Updating Circuit Theory
Ian B. Darney

Circuit Theory is a development and simplification of Electromagnetic Theory. It provides
the analytical tools necessary to simulate the functional performance of complex printed
circuit boards, as well as electrical machinery. But present usage of these tools prevents it
from dealing with problems created by Electromagnetic Interference.
Electromagnetic Theory provides all the formulae needed to analyse EMI, since it deals with
the relationships between the electromagnetic field and the behaviour of conductors. It is
possible to incorporate a few more of these relationships into the toolset of Circuit Theory;
just enough to enable it to simulate the mechanisms involved in the propagation of EMI.
Circuit Theory can be updated to allow it to design equipment to meet its requirements for
Electromagnetic Compatibility, without compromising its ability to simulate functional
performance. This document defines the underlying relationship between the two theories.
Invoking this relationship enables the stated objective to be achieved.
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Chapter 2. Cross-Coupling Models
2.1 Introduction
A reprise of transmission line theory leads to the derivation of a pair of hybrid equations.
These relate the current and voltage at one end of the line to voltage and current at the other.
The line can also be represented as a T-network of impedance parameters. Mesh analysis of
this network leads to a pair of Loop Equations.
Manipulating the loop equation into the same form as those derived from transmission line
theory leads to two pairs of hybrid equations; one set derived from transmission line theory,
another set derived from circuit theory. Correlating the parameters leads to a set of
Transformation Equations which define the parameters of the T-network in terms of the
resistance, inductance, capacitance and conductance of the line. Since the R, L, C and G
components are distributed along the line, the resultant circuit can be described as a
Distributed Parameter model.
The simplest circuit model is also a T-network of Lumped Parameters, where values can be
assigned to the components. This makes it possible to define the characteristics of a twoconductor line in terms of a simple Lumped Parameter model, but to analyse it using the
Distributed Parameter model.
A three-conductor line can be simulated as a Triple-T network, with inductors and resistors in
the horizontal branches and capacitors in the vertical branches. Each T-network represents
the properties of a single conductor. Transforming each T-network into a similar network of
Distributed Parameters allows the response of the three-conductor to be simulated using the
analytical tools of Circuit Theory.
Cross coupling between differential-mode signals and common-mode signals can be
simulated using Distributed Parameter model, over a frequency range which extends well
beyond that of half-wave resonance. Conducted Emission and Conducted Susceptibility of a
signal link or a power link can be defined during the initial design stage of a project.
Requirements for Electromagnetic Compatibility dealt with in the design process in the same
way as those of any other design requirement.
Establishing confidence in such an approach calls for some demonstration that it can be done.
This calls for the use of transformers to inject signals into cable assemblies and transformers
to monitor currents in those assemblies. Such equipment is usually associated with the highly
expensive hardware to be found in any facility used to check Electromagnetic Compatibility
(EMC). It is entirely possible to manufacture the necessary equipment using components
available from any supplier of electronic parts.
Energy can be induced in a cable using a Voltage Injection Transformer. Such a device
includes a monitor turn which allows the induced voltage to be monitored. The resultant
current can be monitored by a Current Transformer. The construction and calibration of these
transducers is described. These have a useable frequency range from 20 kHz to 20 MHZ.
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A test rig is described. This can be used to mount the cable under review. Since it is over 11
meters long, it can be used to measure the response of the assembly over a frequency range
well beyond that of half-wave resonance.
The first experiment was to measure the response of a twin conductor cable mounted on the
rig. By short-circuiting the cable terminals to the conducting structure of the rig, it was
possible to measure the amplitude of the currents over a range which included resonant
conditions.
Assigning guess-values to the components of the General Circuit Model of the assembly and
then modifying them until the response of the model coincided with that of the test results
enabled a Definitive Circuit Model of the assembly-under-review to be created. Given the
existence of such a model, it becomes possible to predict the performance of a similar cable
used to carry signals from one equipment unit to another when mounted on an actual system.
The experiment was then repeated to characterise the properties of a coaxial cable when
mounted on the rig. Theoretical analysis of such an assembly results in a model which
simulates the cylindrical screen as a conductor with zero inductance. In practice, the screen
presents a significant inductance. It was reasoned that the extra inductance was due to the fact
that the strands of the braid were longer than the core, because they were wound in a helix.
So the circuit model was modified to take this into account. The end result was a General
Circuit Model of a coaxial cable and a Definitive Circuit Model of the actual assembly.
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2.2 Transmission Line Model
2.2.1 Forward Propagation
Figure 2.2.1 illustrates a schematic diagram of a twin-conductor transmission line. It is
assumed that the cross-section of the conductor assembly is constant along the entire length.
The length of the line is l, there is a voltage source Vn at the near end, and this source delivers
a current In to the line. The current delivered to the load at the far end of the line is If and the
voltage between the terminals at the far end is Vf.

Figure 2.2.1 Schematic diagram of a twin-conductor transmission line

It is assumed that this line can be simulated as a number of LCR networks connected in
series, and that one such segment is as shown by Figure 2.2.2. This represents the properties
of the length dx at a distance x from the near end. Since each conductor posesses the
properties of resistance and inductance, it is necessary to assign these properties to both.
The parameters R,L, C, and G are defined as  /m, H/m, F/m and Seimens/m. Analysis of
Figure 2.2.2 leads to:

V
 R  j    L   dx  I  V  V   dx 
x

I
 G  j    C   dx V  I   I   dx 
x




(2.2.1)

It is clear from Figure 2.2.2 that the each current flows in a loop. That is, current flows in
both directions through the insulation. The send conductor can be visualised as a transmitting
antenna. Charges are deposited on the return conductor. This creates current flow in the
return conductor. It behaves as a receiving antenna. Current flowing in the opposite direction
to that in the send conductor creates a magnetic field. This enhances the forward flow of
current in the send conductor. The field so created between the conductors acts to steer the
electromagnetic energy along the path defined by the routing of the cable. This means that the
inductance of the return conductor plays a crucial role in the behaviour of any electronic
system.
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Figure 2.2.2 Voltages and currents in a single segment of the line

Analysis of the differential equations leads to one solution:
V  Vn  e   x
I  In  e  x

where



 R  j    L  G  j    C 

(2.2.2)

(2.2.3)

More mathematical manipulation leads to:
I

where

Zo 

V
Zo

R  j   L
G  j   C

(2.2.4)

(2.2.5)

 is named the propagation constant and Zo is defined as the characteristic impedance.
Another significant relationship which emerges is:

I
1 V


 x Zo  x

(2.2.6)

This means that the rate of change of current is proportional to the rate of change of voltage.
Since the current is also proportional to the voltage, there can be no phase difference between
the current and voltage waveforms during forward propagation. Figure 2.2.3 illustrates this.
A further deduction is that the charge propagates forward at the same velocity as the voltage
and current.
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Figure 2.2.3 Relationship between voltage and current waveforms
2.2.2 Two-way propagation
When the signal reaches the termination at the far end, some of it is absorbed by the load, and
some if it is reflected. This reflected signal flows from the far end to the near end. Energy is
flowing in both directions along the line. So the total voltage at any point is given by the
equation:

V  H  e x  K  e x

(2.2.7)

It is also possible to define the relationship as:
V  A  cosh   x   B  sinh   x 

(2.2.8)

because:

 e  x  e    x 
 e  x  e    x 
V  A 

B




2
2




A  B   x A  B   x

e 
e
2
2
 H  e  x  K  e    x
The next task is to assign values to the parameters A and B. From an engineering point of
view, the only voltages and currents of any interest are those which exist at the interfaces at
the near and far ends. If these are as defined by Figure 2.2.1, then the mathematics leads to:

Vn  Vf  cosh   l   Zo  If  sinh   l 
In 

Vf
 sinh   l   If  cosh   l 
Zo

(2.2.9)

Where l is the length of the cable between the near end and the far end.
A complete derivation of equation (2.2.9) can be found in Appendix C of the book ‘Circuit
Modeling for Electromagnetic Compatibility’, https://shop.theiet.org/cct-model-em-compat .
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Usually, the derivation of set of hybrid equations in books on Electromagnetic Compatibility
is followed by the introduction of the Smith Chart, reflection coefficients and the quarterwave transformer. This gives the impression that transmission line theory is a specialist
subject.
2.2.3 The Transformation Equations
Any two-conductor transmission line can be defined by the circuit model of Figure 2.2.4.

Figure 2.2.4 Lumped parameter model

Invoking the concept of equivalent circuits, this can be simplified to that shown on Figure
2.2.5a, where:
Rd  Rc1  Rc2
Ld  Lc1  Lc2
1
1
1


Cd Cc1 Cc2

(2.2.10)

1
1
1


Gd Gc1 Gc2

This simplification does not mean that the line at the bottom of Figure 2.2.5a actually
represents an equipotential conductor. The relationship between the per-unit-length
parameters and the lumped parameters is:

Rd  R  l
Ld  L  l
Cd  C  l

(2.2.11)

Gd  G  l
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If the parameter  is defined as

   l

(2.2.12)

Then the characteristic impedance and the propagation constant can be related to parameters
which can be measured using electronic test equipment. There is now no need to invoke the
use of per-unit-length parameters during the analysis of transmission lines.


Zo 

 Rd  j    Ld   Gd  j    Cd 
Rd  j    Ld
Gd  j    Cd

(2.2.13)

Mesh analysis of Figure 2.2.5a leads to the loop equations:
Vn   Zh  Zv   In  Zv  If
Vf  Zv  In   Zh  Zv   If

(2.2.14)

Manipulating these equations into the same form as the hybrid equations leads to:
Zh 
Zh 


Vn   1 
  Vf  Zh   2 
  If
Zv 
Zv 


Vf  Zh 
In 
 1 
  If
Zv 
Zv 

(2.2.15)

Figure 2.2.5 Single-T network models of a signal link
a Lumped parameter model
b Distributed-parameter model
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There are now two sets of hybrid equations; one derived from Electromagnetic Theory,
(2.2.9), and one derived from Circuit Theory, (2.2.15) . Correlating the parameters common
to both sets leads to
 
Zh  Zo  tanh  
2
Zv  Zo  cosech 

(2.2.16)

There is now a clear correlation between Figures 2.2.5a and 2.2.5b.

 Rd  j    Ld   Zo  tanh   

 
2
2
1
 Zo  cosech 
Gd  j    Cd

(2.2.17)

This means that Figure 2.2.5a can be used to define the parameters which characterise the
transmission line and Figure 2.2.5b can be used to simulate the response.
2.2.4 Propagation velocity.
Since  is a complex number, it can be defined as

   j

(2.2.18)

where  represents the loss constant and  represents the phase constant.
All the voltage and currents so far defined are phasors. Hence
   j  x
Vt  Vpeak  e jt  e 

(2.2.19)

Where Vpeak is the peak value of the waveform and Vt is a function of time and distance. Rearranging this:
j t    x 
Vt  Vpeak  e  x  e 

t    x  A

if

(2.2.20)

where A is a constant angle, then

 t A




(2.2.21)

dx 
 v
dt 

(2.2.22)

x

and
where v is the velocity of propagation.
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With a lossless line, Rd  0 , Gd  0 and   0 . Also,
1
l

    j     j    Ld  j    Ld  j 


that is

l

giving


l


l

 Ld  Cd

 Ld  Cd

(2.2.23)


 Ld  Cd  v  Ld  Cd

Ld  Cd 

l
T
v

(2.2.24)

where T is the time taken for a pulse to propagate from one end of the line to the other.
2.2.5 Conclusion
A circuit model has been derived to simulate the behaviour of a two-conductor cable over the
entire frequency range covered by transmission line theory.
It has been shown that the return conductor possesses the properties of inductance and
capacitance and that it plays an essential role in propagating the electromagnetic energy along
the path defined by the routing of the cable.
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2.3 The Three-Conductor Model
2.3.1 Primitive Capacitance
Figure 2.3.1 illustrates the relationship between a length of charged conductor and the electric
field at a point. It is assumed that the length of the section is l metres, the line charge density
is coulombs/metre and that the point P(r,z) is located a radial distance r from the centre of
the conductor. Then the radial component of the electric field is:
E


1
  sin 1   sin 2  
4    r

(2.3.1)

The work done on this section of conductor due to unit charge moving from infinity to the
surface of the conductor can be calculated by integrating the value of the electric field over
the distance between r   and r  0 . This leads to:
Vp1,1 

 l 

 ln   Volt
r 
2   
 1,1 

(2.3.2)

The capacitance of the conductor is the ratio of charge to voltage. So:
Cp1,1 

 l
Vp1,1



2     l
Farad
 l 
ln  
r 
 1,1 

(2.3.3)

Figure 2.3.1 Electric field at a point
If a second conductor is installed parallel to conductor 1, as shown on Figure 2.3.2, then the
voltage on conductor 2 due to the charge on conductor 1 would be
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Vp2,1 

 l 

 ln 
 r 
2   
 2,1 

Volt

(2.3.4)

Figure 2.3.2 Voltage on conductor 2 due to charge on conductor 1

and the primitive capacitance would be
Cp2,1 

2     l
Farad
 l 
ln 
 r 
 2,1 

(2.3.5)

2.3.2 Primitive Inductance
Figure 2.3.3 illustrates a length of conductor with a constant current Ip flowing in the z
direction. The magnetic field at the point P is
H

Ip

 sin 1   sin 2   A/m
4   r 

(2.3.6)

The flux density B at the point P is:

B  H

(2.3.7)

The total flux  which passes through a rectangular strip extending from the surface of the
conductor to a very large distance is

   B  ds

(2.3.8)

where s is the surface of the rectangular strip.
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Dividing this flux by the current Ip gives the primitive inductance:
Lp1,1 


Ip



 l 
 l
 ln   Henry
r 
2 
 1,1 

(2.3.9)

Figure 2.3.3 Magnetic field at a point

If a second conductor is routed alongside conductor 1, as illustrated by Figure 2.3.4, the
primitive inductance of conductor 2 can be defined as
Lp2,1 

 l 
 l
Henry
 ln 
 r 
2 
2,1



(2.3.10)

Figure 2.3.4 Current in a two-conductor assembly
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There are a lot of integrations between equations (2.3.1) and (2.3.2), and between equations
(2.3.6) and (2.3.10). For anyone interested in checking the validity of these relationships, a
full derivation can be found at www.designemc.info/21Primitive.pdf .
It is clear from Figures 2.3.1 and 2.3.3 that these primitive parameters are properties of the
electromagnetic field in the region surrounding the conductors. They are not the properties of
the conductors.
The primitive capacitance and the primitive inductance are two of the building blocks for all
circuit models used to simulate cable coupling mechanisms. They are essential parameters in
circuit models which relate currents and voltages in conductors to the electromagnetic field.
The term ‘primitive’ has been borrowed from computer systems technology. It means that the
parameter is the simplest that the system can handle. Primitive capacitance and primitive
inductance are the smallest entities that can be assigned the dimensions of Farad and Henry
Some researchers have used the term ‘partial’ to define these entities. But this term creates
confusion when partial currents and partial voltages in conductors are being analysed.
2.3.3 Primitive Impedance
Transmission line theory derives an expression for the characteristic impedance of a zero-loss
line. For a single, isolated, conductor, this would be
Zp1,1 

Lp1,1
Cp1,1

(2.3.11)

Invoking (2.3.9) and (2.3.3) to substitute for Lp11 and Cp11
Zp1,1 

 l 
1


 ln  
r 
2 

 1,1 

(2.3.12)

2.3.4 Primitive Equations
For a three-conductor cable where the cross section is as defined by Figure 2.3.5, the
Primitive Equations are:

Vp1  Zp1,1  Ip1  Zp1,2  Ip2  Zp1,3  Ip3
Vp2  Zp2,1  Ip1  Zp2,2  Ip2  Zp2,3  Ip3

(2.3.13)

Vp3  Zp3,1  Ip1  Zp3,2  Ip2  Zp3,3  Ip3
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Figure 2.3.5 Cross section of conductors in a three-conductor assembly

Zpi , j 

Where

 l 
1


 ln 
 ri , j 
2 




ri , j is the separation between conductors i and j.

(2.3.14)


is the intrinsic impedance


2.3.5 Loop Equations
In practical situations, measurements using test equipment involve loops. That is, voltages
Va1 and Va2 are measured between two adjacent terminals and currents Ia1 and Ia2 flow out
of one terminal and back via the other. Figure 2.3.6 defines the relationship between loop
parameters and primitive parameters.

Figure 2.3.6 Relationship between loop parameters and primitive parameters

Relationships between primitive currents and loop currents are:

Ip1  Ia1
Ip2  Ia2  Ia1

(2.3.15)

Ip3   Ia2
Relationships between loop voltages and primitive voltages are
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Va1  Vp1  Vp2
Va2  Vp2  Vp3

(2.3.16)

This leads to the Loop Equations
Va1  Za1,1  Ia1  Za1,2  Ia2
Va2  Za2,1  Ia1  Za2,2  Ia2

(2.3.17)

Where

Za1,1  Zp1,1  Zp1,2  Zp2,1  Zp2,2
Za1,2  Zp1,2  Zp1,3  Zp2,2  Zp2,3
Za2,1  Zp2,1  Zp2,2  Zp3,1  Zp3,2

(2.3.18)

Za2,2  Zp2,2  Zp2,3  Zp3,2  Zp3,3
2.3.6 Circuit Equations
Figure 2.3.7 illustrates a circuit model which can replicate the response of the Loop
Equations. The Circuit Equations are:
Va1   Zc1  Zc2   Ia1  Zc2  Ia2
Va2   Zc2  Ia1   Zc2  Zc3   Ia2

(2.3.19)

Figure 2.3.7 Circuit model which replicates the Loop Equations

Correlating the Z-parameters of equation (2.3.17) and (2.3.19) gives

Za1,1  Zc1  Zc2
Za1,2   Zc2  Za2,1

(2.3.20)

Za2,2  Zc2  Zc3
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The circuit parameters can now be defined in terms of the loop parameters

Zc1  Za1,1  Za1,2
Zc2   Za1,2

(2.3.21)

Zc3  Za2,2  Za1,2
Using (2.3.18) to replace the loop parameters with primitive parameters

Zc1  Zp1,1  Zp2,1  Zp1,3  Zp2,3
Zc2  Zp2,2  Zp1,2  Zp2,3  Zp1,3

(2.3.22)Capacitor

Zc3  Zp3,3  Zp3,1  Zp2,3  Zp2,1
Values for the capacitors and the inductors can be derived from

Cck 

T
Zck

(2.3.23)

Lck  T  Zck
Where the number k identifies the conductor and
T

l
 l   
v

(2.3.24)

T is the time taken for the front edge of a signal to propagate from one end of the line to the
other and v is the velocity of propagation of the signal
2.3.7 Definition of Parameters
This leads to:
2     l
 r r 
ln  1,2 1,3 
 r r 
 1,1 2,3 
2     l
Cc2 
 r r 
ln  1,2 2,3 
 r r 
 2,2 1,3 
2     l
Cc3 
 r r 
ln  1,3 2,3 
 r r 
 3,3 1,2 
Cc1 

(2.3.25)

and
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Lc1 

 r r 
 l
 ln  1,2 1,3 
 r r 
2 
 1,1 2,3 

Lc2 

 r r 
 l
 ln  1,2 2,3 
 r r 
2 
 2,2 1,3 

Lc3 

 r r 
 l
 ln  1,3 2,3 
 r r 
2 
 3,3 1,2 

(2.3.26)

2.3.8 General Circuit Model
Since the input impedance will be the same when the source voltage is applied to the far end,
the circuit model must be symmetrical. This leads to Figure 2.3.8.

Figure 2.3.8 Circuit model of three-conductor assembly

This model allows all forms of intra-system coupling to be analysed. One of the conductors
can simulate the effect of the conducting structure, plus the effect of all other conductors in
the system. If the structure is used as a general-purpose return conductor, then the model can
simulate the coupling between the culprit and victim loops. In this case, the structure acts as a
common-impedance.
If a dedicated return conductor is used to carry the signal or power, then the model will
simulate the coupling between the differential-mode loop and the common-mode loop. In this
configuration, the structure acts as a shield.
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2.3.9 Relating the Theories
The formulae of Electromagnetic Theory lead inexorably to the conclusion that current in
every conductor will create a voltage in every other conductor in the vicinity.
Circuit Theory assumes that the current flowing in any branch of a network is solely
dependent on the voltage across that branch.
The only connection between the two theories is the fact that a set of loop equations derived
from Electromagnetic Theory can be correlated precisely with a set of loop equations derived
from the analysis of a circuit model.
Analysing the mechanisms involved in the propagation of Electromagnetic Interference
involves the use of time-variant, three-dimensional electromagnetic fields. Computational
Electromagnetics requires skills which can only be acquired by extra training; training which
is not available to the average Electrical Engineer.
It is entirely possible for any Electrical Engineer to analyse the performance of a Circuit
Model.
Circuit Theory is a development and simplification of Electromagnetic Theory. The latter
defines the equations; the rules of Circuit Theory provide the analytical tools which can solve
those equations.
The problem at the moment is that, from the point of view of Electromagnetic Interference,
the teaching of Circuit Theory is oversimplified. It assumes that the electromagnetic field
associated with current flowing along a conductor bears a one-to-one relationship with the
current in that conductor. The return conductor can be represented as an equipotential
surface. These assumptions manifest themselves in the use of the ubiquitous ‘ground’ or
‘earth’ symbols in circuit diagrams.
It should be possible for Academia to include these simple relationships in any course of
study of Circuit Theory. Engineers will then be provided with the skills necessary to analyse
any problem caused by Electromagnetic Interference.
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2.4 The Voltage Injection Transformer
2.4.1 Design
Transformer coupling is essential when carrying out measurements of the mechanisms
involved in cable coupling, since any direct connection with the test equipment will
inevitably change the configuration of the wiring being tested. It is important that the
impedance being reflected into the cable is much lower than that of the cable, over the entire
range of frequencies being applied. The device should operate over as wide a range of
frequencies as is practicable.
A practical requirement is that the transformer should be able to couple into a cableform
without disconnecting that cable. So, it should be a split-core assembly.
A test requirement is that it should be possible to monitor the voltage being induced in the
cable at the same time as the response of that assembly is being monitored. It is essential that
the output of the system is measured at exactly the same time as the input.
A transformer meeting this specification is shown in Figure 2.4.1. Although it is not as robust
as any device bought commercially, it does the job at a fraction of the cost and has proved to
be reliable over several years.

Figure 2.4.1 Voltage transformer
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The core itself is a ‘cable suppression core assembly’, manufactured by Fair Rite Products
Corp. The primary winding consists of 10 turns of 22 SWG enamelled copper wire wound
round one of the split cores.
The monitor winding is a single turn of the same type of wire wound round the other core.
This configuration ensures that the voltage induced in the monitor turn is exactly the same as
that induced in the cable-under-test.
The windings are terminated in a standard terminal block, which provides a mount for the
other components. A 68 ohm 2 W resistor is connected in parallel with a 240 ohm 0.6W
resistor and the primary winding. This provides a 53 ohm resistor in parallel with the
primary.
Ideally, the co-axial cable would have been terminated by a 50 ohm resistor to match its
characteristic impedance. However, it is inevitable that reflected impedance of the loopunder-test will act as a load in parallel with the termination resistor. To compensate for this
loading effect, a value of 53 ohm was chosen.
Two BNC connectors are connected to the terminal block to provide an interface with 50
ohm co-axial cable. A section of a plastic box was used to provide more rigidity to the
assembly.
2.4.2 Characterisation Test
Testing was carried out using the set-up of Figure 2.4.2. A splitter box was used to provide an
input to channel 1 of the oscilloscope. This allowed the input to the voltage transformer to be
monitored. The output of the monitor turn on the transformer was monitored by channel 2.
Each 16.5 ohm resistor is a parallel combination of two 33 ohm resistors.
The signal generator was set to provide a sinusoidal output at a particular frequency, and the
amplitudes of the peak-to-peak signals were measured on the oscilloscope. This process was
carried out over a number of defined frequencies and the results were tabulated.
For each spot frequency, the ratio of output voltage Vch2 to input voltage Vch1 was
calculated and this ratio gave the value of the Transfer Function TFt at that frequency.
Plotting this parameter against the frequency, as shown in Figure 2.4.3, gives an indication of
the bandwidth.
The response curve of Figure 2.4.3 provides sufficient information for the circuit model of
Figure 2.4.4 to be created.
Mutual inductance (the inductance shared by primary and secondary) is represented by L2.
Primary inductance (the inductance due to magnetic flux which links only with the primary
winding) is represented by L1.
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Figure 2.4.2 Setup to characterise the Voltage transformer

.
Since the turns-ratio is ten to one, the impedance ratio of the secondary reflected in the
primary is one hundred to one. Resistance R3 is the reflected value of the series resistance of
the secondary circuit, and resistance R4 is the reflected value of the load resistance at channel
2 input terminals.
Since the simulation is only concerned with amplitudes of the signals, there is no need to
know the phase relationship between currents and voltages. So, as far as this model of the setup is concerned, the co-axial cable is transparent.

Figure 2.4.3 Transfer function of Voltage transformer
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Resistance R2 is the parallel combination of the 68 ohm and 240 ohm resistors. The 16.5 ohm
resistors represent the splitter-box components, whilst the 50 ohm resistors represent the
output impedance of the signal generator and the input impedance of channel 2 of the
oscilloscope. The capacitance C1 represents the capacitance of the primary winding.

Figure 2.4.4 Circuit model of characterisation test

The voltage V1 represents the voltage as monitored by channel 1 of the scope, V2 is the
voltage at the junction of the 16.5 ohm resistors, V3 is the voltage applied to the input
terminals of the transformer, V4 is the voltage across the mutual inductance, and V5 is ten
times the voltage monitored by channel 2.
2.4.3 Worksheet
Since the objective of the circuit model is the creation of a curve which correlates with the
curve derived from the test results, it is necessary for the same software to be used. Figure
2.4.5 shows part of a Mathcad worksheet which calculates the response of the model. Input
data is specified at the top of the worksheet. Running the program several times with different
values assigned to the components of the model allows close correlation to be achieved
between test results and the simulation of the model. Figure 2.4.6 illustrates the final set of
curves. The values assigned to the components C1, L1 and L2 were those displayed on the
worksheet when correlation had been achieved. The process is similar to that used in
successive approximation programs for non-linear equations.
.
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Figure 2.4.5 part of Mathcad worksheet which calculates the response of the model
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Figure 2.4.6 Transfer functions derived from testing TFt and modelling TFm

2.4.4 Application
The fact that there is close correlation means that the model can now be used to calculate the
response of the transformer at any given frequency. It can also be used to interpret the
mechanisms involved and relate them to the electromagnetic field. The useable range of this
transformer is from 20 kHz to 20 MHz. It is reasonable to expect that transformers can be
constructed to match the operating frequency range of any particular system-under-review.
The design, build, and characterisation process is quite simple, and can be replicated by
anyone wishing to investigate the characteristics of his of her assembly-under-review.
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2.5 The Current Monitor Transformer
2.5.1 Design
Bench testing can be used to confirm that any electronic system meets its EMC requirements,
and this can be done during the development stage. One essential unit of equipment needed
for this is the Current Monitor Transformer. The construction of a low-cost current
transformer, its function, purpose, calibration and characterisation are described.
Figure 2.5.1 illustrates the method of coupling the test equipment to the loop-under-test. With
such a configuration, the load reflected into the primary circuit (the loop-under-test) is the
load presented to the secondary divided by the square of the number of turns. Hence, the
greater the number of turns, the less the value of the reflected load, and the less will be the
effect of the test equipment on the system-under-review.

Figure 2.5.1 Use of current transformer
The load ‘seen’ by the secondary winding is the 51 ohm resistor R1 in parallel with the 50
ohm impedance of the load at the input terminals of the oscilloscope. Figure 2.5.2 illustrates
the relationship.

Figure 2.5.2 Transformer as a current source
The circuit model relevant to the input circuitry of the oscillope is illustrated by Figure 2.5.3.
This shows that, as far as this configuration is concerned, the co-axial cable is transparent.

Figure 2.5.3 Transformer as a voltage source
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From Figure 2.5.1, the voltage appearing at the input terminals of the oscilloscope is:

Vscope  Rsec  Isec

(2.5.1)

Where
Rsec 

R1  R2
R1+ R2

(2.5.2)

The current in the loop-under-test is:
Iprim  Turns  Isec

(2.5.3)

where Turns is the number of turns on the secondary winding. This means that the voltage
monitored by the oscilloscope is directly proportional to the current in the loop under test. It
also means that the load Rprim reflected into the loop-under-test is:

Rprim 

Rsec
Turns 2

(2.5.4)

2.5.2 Assembly
Since the author did not have the financial resources necessary to purchase a set of off-theshelf instruments, a current transformer meeting these design considerations was assembled
using parts available from a supplier of electronic components.
The core is a ‘cable suppression core assembly’ manufactured by the Fair Rite Products
Corporation. It is exactly the same as that used for the voltage transformer. The secondary
winding comprises ten turns of 22 SWG enamelled copper wire. Figure 2.5.4 illustrates the
assembly. The tie wrap is removable, and is used to ensure that the two halves of the core are
tightly clamped together.
To characterise this transformer, a simple coupling jig was assembled. This delivered a
primary current of known amplitude and known frequency, and was designed to ensure that
the loop-under-test was tightly coupled to the transformer.
2.5.3 Test Setup
The test set-up is shown in Figure 2.5.5. Channel 1 of the oscilloscope was used to measure
the current delivered to the transformer; that is, the current in the 50 ohm resistor placed at
the scope input connector. Channel 2 was used to monitor the output of the transformer
assembly.
The signal generator was used to deliver a constant voltage at a set of spot frequencies fs .
The peak-to-peak voltage Vch1 at channel 1 of the oscilloscope gave a measure of the peakto-peak current Iprim flowing in the primary of the transformer.
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Iprim 

Vch1
50

(2.5.5)

Figure 2.5.4 Current transformer assembly

The output voltage of the transformer Vch2 was monitored at channel 2, and the transfer
impedance ZTt calculated. This was repeated at each spot frequency.

ZTt 

Vch2
Iprim

(2.5.6)

Figure 2.5.5 Setup for calibration of current transformer
A Mathcad worksheet was used to calculate and display the relationship between the transfer
impedance and the frequency. The resulting graph is shown in Figure 2.5.6.
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2.5.4 Circuit Model
The task then was to create a circuit model which replicated this relationship. .
Figure 2.5.7 is a development of the simple model of Figure 2.5.2. R2 and R3 represent the 51
ohm resistor in the transformer assembly and the 50 ohm resistor at channel 2 input connector
respectively. L1 represents the inductance of the transformer winding, whilst R1 represents
transformer losses. These losses could be due to the magnetic field from the loop-under-test
which does not link with the transformer core. Another cause of losses is the eddy current in
the core. Capacitance C1 and resistor R4 were added to the model to simulate additional
losses at frequencies over 2 MHz.

Figure 2.5.6 Transfer impedance of current transformer

Figure 2.5.7 Circuit model of current transformer
2.5.5 Simulation
A copy of the Mathcad worksheet used to carry out a frequency response analysis of this
circuit model is provided by Figure 2.5.8. This worksheet first calculates a set of 100
frequencies, on a logarithmic scale between 5 KHz and 20 MHz and stores them in the vector
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F. It then defines the component values of the circuit model as well as the number of turns
Turns on the secondary.
The equations used in the function ZTm are derived from an inspection of the circuit model.
The impedance Z2 is the impedance as ‘seen’ by the current generator. It defines the ratio of
Vch2 to Isec. Dividing Z2 by the number of turns gives the ratio of Vch2 to Iprim. That is, the
transfer impedance of the circuit model.
Figure 2.5.9 illustrates the correlation between the test results and the response of the model.
Although there was an initial discrepancy between the two curves, a few adjustments of L1
and R1 led to a curve which intersected the data points at the low frequencies. Varying the
values of C1 and R4 led to a curve which intersected the data point above 2 MHz as well.
The process is akin to the use of successive approximations to solve non-linear equations.
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y2  log 20  10

6



m 

y2  y1
100

i  1  101
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y  m ( i  1)  y1
10

y

R1  300

R2  51

L1  200  10

6

R3  50

C1  60  10
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j    C1
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R1 R2 R3 j    L1 Z1

Z2 

1
Y2

ZT 

Z2
Turns

Calculating the value of ZTm
at each frequency F.
ZTm is the ratio Vch2/Iprim,
derived from the response of
the circuit model

Figure 2.5.8 Calculating the transfer impedance of the circuit model
2.5.6 Definitive Circuit Model
The end result is a model which effectively defines the relationship between the current in the
loop under test and the voltage measured at the input terminals of the oscilloscope. That is,
measurements of Vch2 can be used to calculate the value of Iprim at any frequency in the
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range 5kHz to 20MHz. This being so, Figure 10 can be described as a ‘Definitive Circuit
Model’ for this particular transformer.

Figure 2.5.9 Correlating the circuit model with the test results

Figure 2.5.10 Definitive circuit model
2.5.7 Application
Such a transformer can be used to measure amplitude of any current in any cable routed
through the core. In this particular example, the bandwidth is from 10 kHz to
20 MHz. Since the reflected impedance in the assembly under test is extremely low, it has
minimal effect on the characteristics of that assembly.
The transformer has been used to carry out a wide variety of cable coupling experiments. It is
well suited to the task of bench testing of cable assemblies and or in-situ testing of system
installations, prior to formal EMC testing.
The technique can be used to develop low-cost current transformers which operate over lower
frequency ranges or higher frequency ranges.
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2.6 The Signal Link
2.6.1 Test Rig
The first task in any analysis of cross coupling is to build a Test Rig on which to lay the
conductors. After installing a cable on the rig, the assembly can be subjected to tests which
identify its characteristics. The circuit model derived in Section 2.3 can then be used to assign
parameter values to the components.
The basic rig consists of a length of copper pipe installed round the walls of a room, with a
wood batten fixed along its length. Then the cable-under- test was installed along the length
of the batten. Figure 2.6.1 shows a cross section of the assembly.

Figure 2.6.1 Cross-section of test rig
2.6.2 Test Setup
The method of measurement is illustrated by the setup of Figure 2.6.2. The copper pipe can
represent the conducting structure of a vehicle, aircraft, spacecraft, ship, or the ‘earth’
conductor of any assembly of electronic equipment.
One of the cable conductors was used to send a signal whilst the other was assigned to carry
the return current. The terminals at the far end were shorted together. A signal generator was
used to provide a variable frequency voltage source Vin at the near end, and the peak-to peak
amplitude was measured by channel 1 of the oscilloscope.
From Figure 2.6.2:
Vch1 
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Since the source impedance was less than 10 ohm, the loading effect of the assembly under
review had minimal effect on the load presented to the signal generator.

Figure 2.6.2 Setup to characterise the test rig
2.6.3 Current Measurement
Current in the send conductor Iprim flows through the core of the current transformer and the
output of the ten-turn secondary is monitored by Vch2 of the oscilloscope. The relationship
between these two parameters is defined by the circuit model of Figure 2.6.3. The method of
deriving this model is described in Section 2.5.
At any particular frequency there is a one-to-one correlation between the amplitude of the
input current and the amplitude of the output voltage. Conversely, if the amplitude of Vch2 is
known, then the amplitude of Iprim can be calculated. It is simply a matter of invoking the
equations of Circuit Theory.

C1
60 pF

Isec

L1
200 H

R1
300

R4
850

R2
51

R3
50

Vch2

Iprim = Isec .Turns
Figure 2.6.3 Circuit model of current transformer
Calculating the ratio of Iprim to Vin gives a value for the admittance:
Yt 
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2.6.4 Test Results
When the configuration was as shown on Figure 2.6.2 and this measurement was carried out
over a set of spot frequencies, the data was as recorded in the Mathcad worksheet shown on
Figure 2.6.4. The worksheet calculates the frequency response of the admittance of Yt1, the
admittance of the differential-mode loop.
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Figure 2.6.4 Mathcad Worksheet page 1. Data from differential-mode test.
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Then the current transformer was clamped round both conductor and the test repeated. The
data collected is shown on the worksheet of Figure 2.6.5. This calculated the frequency
response of the transfer admittance Yt2, the ratio of the current in the common-mode loop to
the voltage applied to the differential-mode loop.
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Figure 2.6.5 Mathcad Worksheet page 2. Data from transfer admittance test.

The results of the calculations carried out by pages 1 and 2 of the worksheet are illustrated by
Figure 2.6.6. (It is worth noting that the vertical scaling on the two graphs is different.)
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Figure 2.6.6 Page 3 of Mathcad worksheet. Frequency response tests of test rig.
a Admittance of differential-mode loop
b Transfer admittance of common-mode loop

2.6.5 Lumped-Parameter Model
The next step in the design process was to create a model that replicates these test results. The
model of Figure 2.6.7a is derived in Section 2.3. Initial values for the components were
derived from the geometry of the assembly.
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From measurements on the assembly of Figure 2.6.1:
r11 = r22 = 0.61 mm
r33 = 7.5 mm
r12 = 2.45 mm
r13 = r23 = 23 mm

radii of send and return conductors
radius of copper pipe
separation between send and return conductors
separation of conductors from pipe.

The length of the test rig was measured to be: l = 11.4 m
The initial values of the inductors were:

o  r  l  r12  r13 
6
 ln 
  3.17  10 H
2 
 r11  r23 
    l  r12  r23 
6
Lc2 = o r  ln 
  3.17  10 H
2 
r22

r13


    l  r13  r23 
6
Lc3 = o r  ln 
  7.66  10 H
2 
r33

r12


Lc1=

(2.6.3)

The initial values of the capacitors were
2   o   r  l
 4.56  1010 Farad
 r12  r13 
ln 

 r11  r23 
2   o   r  l
Cc2 =
 4.56  1010 Farad
 r12  r23 
ln 

 r22  r13 
2   o   r  l
Cc3 =
 1.89  1010 Farad
 r13  r23 
ln 

 r33  r12 
Cc1=

(2.6.4)

Resistances of the conductors were assumed to be

Rc1= 0.17 ohm
Rc2 = 0.17 ohm

(2.6.5)

Rc3 = 0.005 ohm
These equations are used to assign values to the parameters recorded on the fourth page of the
worksheet. A copy of this page is provided by Figure 2.6.8.
2.6.6 Distributed-Parameter Model
Textbook analysis of transmission lines leads to the conclusion that, unless the line is
terminated by its characteristic impedance, reflections will occur at that termination. This
means that there will be partial currents flowing in both directions in all three conductors.
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If it is assumed that the signals are oscillatory, then a circuit model can be created to simulate
the action of the line. Each conductor is represented as a T-network of impedances, where the
value of each Z-parameter is a function of the R, L, and C values of the lumped-parameter
model. The Transformation Equations, derived in Section 2.2.3, define the relationships.
This relationship can also be applied to the three-conductor configuration. This is illustrated
by comparing Figure 2.6.7b with Figure 2.6.7a.

Figure 2.6.7 Triple-T models of the test rig
a Lumped parameter model
b Distributed-parameter model
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2.6.7 Computation
The function Zbranch(f) at the top of the Mathcad worksheet of Figure 2.6.9 invokes this
relationship to assign values to the impedances Zhi and Zvi , where the character ‘i’ identifies
the associated conductor. The output of this function is a pair of vectors containing these
impedance values at the frequency f.
The function Zloop(f) picks up these values and uses them to compile a set of Loop
Impedances. Each Loop Impedance is the sum of the branch impedances along the path of a
particular current flow in the circuit of Figure 2.6.7b. For example, Z11 is the sum of Rn1,
Zh1, Zv1, Zv2, Zh2 and Rn2, since that is the path followed by I1. Since mesh analysis is used, it
is assumed that many currents can flow in any particular impedance. Hence Z12 is the sum of
Rn2, Zv1 and Zv2, since these are the impedances shared by I1 and I2. The minus sign exists
because I1 and I2 are flowing in opposite directions in these components.
The final action of the subroutine of Zloop(f) is to assemble these loop parameters into a fourby-four array. There are only ten independent loop parameters, since Z12 = Z21, Z13 = Z31,
etc. This means that the array is symmetrical. This array is the output of the function
Zloop(f).
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Figure 2.6.8. Page 4 of worksheet. Assigning values to the circuit parameters.
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The next action of the worksheet is to set up the control variable i and use it to define the
frequency vector Fi. The voltage vector V assumes that the voltage source is in loop 1, that its
amplitude is 1 Volt and that there is no source in any of the other three loops.
The function Ym1 then calculates the magnitude of the current I1 over the same range of
frequencies employed in creating the graphs of Figure 2.6.6. The function Ym2 does the same
for the magnitude of the current I2.
It was now possible to display the output of the simulation on the same pair of graphs as that
used to record the test results. The results were encouraging, in that the shapes of the curves
were similar. But there was a significant discrepancy in the values of the peak frequencies
and in the amplitudes of the curves. However, by making incremental changes to the
inductors and capacitors assigned to those of Figure 2.6.7a at the start of the worksheet and
re-running the program, it became possible to establish the correlation illustrated by Figure
2.6.10.
Differential-mode current is defined as a flow along the send conductor and back via the
return conductor. Figure 2.6.10a illustrates the response of this current at the near end of the
cable. There are two peaks. The first is at the half-wave frequency, fh = 6.93 MHz. The
second is at 10.41 MHz. This second peak is due to the interaction with the common-mode
loop.
Current in the common-mode loop is defined as a flow along the send conductor and back via
the ground conductor. This peaks at 10.26 MHz, the half-wave frequency. This frequency is
much higher than that of the differential-mode loop since the relative permittivity is much
less. The relative permittivity of the differential-mode loop is higher because the material
between the send and return conductors is solid insulation, as illustrated by Figure 2.6.1.
Most of the insulation in the common mode loop is air.
2.6.8 Modelling the Peaks
However, there was still a big difference between the amplitude of the peaks recorded by the
test results and those derived from the simulation.
The significant feature was that the actual amplitude of the peaks reduced as the frequency
increased. So, instead of assuming that the values of the conductances were zero, it was
hypothesised that they were significant; and proportional to frequency. Given this
assumption, the circuit model of Figure 2.6.7a was modified to introduce a resistance value in
parallel with each capacitor.
It was also assumed that the value of each resistance was inversely proportional to the
frequency. This led to the relationship:
Gci 
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Zbranch ( f ) 
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Figure 2.6.9 Copy of page 5 of the Mathcad worksheet. The main program.
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blue circles: test results.

red curve: response of model

Figure 2.6.10 Initial correlation between test and model. Page 5 of the worksheet.
a Current in the differential-mode loop conductor
b Current in common-mode loop
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Where Rei is the leakage resistance assigned to conductor i, f is the frequency, and fh is the
frequency at which the first peak occurs in Figure 2.6.6a.
So, page 4 of the Mathcad worksheet was altered to include these parameters. The amended
page is illustrated in Figure 2.6.11.
It was also necessary to modify the function Zbranch( f ) on the main worksheet, to include
the new parameters in the computation. A copy of the modified function is provided by
Figure 2.6.12.
The end result was the graphs illustrated by Figure 2.6.13.
The values of the components of the circuit model of Figure 2.6.7a could then be defined by
displaying the values that had finally been assigned to these variables in the worksheet. There
are recorded in the circuit model of Figure 2.6.14. This model does not include the circuitry
at either interface since the existence of that circuitry has no effect on the coupling between
the conductors of the harness.
In the setup of Figure 2.6.2, the interface at the far end is a short circuit between all three
terminals. At the near end, the return conductor is shorted to the ground connection and the
send conductor is supplied by a voltage source via a low value resistance. That is, the design
of the test equipment is such that there is minimal interaction between the interface circuitry
and the assembly-under-test.
The fact that the model of Figure 2.6.7b and its relationship with the model of Figure 2.6.7a
is derived from the equations of Electromagnetic Theory provides credibility to the
technique. The fact that close correlation has been achieved between test results and the
simulation of the model provides a high degree of confidence in its reliability. The only
feature of the model which could be subjected to question is the assignment of values to the
resistors Re of equation (2.6.6).
Under steady state conditions measurement of the insulation of many cables has shown that
the resistance is of the order of tens of M-ohms. The only way of reconciling this fact with
the existence of radiated power is to assume that any resistor which simulates the
environment is a function of frequency.
The fact that the response of the modified model correlates closely with that of the tests on
the hardware increases the level of confidence of its credibility and of the reliability of the
measurement technique.
In Figure 2.6.14, the 2k resistors and the 4k resistor provide an effective indication of the
level of radiation emanating from the assembly.
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Figure 2.6.11 Page 4 of worksheet after inclusion of amendments
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Figure 2.6.12 Modified Function

Comparing the initial values of equation (2.6.3) with the final values of Figure 2.6.14 reveals
that the value of the inductance of the conductors has changed from 3.17H to 3.0 H. This
is probably due to the fact that transient current will tend to flow along the facing surfaces,
thus reducing the inductance. The value of the inductance of the copper pipe has reduced
from7.66 H to 6.7 H, for the same reason.
Comparing the initial values of equation (2.6.4) with the capacitors of Figure 2.6.14 reveals
that the values of Cc1 and Cc2 have increased from 456 pF to 1730 pF. This is because the
relative permittivity of the insulation is much higher than unity. The capacitor associated with
the copper pipe has reduced from 1890 pf to 300 pf. The probable reason for this is that less
current emanating from the structure is arriving back at the cable, because significant current
is flowing out into the environment in the form of radiated interference. The resistor Re3
simulates this radiation.
2.6.9 Definitive Circuit Model
The fact that there is close correlation between the test results and those of the simulation
means that the circuit diagram of Figure 2.6.14 provides a reliable model of the interference
coupling between the differential-mode loop and the common-mode loop of the signal link. It
is possible to add the interface circuitry of the assembly to achieve a complete circuit model
of the link. The completed model can then be used to predict the effect of intra-system
interference on the performance of the configuration under review.
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blue circles: test results.

red curve: response of model

Figure 2.6.13 Final correlation between test and model
a Current in send conductor
b Current in ground conductor
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Figure 2.6.14 Definitive circuit model of the wiring of the test rig

2.6.10 Applications
Circuitry can be added at the near end to simulate the interaction between the signal link and
its interface with an equipment unit connected at the near end. Adding circuitry to simulate
the effect of the signal receiver at the far end completes the model of the equipment-underreview. The predicted response of the equipment-under-test (EUT) can be defined over a
band of frequencies which includes the resonant peaks. The current in the common-mode
loop can be used to estimate the conducted emission of the EUT.
Similarly, the introduction of a voltage source in series with the ground conductor of Figure
2.6.14 can be used to analyse the conducted susceptibility of the EUT.
The model can also be used to simulate the cross-coupling between two signals which share
the structure as the return conductor
Since the R, L and C values of the model are proportional to the length of the cable, the
model can be used to predict the performance of a system in which the link-under-review is
longer or shorter.
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2.7 Coaxial Coupling
2.7.1 Setup
Significant improvement in EMC can be achieved by using coaxial cables to carry signals
and power. But this does not eliminate interference. It is still possible to receive and emit
unwanted signals. So it is useful to find out just how much improvement is achievable.
The twin-conductor cable was removed from the test rig and replaced with a 50 ohm coaxial
cable.
Figure 2.7.1 shows the setup. As before, one end was terminated at an interface module
which allowed a signal to be applied via a low impedance source, and for the amplitude of
that signal to be monitored by channel 1 of an oscilloscope. Both terminals at the far end
were short-circuited to the copper pipe. A current transformer was used to measure the
current delivered to the cable.

Figure 2.7.1 Test setup for characterising coaxial cable

Figure 2.7.2 provides details of the cross-section of the test rig. The length of the cable was
11.4 m.
2.7.2 Test method
The signal generator was set to deliver a sinusoidal signal and the amplitudes of the voltage
and current delivered to the cable were monitored at channels 1 and 2 of the oscilloscope.
This data was recorded at a set of spot frequencies and a graph of the transfer admittance is
created by the Mathcad worksheet shown by Figure 2.7.3.
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r11
r22
coaxial cable

r13
r33

r11=0.8125 mm
r22=4.688 mm
r33=7.5 mm
r12=r22
r23=r13

copper pipe

Figure 2.7.2 Cross-section of the test rig.
The same current transformer and oscilloscope as before was used to monitor the current in
the differential-mode loop. Both the data and the graph are recorded on Figure 2.7.3. The
graph shows the variation of the admittance Yt over the range 1 to 20MHz.
The setup was then changed to route the entire cable through the current transformer. This
allowed the common-mode current to be measured over the same range of frequencies.
Figure 2.7.4 is a copy of page 2 of the Mathcad worksheet. This defines the frequency
response of the Transfer Admittance Yt2, the current that would flow in the common-mode
loop when the voltage applied between the cable input terminals was 1 Volt.
2.7.3 Developing the model
Having determined the actual response of the configuration, the next step is to create a model
which replicates that response.
Formulae for any the Inductance and capacitance of any three-conductor model have been
derived in Section 2.3. When these are invoked for the cross-section of Figure 2.7.2, it
transpires that the value of the inductance of the screen is zero and the capacitance is infinite.
This results in the circuit model of Figure 2.7.5, where the only component coupling the
differential-mode and common-mode loops is the resistance of the screen.
High-frequency coupling exists between the two loops, as illustrated by Figure 2.7.4. This is
because the strands which form the screen are longer than the core conductor. If a length of
coax cable is dissembled and a single strand of the screen is laid alongside the core
conductor, it will be found that the length of that strand is significantly longer than the core.
That is, the cable can be simulated as two sections in series; one length representing perfect
shielding and a shorter length simulating the extra length of the unshielded portion. This is
illustrated by figure 2.7.6.
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Figure 2.7.3 Worksheet page 1: Frequency response of the cable admittance
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Figure 2.7.4 Worksheet page 2: Frequency response of the Transfer Admittance.
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The final step in the simulation is to transform every T-network of lumped parameters into
the equivalent network of distributed parameters. This is shown in Figure 2.7.7.

Figure 2.7.5 Basic model of coaxial cable routed over structure

Figure 2.7.6 Lumped parameter model of braided-screen cable routed over structure

Figure 2.7.7 Distributed-parameter model of braided-screen cable routed over structure
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2.7.4 Assigning parameter values
Figure 2.7.8 is a copy of the third page of the worksheet.
The first step on this page is to copy the geometrical data of Figure 2.7.2 onto the worksheet.
Invoking the relationships of Section 2.3 allows theoretical values for the inductances of the
differential-mode loop, Ldm, and the common-mode loop Lcm to be derived. It also
demonstrates the theoretical value of the inductor representing the screen Lscreen is zero
A review of tabulated results recorded in Figure 2.7.3 shows that the admittance of the
differential-mode loop peaks at a frequency Fdm of 8.33 MHz. This is the frequency at which
half-wave resonance occurs. So it is possible to derive the time taken Tdm for a signal to
propagate along to cable. Since the coax is specified as having a characteristic resistance Rdm
of 50 ohm, it becomes possible to derive the inductance Ldm and Cdm from this data alone.
Figure 2.7.7 illustrates the fact that the configuration can be represented as two sections; one
representing the theoretical parameters one representing the extra length of the strands and
one where the lengths of the core and screen are identical.
If the ratio of the extra length to the total length is k, then the length where the core is totally
shielded is 1  k   len and the unshielded length is k  len . Since the signal travels at a
constant velocity, then the times taken for that to happen, T1 and T2, can be deduced.
By invoking the relationships:
L  Ro  T

and

C

T
Ro

(2.7.1)
(2.7.2)

values can be assigned to Lc1 Lc2 Cc1 and Cc2 of Figure 2.7.6.
The tabulated results of Figure 2.7.4 identify the half-wave frequency Fcm of the current in
the common-mode loop as 10.6 MHz. This allows the time taken Tcm for a pulse to
propagate along that loop.
The inductance of the common-mode loop Lcm has already been derived, from geometrical
data. Invoking the relationship

T2
C
Lcm

(2.7.3)

allows values to be assigned to Lc3 and Cc3.
Having assigned values for the reactive components of Figure 2.7.6, the remaining task is to
define the series resistors. These are recorded in the vector Rdc. The values of the resistors at
the near end Rn and at the far end Rf are all zero. Since each capacitor is associated with a
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conductance, this parameter is defined in terms of a resistance. The vector Rins records the
value of each.

7
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Figure 2.7.8 Page 3 of worksheet. Assigning parameter values to the circuit of Figure 2.7.6
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2.7.5 Defining the functions
The basic functions are defined on Figure 2.7.9, the fourth page of the worksheet
The function Zbranch(f) calculates the value of each impedance of Figure 2.7.7 at a specified
frequency f, using the values of the lumped parameter components of Figure 2.7.6. The
transformation equations are derived in Section 2.2. The output of this function is two
vectors. The vector Zh defines the values of Zh1, Zh2 and Zh3, whilst Zv defines the values of
Zv1, Zv2 and Zv3.
The computation assumes that the series resistance of the core conductor is constant up to a
frequency Fx, and then increases in proportion to the square root of the frequency. This takes
into account the increase in resistance due to skin effect.
The computation also causes the conductance to increase with frequency to account for the
fact that radiated emission increases with frequency.
The function Zloop(f) takes the output of Zbranch(f) and uses that data to calculate the loop
impedance of every circuit loop of Figure 2.7.4 and the value of every impedance which
forms part of a pair of loops. These parameters are collated into the five-by-five array which
constitutes the output of the function. Creating this list is simply a matter of inspecting
Figure 2.7.4. For example Z22 is the sim of all the impedances through which I2 flows, whilst
Z23 is the impedance which shares I2 and I3
Finally, the voltage vector V is defined. This defines the source voltage in each of the five
loops of Figure 2.7.7. In this case, the source is in loop 1 and the amplitude is one Volt.
2.7.6 Main program
Figure 2.7.10 is a copy of the fifth page of the worksheet.
The first action is to create a vector F which defines all the frequencies used in the main
calculation. This is the range from 100 kHz to 20 MHz in 100 kHz steps.
The function Ymi collects the elements of the five-by five-array created by Zloop(f) . Then
the built-in function lsolve(Z , V) calculates the value of every current in the circuit of
Figure 2.7.7 at the frequency f. The output is the amplitude of the current I1, that is, the
differential mode current at the near end.
The function Ym2 repeats the process, this time providing a vector which records the
amplitudes of the current in loop 2 over the same range of frequencies, that is, the simulated
response of the common-mode current at the near end.
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Figure 2.7.9 Fourth page of Worksheet: Defining the functions
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Enough data is now available to create a pair of graphs which compare the test results from
the setup of Figure 2.7.1 with the results of the model of Figure 2.7.7.
The top graph shows the variation of differential-mode current Ym1 with frequency F as a
red curve. It also records the results calculated in page 1 of the worksheet, Yt1 as a set of
circles connected by blue dotted lines. That is, it compares the response of the simulation
with that of the hardware
The bottom graph shows the variation of the common-mode current over the same range of
frequencies when the voltage at the differential-mode input is one Volt; Ym2 versus F. This
is shown as a red curve. The circles on the bottom graph define the actual common-mode
current.
It was necessary for the program to be run several times, to allow the values of the circuit
components of Figure 2.7.6 to be varied. Each run allowed the red curves to move into closer
correlation with the circles. The graphs on Figure 2.7.10 are the eventual result.
The assignment of values to the input parameters was simplified by the fact that most of these
inputs to the computation are dependent variables. Examples are:
Lc1, Lc2, Cc1 and Cc2 are functions of k, Rdm and Fdm, whilst Rdm is defined as 50 ohm and
Fdm is defined by the peak frequency 8.33 Mhz recorded in the test results of Figure 2.7.3.
This means that the only variables which needed to be adjusted were:
k:
The extra proportion of the length assigned to the shield.
Rc1: The resistance of the core conductor.
Gc3: The conductance of the common-mode loop.
2.7.7 Definitive Circuit Model.
Figure 2.7.11 is a printout of the values assigned to the model of Figure 2.7.6 which create
the simulation recorded on the graphs of Figure 2.7.10. When these values are used to replace
the variables of Figure 2.7.6, the result is the Definitive Circuit Model of Figure 2.7.12. This
defines the characteristic of the Signal Link used in the setup of Figure 2.7.1.
This model does not include the components of the interface circuitry of the equipment at the
near and far ends of the Signal Link. When these values are included, it is possible to
simulate the cross-coupling between the differential-mode and common-mode loops over all
the frequencies at which EMI would be critical.
The final model could simulate the common-mode interference created by any signal carried
by the link.
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Figure 2.7.10 Page 5 of worksheet. Correlating the response of the model with the test results.
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Figure 2.7.12 Definitive circuit model of assembly under review.

2.7.8 Understanding the Mechanisms
The ability to create a circuit model which accurately simulates EMI coupling provides an
improved understanding of the mechanisms involved.
For example, many engineers believe that braided cable provides inadequate shielding
because the electromagnetic field passes through the gaps between the strands. It is obvious,
just by looking at the braid, that its coverage is 100%. Apart from this observation, the model
developed above shows clearly that the imperfection is created by the extra length of braid.
It can be reasoned that the action of the shield is to balance the voltage induced by current in
the inner conductor with that induced by current in the structure. If the length of the every
strand of the braid was exactly the same as that of the solid inner conductor, then the balance
would be perfect. The extra length creates an imbalance which manifests itself as the 30nH
inductance.
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Magnetic field and Electric field cannot exist independently. If inductance exists, then there
must also be a capacitance, since both are created by the electromagnetic field. This
capacitance is represented by Cc2 in Figure 2.7.6 and assigned a value of 12pF in Figure
2.7.12. Hence, there is a path via Cc2 and Cc3 which allows high frequency current to flow
between the structure and the inner core. This manifests itself as the peak current at 8.3MHz
in the differential-mode loop.
2.7.9 Design of Power Links
One of the conclusions of transmission line theory is that reflections can be eliminated if the
source resistance at the transmitting end and the load resistance at the receiving end are equal
in value to the characteristic resistance of the line.
With the use of battery powered vehicles and aircraft, screened conductors are used to carry
low-frequency power from source to load, and it is not possible for these interfaces to present
an impedance of 50 ohm. Figure 2.7.10 provides a clear indication of the probable emission
of such a configuration. So, it is not possible to rely on screened cable to suppress emissions.
For such an application, these emissions can be predicted by simulating the interface circuitry
at each end of the power link. When this is done, it becomes obvious that the only way of
controlling EMI is to include resistive loads in the filter circuits; loads which absorb the
unwanted energy at the frequencies at which the current in the structure reaches a peak value.
The ability to combine circuit models of the interface circuitry with the circuit model of the
signal link will make possible the creation of designs which minimise conducted interference
from power lines.
2.7.10 Design of Signal Links
Coaxial signal lines terminated in the characteristic impedance of the line provide a tried and
tested way of reducing susceptibility of the link. But sometimes the link is exposed to intense
levels of external interference. Creating a circuit model of the setup provides a way of
predicting the effect of such a threat. The effect of the external field can be simulated by
inserting a voltage source in series with the structure.
If it transpires that the threat field will create an unacceptable level of unwanted current in the
link, then it is possible to mitigate its effect by fitting a second braid over the insulation of the
cable and connecting the braids at each end. This will create a short-circuited loop. Current
flowing in the inner braid will be in the opposite direction to that in the outer braid. This
current balance will minimise the effect of the threat field. Such a configuration can be
modelled and tested.
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