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Abstract. In this paper the equivalent circuit modeling of a
nonlinearly loaded loop antenna and its transient responses
to HPEM field excitations are investigated. For the circuit
modeling the general strategy to characterize the nonlinearly
loaded antenna by a linear and a nonlinear circuit part is pursued. The linear circuit part can be determined by standard
methods of antenna theory and numerical field computation.
The modeling of the nonlinear circuit part requires realistic
circuit models of the nonlinear loads that are given by Schottky diodes. Combining both parts, appropriate circuit models
are obtained and analyzed by means of a standard SPICE
circuit simulator. It is the main result that in this way fullwave simulation results can be reproduced. Furthermore it is
clearly seen that the equivalent circuit modeling offers considerable advantages with respect to computation speed and
also leads to improved physical insights regarding the coupling between HPEM field excitation and nonlinearly loaded
loop antenna.

1

Introduction

The effects of high power electromagnetic (HPEM) sources
on electric and electronic systems have been the subject of
many studies during the last decades. Usually, the corresponding physical models focus on the formulation and solution of electromagnetic boundary value problems. Most of
these models employ linear constitutive equations such that
the usual methods of classical electrodynamics can be used
for their solution (Lee, 1995; Tesche et al., 1997). The presence of electronic elements, however, implies that nonlinear

effects may also need to be taken into account. In a recent
study, a measurement setup has been proposed that allows to
produce nonlinear effects that are due to transient HPEM excitation of a canonical system, compare Fig. 1. Additionally,
it was possible to correlate the corresponding measurement
results to numerical full wave simulations in time domain
(Kotzev et al., 2016). A corresponding simulation model consisting of a nonlinearly loaded loop antenna placed inside a
metallic resonator is depicted in Fig. 2. Similar to the measurement setup, in the model the resonator is excited by a
transient plane wave which couples via a horizontal slot into
the resonator.
It is the aim of this paper to supplement the obtained
results by SPICE circuit models and simulation. For this
purpose, appropriate equivalent circuit models are required.
Such models can be derived based on classical techniques
such as the singularity expansion method (Michalski and
Pearson, 1984) or by the characteristic modes representation
of antenna impedances and electromagnetic fields (Adams
and Bernhard, 2013). Also, effective lumped-element equivalent circuits of microwave circuits can be obtained with
the help of the transmission line matrix (TLM) method as
shown in Russer et al. (1994) and Felsen et al. (2009). In the
present context the determination of equivalent circuit models mainly follows the methods for the extraction of broadband equivalent circuits of loop and dipole antennas as suggested by Streable and Pearson (1981), Long et al. (2000),
and Rambabu et al. (1999).
The paper is organized as follows: in the next Sect. 2 an
equivalent circuit model of the considered loop antenna in
free space is derived. In Sect. 3 the equivalent circuit model
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Figure 3. Thevenin equivalent of an antenna in receiving mode, according to Balanis (2005).

Figure 1. Measurement setup to experimentally observe transient
responses to HPEM field excitation: a metallic resonator is placed
in an open waveguide which is excited by a transient electromagnetic field. The time domain response of a loop antenna within the
resonator is measured via an outside feed by means of a digital oscilloscope.

Figure 4. Quantities used for the full-wave modeling of the open
circuit voltage in case of the antenna being in receiving mode.

2

Figure 2. Full-wave model representing the electromagnetic field
coupling via a horizontal slot into the resonator if placed into a wave
guide. As excitation a plane wave with its time dependency being
determined by a measured double-exponential pulse is applied. A
quadratic loop antenna of dimensions 10.5 cm × 10.5 cm is placed
inside the resonator and terminated by 1 M resistor and a nonlinear load.

of the same loop antenna placed inside a resonator is obtained
with the help of a numerical full-wave model, as indicated in
Fig. 2. These models are completed by the addition of a nonlinear load and allow in Sect. 4 to compare SPICE simulation
results with full-wave simulation results. Finally, a short conclusion of the findings is provided by Sect. 5.
Adv. Radio Sci., 15, 175–180, 2017

Equivalent circuit model of loop antenna in free
space

In this section an explicit equivalent circuit model of the considered 10.5 cm × 10.5 cm loop antenna in free space is derived. In order to describe a receiving antenna by an equivalent network it is required to compute the open circuit voltage
Voc , which depends from a given excitation, and the antenna
input impedance Z in , as illustrated in Fig. 3. The open circuit voltage can be obtained from numerical full-wave models where the loop is terminated by a 1 M resistor as an
approximate open port and excited by a known electromagnetic field as indicated in Fig. 4. Then the voltage across the
resistor is considered as Voc .
The numerical computation of the input impedance is a
standard procedure and, in the present case, has been done
using the Method of Moments (MoM), utilizing two different solvers (TET, 2016; Altair, 2016) in frequency domain.
The calculated magnitudes of the antenna input impedance
are shown in Fig. 5 and the results correlate well in the considered frequency range up to 2 GHz. The phase of the input
impedance is shown in Fig. 6.
With these values, the following circuit representation is
obtained: according to Fig. 5 the first resonance frequency
f0 of the loop antenna is in the range of f0 = 355 MHz. Considering the phase at lower frequencies it converges towards
90◦ which is characteristic for a parallel RLC-circuit. The resistor R0 of this circuit can be derived from Fig. 5, yielding
www.adv-radio-sci.net/15/175/2017/
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Figure 7. Equivalent circuit of the loop antenna in free space.

Figure 5. Computed magnitude of the input impedance using two
different MoM-solvers (TET, 2016; Altair, 2016).

Table 1. Computed equivalent circuit element values of the loop
antenna in free space.
Resonance frequency
[GHz]
f0 = 0.354
f1 = 1.09
f2 = 1.80

R
[k]

L
[nH]

C
[pF]

45
1.5
1.0

460
30.3
12.6

0.44
0.70
0.62

RLC-elements can be derived from relations that involve the
resonance bandwidth, compare Fig. 5,
b1 = f12 − f11 =
Figure 6. Computed phase of the input impedance using two different MoM-solvers (TET, 2016; Altair, 2016).

approximately 45 k. The corresponding inductance L0 and
capacitance C0 are computed from the input admittance of
the parallel resonance circuit,
Yin (ω) = j ωC0 +

1
1
+
,
j ωL0 R0

(1)

where for low frequencies the input admittance depends
mainly on the inductance L0 ,
Yin (ω → 0) ≈

1
,
j ωL0

C0 =

4π 2 f0 2 L0

.

(3)

The inductance L0 is obtained by a fitting to the resonance
frequency f0 = 354 MHz that is shown in Fig. 9. From this
figure it is also seen that the equivalent circuit model of the
dipole antenna should contain, in the considered frequency
range, two additional parallel RLC-resonance circuits. The
corresponding lumped element values can be computed from
the resonance bandwidth again, as indicated in Fig. 9,

(4)

In the frequency range up to 2 GHz further resonances occur. In the range of 1.1 GHz the values of the corresponding
www.adv-radio-sci.net/15/175/2017/

Analogously, circuit elements related to the third resonance
at 1.8 GHz are obtained. The computed RLC-elements are
summarized in Table 1 and the corresponding equivalent circuit is depicted in Fig. 7.
If the loop antenna is supplemented by a nonlinear load
which is located opposite to the feed then the linear part
needs to be considered as an electric dipole antenna, as illustrated in Fig. 8. In contrast to the previous case it is then
advisable to derive the equivalent circuit of the electric dipole
antenna from its input admittance, see Figs. 9 and 10.
Similar to the previous case, at low frequencies one can
determine the capacitor C0 from the admittance Yin0 according to
|Yin (ω → 0)| ≈ ωC0 .

This allows to determine L0 from the input impedance at low
frequencies. The capacitance C0 is obtained from the resonance frequency f0 according to
1

(5)

(2)

and it follows
|Zin (ω → 0)| ≈ ωL0 .

1
1 1
(ω12 − ω11 ) =
.
2π
2π R1 C1

bp = fp2 − fp1 =

(6)

1
1 1
(ωp2 − ωp1 ) =
.
2π
2π RC

(7)

The resulting equivalent circuit lumped-elements are summarized in Table 2. The network representation of the complete nonlinearly loaded loop antenna is shown in Fig. 11.
Adv. Radio Sci., 15, 175–180, 2017
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Figure 8. Modeling of the nonlinearly loaded loop antenna in free
space. The loop antenna becomes an electric dipole antenna if it is
terminated by a nonlinear load opposite to the feed.

Figure 11. Equivalent circuit of the nonlinearly loaded loop antenna
in free space. The representation of the diode follows the model of a
realistic diode which is implemented in the full-wave software that
will be used in Sect. 4 for time domain computations (CST, 2015).
Table 2. Computed equivalent circuit element values of the electric
dipole antenna in free space.
Resonance frequency
[GHz]
–
f1 = 0.637
f2 = 1.416

Figure 9. Computed magnitude of the input admittance of the electric dipole antenna using two different MoM-solvers (TET, 2016;
Altair, 2016).

Figure 10. Computed phase of the input admittance of the electric
dipole antenna using two different MoM-solvers (TET, 2016; Altair, 2016).

Equivalent circuit model of loop antenna inside
a resonator

In this section modifications to the equivalent circuits are
made that are required if the loop antenna is placed inside a
resonator. In this case the existence of resonator modes will
lead to additional resonances. Using the full-wave solvers
based on the MoM (TET, 2016; Altair, 2016) the input
impedances of the loop antenna and its electric dipole version, enclosed by a resonator as seen in Fig. 2, have been
computed, see Figs. 12 and 14. Due to the interaction beAdv. Radio Sci., 15, 175–180, 2017

L
[nH]

C
[pF]

–
10.68
2.33

54
91
17

1.1
0.70
0.74

tween antennas and cavity the low-frequency behavior of
the input admittances does change in comparison to the free
space situation. This is seen, in particular, for the loop antenna where now it is required to have a series resonance circuit included which is represented by L0 and C0 , see Fig. 13.
Also two cavity resonances need to be taken into account.
The values of the corresponding lumped elements are summarized in Table 3. Furthermore, the input impedance of the
electric dipole shows additional contributions from cavity
resonances as well, see Fig. 14. The obtained corresponding
values are given in Table 4. In both cases the serial capacitor C0 has been computed from Eq. (6) and the serial inductance L0 has been fitted to the numerically calculated input
impedance to correctly obtain the first resonance.

4
3

R
[k]

Comparison between equivalent circuit models and
full-wave models

It finally is investigated whether full-wave simulations (CST,
2015) of HPEM-induced transient responses at a nonlinear
loaded antenna, as depicted in Fig. 2, can be reproduced by
the equivalent circuit models developed, if implemented in a
SPICE solver (Linear Technology, 2016). It must be noted
that the equivalent circuit models of Figs. 11 and 15 require the knowledge of the open-circuit voltage Voc of the
unloaded antenna which is produced by the given excitation
(Balanis, 2005). In the present case this open-circuit voltage
is obtained from the full-wave solver (CST, 2015) in time
www.adv-radio-sci.net/15/175/2017/
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Table 3. Computed equivalent circuit element values of the loop
antenna inside the resonator.
Resonance frequency
[GHz]
–
f1 = 0.359
f2 = 0.788
f3 = 0.812
f4 = 0.951

R
[k]

L
[nH]

C
[pF]

–
1210
23.65
2.78
1.73

215
545
5.33
2.28
0.067

0.75
0.36
7.65
16.82
418

Table 4. Computed equivalent circuit element values of the electric
dipole antenna inside the resonator.
Resonance frequency
[GHz]
—
f1 = 0.648
f2 = 0.800
f3 = 0.833
f4 = 0.954

R
[k]

L
[nH]

C
[pF]

–
630
370
3.344
0.510

12
100
6.6
9.6
0.66

1.13
0.6
6
3.8
42.1

Figure 14. Computed magnitude of the input impedance of the
dipole antenna placed inside the resonator using two different
MoM-solvers (TET, 2016; Altair, 2016). The result obtained from
the SPICE model of the calculated equivalent circuit is shown as
well.

Figure 15. Equivalent circuit of the nonlinearly loaded loop antenna
inside the resonator.

Figure 12. Computed magnitude of the input impedance of the
loop antenna placed inside the resonator using two different MoMsolvers (TET, 2016; Altair, 2016). The result obtained from the
SPICE model of the calculated equivalent circuit is shown as well.

Figure 13. Equivalent circuit of the loop antenna inside the resonator.
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domain, that is, the numerically obtained open-circuit voltage can be used as excitation in the SPICE simulation by an
import option.
In this way the case of the nonlinearly loaded loop antenna
in free space is considered first. In Fig. 16 the comparison
of the voltages across the diode computed by the full-wave
model and the SPICE model is shown. A nonlinear effect,
exhibited by a voltage rectification in time domain, is well
captured by both models. This effect has also been observed
experimentally (Kotzev et al., 2016). The two solution methods exhibit minor differences in terms of amplitudes and oscillation frequencies while the overall qualitative behavior
is reproduced in both cases. In Fig. 17 the voltages across
the diode obtained from the full-wave model and the corresponding SPICE model of the loop antenna placed inside the
resonator are compared. A quantitative discrepancy between
the full-wave and equivalent circuit model computations can
be noticed while, again, the rectifying effect is reproduced in
both cases. It is not obvious whether the full-wave simulation
or the SPICE simulation is closer to physical reality since,
from the point of view of a full-wave simulation, the simulation of HPEM-coupling to a nonlinearly loaded antenna
within a high-quality resonator is numerically demanding.
Adv. Radio Sci., 15, 175–180, 2017
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Figure 16. Comparison of the computed voltage across the Schottky diode of the nonlinearly loaded loop antenna in free space. A
nonlinear effect expressed by the rectification of the diode’s voltage
is captured well by both methods used.

Figure 17. Comparison of the computed voltage across the Schottky diode of the nonlinearly loaded loop antenna placed inside the
resonator. The quantitative differences between both methods are
larger if compared to the situation in free space.
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Conclusions

In this paper equivalent SPICE models of a nonlinearly
loaded loop antenna in free space and inside a metallic resonator have been derived. It was shown that in comparison to
full-wave models the equivalent circuit models ensure adequate simulation results and quick computation of the nonlinear effects in the system response induced by transient
HPEM-fields.
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