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A Lumped RC Equivalent Circuit of Head Tissues for
Dispersive Neuro-Electromagnetic Modeling

Angelo Faccia

Abstract—Accurate modeling of electric potential and current
distribution in head tissues is crucial for the design and evaluation
of neuro-sensing and neuro-stimulation systems operating in the
sub-megahertz frequency range. Numerical methods are widely
employed in electromagnetic simulations, however their compu-
tational cost can limit their applicability to rapid prototyping,
real-time simulations, and circuit-level integration. In this work,
we introduce a lumped RC equivalent circuit model that repro-
duces the electrical behavior of a canonical three-layer spherical
head geometry over a frequency range up to 50 kHz. The model
accounts for frequency-dependent tissue conductivity and permit-
tivity to capture dispersive effects, employing complex conductivity
in the electro-quasi-static (EQS) regime. The circuit topology uses
a minimal set of impedance elements in order to represent the
essential mechanisms of electric signal propagation. Validation was
performed using a dipolar brain source configuration for scalp volt-
age peak estimation, showing close agreement with semi-analytical
solutions across different skull thicknesses and dipole eccentricities.
In addition, the impact of tissue dispersion and capacitive branches
on the model predictions was quantitatively assessed, showing their
contribution to the overall fidelity of the proposed approach.

Index Terms—Bioimpedance, brain modeling, electroencepha-
lography, electromagnetic modeling, electro-quasi-static approxi-
mation, equivalent circuits, lumped-element RC network,
reciprocity theorem, tissue dispersion.

1. INTRODUCTION

HE Measurement of brain electrical activity through scalp
T electrodes, known as electroencephalography (EEG), pro-
vides a noninvasive means of monitoring neuronal activity with
high temporal resolution [1], [2]. Modeling the scalp potentials
generated by neural sources, commonly represented as current
dipoles [3], is known as the EEG forward problem [4]. This
modeling step is fundamental for solving the corresponding
inverse problem, which aims to reconstruct the spatial distri-
bution of neural activity from the measured scalp signals [5].
This procedure plays a crucial role in pre-surgical screening in
drug-resistant epilepsy and real-time Brain-Computer Interface
(BCI) systems [6], [7], [8].
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Accurate representation of signal propagation in head tissues
is not only important for EEG-related techniques but also for
numerous biomedical applications, ranging from noninvasive
sensing to targeted stimulation. It is increasingly relevant for
understanding how biological tissues interact with electromag-
netic fields over different frequency bands, ensuring both pre-
cision and safety across a wide range of applications [9], [10].
These techniques encompass transcranial direct and alternating
current stimulation (tDCS/tACS) in the sub-100 Hz range [11],
low-, high-, and ultra-high-frequency deep brain stimulation
(LF/HF/UHEF-DBS) protocols used in Parkinson’s disease treat-
ment, which can work up to a few kilohertz [12], [13], and
electrosurgical procedures that typically operate around 1 MHz
[10], [14].

The safety and precision required by these applications high-
light the need for solutions capable of accurately modeling the
electrical behavior of head tissues across a broad frequency
spectrum. Such broadband consistency requires an accurate
representation of biological tissue dispersion as the operating
frequency extends beyond the range typically associated with
endogenous brain activity [15], [16].

At the same time, the growing adoption of implantable and
wearable biomedical electronic systems for real-time neuro-
modulation underscores the importance of compact equivalent-
circuit models of the head, designed to reproduce the electrical
behavior of head tissues with minimal computational cost [17],
[18]. The integration of these models into circuit-simulation
environments would enable rapid design and testing, while their
deployment in real-time controllers would support adaptive,
closed-loop tuning of stimulation parameters.

Numerical techniques such as the Finite Element Method
(FEM), Finite Difference Method (FDM), and Boundary El-
ement Method (BEM) [4], [19], [20] are commonly used to
compute the electric field distribution within head tissues, as they
can account for complex geometries and heterogeneous prop-
erties. However, their computational requirements may pose
challenges for their direct integration within circuit simulation
environments and real-time applications.

Partial solutions have been explored with circuit-based for-
mulations such as the Resistor Mesh Model (RMM), [21],
[22], where the head volume is discretized into a network of
resistors connecting spherical or cubic voxels. This approach
models static head behavior; however, because it relies on a
fine volumetric discretization rather than a compact lumped
equivalent circuit, it entails non-negligible computational de-
mands and does not aim to reproduce the capacitive properties

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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of biological tissues. Alternatively, compact equivalent-circuit
models are motivated by cell- and membrane-based descrip-
tions of tissue electrical behavior [23]. These models have been
used to characterize the electrical response of individual tissues
in different applications [10], [24]. In contrast, limited work
has addressed the development of lumped element equivalent
circuit representations of the entire human head that remain
accurate over a broad frequency range, while accounting for
tissue dispersion and displacement-current effects. Therefore, a
solution that does not suffer from these limitations, combining
compactness, circuit compatibility, and consistency with the
frequency-dependent electrical behavior of biological tissues,
is still desirable.

In this work, we propose a lumped-element circuit model
derived from the canonical three-layer spherical head geome-
try, representing the scalp, skull, and brain compartments. The
model addresses the quasi-static volume-conduction problem
linking internal current sources to peak scalp potentials, en-
abling application to both neural sensing and stimulation via the
reciprocity theorem [25], [26], which provides a link between
forward modeling and brain neuromodulation [27], [28]. The
proposed formulation combines three key elements that distin-
guish it from existing circuit-based approaches. First, it employs
a compact set of impedance elements, in contrast to resistor-
mesh formulations that rely on fine volumetric discretizations of
the head domain. Second, it introduces a dedicated geometrical
parametrization to account for source eccentricity and layer-
dimension variability. Finally, the model explicitly incorpo-
rates displacement-current and tissue-dispersion effects through
frequency-dependent conductivity and permittivity, extending
purely resistive formulations.

The proposed circuit model was first validated against a
semi-analytical reference formulation based on scalar spherical
harmonics expansion by comparing the peak scalp potential
generated by a radially oriented current dipole source [29].
Following validation, numerical analyses were performed to
quantify the impact of displacement currents and frequency
dispersion on circuit voltage estimation. The results indicated
that these effects produce non-negligible variations in potential
amplitude, thereby supporting their inclusion in the equivalent
circuit model to ensure a physically consistent electrical repre-
sentation of head media.

This paper is organized as follows. Section II presents back-
ground material and introduces the notation. Section III de-
scribes the proposed circuit equivalent model, detailing its archi-
tecture and parameter dependencies. Section IV presents the val-
idation of the proposed circuit model against the semi-analytical
formulation and quantifies the errors introduced when neglecting
capacitive or dispersive effects. Section V discusses the results
and outlines future research directions. Preliminary and partial
results have been presented in the conference contribution [30].

II. THEORETICAL BACKGROUND

Under the quasi-static approximation, commonly employed
below the MHz range where inductive effects are negligible [31],
the electric field is irrotational and admits a scalar potential,

max
Vscalp

Fig. 1. Three-layer spherical head model (with an additional infinite air layer)
composed of scalp, skull, and brain compartments. A radial current dipole is
located within the brain at a distance 74;p from the center. Each tissue layer is
characterized by frequency-dependent conductivity o (w) and permittivity e(w).
Standard geometrical parameters are set as: brain radius 7pin = 7.91 cm, skull
thickness Lskun = 5.9 mm, and scalp thickness £scap = 7 mm.

E = —VV. The generalized Poisson equation reads:
V- (o(w)VV)=V-J,, (1)

[4], where J; denotes the impressed current density and o¢(w) =
o(w) + iwe(w) represents the complex frequency-dependent
conductivity under time-harmonic conditions, encapsulating
both conductive and capacitive responses of biological tissues.
Along with Poisson’s equation, Dirichlet and Neumann
boundary conditions ensure the physical continuity between
adjacent head compartments for both the scalar potential V'
and the normal component of the total current density, which
includes conductive and displacement contributions [4], [32]:

Vo=V,, (o-+iwe )E" = (04 +iwe ) BT, (2)

where K" =n-E = —% is the normal component of the
electric field at the interface, with 1 pointing outward from inner
domain — to outer domain +.

Both the electrical conductivity o(w) and the permittivity
£(w) of biological tissues exhibit frequency-dependent behavior
due to dispersive effects, which have been extensively charac-
terized in the literature through in vitro and in vivo measure-
ments [15], [16].

Simplified head models, such as the piecewise-homogeneous,
concentric, three-shell spherical geometry illustrated in Fig. 1,
allow semi-analytical solutions of Poisson’s equation via scalar
spherical harmonics (SSH) expansion [29], [33], [34]. The for-
mulation is extended to the general conduction regime, including
both displacement current contributions and tissue dispersive
effects.

Let o denote the complex conductivity of the ¢-th layer, and
define the geometrical ratios as 1 = %" and 1;; = :—§, where
7dip 1s the dipole radial position and r; represents the radius of
the interface between layers ¢ and ¢ + 1. The scalp potential peak
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generated by a radial brain current dipole with a dipole moment
P, in a spherical head model composed of the three tissue layers
and an external air region can be expressed as

(©) 22A4lw 3)

Vmax .
s (w,r3) = 47m4 w2
=1
where layers are indexed as 1 for the brain, 2 for the skull, 3 for
the scalp, and 4 for the surrounding air.
The coefficient A4(l,w) is given by

120+ 1)% 050505 0" yi5!

I+ )35 Xy + 9 Xo + 97 Xs) + )54’)

A4(l7 o.)) =

where the auxiliary terms are defined as

~c c c _ ¢ =c c _ c ~c
X1 = 051050043, Xo = 051053043, X3 = 0510503,

X = 051032043
with of; = of — 0§ and &7; = (I + 1)of + 10§

Although this semi-analytical approach offers a rigorous
benchmark, its confinement to spherical geometries and the
lack of an electrical analogue motivate the design of a compact
surrogate circuit model.

III. METHODS AND PROCEDURES

The circuit model developed in this work reproduces the
canonical, piecewise homogeneous, three-shell spherical head
structure (brain, skull, scalp, and surrounding air) through an
equivalent lumped electrical network. It is designed to capture
the dominant mechanisms of bioelectric field propagation while
retaining validity over the 10 Hz—50 kHz frequency range. By
replacing full volumetric methods with a lightweight circuit
representation, the model aims to mitigate numerical burdens.
As an illustrative application, the model is employed to compute
the peak scalp voltage generated by a radially oriented brain
source, showing consistency with the semi-analytical spherical-
harmonics solution in (3).

A. Topological Structure

Fig. 2 illustrates the overall circuit topology. The network was
structured to employ a minimal number of impedance elements
while preserving the dominant mechanisms governing current
propagation through the head tissues. Each tissue compartment
was treated as a homogeneous subdomain, whose electrical
response depends jointly on its intrinsic material properties and
on its geometrical configuration within the concentric structure
of the head. The tissue properties were embedded in the cir-
cuit by defining each resistance as inversely proportional to
the corresponding layer conductivity and each capacitance as
directly proportional to the layer absolute permittivity, whereas
the geometric factors I'; encoded the spatial dependence on the
layer interface radius r; and thickness ¢;:

Ti(ri ts)

O'Z'(w)

51‘(6«))

= Li(riti)

’ i

i1 (i1 TEG) iweiss (Bl +EL )

000=ar

Tdown
Zbrain

o, (Ef'+Ef) iwe;(E[+Ef) I
-
zf =yiZ}
Fig. 2.  Lumped-circuit model of a three-layer head with a radially ori-

ented dipolar brain source. Vertically aligned branches implement the radial
impedances Z;" of each tissue layer; horizontally aligned branches implement

the tangential 1mpedance§ Z7. 9. Kirchhoff’s current law (KCL) at every node
enforces the Neumann boundary condition between adjacent layers sand? + 1,
including the effect of the interfacial surface charge density o that arises from

permittivity discontinuities. The brain radial impedances Zbr‘;':n and Zydown differ

according to dipole eccentricity. The source Igj, models the current generated
by dipolar neuronal activity and is related to the current dipole moment p,
and the effective dipole length d by Ig, = p;./d. The point ngglax denotes the
maximum scalp voltage.

A straightforward radial stacking of impedances would mimic
the layered anatomy but would fail to capture the correct distribu-
tion of current within each tissue. In reality, not all electric-field
lines generated by a dipolar source traverse the entire volume:
part of the current crosses successive layers, while another
part propagates within the same shell before returning back
to the dipole. To account for both mechanisms, each layer 7
was therefore represented by two coupled impedance branches:
a radial path, Z], describing through-layer current flow, and
a tangential path, Z,f, representing intra-layer return currents.
Each branch is implemented as a parallel RC element.

Model fidelity to the underlying electromagnetic behavior was
enforced via Kirchhoff’s Current Law (KCL) at each interfacial
node, consistent with the Neumann boundary condition on the
total current density between layers 7 and ¢ + 1 at the interface
14, as illustrated in Fig. 2:

(O’i + ini) EZL(TZ') = (O-H-l + 7:w€i+1) E?—&-l (7‘1) (5)

This ensures normal current continuity across interfaces and nat-
urally reproduces the surface-charge accumulation ¢’ associated
with permittivity discontinuities, which is stored in the radial
nodes:

ol = (i1 EPy — i EP) . (6)

The remaining current closes within each subdomain via the
tangential impedance branches Z¢.

The relative strength of radial and tangential conduction paths
depends on the aspect ratio of each tissue layer. To capture
this dependence, a dimensionless geometric coefficient ; was
introduced to scale the tangential branch of layer i relative to its
radial counterpart:

79 (% + iwa) B
Vi= = 1
Zi (7 +awey)
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This factor depends solely on the radii and thicknesses of the
spherical shells and is independent of any material anisotropy,
providing a purely geometrical weighting between the two con-
duction modes.

Finally, the position of the current dipole, assumed to be
located within the brain compartment, introduces asymmetry
in the distribution of brain current. This effect was modeled
by splitting the brain’s radial impedance into two branches,
Zy» and Zyen, whose relative values depend on the dipole
eccentricity parameter 7, shifting the source position along the
radial axis.

B. Geometrical Variability Parametrization

The geometrical parameters -y; were first calibrated under
a reference configuration defined by a canonical three-layer
spherical geometry (brain radius 7y, = 7.91 cm, skull radius
Tskat = 8.50 cm, and scalp radius rgcap = 9.20 cm, as shown in
Fig. 1), with a dipole placed at the center (1 = 0) and non-
dispersive static electrical tissue properties. The dipole moment
was set to p, = 15 nA-m, corresponding to a typical pyramidal
neuronal group of size d = 1 mm, yielding an equivalent dipolar
current Iy, = p,/d.

This calibration step established the circuit response for the
standard head geometry through numerical optimization, so that
the resulting peak scalp potential matches the semi-analytical
spherical-harmonics formulation, under the assumption that -;
depends only on the geometrical configuration (radii and thick-
nesses) and not on the electrical properties of the tissues.

Subsequently, the model was parametrically extended to ac-
count for varying dipole eccentricity () and the geometric
variability of the tissue layers.

Dipole eccentricity (n): Neural sources detected by brain
sensing techniques, as well as stimulation targets in tDCS and
tACS, are typically located within cortical regions. It is therefore
essential that the proposed model maintains accuracy for highly
eccentric dipole positions, approaching the brain-skull interface.

To account for this effect, the brain radial impedance was
divided into two branches, Z," and Z. %", representing the
asymmetric current paths produced by an off-center source. An
asymmetry parameter «(7) was introduced to redistribute the
total brain radial impedance Z. .= between the two sub-blocks:

a(n)]

The parameter (7)) was obtained through a polynomial in-
terpolation of numerically optimized data based on the semi-
analytical reference solution, over the range 1 € [0, 0.966],
corresponding to dipoles located as close as 2.7 mm from the
brain-skull interface, as illustrated in Fig. 3.

Layers’ Dimension: Considering the variability in head tis-
sue morphology reported across subjects [35], the model was
designed to maintain accuracy under physiological variations of
the interface radii. This was achieved by establishing simple
relationships between the layer-specific coefficients (v;) and
the corresponding layer geometries, thereby modeling the cur-
rent partitioning between radial and tangential pathways. To
characterize these dependencies, three independent parameter
sweeps were performed.

Ze

brain — Zt())rain [1 - Zrdnwn - Zl())rain [1 + 0‘(77)] .

brain

Igip[cm]

0.0 1.6 3.2 4.7 6.3 7.9
0.8 : : ; ; ;
0.6

3 0.4
0.2}
0 [ 1 1

0 0102 03 04 05 06 07 08 09 1
n

Fig. 3. Polynomial fit of the o parameter as a function of dipole eccentricity,
7 (bottom axis) and dipole radius, r4;;, (upper axis). The best-fit curve is a

six-order polynomial (RMSE = 2.33 x 1073).

rbrain[cm]
7.73 7.82 7.91 8.00 8.10
0.055 14600
0.054 13800
g S
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0.84 0.85 0.86 0.87 0.88
P13
Fig. 4. Polynomial fit of the v parameters for the brain and skull layers as a

function of the brain-to-scalp radius ratio 11 3. The upper axis also shows the
corresponding brain radius 7pp,in. The skull radius 7y and scalp radius rycalp
are kept fixed. The dashed vertical line indicates the « values associated with
standard brain radius. The curves represent first-order polynomial fit for ~pain
(RMSE = 2.17 x 10~3) and second-order polynomial fit for sk, (RMSE =
1.81 x 1073).

The first sweep analyzed the brain-to-scalp radius ratio,
11,3 = Torain/Tscalp, varied from 0.845 to 0.875. The sec-
ond sweep investigated the skull-to-scalp radius ratio, ¥ 3 =
Tskull/ Tscalp» Which was varied between 0.910 and 0.945. These
ranges correspond respectively to a 2.76 mm and 3.2 mm dis-
placement of the brain-skull and skull-scalp interface radii,
equivalent to an approximate +20% variation in skull thickness,
the most influential yet also the most uncertain anatomical
parameter affecting scalp potential estimation [22], [35]. For
bothratios, the ~y; coefficients curves were obtained through first-
and second-order polynomial fits of numerically optimized data
based on the semi-analytical reference solution (Figs. 4 and 5).

Finally, variations in overall head size were modeled by
rescaling all impedance elements by a factor of 1/ chalp.

In the following section, the model is validated in an extended
setting that accounts for dispersive behavior, with frequency-
dependent electrical parameters, as well as concurrent geometric
variations, to assess its ability to generalize beyond the baseline
configuration. In addition, the impact of neglecting displacement
currents and dispersion effects is quantified to evaluate the errors
introduced by such simplifications.
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Fig. 5. Polynomial fit of the y parameters for the skull and scalp layers as
a function of the skull-to-scalp radius ratio, v2 3. The upper axis also shows
the corresponding skull thickness tgk,1. The brain radius i, and scalp radius
Tscalp are kept fixed. The dashed vertical line indicates the -y values associated
with standard skull thickness. The curves represent first-order polynomial fit
for Yscalp (RMSE = 5.39 x 10~3) and second-order polynomial fit for Yyl
(RMSE = 4.81 x 1073).
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Fig. 6.  Frequency-domain comparison of the maximum scalp potential mag-
nitude predicted by the semi-analytical model (solid lines) and the lumped RC
circuit (dashed lines) for different dipole eccentricities.

IV. NUMERICAL RESULTS

The accuracy of the proposed lumped model was evaluated
against the semi-analytical formulation under dispersive condi-
tions, using the in vivo frequency-dependent conductivity and
permittivity data reported by Wagner et al. [15]. The comparison
was carried out over 75 frequency points, logarithmically spaced
between 10 Hz and 50 kHz.

Five dipole eccentricity values were considered (n = 0.233,
0.465, 0.814, 0.935, and 0.966), corresponding to dipole po-
sitions rgip, = 1.84, 3.68, 6.44, 7.40, and 7.64 cm, respectively.
All dipoles were radially oriented and assigned a dipole moment
of p,, = 15nA-m. The skull thickness was varied between 4.6
and 8.2 mm, while the brain and scalp radii were kept constant.
Finally, the influence of omitting dispersion and capacitive
branches was analyzed.

A. Circuit Model Validation

Fig. 6 shows the frequency response magnitude of the maxi-
mum scalp potential predicted for different dipole eccentricities.
Solid and dashed lines represent the semi-analytical reference
and the circuit model estimates, respectively.

Fig.7. Mean Relative Frequency Error (MRFE) in |V 7| between the lumped

model and the semi-analytical reference, evaluated over dipole eccentricity 7
and skull thickness tgy). The dashed vertical line indicates the performances
achieved with standard skull thickness.

Minor deviations appear at high eccentricities, where the
dipole approaches the brain-skull interface and local geometric
inhomogeneities become more influential, as expected given the
compact number of impedance blocks in the circuit representa-
tion.

The validation was further extended to assess the influence of
skull thickness. Fig. 7 reports the Mean Relative Frequency Error
(MRFE) between the lumped model and the semi-analytical
solution, evaluated over the 10 Hz—50 kHz frequency range as
a function of both skull thickness and dipole eccentricity. The
MREFE is defined as

1 ‘/Cirlcuigf o VSSl]-l .
MRFE = — e @)
N 2|V,

where Ny = 75 is the number of frequency samples considered,
Vit denotes the scalp potential obtained from the proposed
circuit model, and V23! is the semi-analytical reference value
from the spherical-harmonics formulation.

The MRFE increased moderately when the skull-scalp inter-
face shifted closer to either the brain or the outer air boundary,
with the strongest impact observed for high-eccentricity con-
figurations. Individually, skull thickness had a smaller effect
compared to the error introduced by source eccentricity.

B. Impact of Dispersion and Displacement Currents

The influence of frequency dispersion and displacement cur-
rents on scalp potential estimation was assessed using the pro-
posed circuit model. Fig. 8 reports the frequency response of the
maximum scalp potential magnitude, [VZix|, for a three-shell
spherical head with a radial brain dipole located 5 mm beneath
the brain-skull interface (74, = 7.40 cm). Three configurations
were analyzed:
e purely ohmic, neglecting both capacitances and resistive
frequency dispersion (R; constant, C; = 0);

e frequency-dispersive resistances without capacitances
(Ri(w), C; = 0);

e frequency-dispersive resistances and capacitances (R;(w),
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25 resistive components. In contrast, the present model was con-
_____________________________________ ceived as a compact, frequency-aware equivalent circuit focused
20 on estimating specific target potentials, thereby enabling faster
5 simulation and easier integration into circuit-oriented design
= environments.
§—§15 Although the proposed circuit employed a reduced num-
N ber of impedance elements, it achieved accuracy levels in
T s -0) R, peak scalp potential estimation comparable to standard solvers,
= (i) Riw while maintaining substantially lower complexity. These char-
5 @ (iii) Riw), Cjw) . . acteristics may position the proposed approach as a starting
10! 10? 103 104 point for future investigations on rapid device testing, signal-

Frequency [Hz]

Fig. 8. Frequency response of the maximum scalp potential magnitude |V£“a‘};

predicted by the lumped circuit for a radial dipole at 74, = 7.40 cm in the three-
shell head (cf. Fig. 1). The three cases correspond to: (i) ohmic, nondispersive
R;; (ii) dispersive R;(w) without displacement currents; and (iii) dispersive
R;(w) and dispersive C;(w).

The results showed that neglecting displacement currents
or dispersion leads to substantial overestimation of |[VZi|.
Case (i) yields the largest deviation, with relative errors in-
creasing already from 20 Hz and reaching approximately 150%
at S0kHz. Including frequency-dispersive conductivity alone
[case (ii)] reduces substantially the error; however, discrepancies
exceeding 10% still occur from around 450 Hz up to about 17%
at 1.7kHz. These findings confirm the necessity of including
both displacement current and dispersive electrical parameters in
head models to achieve accurate predictions in the 10 Hz—50 kHz
range.

V. DISCUSSION AND CONCLUSION

Validation results indicated a close agreement between the
voltage potentials estimated by the proposed lumped-element
model and the spherical-harmonics reference solution across the
entire investigated frequency range, as well as under varying
dipole eccentricities and skull thicknesses. While the semi-
analytical formulation remains valuable for validation, its appli-
cability is confined to spherical geometries and it cannot be di-
rectly embedded in circuit-simulation frameworks. Conversely,
the proposed equivalent circuit provides a compact electrical
representation of the same physical behavior, enabling efficient
simulation in circuit environments (e.g., SPICE) with a minimal
number of elements. This offers a practical advantage over SSH
models, which are generally incompatible with circuit netlists.

The observed dependence of the scalp potential error on skull
thickness is consistent with the results reported by Chauveau
etal. [22] for RMM formulations, while the increase in error with
dipole eccentricity aligns with trends observed in both RMM,
FEM and BEM forward models [22], [36]. These outcomes
confirm that the proposed simplified topology reproduces the
main qualitative behaviors captured by more complex numerical
approaches.

It is important to note, however, that these volumetric solvers
substantially differ in scope. They are designed to evaluate
potential distributions at multiple scalp locations, often at the
expense of higher computational cost, limited suitability for
circuit-level simulation, or a formulation restricted to static,

to-noise ratio assessment, and real-time applications such as
adaptive neuromodulation parameter tuning [27], [37]. Fur-
thermore, the analysis of capacitive-branch and frequency dis-
persion contributions to the proposed circuit accuracy high-
lighted the importance of including both mechanisms in head
models to ensure reliable predictions within the considered
frequency range, in agreement with previous findings in the
literature [15], [38].

At the current stage, validation has been limited to radially
oriented dipole sources within concentric, spherical layers. Con-
sequently, the present results should be interpreted within this
canonical modeling framework, while extensions to more gen-
eral source configurations and tissue models remain a direction
for future work.

In summary, the proposed surrogate circuit provides an effi-
cient approach for electrical head modeling. By incorporating
both dispersive and capacitive effects in a compact represen-
tation, it offers a preliminary modeling framework for neural
sensing and stimulation applications.
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