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Abstract—Fundamental limits on radiation performance of
implantable antennas serve as the design quality gauge, facilitate
the choice of the antenna type, and provide simple design
rules to maximize the radiation performance. This study obtains
the limits using two formulations: 1) theoretical spherical-wave
expansion using elementary magnetic and electric dipoles and
2) realistic full-wave 2D-axisymmetric models of TM10 and TE10

mode capsule antennas. Using both formulations, the optimal
radiation conditions are investigated, the effects of antenna
dimensions and its implantation depth are quantified. The results
also demonstrate that an electric antenna operating close to the
optimal frequency could achieve higher efficiency than a magnetic
one. The latter, however, is more efficient below the optimal
frequency range.

Index Terms—fundamental limits, radiation efficiency, im-
plantable antennas, spherical wave expansion.

I. INTRODUCTION

Wireless, miniature, and autonomous implantable devices
enable many potential breakthroughs in medicine, clinical
research, and basic science [1]–[3]. Such devices require
heavily miniaturized and integrated antennas to communicate
with external on- or off-body systems. A variety of antennas
has been proposed for implantable and ingestible capsule
applications [5]–[18]. However, establishing efficient links
with implants remains a major challenge because of too low
radiation efficiencies (η < 0.1%) of the antennas operating in
lossy, dispersive, and heterogeneous tissues [3]. Moreover, the
exact location of the implant is often uncertain. Considering
typical antenna input power from a few to about a hundred of
mW (limited by safety regulations and standards) and Rx sen-
sitivities, this efficiency provides an operating range up to only
a few meters [3]. Fundamental studies are therefore required
to investigate on how to improve the radiation efficiency of
implantable antennas.

Establishing the fundamental limitations on radiation per-
formance could serve in practice as the design quality gauge,
facilitate the choice of the antenna type and dimensions, and

Fig. 1. Problem formulation: the sources are centered inside of a disper-
sive muscle-equivalent phantom εr (f) , σ (f) of radius RP (not to scale).
(a) Theoretical spherical-wave expansion model: elementary electric (TM) or
magnetic (TE) dipoles surrounded by an air bubble of radius a. (b) Realistic
model of a capsule-conformal antenna: current density distributions on a finite-
sized cylindrical surface ΣC of circumradius a represent equivalent source.

provide simple design rules to maximize the efficiency. Impact
of tissues on radiation performance has been considered in
[19], [20] for small inductor sources and in [21] for in-
finitesimal magnetic and electric sources. Finite-size TM10

and TE10 sources were considered in [22]. In this study,
we determine the optimal radiating conditions of magnetic
and electrical sources and their achievable efficiencies using
a theoretical (spherical-wave expansion) and a realistic (full-
wave) formulations of the problem.

II. PROBLEM FORMULATION

The sources in both formulations are centered inside of
a spherical phantom of radius RP (Fig. 1) with dispersive
muscle-equivalent EM properties according to [23]. Spherical
model of human body provides worthwhile and useful results
despite being only a rough approximation [21], [22]. Such
shape introduces isotropic, direction-independent losses con-



serving the intrinsic radiation pattern independently of the an-
tenna orientation [10]. Therefore, it could serve as a reference,
well-characterized phantom improving the reproducibility of
the results and allowing to gauge antenna designs relatively
to the maximum achievable efficiency for the established
reference case.

A. Theoretical Spherical Wave Expansion Model

The analyzed structure, shown in Fig. 1a, contains a spher-
ical phantom and an implantable antenna. The antenna is
modeled as a small sphere of radius a (filled with air) with a
current source centered inside (either an electric or a magnetic
dipole).

The solution uses the spherical-wave modal expansion
(SWE) methodology. The EM field in a spherical structure
(with zero free-charge density) can be accurately represented
using vector spherical harmonics [24] as

E = −
∑
n

∑
m

amnMmn + bmnNmn, (1)

where

Mmn = ∇× r̂ψmn, N =
1

k
∇×Mmn, and

ψmn = zn (kr)Pm
n (cos θ) ejmϕ.

(2)

Here, ψmn is the solution to the Helmholtz equation. Specif-
ically, zn stands for spherical Bessel or Hankel functions.

The EM fields in the source sphere and in the outer
sphere (human body) are matched using Love’s equivalence
theorem [25]. Therefore, for the equivalent inner problem, we
consider the radiation of a dipole and of equivalent currents in
the free-space. For the equivalent outer problem, we consider
equivalent currents radiating in the homogeneous space with
the permittivity equal to the permittivity of the layer that
surrounds the inner “source” sphere. The spherical-harmonic
representations of these two equivalent problems fulfill the
boundary condition of the continuous tangential EM-field at
the boundary of the inner sphere. The phantom-free-space
boundary is included in the outside equivalent problem using
the scattered field approach.

Finally, using the orthogonality property of spherical har-
monics [24], we obtain a linear system of equations containing
2Nmode unknowns, where Nmode is the number of spherical
modes in the modal representation of EM field. Note that
the considered analysis approach can also be applied to
implantable antennas with off-center position [25].

B. Realistic Full-Wave 2D-Axisymmetric Model

In realistic model, the equivalent-source surface ΣC is
defined by a cylinder of the variable length L and radius
RC (Fig. 1b). In this study, we constrain RC = 3L/8 to
preserve the source proportions while varying the circumradius
a ≡

√
L2/4 +R2

C . This is done to improve the coherence with
the theoretical model (see Section II-A). To represent a generic
capsule device, a lossless (σ = 0) region encloses the surface
ΣC . The variable T allows for evaluating the impact of shell
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Fig. 2. Baseline results: the maximum achievable radiation efficiency η (f)
of electric (TM) and magnetic (TE) sources of a = 10 mm in the canonical
RP = 5 cm muscle-equivalent phantom. The results are computed for two
model formulations: 1) theoretical spherical-wave expansion (SWE; Fig. 1a)
and 2) realistic full-wave 2D axisymmetric (FEM; Fig. 1b).

Fig. 3. Effect of the phantom size RP (asymptotic to the antenna implantation
depth) on (a) the optimal frequency of operation fopt [defined as η (fopt) ≡
max (η)] and (b) the maximum achievable radiation efficiency max (η). Both
fopt and max (η) decay exponentially with the implantation depth.



(or superstrate) thickness on η. It is assumed that the model
contains only non-magnetic materials.

The surface current densities Js (r, ϕ, z) are defined on ΣC

for TM10 and TE10 modes as

Js,TM10 = [0, 0, cos (πz/L)] , (3a)
Js,TE10 = (0, 1, 0) . (3b)

EM field radiated from a realistic equivalent source in-
side of dispersive phantom satisfies the inhomogeneous wave
equation. In terms of the time-harmonic E (i.e. time vari-
ation eiωt), it could be expressed as ∇2E = jωµ0Js +
jωµ0σE − ω2µ0ε0εrE, where Js is the imposed electric
current density [24]. Taking into account the z-axial symmetry
of the problem on Fig. 1b, we reduce it to R2 assuming
E (r, ϕ, z) = Ē (r, z) e−imϕ, where m is the azimuthal mode
number.

The radiation efficiency is obtained using the Poynting’s the-
orem [24] as η ≡ <(Pe)/<(Ps), where the exiting power Pe

and the supplied power Ps are evaluated as in [22]. Note that
for a realistic in-body antenna, the total radiation efficiency
also includes a mismatch loss as ηtot = η

(
1− |ΓA|2

)
, where

ΓA is the reflection coefficient at the antenna feed. Here, we
consider ΓA = 0. The mismatch-loss immunity of in-body
antennas was addressed previously in [16].

Finally, the solution of the governing wave equation can
be rapidly obtained numerically with, for instance, a fully-
adaptive hp-FEM (finite element method) implemented in
Agros2D [26]. Alternatively, the commercial codes such as
COMSOL [27] could be used.

III. RESULTS AND DISCUSSION

Both formulations of the problem reveal that the radiation
efficiency η of TM and TE sources has a skew-normal distri-
bution shape as Fig. 2 shows. The peak max (η) defines the
optimal operating frequency fopt that—for a reference case
of RP = 5, a = 1 cm—occupies the f ≈ [1, 1.5] GHz range.
This is consistent with previous findings for different source
formulations [19]–[22]. At the optimal frequency of operation,
η peaks at about 3%. Compared to existing antenna designs
with the reported efficiencies around η ∈ [10−5, 10−4], the
results show that there is a potential of about an order of
magnitude of radiation performance improvement. This can
be achieved in part by a proper choice of the antenna type
and operating frequency. As Fig. 2 shows, magnetic antennas
could be more appropriate for lower bands (f < 0.9 GHz)
that includes various MedRadio/MICS 401–457 MHz bands
and the Industrial, Scientific and Medical (ISM) 434 MHz
band. Starting from the ISM 915 MHz band, electric antennas
could provide higher efficiencies despite the increased near-
field losses in surrounding tissues [21]. High permittivity of the
surrounding tissues (εr & 50) loads the electric antennas there-
fore significantly increasing their electrical size ka ∝ max (η)
[28]. This effect could be further exploited by using high-
permittivity insulating layers (superstrates) [29]. This approach
has been recently demonstrated in practice in [13] using a low-
loss ceramic capsule shell with εr ≈ 80.

Fig. 4. Effect of the source size a on (a) the optimal frequency of operation
fopt and (b) the maximum achievable radiation efficiency max η (RP =
5 cm). Whereas fopt remains reasonably invariant to the source size, max (η)
is strongly dependent on it. Both model formulations show stronger effect for
TM sources.

The results shown in Fig. 2 are strongly dependent on the
phantom size (asymptotic to the implantation depth of the
antenna) and the source circumradius a. We study the effect
of the phantom by varying RP ∈ [1, 10] cm. Clearly, bigger
phantom implies deeper antenna implantation, which results
in increased power dissipation and thus lower efficiency.
Increased power dissipation means also that a lower frequency
of operation would be preferable since the penetration depth is
increased. Fig. 3 quantifies these effects. Both the optimal fre-
quency and the maximum efficiency decay exponentially with
the implantation depth. The agreement between the theoretical
and realistic models is exceptional for larger phantoms (RP >
4 cm). For the smaller phantoms, the difference in source
formulation becomes noticeable. However, even at RP = 1 cm
(subcutaneous implantation), the predicted values are adequate
and useful: fopt ∈ [2, 4] GHz, max (η) ∈ [12, 17]%.

The physical size a of the source has an mild effect on
fopt. As Fig. 4a shows, the optimal frequency shifts from 1.2–
1.4-GHz range to ≈ 0.9 GHz. SWE approximation shows no
effect of a on fopt of TE source. This could be related to the
number of harmonics under consideration but requires further



investigation.
The maximum achievable η depends strongly on the source

size a. Results in Fig. 4b demonstrate a linear dependence
of max[η (a)] and the effect is stronger for TM sources.
Note that for all a except a < 3 mm, electric TM sources
provide higher max (η) for implantable applications according
to both problem formulations. For the realistic formulation, the
strongest effect comes from the source length L (see Fig. 1b).
Here, the maximum achievable efficiency could be accurately
represented for both operating modes (R̄2 = 0.9725 for TM
mode and R̄2 = 0.9769 for TE mode, where R̄2 is the adjusted
coefficient of determination):

max (η) =
3c1 ln (f + c2)

L
exp

(
− lnL− 1/3

2c34

)
, (4)

where L is the length in mm, f is the frequency in GHz,
and ci are the mode-dependent coefficients. For TM mode:
c1 = 0.00318, c2 = 59.82, c3 = 0.532, and for TE: c1 =
0.00675, c2 = 1.252, c3 = 0.4.

IV. CONCLUSION

When an implantable antenna operates at the optimal fre-
quency of operation, the dissipated energy is minimized for
a given power flow in the far field. The minimum of dissi-
pated energy defines is equivalent to the maximum achievable
radiation efficiency. In this study, we determined the optimal
radiating conditions of magnetic and electrical sources and
their achievable efficiencies using a theoretical (spherical-wave
expansion) and a realistic (full-wave) models. The established
efficiency limitations serve in practice as the design quality
gauge, facilitate the choice of the source type and its dimen-
sions according to a given application, and provide simple
rules to verify the feasibility of a specified design. The results
show that the derived limitations exceed the efficiencies of
conventional designs by about an order on magnitude. This
can be achieved in part by a proper choice of the antenna type
and operating frequency. Future work on this subject involves
investigating and optimizing other antenna shapes, considering
and quantifying in statistical-EM terms the effects of realistic
human body models.
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