewlett Packard Product
Note 3577A-1, titled “User’s
Guide to the HP 3577A Network
Analyzer.” The system inonitor
then instructs the user to mea-
sure the input impedance of the

DUTdc/dc converterinthe same -

manner.

The EMI filter source and load
impedance measurements made
‘at connectors B and C in Figure
2 are then transferred from the
technical computer RAM onto
the memory and stored on the
analysis floppy disk. Print-outs
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~ FIGURE 3. Real and Imaginary DUT Source Impedance Terms.
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FIGURE 4. Real and Imaginary DUT Load Impedance Terms.

of the DUT source and load im-
pedances are shown in Figures 3
and 4 respectively. Four-hun-
dred point tabular print-outs of
the real and imaginary imped-
ancevectors versus frequency in
Figures 3 and 4 are presented in
Tables 1 and 2 respectively.

The magnitude of the real im-
pedance terms in Figures 3 and
4 isindicated on the left ordinate
and the imaginary terms on the

‘right ordinate. The high imped-

ance resonances in Figure 3 are
primarily due to harness reso-
nance rather than rises in bat-
tery impedance. Table 1 lists
only 400 impedance readings
between 100 kHz and 200 MHz.

Consequently, the real and
imaginary impedance vector val-
ues listed in Tables 1 and 2 may
miss the resonant peaks indi-
cated in Figures 3 and 4.

The real impedance of the bat-
tery and series harness line be-
tween 100 kHz and 10 MHz is
due primarily to battery internal
impedance changes as higher
radiated field frequencies couple
onto the harness lead between
connector B and the battery in
Figure 2.

The software program then in-
structs the measurement pro-
gramto analyticallymeasure the
power flow between the remote

ITEM 1992




A SOFTWARE PROGRAM FOR CHARACTERIZING 8. DESIGNING EMI FILTERS

45
4.0
35
3.0
25
i 20
e
1.5
1.0

0

0.5
1

0§ I

2
A 0
177 \/ 2
\[\/ _
y ‘5
A "
I\
-12-<
- /X
N AN 1
-16
00 kHz 1 MHz ~ 10 MHz—18
FREQUENCY

FIGURE 5. Power Flow Plot without Filter.

... Continued

battery source impedance at con-
nector B and the input imped-
ance of the dc/dc converter at
connector C, shown on the right
side of Figure 2. The power flow
curve is shown in Figure 5.

Aharnesslead will couple with a
radiated field at frequencies
where it ‘acts like an efficient
transmission line, which is where
the source and load impedances
are complex conjugates. Note
the 4-watt peak in power trans-
fer at 1.43 MHz, which is where
the highest DUT emissions oc-
cur (Figure 1).
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.100 978.203 -6512.750
21 568.516 -5615.625
146 . 743.141 -4751.500
A77 620.578 -4040.313
214 454.445 -3456.063
.259 379.938 -2917.438
313 350.625 -2441.313
.378 296.320 -2040.187
.457 206.105 -1709.031
.553 170.734 -1413.313
.669 152.395 -1162.906
.809 153.336 -949.578
.978 182.387 -778.000
1.180 226.020 -678.563
1.430 220.570 -660.469
1.730 139.293 -624.891
2.090 68.420 -627.109
2530 33.449 -430.203
3.060 18.209 -349.820
3.700 10.926 -286.281
4470 4.987 -235.578
5410 .085 -192.035
6.540 1.308 -155.555
7910 2415 -124.738
9.560 1.807 -08.551
11.600 2016 -76.859
14.000 1.206 -61.816
16.900 5.499 -45.773
20.500 8424 -33.204
24.700 15.178 -27.634
29.900 10.634 -15.986
36.200 19.127 -10.150
. 43.700 25.035 -14.429
52.900 33.904 -8.948
64.000 30.902 -16.900
77.300 20.534 -12.499
93.500 35496 -1.853
113.000 11.761 -49.915
137.000 12.767 -14.662
165.000 24.307 -16.734
200.000 22.023 -21.459

TABLE 1. Actual Source Impedance (Real and Imaginary).
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TABLE 2. Actual Load Impedance (Real and Imaginary).
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The next step is to design a can-
didate EMI filter based upon the
impedance and power flow infor-
mation provided above. A
Butterworth notch filter (Figure
6) can be designed as described
below to provide maximum at-
tenuation at 1.43 MHz between
the remote battery source and
dc/dc input impedance. The
Butterworth filter is chosen for
its maximal flat frequency re-
sponse characteristic.

The design is initiated by deter-
mining these impedances from
Tables 1 and 2 respectively. Table
1 is used to obtain the real and
imaginary components of the
source impedance at 1.43 MHz.
Z . = 68-j6ochms
Theload impedance at 1.43 MHz
is obtained from Table 2 as fol-
lows,

z 229 - j 660 ohms

foad —
These source and load imped-
ance terms are used to deter-
mine the component values
shown in Figure 6. The
Butterworth function is synthe-
sized from the Butterworth
lowpass transfer function (T =
1/(1 + @?). The standard proce-
dure is to determine the poles of
the driving point impedance (1-
T). The driving point impedance
is then expressed in terms of the
" poles. Synthetic division of this
expression produces a continu-
ous fraction expansion whose
values are standard normalized
component values for a given
value of n (number of elements).
These component values may be
scaled to the cutoff frequency
and impedance level of interest.
The highpass filter is derived

from the lowpass by changing

capacitors to inductors and vice
versa and then using the recip-
rocals of the component values.
The band reject filter combines
both types.

The filter in Figure 6 also in-
cludes two outer inductors L,
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S 7 -68—j6Q 1
Z = 230—j660Q 1. C2
L,=.5uH L, =8nH
L,= 100 pH C, =90 pF
L,=30 uH C, =.02uF
L=75puH C, =320 pF
FIGURE 6. 1.43 MHz Butterworth Notch Filter.
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FIGURE 7. Filter Frequency Response with DUT Source and Load Impedances.

and L, to resonate out the ca-
pacitive reactance in the mea-
sured source and load imped-
ances at the notch frequency.
Off-the-shelf notch filters that
do not compensate for the reac-
tive part of the impedances could
easily lose the entire notch.

The analytical filter design was
breadboarded and tested using
the software to control the net-
work analyzer and S - Tran im-
pedance measurement test set.
The S11, S22, S12 and S21 filter

‘parameters, normalized to 50

ohms by the network analyzer,
were measured and stored on
the analysis disk.

The filter frequency attenuation
in the forward direction, S21,
was selected for analysis pur-
poses. The impedance meas-
urement software analytically
combined the measured filter S-
parameters with the DUT source
and load impedance curves
shown in Figures 3 and 4. The
standard transfer power gain
equation is used. The resultant
response curve is shown in Fig-
‘ure 7. A software program com-
bined the response curves over
400 frequency points between:
100 kHz and 200 MHz to obtain
the resultant curve.
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FIGURE 9. Power Flow Plot with Filter.

In this instance, which is why
this example was selected, the
filter maximum band reject
point corresponds to 1.43 MHz
where it is designed to be., In
most cases, slight filter pa-
rameter adjustments must be
- made toaccomplish this. When
adjustments are required, the
breadboard filter is connected
between the network analyzer
source and receiver ports while

the adjustments are made. The .

S21 frequency response curve,
when the filter is inserted be-
tween source and load imped-
ances, can be continually
viewed on the monitor screen
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while filter parameters are ad-

justed. This is a design-advan-
tage not easily realized with-
out the aid of this measure-
ment system.

The response in Figure 7 indi-
cates that the EMI filter will pro-
vide 26 dB of attenuation at 1.43
MHz when inserted between the
remote battery and dc/dc con-
verter input terminal. This is
sufficient to lower the DUT emis-
sions level below the limit line
over the frequency range shown
in Figure 1.

Before constructing a prototype

... Continued

filter the impedance measure-
ment system calculates the new
power flow response curve that
will occur when the filter is in-
serted in the DUT. The power
flow response curve in Figure 5
indicates a peak power flow level
of 4 watts at 1.43 MHz before the
EMI filter is inserted.

The power flow curve in Figure 8
indicates a calculated power re-
duction from 4 to 0.009 watts at
1.43 MHz with the EMI filter
inserted. By mismatching source
and load impedances, the bread-
board filter reduced the ability of
the harness lead to conduct on
the line between 100 kHz and
200 MHz. The reduction in power
at 1.43 MHz is given by

A =10 LOG [0.009/4] = -26 dB

In one case, a prototype filter
was designed and inserted in
series with the dc/dc converter
DUT 24-volt dc input terminal.
The impedance measurement
system designed a filter which
reduced the converter emission
level below the limit line, as indi-
cated in Figure 9, thus render-
ing the DUT electromagnetically
compatible over the required fre-
quency range.

CONCLUSION

Filter design without specific
knowledge of the DUT source
and theload impedance presents
real challenges. An impedance
measurement system can be
used to expedite the filter selec-
tion or design process.

WESLEY A. ROGERS, president of Elec-
tronic Development, Inc., is also an EMI con-
sultant. Previously, Mr. Rogers was with Bell
Laboratories and General Motors. While in
the GM aerospace division, he was respon-
sible for radiation hardening the Titan and
Sabremissiles, and for navigation electronics
Jor the 747 aircraft. He directed the EMI
laboratory at General Motors in Warren, Michi-
gan. (800) 334-6908.

ITEM 1992






