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Abstract

In this contribution we numerically analyze the behavior of
a nonlinearly loaded loop antenna inside a resonating envi-
ronment. As shown by previous research, a transient HPEM
excitation can lead to a DC-component in the response of a
nonlinearly receiving structure which is attributed to elec-
tric energy that is stored during rather long time scales.
Oscillations caused by the resonating environment overlap
with this DC-component, leading to an overall increased
effect.

1 Introduction

The presence of components with nonlinear current voltage
characteristics in receiving structures and scatterers can sig-
nificantly alter their behavior due to demodulation and in-
termodulation effects. The complexity can be increased if
such structures are located inside resonating environments
that, in practice, often are given by metallic casings with
apertures.
In general, analytic approaches to this type of problem are
rather involved and limited to canonical configurations. For
example, lossless transmission lines with nonlinear loads
inside a rectangular cavity resonator have been analytically
analyzed in [1], utilizing left- and right-handed Green’s
function in time domain. An analytic solution that predicts
the effects of intermodulation has been proposed. In a dif-
ferent analytic approach, problems that involve nonlinear
antennas inside a resonator are reduced to nonlinear circuit
problems which can be solved by the method of successive
approximation [2]. However, this method is limited to weak
nonlinearities.
In a combined semi-analytical and numerical approach, a
nonlinearly loaded loop antenna has been considered in [3].
Here, a strongly nonlinear load is given by a diode that is
soldered within the loop of the antenna. The structure is
excited by a transient pulse. Two simulation methods are
applied to the model: First, the response of the structure
is calculated in a full wave simulation. Then an equivalent
circuit model of the structure is derived in order to perform
simulations with an electric circuit simulator. Both meth-
ods reveal the same remarkable effect that due to the rec-

tifying property of the diode, a DC-component is present
in the antenna response and still remains after the oscilla-
tions caused by the transient excitation have completely de-
cayed. This effect was reproduced by measurement [4] in
free space and inside a resonator. It represents stored elec-
tric energy that is maintained by the presence of the diode.
This contribution provides further numerical results to ana-
lyze the emerging DC-component in combination with res-
onance effects within a cavity. It is organized as follows:
In Section 2 a nonlinearly loaded loop antenna, a broad-
band transient excitation and a suitable rectangular cavity
resonator are introduced. In Section 3 the nonlinear load is
reduced to a linear one to exhibit its response to a broad-
band transient excitation, both in free space and within a
cavity, by numerical simulations. In Section 4, the same
simulations are performed for the nonlinearly loaded loop
antenna to identify the relevant nonlinear effects.

2 Configuration setup

2.1 Antenna model

To begin with, the considered antenna is shown in Fig. 1.
The loop antenna actually is of rectangular form and of
dimensions as indicated in the figure. For the definition
of an approximate open-circuit voltage a port resistance of
R = 1MΩ is introduced as well. The antenna is excited by
a plane wave, as indicated, modulated by the given signal.
The voltage of the antenna response is sampled at the port
resistance and denoted by V in the figure. The parameters
of the diode used in the simulations are the following:

Table 1. Diode parameters provided by CST Microwave
Studio[6]

R (Ω) 190
Cp (F) 0.3e-12
RR (Ω) 40e6
I0 (A) 2.5e-7
T (K) 300



Figure 1. Nonlinearly loaded loop antenna, excited by a
signal-modulated plane wave.

In order to compare linear and nonlinear loaded loop anten-
nas, the diode in Fig. 1 is replaced by a parallel circuit with
a resistance RR = 40 MΩ which corresponds to the reverse
resistance and a capacitor corresponding to the parasitic ca-
pacitance of the diode, see Fig. 2.

Figure 2. Replacement of the diode by a parallel circuit
that includes its reverse resistance RR and parasitic capaci-
tance CP.

2.2 Excitation signal

In order to provide broadband excitations, standard double
exponential pulses

E(t) = E0k
(

e−αt − e−β t
)

h(t) (1)

are used, see Fig. 3, with parameters E0 = 160 V
m , α = 1

tf
and β = 1

tr
. In addition we use the correction factor k de-

fined by [5]

k(α,β ) =

[
e−α

ln(α/β )
α−β − e−β

ln(α/β )
α−β

]−1

, (2)

and the Heavyside-function h(t).

2.3 Cavity resonator

As cavity resonator, a box with inner dimensions
240 mm x 100 mm x 240 mm made of perfectly conduct-
ing material is defined, as indicated in Fig. 4. The resonator
has an aperture aiming towards the direction of the incom-
ing wave, given by two slots which intersect at a right angle
to form a cross. The slots have a width of 1 mm. The wall
thickness of the cavity is set to 1 mm as well.

Figure 3. Double exponential pulse used as excitation sig-
nal.

Figure 4. Figure of the resonator with the aperture.

2.4 Location of the antenna inside the cavity

The antenna is oriented inside the cavity as shown in Fig. 5.
The area spanned by the loop is parallel to the xy-plane. The
origin of the coordinate system denoted in Fig. 4 and Fig. 5
is located at the center of the cavity. The center of the loop
is at x = 40 mm, y = 0 mm, and z = 40 mm.

Figure 5. Position of the loop antenna inside the cavity.



3 Coupling of the linearly loaded antenna in
free space and inside the cavity

3.1 Natural frequency of the antenna

Simulations with different pulse shapes show that the dom-
inating frequency in the antenna response does not depend
on the shape of the exciting pulse but corresponds to the
natural frequency of the antenna. We choose a pulse with
values tr = 0.75 ns and tf = 1 ns. With this excitation, three
simulations are performed in free space. The first one in-
cludes the complete nonlinearly loaded antenna. In the sec-
ond simulation, the diode is replaced by the parallel circuit
introduced in Fig. 2. Finally, in the last simulation, the
parasitic capacitance CP is removed such that the diode is
replaced by the 40 MΩ reverse resistance. In Fig. 6, the nu-
merically calculated spectra of the voltages at the antenna
feed are displayed. It is seen that the natural frequency of
the nonlinearly loaded antenna is equal to the one of a lin-
ear antenna with the diode replaced by the parallel circuit
introduced in Fig. 2 and given by 840 MHz.

Figure 6. Numerically calculated spectra of the antenna
response in free space.

3.2 Electromagnetic coupling between loop
antenna and cavity

It was attempted to dimension the cavity such that the main
antenna resonance matches one of the cavity resonances.
However, this is not trivial if the coupled antenna-cavity
system is considered. As can be seen from Fig. 7 an inter-
esting frequency-splitting occurs, even in the linear case.
Additionally, to quantitatively describe the aperture cou-
pling, the electric field strength in the cavity at the loca-
tion of the center of the antenna is measured. While in free
space the receiving structure is excited by the electric field
strength displayed in Fig. 3, the field strength inside the res-
onator has the more complicated shape shown in Fig. 8. It
turned out that the field strength only has a component in
y-direction, compare the axes in Fig. 4 and Fig. 5. If this
field strength is compared to the one in free space it is seen
that its peak values are smaller by a factor of eight or less.
Clearly, the signal is composed of various oscillations that
decay rather slowly, due to the perfectly conducting cavity
walls.

Figure 7. Spectrum of the linear antenna response in free
space and inside the cavity resonator.

Figure 8. Electric field strength inside the resonator at the
location of the antenna center.

3.3 Antenna responses

In the following, the time-domain voltage drop V across
the terminating resistance will be referred to as antenna re-
sponse, compare Fig. 1. The antenna responses are dis-
played in Fig. 9. Even though the first oscillations in the
free space case have higher peak values, the resonating ef-
fect of the cavity leads to further oscillations. Next, this is
examined for the loop-antenna with nonlinear load.

Figure 9. Response of the linearly loaded loop antenna
both in free space and inside the resonator.



4 Electromagnetic coupling of the nonlin-
early loaded antenna in free space and in-
side the cavity

Finally, the nonlinearly loaded loop antenna is considered.
It is deduced from Fig. 10, that the presence of the nonlinear
load has no major effect on the resonance frequencies if
compared to the linear case shown in Fig. 7. The response
of the nonlinearly loaded antenna in free space and inside
the resonator is shown in Fig. 11.

Figure 10. Spectrum of the nonlinear antenna response in
free space and inside the cavity resonator.

Figure 11. Response of the nonlinearly loaded loop an-
tenna in free space and inside the resonator.

As already noted in the former studies [3], [4], the recti-
fying effect of the diode leads to a DC-component in the
response of the antenna. This can be observed both in
free space and inside the cavity. The DC-components are
of comparable size, even though the electric field strength
within the cavity is smaller by about a factor of eight, in-
dicating that the electric energy storage effect is more pro-
nounced within the cavity. Oscillations caused by the cavity
resonances overlap the DC-component, leading to peak val-
ues that exceed the DC-component generated in free space.
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