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Abstract:- In this paper, the fundamentals of Radio Frequency Interferences (RFI) and coupling mechanisms are outlined, putting the special stress on field to cable coupling.
To mitigate these interferences, attention is focused on filtering, one of the most widespread mitigation techniques. The well known, cook-book techniques are summarized and several practical aspects of filters are described using conventional design procedures or accurate physical modelling in conjunction with professional CAD tools.
A real world situation of POTS polluted with AM radio transmitters is reported and filter prototypes based on transformers properties are constructed to eliminate these artifacts.

Impedances constraints and mismatch effects associated with this application are investigated and simulation as well as measurements results are found to satisfy specified requirements for in- and out-band frequencies
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1
Introduction

Various electrical, electromechanical, and electronics apparatus or systems emit intentional or unintentional interferences. Among these sources, the most common are:

· Radio and TV broadcast services

· Communications and Information Technology Equipment (ITE)

· Wired and wireless telecommunication systems

· Household appliances

· …etc.
These emissions may cause a severe degradation of the performance of a device, equipment, or a victim system. They travel from the source or its accessories (cables, connectors, openings,…) to the receptor(victim) by radiation, conduction or combined mechanisms.
When dealing with conducted interferences, we distinguish two varieties, common mode (CM) currents/voltages and differential or normal mode (DM) currents/voltages. The DM interferences are defined as the unwanted signal that appeared between the input terminals of a circuit. The CM disturbance appears between any input terminal and a common mode reference point such as equipment chassis, ground or some other point.
As for the radiation coupling between an emitter and a receptor, it occurs in several ways including field-to-cable coupling and cable-to-cable coupling. In these cases, interferences enter the receptor as a conducted interference on power or signal lines (Fig.1).[image: image1.wmf]EM 
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Fig.1 CM and DM couplings due to 

                    external Radiation.

Hence, when power or signal lines are placed in an electromagnetic field, they act as a receiving antenna and pick up undesirable electromagnetic energy.

The minimization and suppression of such RFI can be achieved using one or more of these mitigation techniques:

· Grounding and bonding

· Shielding

· Filtering

· Design guidelines (isolation, transients suppression, good wiring,..)

· Frequency planning
Therefore, a basic knowledge of disturbance sources and control techniques can help in avoiding interferences at the design and integration stages of circuits and systems.
However, by the proliferation of wireless communications as well as radio and microwave broadcasts, strong level power transmitters engulf us even in urban areas. So, postfacto remedies are ineluctable, despite their high cost or complexity.
Among the different mitigation techniques, filters are one of the most widely used components for RFI as well as for microwave communications.
They are essentially frequency selective elements allowing a certain range of frequencies to pass while attenuating the others.
This article will review the conventional filter design procedure and the general characteristics of RFI filters. Then the practical considerations for real world RFI filtering are discussed leading to realization of a filter prototype used in a real world EMC situation.
2
Conventional Filter Design 

Procedure
Filters are classified in four classes: low-pass, high-pass, band-pass and band-reject filters. They may consist of a lumped capacitor, inductor or an assembly of capacitors and inductors arranged properly to reflect energy over a desired frequency range.
At microwave frequencies lumped capacitors and inductors are substituted with equivalent transmission lines and waveguides and their discontinuities.
Generally, filters are characterized by their insertion loss, input and output impedances, attenuation in the pass-band, and maximum current/voltage ratings.
Often, environmental and mechanical requirements including operating temperature range, vibration, shock as well as topology, size, weight, and cost are also specified before beginning a design procedure.
The insertion loss as a function of frequency is defined by:
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Where Vin and VL are the output voltages at the load without an with the filter inserted in the circuit, respectively.
For instance, the insertion loss of an ideal series inductor L, is given by:      
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Where RL is the termination resistance in ohms, and F is frequency in Hz.
Similarly, and ideal shunt capacitor C, provides an insertion loss given by:
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These two elementary filters have insertion loss response that increases with frequency at 20dB/decade, which is not sharp enough to resolve most practical problems. 

To cascade more elements and control the insertion loss in the pass-band as well as in the stop-band, conventional cookbook techniques, based on the insertion loss method, are used to design specific filters as described in numerous references [1]-[4]. Following this insertion loss procedure, design starts with a low pass prototype based on maximally flat (Butterworth) or Chebyshev responses. Then most of the low-pass, high-pass, band-pass, or band-stop filters are derived by mathematical canonic transforms.
Insertion loss for a low-pass Butterworth filter prototype is given by:
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and the approximation for a low-pass chebyshev prototype for 
[image: image6.wmf])

 

(

c

w

w

£

 is: 
[image: image7.wmf](

)

 

cos

cos

1

10

1

log

10

1

2

10

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

-

+

=

-

c

A

n

dB

IL

m

w

w






           (5.a)
And for 
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           (5.b)
 Where n , denotes the degree of approximation or the number of reactive elements and Am is the ripple amplitude in dB. Both angular cut-off frequency and terminations are normalized to unity in the above responses.
Once the insertion loss in the pass-band as well as in the stop-band is specified, the number n of sections can be deduced from (eq.5) and the element values for the low-pass prototype can be determined from available tables or using the following equations:
a) BUTTERWORTH 
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b) CHEBYSCHEV
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where : 
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Thereafter, frequency and impedance scaling are required to change the normalized values c=1 and RL=1 of the prototype (Fig.2) to absolute values c and RL of the actual low pass filter.
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Fig.2 Low pass prototype Filter.

Similar scaling and transformations are used to retrieve values of high–pass, band-pass, and band-reject filters. Consequent results are summarized in Fig.3.[image: image25.wmf]L
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Fig.3 Summary of prototype filter transformation.
3
Practical Considerations
In practice, a capacitor consists of a capacitance in series, with an inductance with both series and shunt resistance (Fig.4a).
The inductor is composed of the winding capacitor and loss resistance in series with the inductance (Fig.4b).[image: image26.wmf]R
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Fig.4 Model of a) an actual capacitor b)an actual                              inductor.

Loss resistance depends on skin effect and increases approximately as the square root of frequency.

At some frequency, these reactive elements will become series or parallel resonant as shown in Fig.5, Fig.6. Care must be taken to avoid such resonances in the pass-band.
Above the resonant frequency the behavior of actual reactances changes from inductive to capacitive and from capacitive to inductive, making these suppression elements less effective [5],[6]. 

Sometimes, designers use a dispersive transmission line model of an inductor to predict more accurately its behavior at high frequencies [5]. 

In some applications, RF transformers are used as choke inductors for common mode rejection. Their ferromagnetic core may saturate resulting in reduced transformer bandwidth and power handling capability.

This saturation depends on DC current through the winding, RF input power and operating frequency. Proper filter design requires consideration of this saturation effect at peak current.

Another challenge of conventional design techniques is that derived values of inductances and capacitances may be very large or very small and would be hard to realize.
In this case, simple mathematical transforms or impedance and admittance inverters help the design of practical filters with reasonable values and with only one kind of reactive components, if necessary [7].
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Fig.5 Response of an actual inductor. 
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Fig.6 Response of an actual capacitor.
Most available filter specifications define measurement of insertion loss in a 50 ohm system because signal generators and receivers are designed to operate in a 50 ohms input line impedance. But in the majority of cases, especially for power lines and telephone filters, terminations are not equal and can vary from several ohms to hundreds of ohms. 
Sometimes, these impedances vary drastically during normal doings as for on- and off-hook conditions of telephones, where termination in an off-hook state is typically an impedance of 600ohms and present very high impedance similar to an open circuit, in an on-hook state. Therefore, testing of such filters in a 50ohm system will indicate erroneous and not realistic responses. 
Thus, an impedance characteristics and mismatch effects need to be carefully analyzed.
For that, the insertion loss of a filter terminated with arbitrary terminations ZG and ZL can be computed in terms of its A, B, C, and D parameters as follows:
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 Obviously, when source and load impedances change from the specified ones, impedance mismatch occurs and can result even in an increase of interference level at the filter output.
A convenient way of eliminating the 50-ohm loading problems when performing measurements or simulations is to use RF transformers with appropriate impedances ratios for both terminations (Fig.7).[image: image30.wmf]input
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Fig.7 Filter Characterization with RF Transformers. 

Knowing the (ABCD) or S-matrix of each transformer as well as the whole filter measurements from the Vector network Analyzer (VNA), the filter characteristics with any terminations can be determined easily by de-embedding.

4
Simulation and measurements 
In some areas, neighboring AM stations broadcasts often corrupt telephony signals.

In fact, telephones improperly functioning as receivers pick up radio signals by external and internal wiring and convert the inaudible RF energy into audio frequency energy which can be heard in the earphone. This conversion is achieved by silicon diodes or crystals inside telephones or by any other non linearities in the circuits.
RF sensibility is enhanced by amplifying transistors within modern electronic telephones.

 Because the AM broadcast band is from 540 KHz to 1.6MHz, improved filter performance in this range of frequencies is of particular benefit.

Our purpose is to prevent interferences of 300KW AM transmitters functioning at 630KHz and 963 KHz on POTS. 

In situ measurements without filtering showed unwanted conducted RFI of 4 to 5 volts at a distance of about nine hundred meters from the emitting antenna.

As a means of rejecting such interferences while exhibiting minimal voice-band attenuation, the filtering structure shown in fig.8 has been used.
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Fig.8 Filter for DM and CM rejection of AM    interferences

Differential mode or line-to-line rejection is achieved by 5mH series inductors and a line-to-line 15nF capacitor. Common mode or line to ground insertion loss is achieved through the use of a large value inductor obtained by two coils tightly coupled.

In fact, the effective series inductance is given by: 
[image: image32.wmf](

)

(

)

21

2

12

1

M

L

M

L

L

eff

+

+

+

=


            (20)

If inductors are identical and their coupling adds positively (i.e.
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The frequency responses for differential and common modes are shown in Fig.9 and Fig.10 respectively.[image: image35.wmf]0
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Fig.9 Filter Differential mode insertion loss
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Fig.10 Filter Common mode insertion loss
When simulated, the full structure losses at higher frequencies as well as parasitic capacitances of coils could provide some desirable damping because of skin effect and core losses.
Several instances of filter have been realized and tested in situ in conjunction with different kinds of telephones and data modems.

They were found to operate satisfactorily in many locations around the AM emitter.

5
Conclusion

When specifying filter characteristics, several details should be taken into account to assure compliance with applicable circuit and environmental requirements.
To finalize filter design, impedance constraints need to be carefully analyzed to avoid signal loss across the signal band and enhance rejection in the stop band.

Moreover, component losses, dispersion and tolerances, parasitic elements, voltage/current dependent effects such as nonlinearities and core saturation, and other environmental and measurements constraints have to be included.

Thus, CAD packages and optimization tools are necessary to assess the desired performance against all objectives specific to any application.

This outlined procedure, has been followed in this paper to synthesize successfully a low pass filter for DM and CM rejection of AM interferences through telephones wires. This approach can be extended easily to design power line suppressors, ADSL/VDSL splitters and other filters for communications and EMC applications.
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