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Abstract—A 20 A, 440 V three p hase power line filter for a 
radar transmitter, designed using the best components available 
and following the correct rules for filter design, showed 
unexpected poor common mode attenuation levels at frequencies 
above, already, a few megahertz. Component self-parasitic, as 
well as mutual component parasitic effects were not the main 
cause of the poor performance. A redesign using additional 
capacitors at the input, as well as improving the ground 
plane, resulted in improvement, but the dominant cause 
appeared to be the impedance between the ground plane and 
the reference plane.  

 Keywords— power line filter, ground plane, parasitic 
inductance, mutual coupling 

  INTRODUCTION  I.

A power line filter is basically a low pass filter with 
limited capacitance to ground, to decrease leakage current at 
the fundamental 50 Hz or 60 Hz frequency [1], [2]. The 
structure is a set of Cx (between lines) and Cy capacitors to a 
ground, line inductors and common mode inductors. The 
parasitic effects of the components, caused by dielectric, shape 
of component, or leads, is decreased by selecting the proper 
components with low ESR (equivalent series resistance) and 
ESL (equivalent series inductance) for capacitors, and ESR 
and parasitic capacitance for the inductors [3]. Current 
research is focused on estimating and decreasing mutual 
parasitic effects between components [4], [5], [6]. It takes into 
account the mutual flux generated by one component coupled 
into another component which results in an additional parasitic 
effect. This effect can be modelled by mutual inductances, and 
mutual capacitances, and thus is a component crosstalk. In 
developing crosstalk models it is common practice  to  
simplify and to neglect the impedances [7]. The impedance 
values and the common impedance crosstalk are later added. 
A similar process can be observed in developing a perfect 
filter: based on an ideal filter circuit design the components 
are selected. Often the product is produced and if it passes 
EMI (Electro-Magnetic Interference) everyone is satisfied. In 
case detailed analysis or high performance is needed, the 
parasitic values of the components are added in the circuit 
diagram and a circuit simulation, using for instance Spice, is 
carried out. Some parameters could be changed for optimized 

performance, but after validation the printed circuit board 
(PCB) is designed. Maybe an electromagnetic compatibility 
(EMC) engineer has a quick look, requests for larger ground 
plane and maybe an optimized placement of the components, 
and the filter is produced and installed in the final product. 

In the case described here the final product failed on 
various electromagnetic interference (EMI) tests, all above 
several megahertz (MHz). A review of the design did not 
reveal any problems, i.e. the circuit design was good and the 
selected components were of high quality with low parasitic 
values. But a common mode (CM) filter attenuation 
measurement  showed  a  very  poor  performance,  already  at  
a  few MHz. After some modifications the attenuation had 
increased only a little bit. In this paper the design, the effect of 
component and lead parasitic effects, and mutual parasitic 
effects will be discussed. It will be shown that the (neglected) 
ground plane impedance, consisting of capacitance and 
inductance, was the root cause of the poor performance. 

 EXPERIMENTS II.

The original circuit diagram of the filter is shown in 
Figure 1. To measure the filter response, it was mounted in a 
similar way as installed in the final application, as shown in 
Figure 2. The three phases were connected together to measure 
common-mode (CM) attenuation and measured with a Rohde 
& Schwarz ESS receiver using the tracking generator as a 
source to obtain a 50/50 Ω characterization [8]. 

The measured attenuation is shown in Figure 3. The 
response is as expected, but only upto approximately 1 
megahertz (MHz). 

 
Figure 1 The original filter design schematic diagram 
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Figure 2 The original filter in the measurement setup 

 

 
Figure 3 Measured attenuation 

The EMI qualification results showed problems above 40 
MHz and during electrostatic discharge test, and comparing 
the attenuation results of the filter these observations are in 
line: the attenuation above 10 MHz is below expectations. 
Because in this phase EMI engineers became involved (of 
course: too late), a first visual inspection revealed no big 
mistakes: good components with low ESR and ESL, at least 
according specifications, good filter design and reasonable 
layout. So a first circuit simulation was carried out, where the 
three phases were combined to estimate the common mode 
(CM) transfer (= - attenuation [dB]). Because the three phases 
were connected together, the schematic diagram was 
simplified by using the parallel impedances of the 3 
inductors L1 and L2 as well as the parallel capacitances of 
C4 through C9 and of C13 through C15, see Figure 4. The 
other capacitors are Cx and thus do not have an impact on the 
CM attenuation. The parasitic values, ESR and ESR and the 
parasitic capacitance of the common mode choke (CMC), was 
also taken into account.  

 
Figure 4 Filter network for simulation 

The result, the black curve in Figure 5, shows a similar 
curve as the measured one, but look at the scale: measured is 
on a scale of 100 dB, and simulation is 200 dB! The rising 
slope above 20 MHz is due to the parasitic elements of the 
components. The first impression is that the parasitic values 

are underestimated by the manufacturers, so these values have 
been increase and the simulated transfer is shown as the pink 
curve in Figure 5: much higher, but still far away from the 
measured curve. The components have been measured using 
an impedance analyzer and the capacitors as well as the CMC 
showed very low parasitic values, around their specified value. 
So, what was the problem? As the project was under high 
pressure (the big manager stated: ’we have to start production’ 
and the EMI engineer replied: ‘but that will not resolve the 
problem’), the design was slightly adapted by the 
subcontractor who designed and manufactured the filter. The 
changes included using different values of the CMC 
(decreasing the resonance peak), adding 3 Cy capacitors at the 
entrance of the filter, rotate and replace components to reduce 
parasitic crosstalk on the printed circuit board (PCB), and the 
enlarge the ground plane at both sides of the PCB, as shown in 
Figure 6 and Figure 7. 

 
Figure 5 Simulated transfer (= -attenuation [dB]) 

 
Figure 6 Original filter 

 
Figure 7 Upgraded filter 

These changes made it possible to pass the EMI test. But 
the measured performance was still very low, so without 
bothering the project some further, off-line, investigations 
were performed.  

The filter is mounted on high poles in the actual 
application, and this could not be changed. But these high 
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poles form large inductive loops, i.e. inductance in the ground. 
The ground is connected to the measurement plane, or ground 
reference plane (GRP), as shown in the back of Figure 2. But 
the influence of the high poles was questioned. Therefore 
another fixing of the PCB was tried, by using very short 
mounting poles, as shown in Figure 8. The suspected inductive 
elements in the grounding poles are shown in Figure 9. 
Furthermore, as can be seen in Figure 6, some mounting holes 
are not connected to the ground plane. This is improved, as 
shown in Figure 7, resulting in 5 instead of 3 connections. 
These changes resulted in a 20 dB better attenuation, as shown 
in Figure 10. 

  
Figure 8 Low mounting poles 

 
Figure 9 Sketched representation of the  

suspected parasitic elements 

 
Figure 10 Measured attenuation, high mounting poles 

 as used in the actual application, and low mounting poles 

The attenuation can of course be improved much more by 
making the ground plane of the PCB equal to the ground 
reference plane of the test setup, but this would not resemble 
the actual use of the filter in the product anymore. 

The higher levels above 10 MHz could also be caused by 
crosstalk between input and output, and a simple Spice 
simulation learned that already a very small capacitance of a 
few pF is decreasing the attenuation from 200 to 100 dB. For 
high frequencies the parasitic capacitance of the CMC is 
dominant, and we can observe a simple capacitive dividing 
network. Then it is obvious that a small hen it is obvious that a 
small Cy capacitor can be effective. Therefore a ceramic 
capacitor of 1 nf was mounted at the entrance and at the output 

of the filter, as shown in Figure 11. The effect on the 
attenuation can be seen in Figure 12. 

 

 
Figure 11 Upgraded filter on low mounting poles,  

with small ceramic Cy capacitor at input and output 

 
 

Figure 12 Measured attenuation, high and low mounting poles 
and with additional capacitors to GRP 

 CONCLUSION III.

A presumed high-performance power supply filter showed 
unexpected poor performance which was revealed during EMI 
tests of a full functional product. The filter was designed and 
produced by a subcontractor, and the project was already 
delayed. Simulation results show high attenuation, even when 
all parasitic elements like ESR, ESL and parasitic capacitance 
of CMC, were added. The measured attenuation was however 
very poor and did not resemble at all the simulation result. The 
PCB was changed slightly, mainly by enlarging the ground 
plane, and the product passed the test. Further investigations 
of the filter however learned that the larger ground plane 
resulted in more connections between the filter PCB ground 
plane and the reference plane for the filter measurements. This 
setup resembled the actual installation. Be reducing the height 
of the mounting poles, the impedance between the PCB 
ground plane and the reference plane was even more reduced 
because of a lower parasitic inductance. This case study shows 
that the best filter, in terms of circuit and PCB layout, can fail 
(at higher frequencies) because of mechanical mounting 
constraints.  
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