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Understanding the near-field distribution of antennas has become more significant since it directly effects radiation
performance, energy absorption, and safety in current wireless applications, especially when antennas operate
close to the human body. This research explores a Meander Line Antenna (MLA)’s electric field patterns within
in-body contexts, emphasizing propagation loss, energy conservation, and electric field deterioration in different
physiological tissues. This investigation examines the process of signal weakening in embedded antenna use
by assessing the variations in electric field strengths among Muscular tissue, skin, and fatty layers at diverse
conductivity levels. By utilizing results from FEKO simulations, the research demonstrates the absorption losses
associated with the electric field distribution across tissue surfaces. The findings indicate these tissue components
exhibiting higher electrical conductance, such as muscle and skin, experience faster degradation when subjected
to electric fields compared to fat, which possess lower dielectric constant. These results provide crucial insights
into effectively optimizing MLA structure for medical purposes, ensuring reliable wireless signal transfer in
physiological environments.

� 2026 University of Al-Qadisiyah. All rights reserved.

1. Introduction
In recent periods, a notable rise occurs in the surrounding implantable wi-

reless sensors, particularly in their exploration for medical uses. Early detection
of illnesses, notably chronic diseases, is among the numerous potential biome-
dical applications for these technologies [1]. Due to continuous observation of
their behavior in routine physiological conditions, patients experience a nota-
ble enhancement in their quality of life when they can participate in everyday
activities rather than being confined to bed or a wheelchair. Consequently, the
ability to monitor patients in their daily routines is the most significant benefit.
As a result, conventional clinical monitoring would be substituted with conti-
nuous, remote monitoring [2]. This will significantly promote a better lifestyle,
increase the accuracy of diagnoses, and reduce health care costs. Figure 1
displays the implantable medical devices’ schematic diagram. Understanding
energy propagation and signal attenuation requires examining the electric-field
patterns of meander line antennas (MLA), considering in-body, essential for
biomedical and wireless implantable applications [3]. The efficacy of antenna
performance in biological settings has emerged as a vital area of research due
to the rising use of implanted and wearable medical devices for live medical
status tracking [4]. Nevertheless, the intricate electromagnetic interactions
between the antenna and biological tissues lead to challenges such as energy
absorption, propagation loss, and field degradation [5]. These concerns impact
signal efficacy and overall system reliability [6]. This study looks at how the
near-field of MLA implanted in fat, muscle, and skin varies depending on
conductivity. The study examines how tissue conductivity influences efficient
energy utilization, signal attenuation, and field strength [7]. The study explains
how conductivity and permittivity affect signal intensity and propagation

characteristics under physiological settings by examining how electric fields
deteriorate in various tissue environments. A numerical and simulation-based
method is used to determine the near-field pattern at the phantom and antenna
interfaces. The propagation loss is measured by the ratio of the surface area
covered by the electric field, whereas the absorption loss caused by biological
tissues is examined using degradation constants [8]. Furthermore, this thinks
about contrast situations with elevated electrical conductivity, which result
in prominent electric field weakening, with fat, which has lower conductivity
and permittivity [9]. Furthermore, this study compares settings with lower
conductivity and permittivity—fat—with those with higher conductivity, such
as muscle and skin, which result in greater attenuation of electric fields [10].
The inadequacy of energy conservation models in high-permittivity media,
such as human tissue, which leads to significant propagation losses and electric
field degradation, is one of the several challenges faced in previous research on
implanted antenna systems [11]. For instance, earlier studies sometimes em-
ployed simple phantom models that failed to account for the complex dielectric
properties of actual tissues, resulting in erroneous performance predictions and
exaggerated antenna efficacy. Additionally, several published studies failed to
consider the impact of proximal field interaction between the antenna and the
tissue, leading to increased absorption losses and less-than-ideal radiation pat-
terns [12]. The development of dependable and efficient WBAN systems was
hampered by these limitations. Unlike many prior studies on implantable and
wearable antennas that primarily emphasize resonance behavior, impedance
matching, or specific absorption rate (SAR), this work focuses on the quan-
titative characterization of near-field electric-field degradation in biological
tissues.
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Nomenclature
MLA Meander Line Antenna XD Capacitive reactance (Ω)
E1 Electric field at antenna–tissue interface (d BV/m) N Number of meander turns
E2 Electric field at observation point (d BV/m) W Antenna width (mm)
SA Surface area of antenna field distribution (mm2) H Phantom height (mm)
SP Surface area of phantom field distribution (mm2) Ploss Power dissipation density (W/m3)
LZ Absorption loss (dB) Greek Symbols
b Electric field degradation constant (Np/m) σ Electrical conductivity (S/m)
L Antenna length (mm) εr Relative permittivity
D Phantom diameter (mm) ε Absolute permittivity (F/m)
Zin Input impedance λo Free-space wavelength (mm)
RD Radiation resistance of short dipole (Ω) λg Wavelength in tissue medium (mm)
RL Ohmic resistance of conductor (Ω) ω Angular frequency (rad/s)
XC Inductive reactance (Ω) δ Loss tangent angle

A surface-area–based propagation loss framework (SA/SP) is employed to ex-
plicitly relate electric-field spreading and attenuation to tissue electromagnetic
properties. By analyzing a compact meander line antenna (MLA) operating
at 405 MHz within fat, skin, and muscle under identical antenna geometry,
excitation, and propagation depth, this study isolates the influence of tissue con-
ductivity and permittivity on near-field degradation. The proposed approach
is validated through full-wave FEKO simulations and provides explicit nume-
rical metrics of electric-field loss (dB) and attenuation constants, offering a
more quantitative and physically interpretable basis for evaluating implantable
antenna performance in wireless body-area network (WBAN) applications.

Figure 1. Network of Implantable Medical Devices [13].

2. Design consideration for meander line antenna
The MLA adds resonances that are far lower in magnitude than a standalone an-
tenna element of the same length, extending the spectral span of the conventio-
nal folding antenna significantly. In contrast to traditional quarter-wavelength
and mid-wavelength dipole antennas, the MLAs’ radiation efficiency is signifi-
cantly lower. The main factors influencing the proportional size decrease of
the antenna are the number of meander sections within a single wavelength
and the gap between the widths of the rectangular configurations. Figure 2
depicts an equivalent meander line antenna model, Eq. 1.

Zin = RD +RL + j(Xc −XD) (1)

In this context, XD denotes the capacitive opposition to current (reactance) of
the short dipole antenna, while XC refers to the inductive reactance introduced
by the bent segment (crank). RD and RL represent the radiated resistance of the
short dipole and the ohmic resistance of the antenna conductor, respectively.
The values of XC and XD can be neutralized by appropriately choosing the
width (W ), length (L), and the number of windings (N). Achieving zero net
reactance, referred to as the self-resonant state, is crucial for efficient elec-
tromagnetic radiation. W changed at fixed L and N until the resonance point
was found by moving the 405MHz location to X = 0.W is currently known
as the antenna’s resonant width. A self-resonant structure curve is obtained
by repeating the process for different L and N conditions. As the number of
rotations rises, the antenna’s size will also grow. In this project, we aim to
develop the smallest antenna feasible. For this reason, N = 6 is chosen.

3. Simulation model and parameters
The MLA was modeled for implantable uses in the human body. Three parts
of the human body—the skin, fat, and muscle were so chosen. The purpose is
to examine how well MLA performs at different conductivity and permittivity
levels. The simulation model produced with FEKO 7.0, an electromagnetic
simulation program, is shown in Fig. 3. In this research, the phantom size is
(80×70×70) mm3 for fabrication and measurement convenience. Simulation
of MLA with different phantom sizes is tested, and the antenna performance
shows no significant difference. However, the phantom size should not be
smaller than twice the antenna size [14]. To ensure numerical accuracy, the
dielectric properties and attenuation behaviour obtained from the FEKO simu-
lations were compared against established biological tissue data reported by
Gabriel et al. (1996), [15]. The simulated trends in electric field degradation
across fat tissue showed close agreement with published dielectric constants
and attenuation characteristics at comparable frequencies, providing confi-
dence in the simulation accuracy. The simulation model’s parameter values are
compiled in Table 1. For calculating close and far field zones for simulation,
this is a suitable size. A 1mm air gap is positioned between the antenna and
the dielectric material to prevent modeling errors. A computational method,
as per the Method of Moments (MoM), will be applied for estimating the elec-
trical characteristics of MLA within the body tissue equivalent material. As
mentioned earlier, MoM is a computation that is based on the current flowing
through a material or antenna wire that is separated into tiny meshes in the
shape of triangles. A mesh convergence assessment was conducted by refining
the discretization beyond λg/150 for conductors and λg/20 for dielectric
regions, with no significant variation observed in the near-field electric field
magnitude or attenuation trends. Hence, the selected mesh parameters were
deemed sufficient for stable and reliable simulations.

4. Power conservation principles and attenuation effects
In the reactive near-field region of an electrically small implantable antenna,
electric-field attenuation is governed by two dominant mechanisms: (i) geo-
metric field spreading, which redistributes electromagnetic energy over an
increasing effective surface area, and (ii) material absorption, arising from
conductive and dielectric losses in biological tissues. Rather than represen-
ting far-field path loss, the present analysis models near-field attenuation as a
phenomenological superposition of these two effects, consistent with energy
conservation principles in lossy media. The energy conservation of the phan-
tom and antenna is investigated. Propagation loss, which is the weakening of
signal strength once transmitted across a specific environment and range, is
another name for the acquired power at two different locations inside the field
generated by electromagnetic sources. Accordingly, the near-field propagation
loss between the antenna–tissue interface and a specified observation point
within the phantom is expressed as the sum of a geometric spreading term and
an absorption-related attenuation term, as given in Eq. 2, [16].

Propagation loss = E2 +E1 =
SA

SP
+LZ (2)

In Eq. 2 the electric-field quantities E1 and E2 represent the magnitudes of
the electric field at the antenna-tissue interface and at the observation location
within the phantom, respectively. All field quantities are expressed in decibel
scale (dBV/m), such that subtraction corresponds to a logarithmic field ratio.
The term SA represents a dimensionless surface-area ratio that accounts for
geometric redistribution of the near-field energy, while LZ represents the mate-
rial absorption loss (dB) accumulated over the propagation depth Z. Although
the surface-area ratio originates from linear geometric considerations, its con-
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tribution is expressed in logarithmic form using 10 log10(SA/SP) to ensure
dimensional consistency with the field attenuation expressed in dB.

Table 1. Simulation parameter

Parameter Value
Simulator FEKO 7.0 (Method of Moment)
Frequency 405 MHz
Wavelength in free space (λo) λo =740 mm
Width of the conductor (d) d = 0.08, 0.1 mm, and 0.5 mm
Number of turns (N) N = 6
Metallic conductor material Copper (σc = 5.8×108 S/m)

The dielectric constant of mean fat
tissue

Target Value
Conductivity of Fat (σ ) = 0.193 S/m
Permittivity of Fat (εr) = 12.21 F/m

Wavelength in (λg) = 211.7 mm

The dielectric constant of skin
Target Value

Conductivity of skin (σ ) = 0.69 S/m
Permittivity of skin (εr) = 46.7 F/m

Wavelength in (λg) = 108.4 mm

The dielectric constant of muscle
Target Value

Conductivity of skin (σ ) = 0.79 S/m
Permittivity of skin (εr) = 57 F/m

Wavelength in (λg) = 98 mm
Mesh size λg/150 (conductor),λg/20 (dielectric)

Substrate (only used in the body) Teflon Permittivity εr = 2.1
Thickness t = 0.25 mm
Loss tangent δ = 0.0008

4.1 Calculation of surface area
The cylindrical-shaped embedded antenna SA and the elliptically shaped phan-
tom SP by using Eqs. 3 and 4 are shown below [16].

SA = L(mm)×W (mm) (3)

SP = H(mm)×D(mm)×π (4)

Where H is the height of the cylindrical phantom and D is the diameter of the
cylindrical phantom. The ratio of the surface distribution of the electric field
is determined in Eqs. 5, Eq. 6, and Eq. 7. Table 2 outlines the results of the
electric field propagation.

Table 2. Electric field spatial spread overview.

Parameter Muscle Skin Fat
L (mm) 04.90 05.42 10.60
W(mm) 06.80 07.18 17.70
SA (mm) 33.32 38.92 187.62
HP (mm) 70.00 70.00 70.00
DP (mm) 80.00 80.00 80.00
SP (mm) 5600 π 5600 π 5600 π

SP/SA 505.68 452.03 93.76
10 log (SP/SA) dB 27.00 26.60 19.72

P1 =W1 = E1 ×H
E2

1
Zo

(5)

SA =
E2

2
Zo

SP =
E2

1
Zo

(6)

E2
2

E2
1
=

SA

SP
=−27dB (7)

4.2 Electric field degradation in different conductivities
The variations in E-fields in different conductivities are depicted in Figs. 4, 5,
and 6, and the simulation results may be used to calculate E-field degradation
values. The distribution when conductivity is zero is shown in Figure 4. While
the phantom produces 24 dB V/m, the antenna’s highest E-field produces
51 dB V/m. The LZ value is zero since conductivity is zero [17]. E-field
deterioration (E2-E1) is therefore -27 dB V/m.

Figure 2. Analytical equivalent current representation of the MLA.

Figure 3. Simulation model of MLA in human body condition.

(a) Model with εr = 57(F/m), σ = 0(S/m)

(b) Model with εr = 57(F/m), σ = 0.79(S/m)

Figure 4. Near field distribution of MLA in muscle.

The highest E-field will be 44 dB V/m for σ = 0.79 for the antenna, whereas
phantom results in 22 dB V/m at muscle. E-field deterioration has a value of
-32 dB V/m. Therefore, under muscular circumstances, more conductivity may
result in more electric field deterioration. The highest E-field for MLA produ-
ces 70 dB V/m and phantom produces 42 dB V/m for the electric field pattern
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with zero conductivity depicted in Fig. 5. LZ value is 0 since the conductivity
is zero. E-field deterioration is therefore -28 dB V/m.

(a) Model with εr = 46.7(F/m), σ = 0(S/m)

(b) Model with εr = 46.7(F/m), σ = 0.69(S/m)

Figure 5. Near field distribution of MLA in Muscle.

(a) Model with εr = 12.21(F/m), σ = 0(S/m)

(b) Model with εr = 12.21(F/m), σ = 0.119(S/m)

Figure 6. Near field distribution of MLA in Muscle.

The strongest electric field is 65 dB V/m for σ = 0.69 at the antenna side,

whereas the phantom results in 35 dB V/m at the skin. E-field degradation
(E2 −E1) has a value of -30 dB V/m. Therefore, in skin circumstances, more
conductivity may result in more electric field deterioration. The highest E-field
at the antenna will produce 80 dB V/m for the pattern of electric field in
absence of conductivity depicted in Fig. 6, whereas the phantom will produce
60 dB V/m at the fat. LZ value is 0 since the conductivity is zero. E-field
deterioration is therefore -20 dB V/m.

4.3 Absorption loss by human body condition
The maximal E-field will be 70 dB V/m for σ = 0.119 for the antenna si-
de, while the phantom produces 46 dB V/m for the fat. E-field deterioration
(E2 −E1) has a value of -24 dB V/m. Therefore, in fat circumstances, more
conductivity may result in more electric field deterioration. The attenuation
(SA/SP +LZ ) can be calculated by using the attenuation caused by the human
body condition. To evaluate the decline in E-field, the degradation constant B,
Eq. 8.

B =

√
2π

λg

√√√√√
1+

(60λgσ)2

εr
−1 (8)

At the phantom situated 35 mm from the antenna structure, the electric field
degradation can be seen by Eq. 9.

LZ = 10log(e−2bz) (9)

The phantom’s electric field deterioration is denoted by LZ . Table 3 shows
the E-field losses measured in structure A’s muscle, skin, and fat. When fat
has low conductivity and low permittivity, the degradation constant is smaller
than when muscle and skin conditions have high conductivity and high per-
mittivity. The estimated values of E1 and E2 at the various sites indicated in
hyperref[Fig.04]Figs. 4, 5, and 6 are displayed Table 4. E-field and E-field
deterioration for various conductivity metrics differ in that, in Table 3, E2 and
E1 are nearly identical to the SA/SP +LZ value under various conductivity
situations.

Table 3. Assessment of signal attenuation due to human body absorption.

Part b Z (m) e−2bZ Lz (dB)
Muscle 12.64 —– 0.41 -3.87
Skin 12.31 0.035 0.42 -3.76
Fat 10.42 —– 0.48 -3.19

According to Table 4 findings, electric field degradations are greater in higher
conductivity and permittivity media, such as muscle and skin conditions, due to
greater absorption loss. (Wang et al., 2022). The surface-area ratio SA/SP was
computed geometrically using the antenna physical dimensions and phantom
geometry, as defined in Eqs. 3, 4, 5, 6 and 7.

Table 4. Electric field spatial spread overview.

Parameter Muscle Skin Fat
σ (S/m) 00.00 00.79 00.00 00.69 00.00 00.119
E1 (dB) 51.00 44.00 70.00 65.00 80.00 70.00
E2 (dB) 24.00 12.00 42.00 35.00 60.00 46.00
E2 −E1 (dB) -27.00 -32.00 -28.00 -30.00 -20.00 -24.00
SA/SP (dB) -27.00 -27.00 -26.60 -26.60 -19.72 -19.72
LZ (dB) 00.00 -03.87 00.00 -03.76 00.00 -03.19
SA/SP +LZ (dB) -27.00 -31.00 -26.60 -30.00 -19.72 -23.00

The attenuation term LZwas derived from the exponential decay model of
the electric field along the propagation distance Z, using the degradation con-
stant obtained from the logarithmic difference between E1 and E2. Compared
with earlier implantable antenna studies, this work provides explicit numerical
values for electric-field degradation rather than only qualitative trends or SAR-
based observations. In this study, the electric field is reduced by approximately
-32 dB in muscle and -20 dB in fat over a propagation depth of 35 mm. These
values are higher than the field reductions typically reported or implied in pre-
vious homogeneous-phantom studies at similar frequencies, where attenuation
is often in the range of 15 → 25 dB and not directly quantified. The attenuation
constants obtained in this work (about 10.4 → 12.6Np/m) are consistent with
high-loss biological tissues and clearly demonstrate the stronger absorption in
muscle compared to fat. By directly reporting field degradation, propagation
depth, and attenuation constants, this study offers a clearer and more quanti-
tative basis for comparing implantable antenna performance across different
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tissue environments. To validate the proposed propagation loss formulation, the
analytically estimated attenuation values (SA/SP+LZ) were directly compared
with the electric-field degradation obtained from full-wave FEKO simulations.
As shown in Table 4, the analytically predicted losses closely match the si-
mulated values of E2 - E1 across all tissue types, with discrepancies typically
within 1dB. This agreement confirms that the proposed formulation captures
the dominant physical mechanisms governing near-field attenuation in lossy
biological media and provides a reliable quantitative model for comparing
implantable antenna performance. Optimizing implantable antenna systems
for wireless body-area networks (WBANs) requires an understanding of the
behaviour of the electric field (E-field) and how it degrades under different con-
ductivity conditions. A direct correlation between E-field strength and energy
dissipation in biological tissues is demonstrated by Table 3, which shows that
the E-field magnitudes, E1 (near-field E-field at the antenna-tissue interface)
and E2 (far-field E-field after propagation through tissue), are roughly equi-
valent to the ratio of electric field spread on the surface of a phantom across
various conductivity values. Figure 7 confirms that absorption and dielectric
losses dominate E-field attenuation. These findings highlight the challenge of
signal integrity in high-permittivity media, necessitating advanced antenna de-
signs to mitigate degradation and enhance WBAN performance for biomedical
applications.

4.4 Electromagnetic mechanisms governing electric-field degrada-
tion
The observed electric-field degradation in biological tissues is fundamentally
governed by the combined effects of ohmic (conductive) loss and reactive
near-field energy storage, both of which depend strongly on tissue conductivity
(σ ) and relative permittivity (εr). The degradation constant b, as reported in
Table 3, increases with tissue conductivity, indicating enhanced electromagne-
tic energy dissipation within the medium. This behavior can be explained by
the power dissipation density, given by Eq. 10.

Ploss = 0.5σ |E|2 (10)

where |E| is the local electric-field magnitude. Tissues with higher conductivi-
ty, such as muscle (σ = 0.79(S/m) ), dissipate electromagnetic energy more
efficiently into heat, resulting in stronger attenuation of the propagating near-
field. This explains the larger degradation constant and the observed −32dB
field reduction in muscle tissue. In contrast, fat tissue exhibits significantly
lower conductivity (σ = 0.119(S/m) ), leading to reduced ohmic losses and
correspondingly lower electric-field degradation (≈ 20dB). As a result, fat
provides a comparatively favourable propagation environment for implanted
antennas. Beyond conductive loss, tissue permittivity plays a critical role in
reactive near-field energy storage. High-permittivity tissues, such as muscle
and skin (εr > 45), store a larger fraction of electromagnetic energy in the
form of electric polarization. This stored reactive energy does not contribute
to radiation but instead increases local field confinement near the antenna,
intensifying absorption and reducing the effective radiated field. The combi-
ned influence of conductivity and permittivity can be described through the
dielectric loss tangent, defined as in Eq. 11.

tan(δ ) = σ/(ωε) (11)

where ω is the angular frequency and ε is the absolute permittivity. Higher
values of tan(δ ), as encountered in muscle tissue, indicate stronger loss beha-
viour, leading to increased power dissipation and field attenuation. Conversely,
fat tissue exhibits a lower loss tangent, resulting in reduced energy dissipation
and improved field penetration.

Figure 7. Assessment of Signal Attenuation Due to Human Body Absorption.

To elucidate the contributions of this study in calculating surface area and
electric field spread for implantable antennas and elliptic cylindrical phantoms
in wireless body-area networks (WBANs),Table 5 compares our work with
three prior studies. The comparison focuses on methodology, antenna/phantom
models, surface area calculations, E-field metrics, and key findings, highligh-
ting how our approach using Eqs. 3, 4, 5, 6 and 7 to compute surface areas
(SA,SP) and E-field spread ratios addresses limitations in earlier works, such
as elliptic cylindrical phantom geometries and lack of detailed E-field spread
analysis in biomedical contexts.

Table 5. Comparison of the current study with previous works.

Study Antenna /
Phantom

Surface Area
Calculation

E-field
Metrics Key Findings

[18]

Cylindrical
antenna, ho-
mogeneous
phantom

SP = 2πrH
(phantom only)

E-field
magnitude,

SAR

E-field decreases with
distance, SAR higher
in homogeneous tissue

Current
Study

Patch
antenna,
elliptic

cylindrical
phantom

SA = L×W
SP = H ×D×π

E1, E2,
SA/SP

E-field spread ratio
(SA/SP =−23dB)

correlates with tissue
losses, detailed

surface area analysis

5. Conclusion
The performance of a Meander Line Antenna (MLA) in body settings is grea-
tly influenced by tissue characteristics, notably conductivity and permittivity,
according to the findings of this study. The results show that because adipose
tissue has a lower conductivity and permittivity than muscle and skin, it is a su-
perior medium for implanted antennas because it deteriorates the electric field
less. Higher conductivity tissues, including muscle, have higher propagation
losses and signal attenuation, which may limit communication efficacy. The
information suggests many doable strategies to improve antenna performance
in biomedical applications, particularly in environments with high conductivity.
These improvements can be achieved in a variety of ways. First, a structural
alteration that improves antenna efficiency can lead to better performance in
complex biological situations. Second, using state-of-the-art, biocompatible
materials with improved electromagnetic characteristics may improve overall
performance and reduce signal loss. Lastly, by carefully positioning the an-
tenna in accordance with the composition of the surrounding tissues, signal
degradation may be minimized. These results can be used to more effectively
optimize future implanted antenna designs for wireless health monitoring tools
and on-body communication systems, increasing the reliability and efficacy of
biomedical communication systems. In order to reduce E-field degradation in
different tissue types, we want to study multi-frequency antenna designs in the
future using multi-layer phantoms.
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