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Abstract – Radiating structures with distributed parameters, 
such as TEM waveguides or strip-lines, are considered as 
linear N-port networks and correlations between port 
currents and field strength values are calculated. Knowing the 
S-parameters for all accessible ports the port currents can be 
re-calculated for other source and load scenarios. Field 
strength values are then obtained as a linear combination of 
contributions due to the individual port currents. The effect of 
changing load and source parameters on fields can be 
investigated in a very efficient way without repeating full 
wave field simulations. 
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I. INTRODUCTION 
 

Linear electrical networks are often analyzed by describing 
their behavior as N-ports; voltages and currents at a (small) 
number of accessible terminal pairs are determined as a 
function of an N-port matrix and the sources and 
terminations at all ports [1, 2]. Port currents [ Ip ] can e.g. 
be calculated in terms of an impedance matrix [ Z ], port 
terminations [ ZTerm ], and voltage sources [ Vs ]. Equation 
(1) represents then a linear system as shown in Figure 1: 

[ ] [ ]1
p Term sI Z Z V−⎡ ⎤ = + ⋅⎣ ⎦ .   (1) 

[ Z ] can be computed analytically or numerically for 
lumped element networks. A consideration as N-port is also 
possible for systems with distributed parameters, e.g. 
coupled transmission lines, or for any linear system such as 
coupled antenna arrangements [3, 4]. In the latter case 
numerical approaches are usually necessary to find [ Z ]. A 
full-wave field solver may be used to determine open port 
voltages Vij (voltage on port i while exciting port j) and the 
feeding currents Ij for each respective port: 
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If, during the field simulations while exciting each port 
individually with all non-excited ports being open (i.e. the 
respective port currents are zero), the electric and/or 
magnetic field strength Fj at an arbitrary observation point 
is also calculated, then coefficients aj, relating the feeding 
port current Ij at port j and the field strength at that point 
can also be determined: 
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When changing the excitation or termination of the N-port, 
new port currents Ij-new can be calculated using (1) and the 
new field strength be obtained as a linear combination of 
weighted contributions from all new port currents: 
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More precisely, the field strength Fj is due to a linear 
combination of currents on each patch or segment of the 
simulation model, and these currents are themselves a 
linear combination of all port currents. Figure 2 illustrates 
this. 
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Figure 1: Linear system as N-port 
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Figure 2: Field strength Fi due to port current Ii 
 
In equation (5) M stands for the number of patch and/or 
segment currents, and N stands for the number of accessible 
ports, i.e. those locations where source and load 
modifications are possible. In a typical Method-of-Moment 
model M will be in the order of several thousand, while N 
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will typically be a single digit number. Thus, not only the 
computation of new port currents, according to (1), where 
the inversion of an N×N matrix is involved, but also the 
update of field strength values according to (5) is not 
demanding on CPU performance. 
 

The procedure can be implemented without too much 
problems using software tools such as Matlab [5]. 

 
 

II. TWO-PORT STRIP-LINE STRUCTURE 
 

The method described in section I is now applied to the 
model of a strip-line, shown in Figure 3. The field 
simulation is done with a Method-of-Moment based 
software package [6]. 
 

First, the input impedance of the structure is used for 
verification of the model. The results for the base model 
shown in Figure 4 are not quite satisfactorily. The 
impedance value for the 50 Ω-termination shows a good 
agreement only for low frequencies; the resonance 
frequencies differ, and the impedance magnitudes at higher 
frequencies are also different. For the open termination also 
the impedance magnitude at low frequencies is slightly 
different. 
 

The end sections of the strip-line in the physical and the 
simulation model are shown in detail in the two inserts in 
Figure 4. This part of the structure has been over-
simplified, and deserves more consideration. The N-
connector at both ends is investigated in more detail. 
Measurements with a network analyzer reveal that 
equivalent elements are 2.7 nH when short circuited, and 
1.6 pF when open. From these results the transmission line 
characteristics for the connecter can be calculated as: 

0
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= = = ≈ Ω ;  (6) 

2.7 1.6 66LC nH pFτ = = × ≈ ps .  (7) 

With this more sophisticated model the input impedance of 
the structure is calculated for exactly the same location 
where it is measured, i.e. at the end of the N-connector 
which in turn is then terminated with the basic model of the 
strip-line. The input impedance from the simulation is 
therefore 
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The input impedance Zin in (8) is the impedance at the 
beginning of the basic strip-line when terminated with the 
appropriated load at its end, i.e. [2] 
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Z11, Z12, Z21 and Z22 are the impedance matrix elements 
obtained from the Method-of-Moment simulation of the 
basic strip-line model. The last step is now to calculate the 
load impedance ZLoad for the strip-line. This is again done 
by using equation (8), but now Zin is replaced by the 

appropriate termination, e.g. Zin →∞ (open), Zin = 50 Ω or 
Zin = 0 (short circuit). 
 
The results for the input impedance after this refinement 
are shown in Figure 5. Z11 is the input impedance of the 
basic strip-line model (the same as in Figure 4); when the 
load connector is taken into account (Zin) a slight 
improvement can be noted for the resonance frequency; 
after taking into account also the connector at the source 
end (Zinput) a further improvement for the resonance 
frequencies and for the magnitude occurs. The agreement 
for the improved model is quite good, and this improved 
model is now used to calculate the field strength at one 
observation point for different termination scenarios. 
 

The field strength at the centre of the strip-line, close to the 
ground plane is measured with a short monopole antenna, 
while the strip-line is excited with the network analyzer, i.e. 
with a voltage source with 50 Ω internal impedance, and 
terminated as: open, 50 Ω and short circuited. In each case, 
the agreement between measurements (dashed curves) and 
simulations (solid curves) in Figure 6 is satisfactorily. 
 

 

Port 1 - Source Port 2 - Load 
185 mm 500 mm 

120 mm 

(a) Strip-line with essential dimensions 
 

 
(b) Method-of-Moment simulation model 

 
Figure 3: Strip-line – physical structure and 

basic simulation model: 
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Figure 4: Input impedance – base model 

 
Figure 5: Input impedance – detailed modeling of terminations 
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Figure 6: Field strength comparison for varied strip-line termination 

 
III. TEM WAVEGUIDE WITH FOUR 

ACCESSIBLE PORTS 
 
The next example looks at a TEM-wave guide with four 
accessible ports, shown in Figure 7. Two ports are 
connected at either side of the septum and two ports 
connect the septum with the upper part of the cell for 
dampening cavity resonances. Septum and shell are 
assumed as perfect conductors [7, 8]. 
 
In initial field simulations the N-port impedance matrix and 
field coefficients ai are calculated, and the electric field at 
one observation point (0.2m/0.2m/0.2m) is computed for a 
load of 50 Ω at port 2 (end of the septum). Figure 8 
compares the three field components obtained by the N-port 
method as described in section I of this paper (solid 
curves), and by direct simulations (dashed curves). There is 
a good agreement for the dominant z-component, except for 
some mysterious resonances; the agreement for the other 
components, x- and y-, are also quite good, but again show 
some resonances that don’t appear in the direct solution. 
The insert in Figure 8 shows the resonance around 33 MHz 
in more detail. 
 
Figure 9 shows the maximum field strength at the same 

4 and for a reduced frequency range. The same occurrence 
of false resonances can be noted. 
 
 

 

Figure 7: Four-port TEM wave guide 
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Figure 8: Electric field – comparison between N-port method and direct solution 

II 

 
Figure 9: Load at ports 3 & 4 varied 

 
During the initial field simulation the source port has been 
loaded with a small resistance of 0.1 Ω, while the open 
ports have been loaded with resistors of 1 MΩ. The small 
resistor value has been included for convenience; moving 
the excitation from one port to the other only requires 
changing loads, but not adding and removing loads; the 

large resistors were necessary because the program can 
only calculate voltages across impedances [6]. The results 
can be improved, i.e. the false resonances be decreased, if 
better approximations for the short circuit and open ports 
are used. When replacing the 0.1 Ω resistor with 1 μΩ 
values and the 1 MΩ resistors with 1 GΩ the false 
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resonances almost disappear. These results are shown in 
Figure 10. 
 
A reason for this behavior n 
scrutinizing the impedance matrix. Being a passive network 
the impedance matrix must be symmetric, i.e. Zij=Zji is 
required for each pair i and j. A closer look at two pairs in 
Figure 11 reveals that Z12 and Z21 as well as Z34 and Z43 are 

generally identical, except for some sharp nulls which 
occur at slightly different frequencies. These nulls occur in 
systems with high Quality-factors. Their effect can be 
reduced by considering the finite conductivity of the cell 
walls and the septum. This would, however, result in more 
unknowns for the equation system and longer computation 
times. Alternatively a lossy dielectric (‘lossy brick in 
Figure 7) can be placed inside the TEM wave guide 

s 3 & 4

 
Figure 11: Symmetry of N-port impedance matrix 
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P-IX 

The use of this N-port method to compute field strengths 
requires N field simulations for a system with N accessible 
ports. It is therefore only of an advantage if at least N 
different termination scenarios are to be investigated. A 
possible application is illustrated again using the example 
of the TEM waveguide. 
 
Figure 12 shows a number of observation points forming 
the working volume of the TEM waveguide. The model has 
a resonance around 80 MHz resulting in widely different 
field strength values at different observation points. The 
ratio between highest and lowest field strength, as can be 
seen from Figures 13 and 14, is about 5. 
 

The electric field around this frequency has a maximum 
value between septum and the upper part of the cell, at the 
location of port 3 (see Figure 15). Therefore loading port 3 
can be expected to dampen this resonance. The results for 4 
resistance values are added in Figure 14. When decreasing 
the resistance value the field uniformity just below 80 MHz 
improves, but the performance above 80 MHz gets worse. 
A resistance value around 1 kΩ seems to give the best 
results. 
 
In Figure 16 the resistance value is now changed in small 
steps and the field uniformity is shown as color code 
depending on frequency and resistance value. 
 

 
Figure 12: Field observation points 

 
Figure 14: Field uniformity for a various load at port 3 

 

 

Figure 13: Field strength across the working volume 

 

Figure 15: Field distribution around 80 MHz 

 

 for various termination 
enarios without repeating full-wave field simulations. 

 

p resonance are 
vestigated the symmetry of the N-port matrices is 

essential.  

 
IV. CONCLUSION 

 
Linear systems with distributed parameters or coupled 
antennas can be considered as N-port networks and field 
strength values can be updated
sc

The method can be applied as a post-processing routine 
after field simulations, and does not depend on the usage of 
specific field solvers. However, it is important that accurate 
N-port parameters are available. In particular if systems 
with high Q-factors, i.e. with shar
in
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Figure 16: Field uniformity for a various load at port 3 (fine resistance steps) 
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