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Dielectric Loaded Impedance Matching for
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Abstract—In implanted biomedical devices, due to the presence
of surrounding dissipative biological tissue, the antenna suffers
poor impedance matching. This causes degradation in the perfor-
mance of a wideband or ultra-wideband (UWB) implanted device.
Moreover, the electrical properties of tissue change from organ to
organ, and possibly from time to time. In this paper, it is shown
that loading of antennas with suitable insulators can deliver broad-
band matching across a range of dissipative medium properties.
An impedance-matched UWB antenna designed to operate inside
a lossy medium, which has varying electromagnetic properties
within the range expected in biological tissues, is presented. The
operating bandwidth of the proposed design is 3.5–4.5 GHz, which
is an interference-free subset of the unlicensed UWB band in the
US. It is demonstrated that once the dielectric loading is applied,
the conventional procedure for antenna design in free space can
be followed. The proposed implantable small capsule-shaped slot
antenna has been characterized using numerical simulations.
Details of a proof-of-concept experiment are presented.

Index Terms—Biomedical electronic, biomedical engineering,
implanted device, ultra-wideband (UWB) antenna.

I. INTRODUCTION

A NTENNAS intended for biomedical implants have strict
size constraints and they are required to operate in

highly dissipative and dense media. Those include muscle,
skin [1], brain [2], and delicate locations such as retina [3].
In applications of which the in-body communication device
in implanted, such as wireless body area networks [4] or
medication monitoring [5], the surrounding environment of
the antenna depends on the location of the implant. Even
when the implant is fixed, the tissue properties can change
due to physiological reasons, from person to person or from
time to time [6]. Consequently, the antennas for many im-
planted devices have to operate in lossy surrounding media
with variable electrical properties. In addition to propagation
losses [7], [8], key antenna characteristics such as impedance
matching, and hence, performance, can vary as a result of tissue
property variations. For those biomedical implanted devices
with stringent power constraints, an unmatched antenna is not
desirable at all. It degrades the quality of communications,
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reduces the overall efficiency of the radio system, and shortens
the battery life of the device, and moreover, the signal levels
at the receiver. Previously reported implanted antennas have
used superstrates and substrates with dielectric constant in the
range of 3–10 to achieve acceptable impedance matching [1],
[2], [9], [10]. In [11], a silicone superstrate makes the antenna
biocompatible as well. It has been shown that the thickness and
the electromagnetic properties of superstrates affect impedance
matching, as well as miniaturization of the antenna [12]. In this
paper, we focus on wideband body area network applications
as defined by IEEE802.15 (under TG6) standards. The ultimate
goal of the theoretical and experimental research presented here
is to achieve a low-power high-data-rate implantable wireless
system. Such systems will support higher sampling rates and
measurement of multiple physiological parameters over mul-
tiple channels [13]. If implanted, system proposed in [13] needs
an antenna well matched inside a highly dissipative medium. A
well-matched antenna under all possible conditions results in
low power consumption of the radio system, and hence, longer
battery life. In our previous study [14], we have considered
antennas based on an electric dipole principle and shown that
their performance can be severely affected by the presence of
tissue material. This is because planar ultra-wideband (UWB)
dipoles have strong edge currents and strong electric fields
near the tapered feed gap. Nearby tissues disturb these currents
and near-field electric fields, resulting in significant changes
to antenna characteristics. In contrast, UWB antennas based
on the magnetic dipole principle, including wide slot antennas
presented in [15] for different types of applications, are less
perturbed by near-field objects [16]. Hence, in this research,
a slot antenna has been investigated to achieve wideband
impedance matching inside a highly dissipative medium.

In this paper, we first investigate the behavior of insulated
dipoles to determine the most appropriate insulation per-
mittivity for a dielectric loaded UWB antenna suitable for
implanted biomedical applications. We approach the problem
by investigating the behavior of the reflection coefficient at
the insulator–tissue interface based on analytical expressions
derived in [17]. Varying permittivity and conductivity of both
the insulating material and the surrounding dissipative medium
is considered. Conductivities and permittivities of dissipative
media, namely, tissue and fluids of different organs, from
[18], will be used in this analysis and later in simulations. By
applying the theory that an antenna can be represented as a col-
lection of infinitesimal dipoles [19] and based on the knowledge
achieved in the reflection analysis, a miniature capsule-shaped
UWB slot antenna, loaded with suitable insulating material, is
proposed.

0018-9480/$26.00 © 2009 IEEE
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Fig. 1. Insulated antenna in a dissipative medium.

II. THEORY

A. Dipoles in Dissipative Medium

Consider a radiating antenna enclosed in an insulating mate-
rial, as shown in Fig. 1. The insulated antenna is immersed in
a dissipative medium representing biological tissue. Time-do-
main transient analysis of such an antenna, when radiating a
pulse, readily identifies several points of discontinuities where
reflection of the incident waves occurs [20]. In the free-space
scenario, the most prominent are the reflections at the feed point
( ) and ends ( ). In general, can be any discontinuity in
the current path apart from the feed point. For example, in a
half-wave linear dipole antenna, there are two ends of reflections
( ). An explanation of the transient effects of end reflections of
a thin wire antenna is given in [21]. In case of implanted an-
tennas, when the boundary between insulation and the external
medium is in the proximity, reflections at the surface ( ) also
contribute to the reflected wave as observed at the feed point
( ). A strong reflected wave as seen at the feed point means
higher values of in the frequency domain. In general, the
bandwidth enhancement of pulse radiating antennas has been
achieved by minimizing the reflected wave observed at the feed
point. Applying resistive coatings at the end points ( ) to sub-
side the reflected wave is one such method to reduce internal an-
tenna reflections from ends ( ). This method is not applicable
to implanted antennas as it reduces the efficiency significantly.
For antennas operating in dissipative medium, the reflections at

are also prominent and their minimization, together with other
artefacts of the reflected wave, results in wideband impedance
matching. Hence, we shall now investigate the behavior of the
reflection coefficient at , based on the theoretical expression
given in [17].

Consider a Hertzian dipole in the center of a sphere of radius
filled with insulating material with relative permittivity . It

is surrounded by a dissipative medium characterized by relative
permittivity and conductivity . Permeability of each media
is , equal to that of free space and tissue material. The com-
plex reflection coefficient of the Gaussian potential, , at the

interface between insulation and dissipative media, , is given
by [17, eq. (22)]

(1)

where

(2)

and

(3)

where and are the propagation constants in each medium.
Note that is the power reflection coefficient at the interface
( ). Obviously, is a function of permittivity and conductivity
of each medium. To investigate its behavior, a parametric study
may be conducted across four different variables ( )
at a given frequency. However, a normalized (electrical) dis-
tance can be used to jointly represent two of those
( and ) and the two properties of dissipative medium ( and

) shall be used as the second and third independent variables.
Shown in Fig. 2 is the behavior of with and for four

different values of . is varied by varying while
the frequency (set to 4 GHz) and (set to 50) remain constants.
It can be immediately noticed that the minima of occur at

and . This is quite expected since under those
conditions the two media matches perfectly with each other.
They are indeed identical electromagnetically; hence, the dis-
continuity otherwise felt by the outward propagating wave is
nonexistent in this special case.

As we move away from this point, the nature of the variation
of is dependent on the value of electrical distance . As can
be seen in Fig. 2(a), for a smaller value of , reflection
changes rapidly with both and . Also note that minimum
value of . This is not favorable if maximum outward
energy transmission is intended. In contrast, when is gradu-
ally increased toward a value of 5, becomes less dependent
on properties of the dissipative medium. As shown in Fig. 2(d),
it remains less than 0.1 over the range of from 0 to 4 S/m.
This distance gives close to zero reflection coefficient over a
wide range of . Therefore, we can conclude that, at a given
frequency and , higher leads to lower reflections at the
insulator boundary across a wide range of dissipative medium
properties.

To generalize the above conclusion for other frequencies and
dielectric constants of the insulating medium, let us further in-
vestigate the relationship in (2). It is clear that is a func-
tion of frequency and permittivity. Therefore, is a function
of frequency, permittivity, and the radius . It can be increased
by increasing any of the above parameters. Effectively this in-
creases the electrical size of the insulating sphere, i.e., the elec-
trical distance between the dipole element and the surface . In
implanted biomedical applications, is bounded by the overall
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Fig. 2. Reflection coefficient magnitude at surface� for: (a)� � ���, (b)� �

���, (c) � � �, and (d) � � �. � � ��. When � � � GHz, � �

����� ��������� and ��� mm, respectively.

size of the device. To maximize , which, in turn, minimizes
the reflection coefficient, we shall select as large as possible.

TABLE I
DIELECTRIC PROPERTIES OF VARIOUS TISSUES AT 1 AND 11 GHz

Fig. 3. Reflection coefficient against frequency for average permittivity and
conductivity of tissue material.

In practice, however, this selection is governed by the properties
of surrounding body tissue (because is the condition for
minimum ) and availability of insulating material with suit-
able permittivity.

Further conditions are imposed by the frequency band of op-
eration, as discussed in Section II-B.

B. Dipoles in Body Tissue

The average for body tissue is around 50 within the indus-
trial, scientific, and medical (ISM) 2.45-GHz band, with the ex-
ception of bones, bladder, and breast tissue [18]. Let us consider
a wider frequency band of 1–11 GHz, which includes the full
Federal Communications Commission (FCC) UWB frequency
band. Dielectric properties of a selected set of tissue types at
1 and 11 GHz are shown in Table I. We assumed the average
electromagnetic properties of dissipative media over this band
to be , S m, as an example to cover across a
wide range of tissue types, and used this constant value for sim-
plicity. Let .

Fig. 3 shows the variation with frequency for those para-
metric values. As an example, has been chosen as
the acceptable threshold reflection coefficient. It is obvious that
the frequency at which the reflection coefficient reaches the
threshold decreases with increasing . In other words,
for small spheres, low reflection coefficients are possible only at
higher frequencies.

When frequency increases, the reaches an asymptotic
value close to zero. Therefore, if low is achieved at the lower
limit of the operating bandwidth, the antenna will not experi-
ence surface reflections [i.e., at ] for the rest of the operating
frequencies, provided other conditions remain unchanged.
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TABLE II
APPROXIMATED BODY TISSUE PROPERTIES FOR

SIMULATIONS AND CALCULATIONS

Fig. 4. Variation of the reflection coefficient at � with the dielectric constant
of the insulator, for various dissipative media. Frequency fixed at 4 GHz.

This is essentially the main challenge in UWB antenna
miniaturization—reducing electrical dimensions of the antenna
to meet the requirements at the lower end of the operating
bandwidth. In this case, the solution is increasing the electrical
distance between antenna current elements and the boundary
surface between media.

Thus, the following conditions should be imposed when se-
lecting the insulating material.

• The dielectric constant should be equal to or close to that
of surrounding dissipative medium.

• is maximized so that reflection coefficients are less
sensitive to the variable properties of dissipative medium.

Note that the above requirements are not mutually exclusive.
Once the reflections at (Fig. 1) are removed (or minimized)
by selecting the insulating material based on above guidelines,
conventional broadband antenna design techniques can be fol-
lowed.

The approximations shown in Table II have been made for
the properties of tissue material. Although these parameters are
frequency dependent, we assumed them to be constant in the fre-
quency range of consideration, i.e., 3.5–4.5 GHz [18]. From 3 to
5 GHz, the dielectric constant reduces by less than 10%. Fig. 4
shows against for different tissue media surrounding
an insulated Hertzian dipole at 4 GHz. Obviously, with the ex-
emption of bladder and breast/fat tissue, across a wide range of

, the reflection coefficient is less than . These
correspond to high dielectric constants close to 50 for both in-
sulation and tissue material. For lower dielectric constants, and
thereby lower , even the minimum does not reach 0.1

Fig. 5. Dimensions of the printed antenna on TMM substrate. Shaded area is
metallization. Dimensions are in millimeters.

and the “matched” range is narrow. When the average dielectric
constant of the tissue is in the range of 5–10, the dielectric con-
stant of the insulator should be appropriately lowered.

The above knowledge has been obtained by considering a
Hertzian dipole, due to its simplicity and availability of analyt-
ical solutions. However, Hertzian dipoles are not practical. In
Section III, we apply this knowledge to design a practical mag-
netic-dipole-based UWB antenna, which is impedance matched
across the selected wide frequency band.

III. UWB IMPLANTED ANTENNA SIMULATIONS

A. Antenna Configuration

Fig. 5 shows the dimensions of the new capsule-shaped di-
electric-loaded implantable wide-slot antenna, which is printed
on an RO TMM 10i substrate that has a dielectric constant of 9.8
and a loss tangent 0.002. The substrate has the shape of a cap-
sule and its dimensions are conformal to a longitudinal cross
section of a size 000 capsule. The thickness of the substrate is
1.27 mm. One side of the substrate is etched with a grounded
coplanar waveguide (CPW) (with an additional ground plane on
the opposite face of the substrate) and a wide-slot antenna with a
U-shape feed, a UWB antenna configuration previously consid-
ered for operation in an air medium in other applications [15].
The three vias, each with a 0.75-mm radius, connect the two
ground planes on the opposite sides of the substrate. The feed in
simulations is differential between the upper ground plane and
the center of the circular pad at the start of the CPW. Circular
pad arrangement facilitates a broadband probe-to-CPW transi-
tion [22]. This transition is useful when subminiature A (SMA)
connector probes are used in prototypes. The slot precisely oc-
cupies the lower half of the substrate. This half is loaded with
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Fig. 6. Simulated antenna in a cylinder of tissue material. (a) Cross-sectional
view. (b) Distribution of electric field magnitude. Open radiation boundaries
14 mm from the object sides.

glycerine as the insulating material, which has a dielectric con-
stant of 50. Dielectric loss of glycerine is assumed negligible.

Shown in Fig. 6(a) is the simulated capsule-shaped antenna,
loaded with glycerine, inside a cylinder of tissue material. The
inner radius of tissue cylinder is 4.5 mm, equal to the outer ra-
dius of the capsule. Considering the aim of the simulation, that
is to investigate the matching of the antenna and the near-field
effects, the cylinder thickness has been set to 10 mm. Further
increase of the cylinder thickness increases simulation time, but
does not change values. Properties of the cylinder mate-
rial are selected as given by Table II and simulations have been
carried out using CST Microwave Studio from 3 to 5 GHz. The
distribution of electric field magnitude at 4 GHz is shown in
Fig. 6(b). A strong near field is present inside the insulator,
closer to the slot. Field strength outside the tissue simulating
material, i.e., far field, is about eight times weaker.

Antenna input reflection coefficient is plotted in Fig. 7 for
different tissue environments. Note that the results are directly
correlated to those of Fig. 4. Except for breast and bladder, the
antenna has a return loss greater than 10 dB in the frequency
range of 3.5–4.5 GHz.

This frequency range is the operating bandwidth of our im-
pulse-UWB test setup that has also been used in some recent im-
plantable systems [23]. In the case of breast tissue, the matched
band is narrow, corresponding to low , as expected from the
characteristics shown in Fig. 4.

Fig. 7. Antenna input reflection coefficient, when the antenna is surrounded by
different tissues.

TABLE III
RADIATION AND TOTAL EFFICIENCY OF THE SLOT

ANTENNA IN DISSIPATIVE MEDIA AT 4 GHz

B. Transmission Efficiency

The radiation efficiency and the total efficiency are
given by

and (4)

(5)

where is the power of the transmitter, is the
power loss due to antenna-source mismatch, is the internal
copper and dielectric losses of the antenna, is the loss in-
side the tissue material, which is the most prominent, and
is the total power received at the outside of the tissue cylinder.
In our simulations, is only due to dielectric losses in an
RO TMM 10i substrate as we have assumed perfect electric
conductors.

Table III shows the radiation efficiency and the total ef-
ficiency given by (4) and (5). The losses in the tissue
cylinder at 4 GHz have been included when calculating both pa-
rameters. When is close to zero, from (4),

. In these simulations, it is obvious that can
be reduced close to zero by better matching of the antenna. Al-
most all the losses are then in the tissue material. The gain values
recorded in these simulations are within from 10 to 16 dBi,
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Fig. 8. Antenna and tissue sample. (a) Simulation. (b) Experiment set up. Open
radiation boundaries 14 mm from the object sides.

comparable to maximum gain reported in [10] at a lower fre-
quency and inside a 24-mm-thick block of tissue. This gain has
been calculated for the combination of the antenna and the tissue
material.

Within the UWB frequency band, the effective isotropic ra-
diated power (EIRP) is restricted to 41 dBm MHz by regu-
lations. With the overall gain values in the range from 10 to

16 dBi, for this particular simulated scenario, the upper limit
for transmitter output power spectral density (PSD) should be
in the range from 31 to 25 dBm MHz. Note that EIRP reg-
ulations are imposed in the free space. Provided safe specific
absorption ratio (SAR) levels and battery consumption limits
are met, transmitter PSD level can be set to the above values,
and hence, the out-of-body UWB receiver will not require extra
sensitivity.

IV. MEASURED RESULTS

A proof-of-concept experiment has been conducted with an
antenna prototype. A right-angle SMA connector is soldered to
the antenna printed circuit board, as shown in Fig. 8(b). A photo-
graph of the antenna prototype is shown in the lower right corner
of Fig. 9. The antenna input reflection coefficients were mea-
sured using an E5071B calibrated vector network analyzer. As
shown in Fig. 9, the cable and antenna were held above samples
of pork midlion chops using a holding stand. In the experiment,
the antenna has been partially embedded.

Fig. 9. Photograph of the measurement setup including the VNA.

Fig. 10. Simulated input �� � for full and partial embedding of the antenna in
tissue material.

The theoretical antenna input reflection coefficients for both
partial and full embedding of the antenna are shown in Fig. 10.
In partial embedding simulation, the antenna penetration is
11 mm and the height of the dielectric cylinder has been reduced
to 20 mm, to cover the loaded portion of the antenna, as shown
in Fig. 8(a). The electromagnetic properties of the insulator
and tissue cylinder remained the same in both simulations:

, , S m. According to Fig. 10, at most
a 5-dB difference between values can be expected due to
the differences in embedding. Although we can see close to
250-MHz reduction from the lower end of the 10-dB return-loss
bandwidth due to partial embedding, the curve profile is
the same for both cases.

On two samples of pork chops, of which dielectric properties
were assumed to be close to that of human tissue, insertions were
carved out using a sharp knife and they were moulded using a
size 000 gelatine capsule. (The capsule was not present during
the experiments, as they dissolve due to moisture.) Depth of
these insertions is approximately 11 mm, sufficient to cover the
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Fig. 11. Measured input �� � from the proof –of-concept experiment.

slot portion of the printed antenna. First the antenna input
was measured while it was freely suspending in space. The an-
tenna was then lowered into the insertion and was measured
again. Finally, the insertion was carefully filled with Glycerine
using a dropper. Measured values for both insertions (inser-
tion 1 and insertion 2) are shown in Fig. 11.

In free space, as expected, this antenna does not behave as a
UWB antenna at all. There are two resonances visible around
4.5 and 7.25 GHz. The former is quite expected considering the
electrical size of the antenna prior to loading. These two res-
onances are also present when the antenna is measured inside
empty insertions. As can be seen in Fig. 11, the filling of in-
sertions with Glycerine has a significant effect. In this case, the
antenna is matched in the 3–5-GHz frequency band with a re-
turn loss greater than 10 dB. The simulated in Fig. 10 does
not agree well with the measured results in Fig. 11. This is pri-
marily due to not knowing the exact electrical properties of the
pork sample and glycerine sample. In addition, the pork sample
is not as homogenous as modeled in simulations. The 3-dB dif-
ference in return loss between two insertions is further evidence
to that. Nevertheless clear improvement in in the operating
band, due to insulator loading, is obvious.

V. CONCLUSION

An effective method to achieve impedance matching of UWB
implanted antennas with dielectric loading has been studied.
The dielectric constant of insulated material should be selected
close to that of external dissipative medium, as shown theoreti-
cally using a Hertzian dipole in a dissipative medium. We have
also shown that when the electrical distance between the current
elements and the insulator-tissue boundary is increased, accept-
able low reflection levels can be sustained across a wide range
of frequencies or a wide range of tissue properties. When it is
not possible to extend the physical radius of the insulator, there
are two other options.

One is to increase the dielectric constant. According to the re-
sults presented here, when the dielectric constants involved are
in the vicinity of 40–50, wideband matching of the antenna can
be achieved. This is encouraging as most of the tissue materials
have high dielectric constants, close to 50, at least in the lower

UWB band. Therefore, glycerine, which has a dielectric con-
stant of about 50 and very low dielectric losses, is a suitable in-
sulator material. The second is to move toward higher operating
frequencies. However, this also requires improved receiver sen-
sitivity to counter higher tissue losses at high frequencies.

An experiment conducted with a glycerine-loaded UWB cap-
sule-shaped antenna, designed using CST MWS, has verified
the new concept of antenna design. With proper enclosure and
extra packaging techniques, it is possible to modify the proposed
antenna for different practical implants. The effect of low dielec-
tric-constant biocompatible encasing on the performance of the
antenna can be analyzed with a similar approach that has been
followed in [17].
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