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Abstract—This article presents a solution for coupling an 
electromagnetic field to a thin wire transmission line in a 
rectangular resonator, with the wire being loaded at the ends and 
excited by lumped sources. The mathematical model is based on 
the Telegrapher's equations as a system of ordinary differential 
equations. The corresponding parameter matrix for the equation 
system has complex values, is length-dependent and contains 
diagonal elements. In contrast to free space, the non-diagonal 
elements for the transmission line in a lossless resonator are 
purely real and the diagonal elements are purely imaginary. The 
applicability of a simple perturbation theory for the parameters 
is investigated. 

I. INTRODUCTION 

The coupling of high-frequency electromagnetic field to 
different kinds of transmission lines is one of the main 
problems in electromagnetic compatibility. Often the 
transmission lines are arranged in resonator-like objects, such 
as computer cases, aircraft fuselages, cars, etc. A change in the 
geometric environment can radically affect the coupling. The 
most used numerical methods like MoM, TLM, etc. to solve 
the problem consider only specific cases and do not provide a 
general physical understanding. On the other hand, if the 
wavelength at low frequencies is much greater than the 
transverse dimension of a transmission line in free space in the 
so-called classical transmission line approximation (CTLA) is 
applicable. This approximation provides an analytical solution 
for the coupling problem and allows a qualitative analysis of 
the solutions [1]. 

The CTLA has been generalized at high frequencies by the 
so-called full-wave transmission line theory (FWTLT), which 
can be derived from the exact system of mixed-potential 
integral equations (MPIE) that, in turn, can be derived from the 
Maxwell equations. The scattered current and the potential 
along the line are represented as a system of first order 
differential equations, which is similar to the telegrapher 
equation system of CTLA [2]–[6]. However, the corresponding 
parameter matrix P has complex values, is length-dependent 
and contains diagonal elements. The non-classical parts of the 
parameter matrix, here the diagonal elements and the imaginary 
parts of the non-diagonal elements, define the radiation of the 
system. These parameters can be obtained, e.g., from the 
solutions of the current and the potentials that are excited by 

the left and right lumped voltage sources (admittance 
functions). 

These response admittance functions can in turned be 
obtained numerically, e.g. by NEC [5] or analytically using the 
so-called method of modal parameters [7], [8]. Another 
analytical method to obtain the parameters matrix in FWTLT is 
the perturbation theory [7]-[9], [12], [13]. In the modal 
parameter method, the MPIE equations for a wire of finite-
length can be reduced to the infinite system of linear equations 
by applying the Fourier transformation. The corresponding 
infinite matrix for the modal inductance per-unit-length and the 
modal capacitance per-unit length can be obtained as a result of 
the Fourier transformation for the kernels of MPIE equations. 
These matrices as well as the connected matrix of the modal 
impedance per-unit length have a deep physical meaning [7], 
[8], [10]. In the symmetrical case of a vertical semicircular loop 
above a perfectly conducting ground, these matrices are 
diagonal, and one can easily obtain the admittance functions 
and the matrix of the FWTLT parameters [7]-[8]. 

II. DESCRIPTION OF RESULTS 

In the present paper, we derive an exact MPIE equation for 
the current and the potential along a thin wire located in an 
arbitrary geometric environment with known Green function, 
where the wire is excited by an EM field. In the case of a 
transmission line with a symmetrical geometry within a 
rectangular resonator (see Fig.1), the MPIE can be explicitly  

 

Fig. 1. Loaded thin-wire line with symmetrical geometry in a 
rectangular resonator (Resonator: a=1.5m, b=1.2 m, h=0.9 m; 

Transmission line: x0=9cm, y0=37 cm, r0=1 mm). 
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solved analytically by using the method of modal parameters, 
including the case of a lumped excitation with a loaded line [14 
-15].  

Then we generally show that the exact MPIE equation for 
the current and potential along a thin-wire line excited by an 
arbitrary terminal lumped source(s) can be reduced to the 
FWTLT system of first-order differential equations. This 
system of equations is similar in form to the Telegrapher's 
equations. As in the case of free space, the parameter matrix of 
this system P can be built on the basis of the partial solutions 
of MPIE with lumped excitations and does not depend on their 
choice and amplitudes. The matrix ),( ljP  is length 
dependent and contains diagonal elements. Investigations have 
shown that, in contrast to a line in free space, in a lossless 
resonator, the non-diagonal elements are purely real and the 
diagonal elements are purely imaginary. As in the case of the 
TL in free space, the parameters show strong changes and 
small oscillations near terminals (see Fig.2). It can be shown 
that this is caused by the influence of leaky modes of current 
[10]. The characteristic length of this spatial dependence is 
defined by the geometry of the problem. At high frequencies, 
the parameters along the line oscillate approximately with the 
period of the wavelength. 
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Fig. 2. Length dependence of the P12 (inductance-like) and 
P21(capasitance-like) elements of the parameter matrix for the 
high-frequency case far from the cavity resonances. k=8.6m-1. 

Then we have introduced the perturbation theory for the 
parameters, as in [7], [8], [11], investigated its application 
using the numerical examples, and analyzed the results. If the 
frequency is far from cavity resonances, the perturbation theory 
of first order provides a good description of the parameters. 
However, near the cavity resonances, the results are not 
accurate. This is caused by the fact that the zero iteration does 
not consider the cavity resonances. In future research we would 
like to improve the perturbation theory for FWTLT parameters. 
There are two possibilities: 1) consider more complicated zero 
iterations for the current including at least one resonator 
mode[16]; 2) continuation of at least two iterations of the 
perturbation theory in the calculation. 
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