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1.  Introduction 
 
Since the early 1980s, the FCC in the United Stated and the VDE in Germany imposed 
mandatory standards and testing for electromagnetic emissions.  Later, the countries of the 
European Union imposed mandatory requirements for electromagnetic immunity.  Today, 
because electrical and electronic systems manufacturers operate on a global basis, a number of 
mandatory standards regulating electromagnetic emission and electromagnetic immunity must be 
met. 
 
Equipment levels of EMI (electromagnetic interference) and RFI (radio-frequency interference) 
both for emissions and immunity are regulated.  Power line conducted EMI/RFI, the EMI/RFI, 
which is injected onto the power lines by an electrical device, is regulated.  This prevents the 
“pollution” of the local electrical distribution system and prevents the possible “jamming” of one 
device by another on the same distribution circuit.  Electronic systems (e.g., computers, TV sets, 
medical equipment, etc.) have which low conducted EMI/RFI emissions also have high EMI/RFI 
immunity because the filters work in both directions.  That is, they limit both the outgoing and 
incoming EMI/RFI pollution. 
 
EMI/RFI power line filters address low amplitude conducted EMI/RFI and are designed into 
modern electronic systems to meet international requirements.  This conducted EMI/RFI (not to 
be confused with high amplitude, low frequency power line harmonics) typically ranges from the 
kilohertz to megahertz frequency range.  Thus, the frequency of the conducted EMI/RFI is 
thousands to millions of times higher than the 60 hertz power frequency.  Typical amplitudes for 
the conducted EMI/RFI lie in the microvolt (millionths of a volt) to the millivolt (thousandths of 
a volt) range, as opposed to a peak voltage of 170 volts on a 120 volt rms, 60 hertz power 
distribution circuit.  Consider a one hundred millivolt (0.100 volts) EMI/RFI voltage level riding 
on a 170 volt peak (120 Volts rms), 60 hertz sine wave. On an oscilloscope, the conducted 
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EMI/RFI looks like “fuzz” riding on the 60 hertz power frequency sine wave.  The peak value of 
this sine wave is 1,700 times the amplitude of the 0.100 volt EMI/RFI (170 volts/0.100 volts = 
1,700).  At the zero crossing of the ac power sine wave, the worst case EMI/RFI amplitude will 
be 0.100 volts against an instantaneous ac voltage of zero volts.  Will this 0.100 volt EMI/RFI 
pass through the input EMI/RFI filter of an analog or switch mode power supply, through the 
power supply output filter and on to the dc busses powering the integrated circuit electronics?  
No. Will this conducted EMI/RFI disrupt, damage, or destroy sensitive electronic systems?  No. 
When it comes to selling panel mounted surge suppressors, EMI/RFI specifications for these 
panel mounted surge suppressors should be considered a sales gimmick.  This is a “solution” in 
search of a “problem?”   
 
NEMA LS-1 encouraged the presentation of this data, so the industry fell in line.  The panel 
mounted surge suppressor EMI/RFI specifications provided to engineers and consumers are not 
meaningful or accurate.  This will be discussed in sections that follow. 
 
A sine wave tracking panel mounted surge suppressor solves real problems, with real transients 
that can disrupt, damage, and destroy sensitive electronic systems. 
 
Parallel connected panel mounted filters or TVSS with filtering properties will contain capacitive 
circuit elements connected in parallel across the various modes.  A circuit model and several 
examples of filter attenuation are provided below.  The circuit elements are ideal, there is no 
parasitic circuit inductance or resistance.  The circuit elements are assumed to be “lumped,” 
linear, passive, bilateral elements. 
 
 
Consider the simple filter circuit below: 
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Equation 1. Adb = 2
 
Equation 2.     Adb = 20
 

Z

C ZL 

  eg = VpkSin(ωt) for the line-to-neutral mode. 
 Zg = 50 ohms 
 ZL = 50 ohms 
  C = 0.63µf  (0.63 X 10-6f) 
   f  = 1 MHz  (1X106 Hz) 

0 log10 [ 1 + (jωCZgZL)/(Zg + ZL)] , or 

 log10 [(ωCZgZL)/(Zg+ZL)] for ωC >> (Zg+ ZL)/(ZgZL) 
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We may calculate the attenuation in db for the line-to-neutral mode, 
 
 ωC = 2π(1 X106)(0.63 X 10-6) = 3.96 
 (Zg + ZL)/(ZgZL) = (50+50)/(50 * 50) = 0.04 
 
Since  ωC >> (Zg+ ZL)/ZgZL , we use Equation 2. 
 
  Adb = 20 log10 [(ωCZgZL)/(Zg+ZL)] 
  Adb = 20 log10 [{2π(1 X 106)(0.63 X 10-6)(50)(50)}/(50+50)}] 
  Adb = 20 log10 [(9,896)/(100)] 
  Adb = 39.9 
 
Thus, the attenuation for the above circuit is 39.9 db or roughly 40 db. 
 
Now, consider a more realistic ac power line example: 
 
Zg = 0.010 ohms mains impedance (we’ll ignore the fact that the mains impedance is complex) 
ZL = 8.0 ohms (i.e., a 15 ampere resistive load operating at 120 Vrms) 
C  = 0.63µf  (0.63 X 10-6f) 
 f  = 1 MHz  (1X106 Hz) 
 
ωC = 2π(1 X106)(0.63 X 10-6) = 3.96 
(Zg + ZL)/(ZgZL) = (0.010+8.0)/(0.010 * 8.0) = 100.1 
 
 
Now, ωC << (Zg+ ZL)/ZgZL, the approximation does not hold, so the exact formula, Equation 1. 
must be used.  Cranking the numbers, the attenuation in this case is roughly 0 db. 
So, we go from attenuation in the line-to-neutral mode of roughly 40 db using the “50 ohm 
insertion loss method” to an attenuation of roughly 0 db or no attenuation for more realistic ac 
power line impedance values. 
 
The filter response curves are developed in the frequency domain using pure sine waves.  The 
impulse response in the time domain is a very different story.  The commercial and military 
EMI/RFI filters that I have tested incorporate parallel capacitance elements and series inductive 
elements.  These filers are second order or higher systems that exhibit four significant properties: 
 

1.  The performance data is based upon the “50 ohm insertion loss” method. 
 
2.  When the are impulse excited by 8 X 20 microsecond current impulses and 100 kHz 
ring waves they “ring” or oscillate.  This is because they are under damped LC systems 
(or, Q > 1).  Thus, they effectively “amplify” the transient voltage input amplitude. 
 
3.  They don’t like transient input waveforms and fail. 
 
4.  They require surge protection when operating in harsh environments. 
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This is not a negative reflection on the EMI/RFI filter manufacturers.  They do not advertise their 
products as surge suppressors.  They do provide filter response information based upon the 50 
ohm insertion loss method.  But, it is still up to the design engineer to properly apply a given 
filter in a given situation. 
 
Impulse and ring wave transients are real (see ANSI/IEEE C62.41.).  Again, EMI/RFI filter 
specifications to MIL-STD-220A (50 ohm insertion loss method) are not meaningful for ac 
power distribution systems. 
 
The best indication of TVSS frequency and time domain response is the 100 kHz ring wave 
response.  Consider the data for the CDL1S1 and SDL1P1 below.  The data represents current 
production and the specification sheet dates are 02/02/2002.  The SDL1S1 is a “threshold” 
clamping design and is applied as appropriate.  The CDL 1S1 is a “tracker” and is also applied as 
appropriate. 
 

ANSI/IEEE C62.41 
Let-Through Voltage Test Results 

Model Circuit Type MCOV* 
Peak Surge Current 

(Amps) 
Per Mode 

Mode A1 
2kV, 67A 

100KHz Ring Wave  
270ºPhase Angle 

B3/C1 
6kV, 3kA 

Impulse Wave 
90º Phase Angle 

CDL1S1 120/240V, Split Ø 
(3 wire + ground) 

300 L-L 
150 L-N 
150 L-G 
150 N-G 

50,000 L-L 
50,000 L-N 
50,000 L-G 
50,000 N-G 

300,000 Total 

L-L 
L-N 
L-G 
N-G 

31 
34 
34 
35 

255 
280 
420 
435 

SDL1S1 120/240V, Split Ø 
(3 wire + ground) 

300 L-L 
150 L-N 
150 L-G 
150 N-G 

50,000 L-L 
50,000 L-N 
50,000 L-G 
50,000 N-G 

300,000 Total 

L-L 
L-N 
L-G 
N-G 

210 
215 
390 
290 

255 
280 
420 
435 

 
 
Note that ring wave attenuation (let-through voltage) of the CDL1S1 is superior to the non-
tracking SDL1S1.  In fact, this is the best ring wave response in the industry for a parallel 
connected panel mounted TVSS.  This unit outperforms most series TVSS designs.  Also note 
that the tracking circuitry has essentially no effect upon the relative low frequency B3/C1 
impulse.  It is not supposed to.  The tracking circuitry deals with ring waves and other high-
speed transients.  Superior ring wave suppression in the time domain translates to superior 
frequency domain 50 ohm insertion loss attenuation numbers.  But, these 50 ohm insertion loss 
numbers are meaningless for ac power distribution systems.   
 
I prefer not to publish these obviously misleading filter response numbers.  Most engineers have 
limited radio-frequency design experience and do not interpret the data correctly.   I have in the 
past, been overruled by the “marketing gurus” at two other surge suppressor manufacturers, who 
felt that it was more important to have numbers on paper than to explain the meaning and lack of 
significance of those numbers for ac power distribution systems.  This will be discussed below. 
 
EMI/RFI filters and sine wave tracking are not the same thing.  This will be discussed below. 
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2.  EMI/RFI filters for panel mounted surge suppressors. 
 
Panel mounted surge suppressors are typically connected in parallel to the electrical distribution 
system so that that the load current does not pass through the surge suppressor.  For EMI/RFI 
filtration by-pass capacitors are generally connected in the phase-to-neutral modes.  These 
capacitors are in parallel with the respective phase-to-line modes.  There are four main issues 
concerning TVSS EMI/RFI noise attenuation specifications: 
 
A. The measurement or calculation method(s) employed to obtain the sales data. 
B.  The assumptions of the measurement technique or calculation methods.  
C.  The actual installed performance versus stated sales data. 
D.  The actual impact upon power quality and equipment operation. 
 
2.A. The measurement or calculation method(s) employed to obtain the sales data. 
 
The standard filter attenuation measurement method is known as the 50 ohm insertion loss 
method.  This methodology was embodied in MIL-STD-220A, and stems from the convention 
used by radio engineers before World War II.  This method uses a variable frequency oscillator 
with an internal impedance of 50 ohms resistive and a 50 ohm resistive load placed on the output 
of the filter under test.  This works well for radio frequency circuits, but creates useless data for 
ac power distribution systems. 
 
2.B.  The assumptions of the measurement technique or calculation methods.  
 
For ac power distribution systems, from dc to a few kilohertz, the common mode and differential 
mode impedance of the ac power mains are roughly equivalent to their dc resistance (for solidly 
grounded neutral systems).  This is sometimes expressed as short circuit ampacity, and is almost 
always less than one ohm.  For example, a large high-voltage building service entrance may have 
a mains impedance of 0.003 ohms to 0.010 ohms and a large commercial/industrial room panel 
(100 kVA) may have a mains impedance of 0.020 ohms.  The net effect of the actual mains 
impedance being much, much less than the 50 ohms used in the MIL-STD-220A test is that the 
actual attenuation of a panel connected surge suppressor with EMI/RFI filter capacitors will also 
be much, much less.  For example, an ideal (no lead length or circuit wiring inductance) 0.63 
microfarad by-pass capacitor tested with a 50 ohm resistive impedance oscillator and with a 50 
ohm resistive load, will produce an attenuation of roughly 40 decibels at a frequency of 1 MHz.  
The same ideal capacitor tested with a 0.060 ohm resistive internal impedance oscillator and a 
load impedance of 2 ohms resistive will produce an attenuation of 0 decibels at 1 Mhz and only 
about 8 decibels at 10 MHz.  Clearly, when actual ac power distribution system impedances, load 
impedances, and circuit inductance are considered, EMI/RFI attenuation data based upon the 50 
ohm insertion loss method are meaningless. 
 
2.C.  The actual installed performance versus stated sales data. 
 
To further illustrate the absurdity of applying the 50 ohm insertion loss method to these types of 
filters and to realize that "promise" of a Mil-Std-200A filter response on a power distribution 
system, the power distribution mains impedance would have to be 50 ohms resistive and the load 
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would have to be 50 ohms resistive. Consider a 1,000 amp. circuit with a mains impedance of 50 
ohms. The power dissipation at the mains under a 1,000 ampere load would be P = i2 x r (current 
squared times resistance): 

 
  P = i2 x r = (1,000 amps.) x (1,000 amps.) x (50 ohms) 

P = 50,000,000 watts! 
 

This would melt the down the service entrance equipment, unless we used water-cooled busses 
or devised some other scheme to dissipate the heat.   

 
Consider a perfectly efficient electric motor.  This 50,000,000 watts is equivalent to (1 
horsepower = 745.7 watts) a 67,051 horsepower electrical motor.  This is not realistic. 

 
Or, suppose a residence or small business is drawing 100 amperes at 120 volts, the power 
dissipation is: 

 
 P = i x e = (100 amps) x (120 volts) = 12,000 watts per residence or small business 
 

Now, 50,000,000 watts divided by 12,000 watts per residence = (50,000,000 / 12,000 = 4,166 
residences) 4,166 residences.  This is not realistic either. 
 
From the load current and available fault current standpoints, for a source impedance of 50 
ohms, a 480 volt system would only be capable of delivering 9.6 amperes (I=E/R= 480V / 50 
ohms = 9.6 amperes).  Thus, we would find circuit breakers and fuses rated at a maximum of 9.6 
amperes with 9.6 amperes A.I.C. ratings on 480 volt systems.  This is also absurd.  
 
Ring wave transients are real.  Refer to the “Trilogy” of IEEE standards, IEEE Std. C62.41™-
2002, IEEE Std. C62.41.2™2002 and C62.42™-2002.  EMI/RFI filtration is a side effect of our 
sine wave tracking circuitry.  It is not a design goal.  Again, EMI/RFI filter specifications to 
MIL-STD-220A (50 ohm insertion loss method) are not meaningful for ac power distribution 
systems and should be regarded as a sales gimmick.   
 
Again, the industry was forced into publishing these numbers many years ago.  The practice 
continues today.  The TVSS manufacturers, who heavily promoted this, are now caught in their 
own snares.  Their specifications need to be “backward compatible,” so that they can meet their 
own specifications.  This perpetuates the charade.  Meanwhile, uninformed customers think that 
these numbers are meaningful.   
 
Look for sine wave tracking and superior ring wave suppression.  EMI/RFI attenuation is a 
byproduct of sine wave tracking circuitry. 
  
 
2.D.  The actual impact upon power quality and equipment operation. 
 
To properly design and apply an EMI/RFI filter you must know what you are filtering (e.g., the 
frequency spectrum and amplitude of the offending signal), the mode(s) you wish to filter (i.e., 
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L-L, L-N, L-G, N-G), and the input and output impedances so that you can properly match the 
filter to the circuit and allow the filter to operate properly. 
 
Clearly, the 50 ohm insertion loss method is absurd when applied to power distribution systems.  
Unfortunately, most people are not aware that this methodology is meaningless when so applied.  
It has become a “gee-whiz” number on product specification sheets that most manufacturers 
have been forced to adopt due to the competitive environment. As discussed above, given the 
magnitudes and frequencies of conducted EMI/RFI, the mandatory standards developed and 
implemented over the last 20 years, the method of filter attenuation measurement, the lack of 
correspondence between the measurement methods and actual ac power distribution systems, it 
is reasonable to state that this is a “solution” in search of a “problem.”  And, the impact upon 
equipment operation and power quality can be expected to be nil. 
 
3.  Sine wave tracking panel mounted surge suppressors. 
 
3.A. Introduction. 
 
There are two basic types of panel mounted transient voltage surge suppressors (TVSS) or surge 
protection device (SPD) protection circuitry designs.  The first type is known as threshold 
clamping or fixed clamping device circuitry.  A threshold clamping TVSS provides circuitry 
which yields a fixed clamping level above the positive peak of the power frequency voltage sine 
wave and below the negative peak of the power frequency voltage sine wave for a given transient 
wave shape and amplitude.  The fixed clamping level is set by the TVSS designer to allow 
sufficient “headroom” above the positive and negative peaks of the power frequency sine wave 
to ensure that the TVSS will tolerate normal power frequency voltage fluctuations without 
interacting with the applied system voltage.  Threshold clamping circuitry is passive until a 
voltage transient reaches the designed preset clamping voltage level in either the positive or 
negative direction (polarity).  When the voltage transient reaches the preset level, the threshold 
clamping TVSS becomes active, begins to turn on and begins to suppress the voltage transient. 
 
A TVSS with sine wave tracking circuitry is designed to immediately address ring wave voltage 
transients (and other short duration, fast rise time transients) as they leave the power frequency 
sine wave.  The sine wave tracking circuitry does not require “headroom” above the positive or 
negative peaks of the applied power frequency voltage sine wave and does not interact with the 
applied power frequency voltage.   
 
3.B.  Threshold or Fixed Clamping TVSS Circuitry. 
 
As stated above, the threshold or fixed clamping TVSS circuitry has a preset voltage level at 
which it becomes active.  This preset voltage level must provide adequate headroom for normal 
supply voltage operating swings.  A positive or negative going transient must reach the preset or 
fixed clamping voltage level before the TVSS acts upon it.  A pictorial representation of 
threshold or fixed clamping is shown in Figure 1. below.  A 60 Hertz, 120 volt rms or 170 volt 
peak sine wave is shown with positive and negative transients, represented by the arrows, 
reaching the preset or fixed voltage levels of a threshold or fixed clamping TVSS. 
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Figure 2.  IEEE Standard Ring Wave Transient. 

 
A pictorial representation of the suppression activity of sine wave tracking circuitry is provided 
in Figure 3. below.  Note that the sine wave tracking circuitry is capable of addressing these 
voltage transients below the power frequency voltage peaks without interaction with the power 
frequency sine wave.  The sine wave tracking circuitry produces an “envelope of protection” 
above and below the voltage sine wave as indicated by the dashed sine wave envelopes.  The 
voltage transients of both positive and negative polarity are addressed within the “envelope of 
protection” as shown by the arrows which represent these transients.     
 
Figure 3.  Sine Wave Tracking Envelope of Protection and Ring Wave Suppression. 
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The sine wave tracking envelope of protection is symmetrical above and below the applied 
power frequency sine wave.  The envelope of protection is seen to “track” the applied voltage 
sine wave; hence, it is called “sine wave tracking.”  A given ring wave transient will be 
suppressed at the same amplitude regardless of the polarity (positive or negative) or its phase 
angle with respect to voltage sine wave. 
 
The ANSI/IEEE standard location categories per ANSI/IEEE C62.41-1991 are provided in 
Figure 4. below.  These location categories are used to define the typical “exposure levels” for 
the various types and magnitudes of transients commonly experienced at typical facilities. 
 
The magnitudes of the ring waves and there locations within a typical facility are provided in 
Figure 5. from ANSI/IEEE C62.41-1991.  Note that these ring waves range from 2,000 volts at 
70 amps to 6,000 volts and 500 amps. 
 
Ring waves are real, they are defined by the IEEE, and they are most effectively deal with by 
employing a superior sine wave tracking surge suppressor.  The let-through voltage of a surge 
suppressor, when hit with a ring wave, provides vital information concerning its ability to protect 
sensitive electronic systems. 
 
Figures 4 and 5, below provide the standard IEEE exposure locations and IEEE standard 
transient wave forms for the exposure locations.   
 
The table which specifies the N-G transients (both Ring Wave and Impulse transients) has not 
been provided in the interest of brevity, but is available upon request.  
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Figure 4. 
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Figure 5. 
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4.  Are Sine Wave Tracking and EMI/RFI Filters the same thing?  
 
While a number of surge suppressor manufacturers claim that an EMI/RFI filter is the same thing 
as sine wave tracking, the answer is no.  Both sine wave trackers and EMI/RFI filters are safety 
listed to UL 1283.  Thus, some TVSS manufacturers add and EMI/RFI capacitor to their TVSS 
and claim that it is the same thing as sine wave tracking because both are UL 1283 listed.  As 
previously stated, EMI/RFI filter performance is measured in the frequency domain using the 50 
ohm insertion loss method which is not suitable for ac power distribution systems.  The 
performance of sine wave tracking units is measured in the time domain by applying standard 
ANSI/IEEE test ring wave transients and measuring the let-through voltage.  
 
Should you have any questions, require any additional information, please don’t hesitate to 
contact me. 
 
 
Karl B. Clark, E.E., E.I.T. 
Vice President of Engineering 
 
 
 
  
 
Usage of this work is conveyed to Energy Control Sytems, and other affiliated 
companies and their staff and clients for their exclusive use.  Any and all other uses are 
forbidden without the expressed written permission of the author. 
 
All data has been derived from sources that are believed to be reliable and source documents are 
on file.  The author assumes no liability or responsibility for specification changes, typographical 
errors, or omissions.   
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