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ABSTRACT Implantable bioelectronic devices predominantly use wireless links for communication and/or
power transfer. When considering transmitting implanted antennas, electromagnetic radiation through
biological media is highly attenuated, and previous work has shown that the in-body path loss can be
separated into three parts: the losses incurred by the propagating fields, the reflections at media interfaces,
and the coupling of the antenna reactive near field and the lossy body. The first two are unavoidable, but
a careful antenna design should minimize the near-field losses. Thus, quantifying the near-field losses of
implanted antennas is useful in selecting the antenna topology for preliminary design. The aim of this
paper is to present a simplified model of an implanted antenna that provides closed-form approximate
expressions to estimate EM radiation from the implant. In particular, we extend the expressions for the
reactive near-field losses to both deep and shallow implants, by taking into account the implantation
depth. Additionally, the proposed approximate method is verified by comparing the results obtained with
the full-wave simulations in the case of a miniature implanted antenna, and with both simulated and
measured results from two practical examples found in the literature.

INDEX TERMS Implanted antennas, in-body path loss, reactive near field, lossy medium.

I. INTRODUCTION
Implantable bioelectronic devices provide breakthrough
capabilities for biomedical research and therapy [1], [2], [3],
[4], [5]. Especially in the last decade, with the development
of advanced materials and micro-fabrication technologies,
wireless bioelectronics with implanted antennas are used
in applications from implantable neural interfaces to wire-
less capsule endoscopy [6], [7], [8], [9], [10], [11], [12].
In biological science, advanced neuroengineering platforms
have developed into long-lived neural interfaces with diverse
operational modes, in which closed-loop operation through
a wireless link becomes essential [12]. As an example of
medical applications, wireless capsule endoscopy is used to
record images of the digestive tract, where the high efficiency
of the implanted antenna is a prerequisite for high-speed
data transmission [13], [14], [15], [16]. Therefore, for most
body-implanted devices, wireless communication and power
transfer through the lossy body has become an indispensable
requirement. To achieve an efficient wireless link, it becomes

crucial to understand the loss mechanisms and quantify the
inevitable losses from implanted antennas through the lossy
biological tissues.
The radiation properties of arbitrary antennas in free space

have been well investigated [17], [18], [19]. However, for
antennas fully implanted in biological tissues, dissipation and
scattering in the lossy host medium become the main cause
of attenuation of the electromagnetic (EM) waves propagat-
ing in the body, resulting in low radiation efficiency [20],
[21], [22]. Further studies have shown that the geometry
and dimensions of the antenna encapsulation and host body
greatly influence the antenna radiation properties. By look-
ing into body phantoms with simplified geometries, such as
spherical, cylindrical, or planar body models, the character-
istics of implanted antennas can be analyzed from a macro
perspective [23], [24], [25], [26], [27], [28], [29], [30], [31],
[32], [33], [34]. Studies have been carried out to explore the
physical limitations of implanted antennas and the optimum
design of wireless body area networks.
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FIGURE 1. Sketch of an antenna implanted in a lossy medium.

One research goal is to gain theoretical insight into the
dissipation due to the lossy medium surrounding the antenna
by establishing an analytic approximate method. In this way,
it is possible to estimate quantitatively the losses caused
by different mechanisms before starting a specific antenna
design. This is critical as it provides guidelines and the
scope of possible optimization (e.g., a quick link budget to
estimate the minimum achievable in-body path loss) in the
preliminary stages of implanted antenna design. In [32], the
loss mechanisms for implanted antennas are analyzed, and
the losses on the path from the implanted antenna to the
body-air interface are divided into three main contributions:
the losses due to the dissipation in the reactive near field,
the propagating field absorption losses, and the losses due
to reflections. The sketch in Fig. 1 shows visually where the
losses occur for a typical implanted antenna.
According to the physical mechanisms causing the losses

of implanted antennas, the antenna designer has little influ-
ence on propagating field absorption losses and reflection
losses but an optimized design can significantly reduce the
near-field losses. Thus, the latter requires a full understanding
and quantitative estimation to set a benchmark for antenna
design and optimization. The radian sphere as the bound-
ary separating the near-field and far-field was first proposed
in [35] and considered for tissue-implanted sources in [36].
Furthermore, the near-field characteristics of ideal dipoles
in lossy media were analyzed regarding the total radiated
power [37], leading to the conclusion that magnetic anten-
nas are more efficient than electric ones once implanted in
lossy media. To evaluate losses over the shortest wireless
link, the in-body path loss (see Fig. 1) quantifies the attenu-
ation in power density of EM waves propagating in the body,
from the implanted antenna to the body–air interface [21],
[38], [39], [40], [41]. In [32], approximate expressions of the
in-body path loss are derived in order to determine the max-
imum power density reaching free space, including analytic
approximations of the near-field losses of implanted anten-
nas. The obtained expressions for the latter take into account
key factors like the encapsulation size and the lossy medium
into which the antenna is implanted, but does not include the
implantation depth. In other words, it was assumed that the
antenna is deeply implanted into the body. Furthermore, in
the final approximate expressions only the dominant terms

FIGURE 2. View of the spherical body model with an elementary dipole source
implanted at a depth of d.

were taken into account, and the proposed expressions were
validated only for the case of canonical dipole implanted
antennas in spherical phantoms.
The aim of this paper is to present a simplified model

of an implanted antenna that provides approximate ana-
lytic expressions for the EM radiation of the implant. In
particular, we extend the expressions for the reactive near-
field losses to take into account the implantation depth, in
order to effectively consider both shallow and deep implants.
Moreover, the proposed analytic approach is validated by
comparison to full-wave simulation in the cases of a minia-
ture implanted antenna and to simulated and measured results
for two practical examples from the literature.

II. SIMPLIFIED MODEL DERIVATION
In order to derive approximate expressions, let us consider a
canonical model: an elementary source placed in a spherical
body phantom, as depicted in Fig. 2.

The implanted antenna, an elementary electric or mag-
netic dipole, is surrounded by a small air sphere, of radius
rimpl, which roughly represents the dimension of the implant
encapsulation. The source is implanted at a depth d within
the spherical body phantom, the latter having variable
radius rbody. To simulate the lossy biological tissue, the com-
plex permittivity εr derived from the four-region Cole–Cole
model [42] is applied to the medium of the body phantom.
The phantom is set to be homogeneous to facilitate the initial
analysis.
To characterize the losses of implanted antennas, the radia-

tion efficiency and in-body path loss are two key performance
indicators of interest [32]. The radiation efficiency provides
a comprehensive indicator of the dissipated losses due to
the presence of the lossy body. It is calculated as the ratio
of the total radiated power reaching outside the body to
the power entering the body medium through the encapsu-
lation around the antenna. The in-body path loss, which is
the protagonist of this paper, evaluates the path loss on the
shortest wireless link from the source reaching the body–air
interface. For most implantation scenarios, especially shal-
low implants, the in-body path loss is a practical indicator
as it shows the minimum path loss from the implant through
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the lossy host body, which is related to the upper limit of
the link efficiency.
Using the spherical wave expansion (SWE) method [43],

[44], [45], spherical body models were analyzed
in [32], [33], [34]. On this basis, analytic approximations
to assess the losses of implanted antennas are derived. As
shown in [32] and [34], it is possible to decompose the in-
body path loss using expressions for different contributions
of losses (i.e., corresponding efficiency terms denoted as e):

Re{Sinterface} = Re
{
Simplant

} · r
2
impl

d2
· etotal

= Re
{
Simplant

} · r
2
impl

d2
· enear field

· epropagation · ereflections. (1)

The power density of EM waves entering the body,
Re{Simplant}, i.e., the maximum value of the real part of
the Poynting vector component normal to the surface of the
implant encapsulation, is set as the reference point for the
in-body path loss. In the same way, the power density reach-
ing the body–air interface is denoted as Re{Sinterface}. These
specific observation points evaluating the power density are
depicted in Fig. 2. Note that the factor r2

impl/d
2 accounts

explicitly for the effect of the radial spreading of spheri-
cal EM waves, and thus the efficiency terms account for
the losses in the host medium. In (1), the total in-body path
loss is denoted as etotal, which can be divided into three effi-
ciency terms. The first efficiency term enear field accounts for
the losses due to the coupling of the implantable antenna’s
reactive near field with the lossy medium. The second term
epropagation represents the losses due to the propagating field
and decays as exp [−2k′′(d− rimpl)] (k′′ is the linear attenu-
ation coefficient of the host body medium). Finally, the third
term ereflections describes the reflection losses at the body–air
interface, which is expressed in detail in [32].
If it is assumed that the source dipole is well matched and

has no conductor losses or dielectric losses due to the encap-
sulation, the power density reaching the body–air interface
can be expressed as

Re{Sinterface} = Pin
1

4π d2
· gTx · enear field · epropagation · ereflections, (2)

where Pin is the input power and gTx is the gain of a short
dipole in free space (gTx = 1.5 or 1.76 dBi). Note that
in some works, the gain of the antenna in lossy media is
considered equivalent to the product of the antenna gain
in free space and the efficiency due to reactive near-field
losses. In this way, antenna-depended losses are included
in the gain definition [24], [25], which is very useful in
practice. This represents an additional demand for accurate
analytic expressions for a quick estimation of the antenna
gain in lossy media.
In this work, we focus on the approximations of the near-

field term enear field, since the other two terms are well
understood [32], [34]. To distinguish enear field under dif-
ferent conditions, it is abbreviated in the rest of the paper as

esource type
near field . Here, the source type can be “TM” for electric
dipole or “TE” for magnetic dipole. As discussed in [32],
the lowest near-field losses are achieved if the implanted
source excites only the fundamental spherical mode n = 1.
On this basis, we first consider an electric dipole within
a lossless capsule, which is placed in a homogenous lossy
medium. The complex wave number of the lossy medium
is k = 2π

√
εr/λ0 = k′ − ik′′, where λ0 is the wavelength of

EM waves in free space. The power density of EM fields
excited by the source located in the origin of the spherical
coordinate system can be expressed as

Re {Sr} = Re
{
Eθ · H∗

ϕ

}

=
∑

n,m

Cmn

r2

[
d

dθ
P|m|
n (cosθ)

]2

Re
[
iη|k|2Ĥ′(2)

n (kr) · Ĥ(2)∗
n (kr)

]

n=1= C01
sin2θ

r2
Re

{
η

[
|k|2 + 2k′′r−1 +

(
1 − k∗

k

)
r−2

− ik−1r−3
]}

· exp
(−2k′′r

)
, (3)

where
∑

n,m = ∑+∞
n=1

∑n
m=−n, m and n are the spherical

mode indexes, Cmn are constants related to the correspond-
ing spherical modal coefficients (in particular the constant
C01 corresponds to the short dipole excitation and is deter-
mined by the power entering the lossy medium), Pmn denotes
the associated Legendre functions, and Ĥn denotes the
Schelkunoff spherical Hankel functions [44]. Note that in
the polynomial inside the square brackets, the “near-field
part” and the “far-field part” can be distinguished according
to the knowledge of the radiative EM fields of the electric
dipole in free space. Furthermore, the last term exp(−2k′′r)
is the one related to the losses due to the propagating field
absorption.
Approximate expressions of enear field were first introduced

in [32], assuming that the antenna is implanted deep enough
in the body phantom to ensure that the reactive near fields
do not reach free space.
However, for many implantation scenarios, the depth of

the antenna is not large enough to ensure the near fields are
completely attenuated before reaching free space. Indeed,
the near-field region in the body depends on the electrical
distance to the source (i.e., with respect to the wavelength
λbody in lossy tissue). It is worth noting that in the expression
of total radiated power, the presence of near-field com-
ponents at the body–air interface shows that part of the
non-radiative reactive near field is transformed into radiated
fields outside the lossy body. Thus, for cases with a relatively
shallow implantation depth (d ≤ λbody), the approximate
near-field losses should be modified to take into account
the corresponding radiated power. Therefore, considering the
implantation depth d, an accurate approximate expression can
be derived for the excited spherical modes with index n

eTMnear field =
exp

[
2k′′

(
d − rimpl

)]
Re

[
iηĤ′(2)

n (kd) · Ĥ(2)∗
n (kd)

]

Re
[
iηĤ′(2)

n

(
krimpl

) · Ĥ(2)∗
n

(
krimpl

)] . (4)
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For the fundamental spherical mode n = 1, the above
expression can be written as

eTMnear field

= Re
{
η
[|k|2 + 2k′′d−1 + (1 − k∗/k)d−2 − ik−1d−3

]}

Re
{
η
[
|k|2 + 2k′′r−1

impl + (1 − k∗/k)r−2
impl − ik−1r−3

impl

]} . (5)

It can be further approximated considering the dominant
terms,

eTMnear field ≈ Re
[
η
(|k|2 − ik−1d−3

)]

Re
[
η
(
|k|2 − ik−1r−3

impl

)] . (6)

With the same analysis procedure, for the magnetic dipole
case with relatively shallow implantation depth (d ≤ λbody),
the approximate expression of near-field losses for the
excited spherical modes with index n can be derived as

eTEnear field =
exp

[
2k′′

(
d − rimpl

)]
Re

[
iη−1Ĥ′(2)

n (kd) · Ĥ(2)∗
n (k d)

]

Re
[
iη−1Ĥ′(2)

n

(
krimpl

) · Ĥ(2)∗
n

(
krimpl

)] .

(7)

Similarly, for the fundamental spherical mode n = 1, the
above expression can be written as

eTEnear field

= Re
{
η−1

[|k|2 + 2k′′d−1 + (1 − k∗/k)d−2 − ik−1d−3
]}

Re
{
η−1

[
|k|2 + 2k′′r−1

impl + (1 − k∗/k)r−2
impl − ik−1r−3

impl

]}

= |k|2 + 2k′′d−1

|k|2 + 2k′′r−1
impl

. (8)

It can be noted that in the final expression of (8), there
are no higher-order terms of d or rimpl, which indicates that
the magnetic dipole has much less power absorbed in the
near-field region than the electric dipole. This is due to the
fact that the near field of the magnetic dipole is essentially
magnetic in nature, whereas the near field excited by electric
dipoles is essentially electric in nature. The latter couples
more strongly to biological tissues causing dielectric losses.
Using the proposed analytic approximation, the reactive

near-field losses can be plotted as a function of the oper-
ating frequency and the implantation depth d. For instance,
we consider here an implanted antenna with rimpl = 1 mm
surrounded by muscle tissue. The near-field losses calcu-
lated by (5) and (8) for the electric dipole case and the
magnetic dipole case are given in Fig. 3(a) and (b), respec-
tively. The dielectric characteristics of the muscle tissue are
obtained for each frequency using the Cole-Cole model [42].
Furthermore, at the operating frequency of 403.5 MHz and
2.45 GHz, these results are compared with the results cal-
culated by the expressions of enear field in [32], as shown in
Fig. 3(c) and (d). It can be seen that the near-field losses
vary rapidly for small values of implanted antenna depth d,
to finally tend to a constant value for a specific frequency
when d is electrically large enough in the lossy medium;
when this is not the case, especially for shallow implants,

FIGURE 3. Distributions of the near-field losses (in dB) as a function of the
frequency and d via the approximate expressions of (a) eTM

near field and (b) eTE
near field.

Comparisons of the near-field losses calculated using different approximate
expressions for (c) electric dipole cases and (d) magnetic dipole cases.

the effect of d becomes non-negligible. Compared to mag-
netic dipole cases, electric dipole cases have far more losses
in the reactive near field, and the difference exceeds 10 dB
when the frequency is below 1 GHz.

III. VALIDATION AND APPLICATIONS
In this section, several realistic implanted antenna cases
are analyzed to validate the analytic approximations, while
demonstrating their use in assessing the in-body path loss.

A. SIMULATION ANALYSIS OF NEAR-FIELD
PROPERTIES FOR AN IMPLANTED ANTENNA
To validate the usefulness of the proposed method in practical
applications, a miniature implanted antenna is first investi-
gated using full-wave simulation. As shown in Fig. 4, the
cases where a capsule-shaped antenna is implanted in the
center of a spherical body model and in a cubic body model
are studied, respectively. The body phantoms in both models
are made of muscle [42] with the antenna implantation depth
of rbody = d = 3 cm, while the cubic body phantom has a
side length Lbody = 15 cm. This miniature implanted antenna
is a short dipole antenna consisting of two conductor wires
with a radius of rdip = 0.2 mm, a feed gap of g = 0.16 mm,
and an overall length of Ldip = 2 mm. To represent a general
capsule encapsulation, the antenna is encapsulated in a loss-
less capsule filled by air, which is a cylinder (radius rencap =
1 mm and length Ldip) terminated by two hemispherical ends
with the same radius. According to the analysis of implanted
capsules by Nikolayev et al. [31], the effective radius of the
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FIGURE 4. 3D View of the capsule-shaped implanted antenna models. (a) Spherical
body model. (b) Cubic body model.

FIGURE 5. Normalized power density of EM waves propagating along the x-axis
(shortest wireless path from implanted antenna to air) via the simulation solver and
the approximate method.

implanted antenna rimpl (see Fig. 4) can be approximated by
the circumradius of the encapsulation region containing the
conductors, i.e., rimpl ≈

√
L2
dip/4 + r2

encap ≈ 1.41 mm.
As shown in Fig. 4, the antenna is oriented in the

z-direction (i.e., parallel to the nearest body–air interface)
to maximize the link efficiency in the positive x-direction
(i.e., perpendicular to the interface). This implanted antenna
is simulated by an electromagnetic simulation solver (CST
Microwave Studio 2019). For biomedical applications, the
operating frequency of the antenna is 2.45 GHz, which is
in one of the industrial, scientific, and medical (ISM) bands
from 2.4 to 2.5 GHz. The power density of EM waves, as
a function of the distance along the positive x-axis, is cal-
culated using both the simulation solver and the proposed
approximate method, as shown in Fig. 5.

TABLE 1. Simulated and approximate results for the maximum gain of the antenna
in spherical body model.

In the approximate method, we apply the two efficiency
terms of the near-field losses and the propagating field losses
within the body phantom (by replacing d with the variable x),
and the term related to reflection losses is applied at the
body–air interface (appears as a step drop at x = d = 3 cm).
In both cases, the power density is normalized by the value
at x = rimpl as the reference value. Thus, the approximate
expressions can be written as

Re{S(x)}
Re

{
S
(
rimpl

)} =
⎧
⎨

⎩

r2
impl

x2 · eTMnear field · epropagation, rimpl ≤ x < d
r2
impl

d2 · eTMnear field · epropagation · ereflections, x = d
,

(9)

where ereflections represents the reflection losses at the
body–air interface, which is calculated with spherical wave
impedances in Fig. 5 corresponding to the spherical body
model.
Within both spherical and cubic muscle body phantoms,

i.e., 1.4 mm ≤ x ≤ 3 cm in Fig. 5, specifically in the near-
field region, the power densities obtained using both methods
are almost overlapping, which validates the proposed approx-
imation to the in-body path loss regardless of the phantom
shape. For the shortest wireless path from the implanted
antenna to the body–air interface, the proposed approximate
method can effectively assess the in-body losses of power
density (within 1.5 dB deviation from the simulation results
for both cases). For the power density of EM waves prop-
agating outside the body phantom, its attenuation is known
as the free-space path loss, which is a function of distance,
operating frequency, and the curvature radius of the body–
air interface (the interface can be regarded as a radiating
aperture according to the equivalence principle).
In particular, for the spherical body model, the radiated

EM waves propagate to free space and maintain spherical
symmetry throughout. In Fig. 5, it is observed that the power
density of the spherical model case decays more slowly in
free space than that of the cubic one, i.e., it only decays
by the radial spreading factor 1/4πd2. In this principle, the
far-field gain of this implanted antenna is only attenuated by
the in-body path loss etotal. To convert etotal to a gain value
in dBi, its value needs to be enlarged by 1.76 dB, which is
the directivity of an electrically short dipole. Ultimately, the
difference between the approximate and simulated results of
the maximum far-field gain of the antenna is within 0.5 dB
(see Table 1).

B. LINK PATH LOSS FOR A WIRELESS CAPSULE
ENDOSCOPY SYSTEM
The proposed method provides an analytic approximation
to directly estimate the link path loss from the implanted
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FIGURE 6. Measurement setup for link path loss of the in-body to on-body radio
link. This figure is redrawn according to [46].

antenna to an on-body antenna placed on the body-air
interface. To illustrate its usefulness, we take a wireless cap-
sule endoscopy system previously described in [46] as an
example.
A novel capsule endoscope antenna was developed and

presented in [46]. It consists of a loop antenna patterned
on a flexible substrate and encapsulated by a polystyrene
capsule module. Detailed dimensions can be found in [46,
Table 3]. Based on the method presented in Section II,
the effective radius of this antenna rimpl can be expressed
as rimpl ≈ √

12.52/4 + 5.52 ≈ 8.33 mm, where 12.5 mm
is the length of the antenna and 5.5 mm is the capsule
radius. The in vitro measurement setup for the link path
loss between the in-body capsule and on-body antennas is
described in [46] and illustrated in Fig. 6. To model the
lossy biological tissue, the homogeneous colon tissue body
phantom was used both in simulations and measurements
in [46], where its permittivity is given. A receiver antenna
(a meandered monopole antenna) was placed in the center of
the outer wall of the body phantom as an on-body antenna.
The operating frequency of the wireless system is 433 MHz.
By changing the distance d between the capsule antenna

and the on-body antenna, the link path loss was simulated
and measured in [46], as shown in Fig. 7. According to
the definition of total in-body path loss etotal in (1), the
transmission coefficient between the implanted antenna and
an on-body antenna can be derived in the following way:

|S21|2 = gTxAe
4πd2

etotal, (10)

where Ae is the effective aperture of the on-body
antenna [25], i.e., Ae = gRxλbody2/4π . Specifically, gRx is
the gain of the on-body monopole antenna and λbody is the
wavelength in the lossy colon body phantom. As in [46],
the link path loss of this two-port network can be evaluated
in decibels as −10 log10 |S21|2.

Considering that the implanted antenna is a capsule loop
antenna (i.e., magnetic-type antenna), the expression of
eTENF,shallow is used in assessing the near-field losses. As a
consequence, the link path loss as a function of the dis-
tance d is analytically approximated, as shown by the solid

FIGURE 7. Simulated and measured results of link path loss between the in-body
capsule and on-body antennas obtained from [46, Fig. 21], which are in good
agreement with the approximate results (solid black curve).

black curve in Fig. 7. Overall, approximate results demon-
strate their close agreement (most deviations are less than
3 dB) with the simulated and measured results in all the
tested capsule orientations. Note that using (10) to approx-
imate |S21| is no longer applicable for very short distances,
especially when d is smaller than the size of the on-body
antenna. This is due to the non-uniform distribution of the
power density reaching the on-body antenna, which leads to
errors in the effective aperture estimation. In addition, the
approximation to the maximum power density given in [32]
(i.e., expressions [32, eqs. (22) and (24)]) can also achieve
a rough estimate of the link path loss after a similar deriva-
tion of |S21|, as shown by the black dashed line in Fig. 7.
Since in these approximate expressions only the dominant
terms are taken into account, the path loss results are under-
estimated by around 3 dB compared to the results of the
proposed approximation.

C. FAR-FIELD GAIN FOR A CAPSULE ANTENNA WITHIN
A SPHERICAL BODY PHANTOM
The proposed closed-form expressions were validated using
a second example from the literature [47], depicted in Fig. 8.
It consists of a dual-band antenna working at 434 MHz and
2.45 GHz, encapsulated in a lossless cylinder and placed
at the center of a spherical glass container of ϕ100 mm
filled with a liquid having dielectric properties equivalent to
muscle. All dimensions and details can be found in [47].
The far-field gain of the antenna located in a spherical body
phantom is both simulated and measured in [47].
In the following, we calculate the same gain using the

following considerations: As the body phantom is a sphere
and the antenna is placed in its center, the only attenuation
of the power density incurred by the fields after reach-
ing the sphere-free space interface is the radial spreading.
Thus, the radiation pattern of the antenna in the sphere is
identical to the radiation pattern of the same antenna radi-
ating directly into free space. The gain system consisting
of the antenna placed in the sphere can thus be written as
g = gfree space·etotal, where etotal is defined in (1). As the
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FIGURE 8. Measurement setup for far-field gain in an anechoic chamber, in which
the antenna under test (AuT) is located inside a glass spherical container filled with a
liquid body phantom. This figure is redrawn according to [47].

TABLE 2. Simulated, measured, and approximate results of far-field gain for a
capsule antenna within a spherical phantom.

antenna is electrically small and basically omnidirectional,
the free-space gain of the antenna gfree space can be taken as
1.76 dBi, which is the gain of a Hertzian dipole.
To calculate enear field using the expressions described in

Section II, we need to determine if the antenna radiates an
electric or a magnetic type of mode. The antenna current
distribution analysis provided in [47, Fig. 2] shows that the
mode is the electric type (TM10). Moreover, we can compute
the effective radius of a spherical encapsulation equivalent to
the original cylindrical in [47] using the method described
in [31]. We obtain rimpl ≈ √

13.52/4 + 4.52 ≈ 8.11 mm
at 434 MHz, where 13.5 mm is the length of the primary
radiating elements Z2 and 4.5 mm is the capsule radius (see
[47, Figs. 1 and 2]). At 2.45 GHz, the effective radius of
this antenna rimpl changes to rimpl ≈ √

8.12/4 + 4.52 ≈
6.05 mm, where 8.1 mm is the length of the primary radi-
ating element Z3. The implantation depth is given by the
radius of the spherical container, i.e., 50 mm.
The gain obtained using the approximation for the near-

field losses presented in Section II is compared to the
measured and simulated gain from [47] in Table 2. Overall,
for both frequencies, the results obtained using the proposed
approximate expressions agree well with the full-wave sim-
ulation results of [47]. The slight discrepancy with the
measured results is, according to [47], due mainly to fabrica-
tion tolerances. The last column of Table 2 demonstrates the
results using the approximation to the maximum power den-
sity given in [32]. The expressions in [32] were developed
for deep implants and the dominant terms only were taken
into account. In this example, the results are not very dif-
ferent from those by the proposed method, as the antenna
is electric type and the implant is relatively deep. As the
electrical length of the implantation depth decreases for

the low-frequency band 434 MHz, the difference widens by
more than –2 dB due to the larger error in the approximation
of near-field losses.

IV. CONCLUSION
In this work, closed-form approximate expressions are
derived for estimating the in-body path loss for antennas
implanted in lossy media such as biological tissues, address-
ing more specifically the near-field losses. The latter losses
depend heavily on the considered antenna and implantation
depth. The proposed expressions give a quick assessment of
the inevitable losses due to the lossy medium over the short-
est wireless link and can be valuable in the initial design
stages of an implanted antenna.
Among the different loss mechanisms, the coupling of the

antenna reactive near field and the lossy body is a crucial part
to be considered, as it is the only loss contribution that can
be improved through careful antenna design without chang-
ing the implantation environment/host body. The obtained
approximate expressions are applicable for both deep and
shallow implantation scenarios and they distinguish the near-
field losses for any given spherical wave mode. Specific
expressions for the fundamental mode n = 1 are fully ana-
lyzed, as they yield the lowest achievable near-field losses
among the various excitation modes and thus represent a
useful benchmark.
The proposed approximate expressions are validated by

comparing full-wave simulations of two implanted antenna
cases, where good agreement is achieved for the near-
field properties. Two realistic implanted antenna cases from
previous literature are further discussed using our method
to obtain the path loss, and an excellent agreement between
our approximated results and the full-wave simulations and
measurements from the literature are observed.
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