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Abstract. The electromagnetic properties of receiving and
scattering structures with nonlinear components are difficult
to predict, especially if more than one nonlinear load is in-
volved. In this contribution a frame antenna with two diodes
that act as nonlinear loads is analyzed. This receiving antenna
structure is illuminated by a polarized plane wave, carrying
a transient HPEM signal. It is then the given task to compute
the electric field distribution in the vicinity of the antenna. To
this end, a macromodel of the nonlinearly loaded structure
that relates the transient signal to the electric field measured
at an observation point is derived. As a result it is seen how
recent macromodeling techniques can be applied to solve the
given problem step by step. This provides the possibility to
further analyze the interaction of the given nonlinear loads
by a general framework.

1 Introduction

The study of nonlinearly loaded receiving structures, such as
antennas or transmission lines, has a rather long history in
Electromagnetic Compatibility. Many of the techniques used
to analyze such structures are based on one of the two follow-
ing concepts: The first one is the harmonic balance technique
which is capable to deal with weak and strong nonlinear cir-
cuits (Maas, 1988). This technique is efficient for single tone
excitations but less suitable if broadband HPEM excitations
are considered. The second concept is based on power-series
and Volterra-series analysis (Sarkar and Weiner, 1976; Maas,
1988). Volterra-series presupposes that the excitation signal
has no direct component. This usually is the case for far field
related disturbances. Another detail that usually is presup-

posed in power-series based techniques is that nonlinearities
are weak (Maas, 1988).

In a recent study, the response of nonlinearly loaded
loop antennas under HPEM excitation has been investigated
where the nonlinearity was given by a single diode. This led
to the observation of a rectifying effect of the diode which, in
turn, led to a rather long lasting direct component which was
attributed to an electric energy storage effect (Michels et al.,
2020). In the corresponding modeling and analysis it could
be assumed that the diode is of small spatial extent and can
be treated as a lumped element. In this case it is a standard
procedure to resort to circuit analysis and to isolate the non-
linear element while the remaining linear part of the circuit
model is reduced to a Thévenin or Norton equivalent, where
the impedance of the linear circuit model often is expressed
by Foster representations (Ramo et al., 1994). In this way,
the resulting nonlinear circuit model can be implemented in
usual circuit simulators. Also it is possible to gain from the
circuit models physical insights which help to understand ob-
served effects such as the above mentioned long lasting direct
component.

If the complexity of the nonlinearly loaded structures in-
creases by the inclusion of more than one nonlinear ele-
ment, the procedure described in the above paragraph be-
comes more and more impractical. In this case, advanced
methods of macromodeling turn out to be much more effi-
cient (Grivet-Talocia and Gustavsen, 2016a), allowing the in-
clusion of hundreds or even thousands of nonlinear elements.
In this spirit, in Yang et al. (2016) diode grids for energy se-
lective shielding have been considered and analyzed with a
hybrid field-circuit simulation method that combines meth-
ods of moments and a causal convolution technique which
allows to ensure passivity and causality. In Yang et al. (2021)
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and Wendt et al. (2019), macromodeling techniques com-
bined with recursive convolution (Grivet-Talocia and Gus-
tavsen, 2016b) have been used to allow to considerably re-
duce the time required to perform simulations on structures
with a large number of nonlinear loads. Moreover, these tech-
niques lead to causal results and enforce passivity as well.

Having these advantages of macromodeling in mind, it is
the aim of this study to further analyze the mentioned en-
ergy storage effect in the presence of more than one diode.
In particular, a wire frame antenna including two diodes as
nonlinear loads will be considered. The scattering behavior
of this structure will be analyzed using the macromodeling
and convolution techniques cited above. This allows to di-
vide the problem in a way such that the interaction between
the two nonlinear loads can be observed and understood.

The remainder of this article is organized as follows: First,
a frame antenna that includes two diodes as nonlinear loads
and is excited by a plane wave carrying a transient excitation
is introduced in Sect. 2. Results from full wave simulations
in the time domain that characterize the scattered field will be
presented. In Sect. 3 a macromodel of the considered setup
will be derived. This macromodel will be used in Sect. 4 to
examine the scattered field that has been numerically calcu-
lated in Sect. 2. Finally, Sect. 5 provides a conclusion.

2 Full wave simulation of a receiving structure with
multiple nonlinear loads

2.1 Receiving structure with two nonlinear loads
excited by a transient HPEM excitation

The receiving structure introduced in Fig. 1 is given by a wire
frame including two diodes that act as nonlinear loads. The
frame is made of perfectly conducting cylindrical wires of
cross-section 1 mm. The dimensions of the wire frame are set
to 100mm× 100 mm. The incident wave with electric field
Einc, magnetic field H inc, and Poynting vector Sinc carries
a transient signal. The polarization of the incident wave is
chosen such that the electric field points in y-direction. Elec-
tric field components are denoted by Exobs, Eyobs, and Ezobs,
recorded by a virtual field probe located at the center of the
frame antenna. Simulations of this setup are first performed
in the time-domain full wave simulation tool CST Microwave
Studio (CST, 2022). The equivalent circuit of the diodes used
in the simulations is depicted in Fig. 2. The diode parameters
are given in Table 1. These parameters resemble those of a
Schottky diode with current voltage relation:

for Vd < 0 Id =Gs ·Vd

for Vd ≥ 0 Id = I0 ·
(
e
e
kT
·Vd − 1

) (1)

with the Boltzmann constant k and the elementary charge e.

Figure 1. Frame antenna with two embedded diodes excited by a
plane wave carrying a transient excitation.

Figure 2. Equivalent circuit of the diode implemented in the full
wave simulation (CST, 2022).

2.2 Excitation pulse

As transient HPEM excitation signal, a double exponential
pulse is used. It is carried by the incident plane wave and
mathematically described by

E(t)= E0 ·K ·
(
e−α(t−1t)− e−β(t−1t)

)
·2(t −1t). (2)

In order to have E0 as peak value, the correction factor K is
introduced with

K =

(
e
−α

lnα−lnβ
α−β − e

−β
lnα−lnβ
α−β

)−1

. (3)

Additionally, the Heaviside function 2(t)

2(t)=
{ 0 for t < 0

1 for t ≥ 0 (4)

is included to define E(t) for all times t . A time delay of
1t = 2.5 ns is chosen. The values of α and β are calculated
from rise and fall times according to:

α =
1
tf
, β =

1
tr
, tr = 0.75ns , tf = 1ns . (5)
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Table 1. Diode parameters.

R 190�
C 0.3× 10−12 F
Gs 2.5× 10−8 S
I0 2.5× 10−7 A
T 300 K

Figure 3. Electric fields measured by the virtual field probe.

2.3 Full wave simulation results of the scattered
electric field

A full wave simulation is performed with CST Microwave
Studio and the electric field measured by the virtual field
probe of Fig. 1 is sampled. This leads to the results displayed
in Fig. 3.

The excitation introduced in Sect. 2.2 is depicted in the fig-
ure in blue. Moreover the electric fields in x-direction Exobs
and y-direction Eyobs are displayed. It turned out that the
electric field at the observation point has no significant com-
ponent in z-direction. A first observation is that the electric
field vector at the observation point includes an x-component
that grows rapidly during the passing of the transient excita-
tion and remains approximately constant. The occurence of
approximate DC-components caused by the rectifying effect
of diodes has already been studied in Michels et al. (2020)
for the case of one diode. The novelty in the present simu-
lation is in the time dependency of the field component as it
behaves approximately like a Heaviside function without no-
ticeable oscillations. This becomes more clear if this result is
compared to the case with a single diode only: In this case,
Diode1 in Fig. 1 is replaced by a 40 M� resistance which
corresponds to the reverse resistance of the diode. The same
simulation is repeated leading to the result shown in Fig. 4.

It seems as if in the case of two diodes there is a counter-
acting effect which leads to a cancellation of initially present
oscillation. In the following it will be shown how macromod-
eling techniques can contribute to calculate and understand
this cancellation.

Figure 4. Electric fields measured by the virtual field probe for a
single nonlinearly loaded receiving structure.

3 Macromodel of the simulation setup

3.1 Basic approach

For the following approach it is an essential idea to replace
both diodes by equivalent ideal voltage sources. This is in
accordance to the substitution theorem (Maas, 1988). As de-
picted in Fig. 5, the nonlinearly loaded structure (a) can be
decomposed into three separate wire frames including two
ideal voltage sources V1 and V2. These wire frames will sep-
arately be excited.

Since no nonlinear elements are involved in this constel-
lation, the superposition principle can be used to calculate
the field strength at the observation point. The field contri-
butions of the three wire frames (b), (c), and (d) are treated
separately. The first contribution is caused by the incident
field with both voltage sources V1 and V2 set to zero, leading
to configuration (b). The other two scattered components are
computed by setting alternately one of the voltage sources
to zero, leading to the configurations (c) and (d). The field
contributions can thus be split into separate parts in order
to study their interaction. Before the superposition can be
performed, the ideal voltage sources V1(t) and V2(t) corre-
sponding to the voltage drops across the diodes have to be
determined.

3.2 Computation of the voltage drops across the diode

It is the aim to create a macromodel of the nonlinearly loaded
structure capable to relate the voltage drops V1(t) and V2(t)

across the diodes to any excitation signal carried by an in-
cident wave. To do so, the first task is to create a netlist for
an electric circuit simulator of the linear part of the struc-
ture. For this, the diodes are removed and replaced by ports
in a full wave simulation. The scattering parameters of the
resulting two-port are computed and provide a set of discrete
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Figure 5. Decomposition of the original setup (a) into three configurations (b), (c), and (d).

S-parameters S11(jωk) S12(jωk)

S21(jωk) S22(jωk)

 . (6)

The continuous functions Sik(s) with i,k = 1,2 are given
in the Laplace domain and approximated by a vector fitting
algorithm as rational functions in their pole-residue form.
For this step a check and enforcement of passivity is manda-
tory. From the resulting rational functions an equivalent cir-
cuit of the structure can be derived with methods explained
in Grivet-Talocia and Gustavsen (2016a) and represented by
a SPICE netlist. The nonlinear loads are now added in the
netlist of an electric circuit simulation as depicted in Fig. 6.
We assume that the equivalent circuit represented by the
SPICE netlist and the diodes does not contain any electri-
cal or magnetic energy at the initial state. The task to transfer
diode parameters from full wave simulation, as introduced
in Table 1, for example, into a SPICE netlist or vice versa
may not be trivial. Corresponding approaches can be inferred
from Chang (1996).

In order to perform the required circuit simulation, the
open circuit voltages VOCV1 and VOCV2 have to be computed
as well. A model is needed to relate the signal carried by the
plane wave to the open circuit voltages.

To numerically obtain a suitable model, a time domain full
wave simulation of the setup depicted in Fig. 7 is performed
with a broadband signal u(t) which leads to the open circuit
voltages y1(t) and y2(t). Then a Fourier transformation is
applied to these signals, leading to the transformsU(s), Y1(s)

Figure 6. Electric circuit simulation with nonlinear elements.

Figure 7. Computation of open circuit voltages with the diodes re-
moved.
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and Y2(s). These are given in sampled form such that discrete
values of the transfer functions are obtained,

Hn(sk)=
Yn(sk)

U(sk)
, n= 1,2 , sk = jωk. (7)

With known discrete values of the transfer function, a vector
fitting algorithm is applied to provide a continuous transfer
function with residues rk and poles pk . In addition, the prop-
agation time of the plane wave is taken into account by a pa-
rameter τ . In this case, only a forward evaluation is required.
Therefore a check or enforcement of passivity is not neces-
sary (Wendt et al., 2020) and the desired transfer functions
are of the form

H(s)=

(
r0+

m∑
k=1

rk

s−pk

)
· e−sτ . (8)

Having the transfer functions H1(s) and H2(s) at hand, the
open circuit voltages can be calculated for any signal u(t)
carried by the incident plane wave via fast recursive convo-
lution with the inverse Fourier transformation of the transfer
function h(t) as kernel,

VOCVn(t)= u(t) hn(t) n= 1,2. (9)

In order to ensure causality of the system the following has
to apply for the impulse responses h(t):

hn(t)= 0 , n= 1,2 , for t ≤ 0. (10)

The fast recursive convolution method turns out to be very
efficient for the case when u(t) is given as input function in
time domain and the transfer functions Hn(s) are given in
frequency domain in their pole residue form Eq. (8). Further
details on the recursive convolution method are provided in
Grivet-Talocia and Gustavsen (2016a).

After having determined the open circuit voltages, the
electric circuit simulation of the model depicted in Fig. 6 can
be carried out. This yields the desired voltage drops V1(t)

and V2(t) across the diodes.

3.3 Computation of the electric field at the observation
point

The resulting electric field at the observation point is calcu-
lated from the decomposition depicted in Fig. 5. In analogy
to the methods described in the previous Sect. 3.2, transfer
functions are derived for the computation of the electric field
at the observation point, caused by the incident field and the
voltages V1(t) and V2(t). In total, for the calculation of the
observed electric field the following transfer functions are re-
quired:

– Two transfer functions that relate the signal carried by
the incoming plane wave to the field components Exobs
and Eyobs with V1(t)= V2(t)= 0

Figure 8. y-component of the electric field at the observation point.

– Two transfer functions that relate the voltage V1(t) to
the field components Exobs and Eyobs with V2(t)= 0

– Two transfer functions that relate the voltage V2(t) to
the field components Exobs and Eyobs with V1(t)= 0

The fast recursive convolution method is used again to com-
pute the electric field components of Eobs. Finally, the field
at the observation point is calculated by summing up the field
contributions of the configurations (b), (c), and (d) as shown
in Fig. 5.

As a result, the macromodel of the structure introduced
in Fig. 1 is now complete and it is possible to compute the
electric field at the observation point for any type of exci-
tation signal which is carried by the incident electric field.
This also allows to provide a better understanding regarding
the interaction of the nonlinear loads, as will be shown in the
following.

4 Comparison between full wave and macromodel
simulation results

In order to verify the efficiency of the macromodel, simu-
lation results obtained from both full wave simulations and
macromodel simulations are compared. The structure intro-
duced in Sect. 2.1 serves as test setup. Again, it is excited by
a plane wave as depicted in Fig. 1 and carries the signal de-
scribed in Sect. 2.2. The simulation results are displayed in
Figs. 8 and 9.

The field component in y-direction, compare also Fig. 1, is
reproduced by both the macromodel and the full wave simu-
lations and both methods provide a very good agreement. In
view of the different field contributions shown in Fig. 5 this
field component is due to configuration (b).

The comparison concerning the field in x-direction shows
a satisfying correlation. Deviations are due to the fact that
it is difficult to incorporate the diode parameters of Table 1
into an adequate SPICE netlist. Nevertheless, the pronounced
DC-component component is reproduced and there is a good
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Figure 9. x-component of the electric field at the observation point.

Figure 10. x-components of the electric field at the observation
point, considered separately for both configurations (c) and (d).

match for early times. It turns out that the x-component re-
sults from contributions of the configurations (c) and (d).

One question that was raised during the beginning of this
investigation was for the reason of the absence of pronounced
oscillations in the early time response for the case of two
diodes in the antenna. This behavior can now be understood
by considering the separate field contributions resulting from
the configurations (c) and (d). In Fig. 10 it is revealed that
the corresponding DC-components add up while the AC-
components cancel out. The sum of both components lead to
the time dependency that also is obtained from the full wave
simulation.

5 Conclusions

The particular example of a multiple nonlinearly loaded re-
ceiving structure showed that macromodeling techniques are
an efficient analytical tool. The major advantage is that full
wave simulations can be replaced by electric circuit sim-
ulations which are much faster and less memory consum-
ing. It is possible to split a complex problem into several
parts. Moreover, components with nonlinear characteristics

are quite easy to implement in electric circuit simulations.
The task to translate data from datasheets of given compo-
nents correctly into lumped element parameters capable to
be used in full wave simulation is not immediate.

As already discovered in former studies, nonlinear loads
can lead to DC-components which may persist for a compar-
atively long time. The interaction of multiple nonlinear loads
leads to further effects that a priori are difficult to predict.
Methods to investigate these effects in depth are therefore a
useful instrument with potential applications to EMC.
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