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ABSTRACT
This work introduces a new equivalent circuit generation method which can compute an accurate equivalent
circuit representation for the known/measured impedance characteristics of antennas, which may assist in
matching circuit design, non-Fostermatching network design, and deep-learning antenna design. Themethod
utilizes a modified Drude-Lorentz resonator representation inspired by optical material dispersion modeling
to create multiple sub-circuits based on determined resonances in the impedance spectrum. Each computed
sub-circuit is necessarily composed of physically realizable resistors, capacitors, and inductors, and they
are connected in series to accurately reconstruct the device’s corresponding impedance characteristics over
a specified region of interest. The process is automated and applicable to a wide range of antennas and
electromagnetic devices with multiple resonance phenomena. Current equivalent circuit design methods are
limited by a lack of generalization and can require complex, active, or non-realizable circuit topologies. The
proposed Drude-Lorentz-based approach can provide valuable insight into an antenna’s resonant behavior
while remaining general-purpose and only requiring passive components which are physically realizable.
This improved generality is achieved by not requiring physical insights, but rather only utilizing the
impedance data alone. Additionally, themethod creates simpler circuits than other generalmethods, requiring
less components and component types. This method is employed to create equivalent circuits of four different
exemplary types of antennas, a patch antenna, a loop antenna, a spherical helix antenna, and a metantenna
unit cell. The impedances generated from these circuit examples are compared with results of their full-wave
simulation counterparts and found to be in excellent agreement.

INDEX TERMS Antenna equivalent circuit, Drude-Lorentz model, physically realizable circuit.

I. INTRODUCTION
Equivalent circuits of antennas are useful for a range of design
needs, including miniaturization [1], determining broadband
matching potential [2], and estimating antenna array per-
formance [3]. Methods for creating equivalent circuits of
antennas are varied. Techniques such as terminal eigenadmit-
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tance, orthogonal spherical wave analysis, and Schelkunoff or
Kings-Middleton approximations can be employed to create
equivalent circuits of dipole antennas [4]. When creating
patch antenna equivalent circuits, some approaches include
the genetic algorithm or other optimization techniques [5],
mode expansions [2], or relating the circuit components to the
physical properties of the patch antenna [6]. In such cases,
unit cell equivalent circuits require complex configurations
and transformers [7].
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Due to the focus on the properties of specific designs, exist-
ing equivalent circuit methods have difficulty being applied
to a broader class of antennas. While more general methods
to fit multiple types of antennas exist, they are limited as they
typically require a significant number of circuit components
or terms to fit a single resonance [8], or necessitate the impo-
sition of difficult constraints to ensure a physically realizable
circuit [9]. Additionally, general methods often require more
component types than resistors, capacitors, and inductors.

Due to the Drude-Lorentz model’s effectiveness at repre-
senting highly dispersive systems with multiple resonances,
it has seen success in optical applications for material permit-
tivity approximation [10], [11]. Drude-Lorentz models have
also been shown to be extendable to circuit forms for atomic
models, but these approaches have required non-passive com-
ponents such as voltage sources, as well as non-physical
components in the form of a half-capacitor [12].

This paper improves upon the limitations described for
existing equivalent circuit generation methods by providing
a generalized and simpler circuit model that requires only
a single circuit term per resonance in the impedance data.
The method presented also improves existing Drude-Lorentz
circuit models by implementing the equivalent circuit using
only physically realizable and passive components.We define
a physically realizable equivalent circuit as one that can be
achieved with only passive components (for this method,
only resistors, capacitors, and inductors) that do not require
negative values, and as such can be created with commercial
off-the-shelf (COTS) parts. Importantly, to ensure a physi-
cally realizable circuit the method introduces a single linear
constraint that is simpler to enforce than the constraints from
other reported equivalent circuit generation methods.

The Drude-Lorentz based approach provides several ben-
efits over existing equivalent circuit models. The simple
structure of the equivalent circuit model presented in this
work can be easily inverted to create non-Foster matching
network designs [13]. The equation link presented between
the Drude-Lorentz parameters and impedance provides a
connection between full-wave electromagnetic solvers and
high-performance circuit simulation programs that can be
difficult to achieve otherwise. Additionally, the increase in the
application of deep-learning approaches in antenna design is
a rapidly developing field. Consequently, methods to quickly
create equivalent circuits can be directly employed as surro-
gatemodels for dataset generation or they can even be directly
used in deep-learning methods to produce optimized designs
[14]. While construction of antenna equivalent circuits is a
robust research area, the specific benefits of speed, generality,
and simplicity of the Drude-Lorentz method presented here is
expected to be particularly beneficial in non-Foster matching,
and deep-learning design approaches.

This paper introduces a new methodology based on a
Drude-Lorentz model extended from optical [11] to RF
frequencies to create simple equivalent circuit models for
multiple antennas, with only a single circuit term required
for each resonance of interest. To achieve this, Section II

FIGURE 1. Circuit applied for each term in the Drude-Lorentz model
summation. Additional terms are connected in series.

introduces a Drude-Lorentz kernel and the corresponding
impedance expression for an equivalent circuit term. Then
the two expressions are equated, resulting in a set of equa-
tions which are solved to find the circuit component values
in terms of the Drude-Lorentz model parameters. Next, the
required constraints to ensure physically realizable circuits
are introduced. The equivalent circuit generation method is
applied to four different antennas (a patch antenna, a loop
antenna, a metantenna unit cell [15], and a spherical helix
antenna) to generate their equivalent circuits for a targeted
region of interest, and the results are compared to full-wave
simulated data obtained from Ansys HFSS [16].

II. METHOD
A. DRUDE-LORENTZ MODEL
The conversion process begins with a modified Drude-
Lorentz model defined in (1), where the σ term is assumed
to be purely real valued. This model is an extension of the
previous optical Drude-Lorentz model provided by [11]. The
modification to the real-valued σ term enables the circuit
conversion process by allowing the same mathematical form
as the circuit impedance expression. The number of Drude-
Lorentz terms used corresponds to the number of desired
resonances to create, and F represents the feature of interest,
such as permittivity or impedance.When creating the circuits,
the designer can specify how many resonant terms (and thus
how many resonant circuit terms) by selecting the region
of interest for the impedance data. This flexibility allows
for any number of desired resonant terms. In this case F
refers to the impedance of the desired antenna resonance.
Fitting the antenna impedance data obtained from Ansys
HFSS [16] to the Drude-Lorentz model is accomplished with
a curve-fitting process implemented in Python. This approach
is carried out with a least-squares technique applied over
the targeted operating region, with the number of Drude-
Lorentz terms equal to the number of resonances desired to
fit. For the derivation presented here, only a single circuit
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term and impedance resonance is analyzed, as the procedure
is identical for every circuit term that is added in series.
Extending the circuit to more resonances is accomplished
by summing additional Drude-Lorentz resonators and adding
the corresponding circuit terms in series with the others. We
define ω = 2π f , where f is the frequency. The variables �R,
�I, and σR are the fitting variables that are based on themodel
from [11]. Equations (2) through (6) follow the derivation
to convert the Drude-Lorentz model into a single fraction,
in which the coefficients A1 through A4 are the terms that
will be used to equate to the circuit model in Fig. 1. The
j2 values are left un-simplified to clearly show the Drude-
Lorentz form and the impedance form are identical and as
such can be related.

F = (−jσR)
[

1
ω − �

+
1

ω + �∗

]
(1)

F = (−jσR)
[

ω + �R − j�I + ω − �R − j�I

(ω − �R − j�I )(ω + �R − j�I )

]
(2)

F = (−jσR)

[
2ω − j2�I

ω2 − jω2�I − �2
R − �2

I

]
(3)

F = (jσR)

[
2ω − j2�I

j2ω2 + jω2�I + �2
R + �2

I

]
(4)

F =
jω2σR + 2σR�I

j2ω2 + jω2�I + �2
R + �2

I

(5)

F =
jωA1 + A2

j2ω2 + jωA3 + A4
(6)

A1 = 2σR A2 = 2σR�I

A3 = 2�I A4 = �2
R + �2

I (7)

B. EQUIVALENT CIRCUIT IMPEDANCE
The equivalent circuit from Fig. 1 will be used to equate the
impedance and Drude-Lorentz model from (1). This circuit
topology was chosen since the RLC structure provides a
mathematically convenient resonator representation for the
impedance to equate to the form of the Drude-Lorentz model
in (6). The impedance in (8) needs to be re-arranged to match
the same form as (6). To achieve this, we start by introducing
the circuit impedance in (8) as:

1
Z

=
1
RC

+ jωC +
1

RL + jωL
(8)

where RC, C , RL, and L are the circuit components defined in
Fig. 1. The impedance in (8) is rearranged in (9) through (11)
to match the form from the modified Drude-Lorentz model:

1
Z

=
1 + jωRCC

RC
+

1
RL + jωL

(9)

1
Z

=
j2ω2LRCC + jω (L + RLRCC) + RC + RL

jωRCL + RCRL
(10)

Dividing by LRCC and rearranging, a matching expression
for the Drude-Lorentz model from (6) is found using circuit
components. The B coefficients introduced in (12) will be

equated to the A coefficients from (7) to solve for the circuit
component values.

Z =
jωB1 + B2

j2ω2 + jωB3 + B4
(11)

B1 =
1
C

B2 =
RL
LC

B3 =
L + RLRCC
LRCC

B4 =
RC + RL
LRCC

(12)

C. OBTAINING CIRCUIT PARAMETERS
Since (6) and (11) are the same form, finding the circuit
values from the Drude-Lorentz parameters is accomplished
by equating the A coefficients from (7) with the B coeffi-
cients from (12) and solving for the component values. First,
we express the corresponding combined equations as:

1
C

= 2σR (13)

RL
CL

= 2σR�I (14)

RLRCC + L
CLRC

= 2�I (15)

RC + RL
CRCL

= �2
R + �2

I (16)

The first component C can be directly solved for.

C =
1

2σR
(17)

By combining (15), (16), and (17), RC can be found.

RL
L

+
1

CRC
= 2�I (18)

RC =
2σR
�I

(19)

Next, L can be obtained with (14), (16), (17), and (19).

2σR
L

+
2σR�I

RC
= �2

R + �2
I (20)

L =
2σR
�2
R

(21)

Finally, RL is solved for with (14), (17), and (21).

RL =
2σR�I

�2
R

(22)

To verify that the equivalent circuit impedance was identical
to (11), the circuit components from (17), (19), (21), and (22)
were simulated in the circuits from Fig. 1 using PathWave
Advanced Design System (ADS) [17], and the impedance
curve validated with the expected Drude-Lorentz impedance
data. For all antenna examples presented, the resulting equiv-
alent circuits were also simulated and validated using ADS,
and compared with the antenna impedance data.
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FIGURE 2. Patch antenna designed for 3 GHz and associated equivalent circuit result. Three resonances are shown in a magnitude log plot and a
zoomed in area of the operating range is provided in real and imaginary components. Each circuit section creates one resonance in the impedance
equivalent, corresponding from left to right and indicated with arrows. The zoomed in area of the operating region shows a real 50 � match at
the 3 GHz operating frequency and is indicated with a horizontal green line.

D. ENSURING POSITIVE COMPONENT VALUES
In order to generate a circuit with positive resistor values
(and ensure the circuit components are physically realizable)
boundaries on the model variables need to be enforced. The
necessary restriction can be found by examining the circuit
component expressions from (17), (19), (21), and (22). Since
�I corresponds to the resonance locations on the frequency
axis, the value will always be positive, and can be ignored.
�2

R in the denominator of (21) and (23) will also always be a
positive quantity, so the only possible value that could cause
a component to assume a negative value is σR. As such, the
only boundary that needs to be enforced to ensure positive
component values is:

σR > 0 (23)

This is a linear constraint and can easily be applied to most
curve fitting or optimization routines.

III. RESULTS
A. PATCH ANTENNA EXAMPLE
To provide an example of using the process introduced in
Section II, a patch antenna equivalent circuit is created and
shown in Fig. 2. The patch antenna is designed to operate
at 3 GHz and is simulated in Ansys HFSS [16]. The dimen-
sions of the patch are 27.6 mm wide by 27.6 mm long, and
the S11 of the patch is −19.61 dB at 3 GHz. The equivalent
circuit method is applied to the antenna impedance data and is

displayed in a semilog plot of the magnitude. Each resonance
location is represented by an individual circuit term which is
numbered. While the fit was done over the operating region
(2.7 GHz to 3.2 GHz), three circuit terms were used in the
complete impedance data. The operating region is shown in
real and imaginary impedance components and matches well
with the antenna data over the region of interest. The zoomed
in section shows the 50 � crossing on the real impedance,
where the patch antenna is well matched. Due to smaller
errors near this location having a large impact on the perfor-
mance of the antenna equivalent circuit, some accuracy on the
out of band resonances was traded for increased accuracy at
the operating region.

B. OTHER ANTENNA EXAMPLES
The circuit generation method is additionally applied to three
other antenna examples to emphasize the generality of the
method and are shown in Fig. 3. These are a loop antenna,
a metantenna unit cell [15], and a spherical helix antenna.
All antenna examples were modeled using Ansys HFSS [16].
The loop antenna has a 3.63 cm diameter and 1.16 mm wire
diameter with a S11 of −17.1 dB at 3 GHz. The metantenna
unit cell example is shown to further emphasize the generality
of the method, as it is a unique example merging metama-
terials, array unit cells, and artificial magnetic conducting
(AMC) surfaces. However, the metantenna unit cell itself is
a primary resonator and can be considered as an antenna
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FIGURE 3. Three antenna equivalent circuit model examples are shown in order, a loop antenna, a metantenna unit cell, and a spherical helix antenna.
The loop antenna contained both resonances in its operating region of f = 1 GHz to f = 5 GHz. The metantenna operating region was fit over f = 2.4 GHz
to f = 2.8 GHz with an out of band resonance located at f = 1.67 GHz at an impedance value of Z = 166 k� + j840 k�. The spherical helix operating
region was fit over f = 280 MHz to f = 340 MHz, with an out of band resonance located at f = 160 MHz at an impedance value of Z = 120 k� + j82.2 k�.
The Ansys HFSS models of the antennas are included as an inset in each plot.

for the example’s purposes [15]. The metantenna unit cell
dimensions are too complex to include here but can be found
in [15]. The spherical helix is a four-arm design (single-
monopole feed and remaining arms shorted to ground) with
a height of 58.9 mm, a wire diameter of 2.6 mm, a top ring
radius of 8.5 mm, and a bottom diameter of 117.8 mm. The
spherical helix antenna has a S11 of −36.7 dB at 300 MHz.

Since the metantenna unit cell and spherical helix antenna
have very large resonances outside the operating frequency
in the impedance regime, only the operating frequencies of
interest are shown in Fig. 3 to increase the readability of
the plots. The linear constraint from (23) was applied to
all examples and did not cause additional difficulty when
generating the equivalent circuit models, resulting in entirely
passive physically realizable components and no negative
values.

IV. CHALLENGES
When creating equivalent circuits with a Drude-Lorentz
approach, some challenges can arise during fitting proce-
dures. A significant one can be found when fitting antennas
using multiple closely spaced resonances or overlapping
ones. These challenges are complicated to resolve, and since
the primary focus of this method is the connection between
the Drude-Lorentz form and the impedance representations,
overcoming these is not covered in depth. However, methods
exist in literature for overcoming the challenges of overlap-
ping resonances, and a recommended starting point can be
found in [18]. Additionally, a second challenge in applying
the method can be found when matching the impedance

at low frequencies (e.g., the capacitive impedance behavior
observed for dipole antennas at asymptotically low frequen-
cies). This can be overcome by adding a simpler circuit term
containing only a capacitor outside of the normal Drude-
Lorentz terms.

V. CONCLUSION
This paper introduced an equivalent circuit generation
method based on Drude-Lorentz resonators. Limitations of
existing equivalent circuit models for antennas include diffi-
culty in applying them to any general type instead of specific
ones and requiring circuit components aside from resistors,
capacitors, and inductors, or even components that are not
physically realizable. Our method improves on the gener-
alization limitation of other methods and is validated by
creating equivalent circuit models for a variety of different
antenna examples, including a patch antenna, a loop antenna,
a metantenna unit cell for a larger transmit array, and a
spherical helix antenna. The proposed method also improves
on existing limitations of equivalent circuit models which rely
on non-physically realizable circuit components by requiring
only a single, easy to enforce linear constraint that ensures all
components will be passive and physically realizable. Previ-
ous general methods, especially the method in [9], require
complex circuits with transformers, while the Drude-Lorentz
method described only utilizes resistors, capacitors, and
inductors combined in a simpler configuration. Each circuit
term in the Drude-Lorentz method corresponds directly to an
observed resonance in the impedance spectrum. The method
is not intended to model the antenna’s behavior from DC to
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arbitrarily high frequencies, but rather produces an equivalent
circuit for the antenna over a user defined frequency region
of interest. The equivalent circuits generated from the method
presented in this work can be used in place of difficult and
time consuming full-wave simulations. Important applica-
tions include its use in tasks such as antenna impedance
matching or full system analysis by employing simpler and
faster circuit simulators for expensive optimization studies.
Additionally, ongoing research areas in non-Foster matching
network design [13] and deep-learning accelerated antenna
design [14] can exploit the benefits of the equivalent circuit
method presented herein.
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