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ABSTRACT 

The insertion loss of a number of power line feedthrough 

filter capacitors shows pronounced deviation from the expected 

results in the HF region, which is traced to the low impedance 

transmission line character of the filter. 

The insertion loss of the filter is predicted from models 

of varying degrees of sophistication. The validity of considering 

a rolled foil capacitor as a transmission line is discussed, the 

theory indicating a series of dips in the insertion loss, and a 

series of poles and zeroes in the input impedance. 

Experimental results clearly indicate transmission line 

effects in a number of feedthrough units. Similar behavior was 

also detected in conventional rolled foil capacitors. The practical 

significance of the results is discussed along with the use of such 

filters for measuring spurious emission from electronic equipment. 
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THE PERFORMANCE OF 10 nF POWER LINE FEEDTHROUGH CAPACITORS 

1.0 INTRODUCTION 

This report discusses the performance of power line 

feedthrough capacitors at radio frequencies, in connection with 

their use in electromagnetic compatihixity testing. 

Such capacitors are used in measuring spurious power 

line emissions from electronic equipment. Putting the power lines 

through these capacitors serves two purposes: (a) to prevent 

spurious signals on the power line from affecting the measurement, 

and (b) to standardize the impedance seen from the equipment power 

terminals. The effectiveness of the capacitor will depend, among 

other things, on the RF impedance of the power line, both looking 

out toward the power source,-and in toward the equipment. ( ) 
4 

1.1 EMISSION TEST CIRCUIT 

The conducted emission test in military standard MIL-STD-462 

calls for placing the equipment on a ground plane and passing the 

two power leads through 10 pF feedthrough capacitors at some 

distance from the unit under test [l]. This approximates the 

effect of a short circuit at radio frequencies. The RF currents 

at points a and b on Fig. 1 are measured with a current probe. 

The RF circuit is approximately that of Fig. 2, for which the 

current measurement yields the value of J^l. (Actually for high 

accuracy a 3-terminal equivalent network should be considered, 

because at radio frequencies the ground plane carries significant 

currents.) The value of Z, the power terminal RF output impedance, 

is important. It should be at least 10 times the impedance of the 

feedthrough capacitor if the short circuit output approximation is 
to be valid. 

1.2 PERFORMANCE OF 10 pF UNITS 

The 10 pF feedthrough capacitor has a theoretical 

reactance of 260 ohms at 60 Hz, 1.6 ohms at 10 kHz, .016 ohms at 

1 MHz, etc. Hence, one might expect it to act as a very effective 
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GROUND PLANE 

Figure 1 SETUP FOR MEASURING POWER LINE EMISSION 

Figure 2 SIMPLIFIED EQUIVALENT CIRCUIT FOR FIGURE 1 
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short circuit, especially since many- pieces of equipment have a 

simple .01 pF output filter. However, one must also consider 

other impedances in the circuit such as the stray lead inductance. 

For example, 0.1 pH yields series resonance at about I50 kHz. The 

amount of stray inductance may be estimated by the formula for 
the inductance of a straight wire [2] 

L = * f1“ ¥ - ^ (1) 

where p is the permeability, i the length, and r the radius of the 
wire. For example, if £ = 25 cm = .25 m, and r = 2 mm = .002 m, 
L = 0.11 pH.. The performance of rolled-foil capacitors at radio 

frequencies is not a widely discussed topic, except for the matter 

of the series inductance. Several references indicate that such 

units are usable to about 1 MHz [3, 4]. SAE document ARP-936, which 
is.concerned with feedthrough units [5], requires an insertion loss 
which does not increase above I50 kHz. Another reference notes 

deviations from expected behavior, but does not elaborate [6]. 

An extensive series of tests was therefore performed on 

the 10 pF feedthrough capacitors, and on several other rolled-foil 

capacitors, of both feedthrough and ordinary construction. In the 

1-5 MHz range, most of the feedthrough units showed pronounced 

deviation from ideal behavior. Tests on several conventional 

units showed similar, but much less clear, deviations. The feed¬ 

through units had resonances in insertion loss and input impedance, 

and most importantly, showed significant delay between input and 

output terminals. This immediately suggested transmission line 

behavior. It should be noted that in effect a feedthrough capacitor 
resembles a section of low impedance line. 

2.0 THEORY OF MEASUREMENTS 

Measuring insertion loss is a conventional way of 

determining the performance of transmission line filters [7]. 
It is also a convenient method for measuring the magnitude of small 
impedances at radio frequencies. 

Insertion loss a may be defined as the ratio: 

power delivered to a matched load without the filter 

power delivered to a matched load with the filter * 

as measured in the circuit of Fig. 3. 
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Figure 3 MEASUREMENT OF INSERTION LOSS 

Considering the T equivalent of a two-part filter connected with 
coaxial lines of characteristic impedance R ohms, we have the 
equivalent circuit shown in Fig. k. 

Figure 4 TWO PORT T E5UIVALENT CIRCUIT 

The power delivered to the load without the filter is: 

and with the filter, the result is : 

V2 
P “ R 

Z + Z, + Z +R + 
ah c 

Z Z,, + Z^Z + Z Z 
ah be a c 

R 
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so that the 

a 

2.1 IDEAL CAPACITOR 

For an ideal capacitor, with negligible lead inductance, 

za = = 0 and = -7^ , so eq. (l) reduces to 

insertion loss a is: 

■¿z + R + c 
W * Vc+ Vc 

R 
2Z (2) 

12 2 2 
a = 1 + R C (3) 

For to » ^ , aoc f2. 

2.2 IDEAL INDUCTOR 

If the shunt element Z is an inductive reactance, jcoL, 
and Za = 0 = Zfe, then c 

a = 1 + R" 

k»2 L2 
(^ ) 

R 1 
For a) « a<C-^ . This would apply to a conventional, capacitor 

well above the series resonance frequency. 

2.3 IDEAL CAPACITOR WITH LEAD INDUCTANCE 

If we include lead inductance, and let Z& = Z^ = jO)L, 

with Zc = —£•, the expression reduces to 

R R¿C 
(5) 

The minimum value of L is not likely to be greater than 0.1 pH. 
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For 

L = 10-7 H 

C = IO"5 F 

R = 50 A 

2 

ü)24 X io"18 + 4 X 10_6j 

we have 

a = (1 a) icy 
2 2 2 

and see that the second bracketed term is essentially unity for 
O -I 

a) < 10 sec” or 15 MHz. This leads to 

2 a = 1 + ü> 

Numerically 

o c; -IP. 4 -24 
a = 1 + üT(6 X 10”-3 - 2 X io ) + Ü3 io 

, 2 2 
IR C - 2LC M- œ 

2 2 
L C 

so that the significant terms are 

a = 1 + ta ^ + Me2 ) 

and the a/* predominates only above 40 MHz. For this example, the 

indication is that the insertion loss is essentially unaffected by 

lead inductance below 15 MHz. It would, of course, affect the 

input impedance, producing a series of resonance* 

2.4 TRANSMISSION LINE MDDEL 

If the filter consists of a low impedance transmission 

line segment, the results are a good deal different. The analysis, 

given in detail in the Appendix, is summarized here. 

A length & of transmission line of low characteristic 
impedance Zq (Zq « R) has a time delay t = A/v, where v is the 

speed of wave propagation on the line. For low frequencies, this 

line acts like a capacitance C -- The insertion loss of this 

o 

filter is given by (see Appendix for derivation) 

6 
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(6) 

and the open circuit input impedance is given by -0'z‘0 cot tu - . 

As œ is mried, the insertion loss has a maximum value of 

1 R 
1+^ —£ , and periodically drops to unity, and the input impedance 

has a series of poles and zeroes. This ignores the external lead 

inductance, and assumes the line to be uniform and lossless. 

The characteristic impedance may be estimated frcm tne 

dimensions of the structure, which indicates values of the order 

of 0.1 ohm. There are also three ways to measure Z : 
o 

1. The geometric mean of the short-circuited and open- 

circuited input impedances, 

(7) 

is equal to Zq. The measurement of these impedances 

must be done at a low enough frequency for lead 

inductance to be negligible. 

2. Since the maximum value of a is given by 

o 
Z may be calculated in terms of the measured a o max 

y 
3. The low frequency capacitance C = j£- can be 

measured. Since o 

The measurement techniques are described in the next 

section. 

3.0 EXPERIMENTAL WORK 

Insertion loss measurements formed the major part of the 

experimental work. The very low characteristic impedance of the 

"transmission line" made it difficult to use the more conventional 

line techniques, e.g., time-domain reflectometry, etc. The equip¬ 

ment used included a GR-1001A signal generator, a Spencer-Kennedy 
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impulse generator, an NF-IO5 noise and field intensity meter, 
several 50-ohm line attenuators, and a Tektronix 569 dual beam 
oscilloscope. 

3.1 TEST PROCEDURE 

All the capacitors vere fitted with ENC jacks, arranged 
for minimal lead inductance. The insertion loss measurements were 
made in the conventional manner (see Fig. 5) [l4]. A reading was 
established on the noise meter with the filter in place. The filter 

Figure 5 INSERTION LOSS MEASUREMENTS 

was removed, and the adjustable attenuator set to restore the 
original reading on the noise meter. The increase in attenuation 
required was the insertion loss. The noise meter served only as a 
level indicator, the calibrated attenuator being the standard of 
measurement. Initial tests were made using the impulse generator 
as a signal source, which allows tuning the noise meter to locate 
any pronounced peaks or dips quickly. The impulse generator is 
satisfactory as a signal source for regular measurements, except 
that its limited output may not be sufficient for filters with 
high attenuation, and system resolution depends on the noise meter’s 
bandwidth. 

3.2 SINGLE-ENDED INSERTION LOSS 

A modified insertion loss test was used to investigate 
the input impedances of the filters. Here one end of the filter 
was attached to a T fitting in the line, which put the filter's 
input impedance across the line (see Fig. 0). The other port of 
the filter could be either shorted or left open. This technique 
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Figure 6 SINGLE-ENDED INSERTION LOSS MEASUREMENT 

r/„hicSh «re «sur* 0f 0rditBry r0lled f0U CaiBClt0rS> —> 

3.3 DELAY MEASUREMENTS 

+>10 feedt^roußh units, a rather crude measurement of 
he delay, and hence the electrical length of the line was made bv 

means of a dual beam oscilloscope. This was done by putting the ^ 
input signal on one beam of the scope, and the output on thf other 
beam, and observing the phase relation between tte two (see Fig. 7) 
Here again the impedance match is poor so that the capacitor 
attenuates the signal into the noise, especially at the higher 
frequencies. Bit several phase reversals were discernable in most 

3.4 TEST RESULTS 

in Figs 8T-ei5eSUltS f0r a number of capacitors are presented 

The curve of Fig. 8 shows the insertion loss of one 
particular 10 pF feedthrough capacitor. The figure also shows the 
expected insertion loss of an ideal 10 pF unit, and the performance 
retire, by SAE-ARP-936. On the right side is^indicated^ sea""? 

î-deal^ed shant impedance magnitude, corresponding to the 
0 0 mi° ln®e5’tion loss a' The a curve shows peaks at 0.7 MHz and 
2.2 MHz, and has dips at I.5 MHz and 2.8 MHz. The two clear peaks 
° " !re 6? dB and 57 dB- Fi«ure 9 shows one of the singlerended 
insertion loss curves for the filter. The other end shows a similar 

9 



SYNCHRONIZATION LINE 

Figure 7 DELAY MEASUREMENT 
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pattern. They shows peaks characteristic of a simple series 
resonance in Z. Above the resonant frequency, the insertion loss 
decreases as l/f2, as would be expected from an inductance across 
the line (eq. 4). But at I.5 MHz and 2.8 MHz are seen what appear 
to be low-Q parallel resonances in the input impedance. 

The open and short-circuit input impedances were measured 
at 50 kHz, yielding a value for of O.O8 ohms. 

The delay of the line was measured and yielded a delay 

^ 4 X IO’? of O.S nsec, hence Z = 77 = 
O L> ,10 -5 

= .04 ohms. Taking the peak 

insertion loss as 60 dB or 10^, eq. 8 yields .025 ohms as the 
characteristic impedance. 

are: 
The various results for the c'jiracteristic impedance Zq 

estimated 7z z v oc sc t/c from a max 

z 0 0.1 ohm .08 ohm .04 ohm .025 ohm 

In view of the uncertainties of the parameters of the 
transmission line model of the capacitor, the factor of 4 difference 
between the values of Z does not seem excessive. 

0 

The effects of lead inductance, discussed in section 2.3, 
obscure the higher order transmission line resonances, but the dips 
and peaks are qualitatively accounted for by this model. 

Figure 10 shows the measured insertion loss of another 
manufacturer's 10 pF feedthrough capacitor. The primary dip goes 
some 40 dB below the expected value, well below even the 3AE-ARP-936 
curve. 

Figure 11 shows the results for similar tests on a 2 pF 
feedthrough capacitor, manufactured by a third company. 

Only one dip in a is discernable in this case, and the 
associated effect on the input impedance is scarcely visible. This 
unit was unsymmetrical, as seen by the different series resonance 
frequencies on the single-ended curves. 

Figure 12 shows the results for a 0.25 hF feedthrough 
unit purported to be effective at VHF. Tests to 100 MHz indicate 
performance falling far short of ideal, but having only a slight 
dip at about 50 MHz. 

11 
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This phenomenon has also been detected in conventional 
rolled foil capacitors. Figures 13 and l4 show the measured 
insertion loss of a 1.0 pF and a 0.1 pF unit. These units have a 
mylar dielectric and a plastic case. The series resonance is the 
obvious feature of the curve, but on the high frequency inductive 
tail of the curves, we see deviations characteristic of the trans¬ 
mission line resonances. It is difficult to imagine a situation 
where this might have any practical consequences. 

3.5 am EMISSION TEST CIRCUIT 

Figure 16 shows the layout of a circuit for measuring 
emission currents, using feedthrough capacitors [15]. The equiv¬ 
alent circuit of the arrangement is shown. The input admittances 

Physical Layout Equivalent Circuit 



presented to the test sample by this circuit were measured, using the 

single ended insertion loss technique described above. Measurements 

were made at each terminal, and also with both terminals shorted together. 

The two inductances are not identical, but the difference is not signi¬ 

ficant. The curves of Fig. 15 show the magnitude of the input impedance 

on a logarithmic scale. It can be seen that series resonance occurs at 

about 50 kHz. Above this, the circuit is primarily the lead inductance, 

so the capacitor resonances have no significant effect where they occur. 

The value of L can be determined from the series resonance points ; it 

is about 0.9 pH. The value of the mutual inductance M between the two 

wires is about O.3 pH. In the HF region, these quantities are really 

the important parameters of the setup. At 10 MHz, for example, the 

impedance between a and b is approaching 100 ohms. It is quite possible 

that this might be more of an open circuit than a short circuit, when 

compared to the equipment's output impedance. 

4.0 CONCLUSIONS AND RECOMMENDATIONS 

It is clear that large feedthrough capacitors show transmission 

line characteristics in the HF range. The complexity of the transmission 

line involved has been indicated. The heart of the matter is that the 

shunt reactance of the capacitor is better described by -r- 
jSinjuT c 

than by l/jo£, where t is the delay time of the capacitor. T 

The isolation of the test sample from the power source provided 

by the capacitors falls short of whc.t would be expected from 10 pF. It 

should be made clear that additional isolation is required if spurious 

signals from the power source are present. Typically, this would be 

provided by the line filters of a shielded enclosure, but these may not 
always be present. 

As an RF short for the emission test setup for CE01 and CEO3 
of MIL-STD-462, these capacitors are as satisfactory as an ideal 10 pF 

element. But it should be understood that the inductive reactance of 

the separated power leads will dominate the impedance above about 50 kHz, 

which is the series-resonant frequency. 

In the MF and HF regions, series resonance is possible at higher 

frequencies if the output impedance of the test sample is capacitive. 

Use of the line impedance stabilization network (LISN) has the advantage 

of damping such resonances and yielding more representative measured 
data. 

21 
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It is specifically recommended that: 

1. An auxiliary requirement on insertion loss be imposed to 

assure that ambient conducted interference will not affect the measure¬ 

ment. Particular attention should be given to values of insertion loss 

at frequencies below 10 kHz and above 1 MHz. (SAE-ARP-936 is included 

in proposed revision to MIL-STD-462. This standard provides for minmnum 

requirements on insertion loss as a function of frequency. The require¬ 

ment given there may or may not be adequate in any given setup.) 

2. Further investigation of the dependence of the measured 

currents at frequencies above 1 MHz an the particular 10 capacitor 

used should be made, with a view toward substituting a network which 

contains dissipative elements in order to avoid resonance effects. 

5.0 REFERENCES 

1. Measurement of Electromagnetic Interference Characteristic^. 

MIL-STD-462, Department of Defense, Washington, D. C., l^T* 
« 

2. Montgomery, Dicke, Purcell, PRINCIPLES OF MICROWAVE CIRCUITS, 

McGraw-Hill Book Co., New York, 1948, p. 168. 

3. Drummer, FIXED CAPACITORS, Pitman and Son, London, 1964, P- 30. 

4. Brothertown, CAPACITORS, Van Nostrand, New York, 1946, p. 40. 

5. Capacitor, 10 mfd for EMI Measurements, ARP-936, Society of 

Automotive Engineers, New York, 1968. 

6. Interference Reduction Guide for Design Engineers_,Vol. II, Filtron Co., 

1965, for U.S. Army Electronics Labs., Fort Monmouth, N.J., ppo-l3> 

7. Van Valkenburg, NETWORK ANALYSIS, Prentice-Hall, Englewood Cliffs, 

New Jersey, 1964, p. 391* 

8. Montgomery, et al., op. cit., p. 69. 

< 



Appendix' I 

TRANSMISSION LINE MODEL 

Consider a length X of a transmission line of low 

impedance assumed to be uniform and lossless. The input 

impedance [8] of an open-circuited length of line is -j Zq cot 

where ß = anà v ii3 velocity of wave propagation on the line. 

The small angle approximation for cot X is just so the low 

frequency limit for Z is -j Z -^7. So the low frequency 

capacitance is equivalent to C = 

v 0 

For a parallel strip line of width W and separation d 

(d « W), the characteristic impedance [9] is jr. Since v = 
XW e w 

we have that C = e . a familiar result. But for higher frequencies, 
d 

the capacitor would have an input impedance with the characteristic 

set of poles and zeros, and would exhibit a delay t equal to x/v. 

The computation of the insertion loss of this filter is 

facilitated by the T section equivalents for a line section [lO]. 

They are : 

Z = 
a 

= ^ = j Zo tan T = j 
Jo 1 + cos ßX 

Z = -j Z cos ßX = -j Z ——57 
c d 0 0 0 sin ßX 

The expression for a, eq. (l), with Z& = Z^, can be written 

a = 

2 2 
Z Z +2ZZ p 

, . a a_ac R 

1 Z 2RZ 2Z 
c c c 

Substituting the above expressions, we have 

23 



a = -, _ sin2 ßi 
’ 1 + cos ßX 

_ 2 siD $*■- + 2Z 2 ■■■ 1 
° (1 + cos BX)2 0 1 + C0S ßA 

-2RjZ 
o sin ßX 

+ J 
R sin ßX 

2Z 

which reduces to 

a = cos ßX + j + I sin ßX 

sind this is equal to 

a = cos ßX + 

2 2 
Since cos a = 1 - sin a, 

2Z 2R 
o 

sin2 pX 

a = 1 + _B_ Z_o 
2Z " 2R 

o 
sin ßX . 

Now if Z#« R, as is likely 

1 R__ J_2 
2 a = 1 + ï il~2 sint" ^ = 1 + ^ sin^ “ V ^ 

Z 

2 X 

SL *( 
We expect the insertion loss to drop to unity at üù = nit - = n ~ . 

At these same frequencies we expect a pole in the input impedance. 

The insertion loss should have a maximum value of 1 + at 

4Z 

“ - (n + ¿) 2. 

Equation numbers in this appendix correspond with those used in 
the text. 

24 



A.l VALIDITY OF THE TRANSMISSION LINE ICDEL 

How closely does a rolled foil capacitor approximate a 

length of transmission line? The lengthwise cross-section of an 
extended foil unit is essentially this: 

Figure A.l SIMPLIFIED CROSS-SECTION OF 

ROLLED FOIL FEEDTHROUGH CAPACITOR 

An excitation applied at the left end of the structure 

will cause an electromagnetic wave to pass back and forth between 

the foils, moving parallel to the axis, and getting closer to the 

axis. (If started from the right, the wave progresses outward, see 

Fig. A.l.) From this point of view, the rolled structure is a 

coaxial line folded into itself many times. 

25 



There are three major difficulties in making this analysis 

more precise: 

1) The line is nonuniform. 

2) Segments of the line are mutually coupled. 

3) Apparently jœL « R per unit length. 

A. 1.1 NONUNIFORMITY OF LINE 

This line is nonuniform in two respects. If the 

circumference at any point is thought of as the width of a parallel 

strip line, the line is narrowest at the inside, and has an impedance 

which decreases with increasing radius. (The characteristic impedance 

of a parallel strip line of width W and separation d is ^ | .) 

Also at the end of each segment, the overlapping region adds a 

lumped inductive component at this point. But these occur so 

frequently that they may be thought of as part of the distributed 

inductance of the line. 

A. 1.2 MUTUAL COUPLING 

The simple notion of voltage waves traveling through the 

structure is valid only if the associated currents flow on the 

surface of the conductors. But the skin depth [ll] in aluminum at 

1 MHz is 8 X 10"2 cm, and the foil used in such capacitors is 

typically 10"3 cm thick. So the wave in one segment is not 

independent of the wave in the next segment, but instead the two 

are cross-coupled by the mutual currents. 

A.1.3 EXCESSIVE LOSS 

-3 
A representative thickness for the dielectric is ¿ X 10 cm 

If we consider a segment of the line as a parallel strip line, a 

representative width would be a representative circumference, say 

« X 2 cm. Assuming a dielectric constant of 3 we can canpute the 
following parameters of the line (all per unit length). 

I = r _ 2- 

tw 

c = e 
w 

d 
g = tan 6 e 

w 

d * 

26 



Here p is the resistivity of aluminum,and tan 6 is the loss tangent 

of the dielectric, d is the conductor separation, and t is the 

conductor thickness. For a general transmission line 

Zo H f'T'il > 6 = a + jß = fR + 00)1)(0 + ju>C) 

For this case 

2.8 X_cm 

  

+ 

--3. 
2 X 10 Jcm 
2n cm -3. 

10 cm X 2n cm 

= 5 X 10 ^ ohm/cm + jcu 4 X 10 

at 1 MHz, a) = 2n 10^ sec”'*' 

The ju)L term appears small compared to the distributed 

resistance of the line (even without skin effect). 

Considering 

G + jœC = tan 6 o) e ^ + jure ^ = o>€ ^ (tan 6 + j) 

it is unlikely that tan 6 would approach 1, so jæC is a good approxi¬ 

mation for the shunt term. 

It would seem that this is an RC type of line rather than 

an LC type. The periodic folds provide some additional inductance, 

but the contribution is of the samo order of magnitude as the 

distributed inductance. 

A.2 CHARACTERISTIC IMPEDANCE OF THE LINE 

How can one estimate the value of the characteristic 

impedance of the line? The characteristic impedance of a parallel 

strip transmission line is - . Inserting representative values, 

we find that the characteristic impedances should be of the order 
of 0.1 ohm. 

From transmission line theory, we know that 

(7) 
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where Z and Z are the open-circuit and short-circuit input 
\J\+ o C 

impedances [13]. These measurements must be made at a low enough 

frequency for the lead reactance to be negligible, since the actual 

filter has stray inductances at each end of the capacitive 
structure. 

If clear peaks in the insertion loss are found, correspon¬ 

ding to eq. then Zq may be found from 

a 
max (8) 

In section 2.3 it was shown that the low frequency capaci- 

V ' Jf 
tance is given by C = —. The delay T = - is an easily measurable 

quantity. So we have ^ o 

as a third way to measure Zq. 

(9) 
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