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ABSTRACT We recently reported a new class of broadband and high gain antennas for into-body
radiation, called Bio-Matched Antennas (BMAs). A major limitation of our prior work is that BMA volume
increases significantly as the low cutoff frequency is reduced. This is particularly troublesome for into-
body applications where low operating frequencies are needed to penetrate deep into the tissues. Here,
we overcome this challenge via a novel design that extends the BMA’s conducting flares along the tissue
surface. In doing so, the antenna’s lowest operating frequency is reduced, while its volume remains
unaltered. For an example BMA of 1161.3 mm3 in volume, our new approach results in lowering the
cutoff frequency from 1.9 GHz to 830 MHz. Additional novelties brought forward include: (a) the first
testing of BMAs through stratified tissue models (as opposed to homogeneous models explored in the
past), and (b) the smallest volume BMA reported to date, which also exhibits the lowest frequency cutoff
as well as comparable or better transmission loss vs. previous designs.

INDEX TERMS Biomedical telemetry, engineered dielectrics, into-body antenna, wearable antenna.

I. INTRODUCTION

THE ADVANCEMENT of applied electromagnetics has
begun to considerably impact healthcare. For example,

implanted medical devices (brain implants, glucose moni-
tors, pacemakers, etc.) can be made more ubiquitous via the
use of radio frequency (RF) technology that enables wire-
less telemetric and charging links. In turn, these allow
for around the clock monitoring of patient vitals [1]–[2],
longer term implantation [3]–[4], and enhanced patient
safety and comfort. As another example, medical radars can
be used to image the body, allowing for non-ionizing can-
cer screenings [5]–[6], among other applications [7]–[8]. In
other cases, high doses of RF energy can be delivered to
the body to ablate malignant tissue [9]–[11]. The inverse of
this, medical radiometry, has the potential to allow for non-
invasive deep-tissue temperature sensing [12]–[14], as well
as to passively detect tumors [15].
A major obstacle to the full integration of these technolo-

gies is the development of robust antennas capable of reliably
transmitting RF waves into the body. There are numerous
challenges to address in such a design: (a) mismatch at the
biological tissue and antenna interface, (b) environmental and
inter-subject variability, (c) frequency-dependent dielectric

properties of biological tissues, and (d) inherent material
loss of tissues [16].
Our previous work introduced a novel bio-matched dielec-

tric, composed of water and plastic, to match to the biological
tissues over a broad bandwidth [16], [17]. A quasi-conical
antenna was constructed around this bio-matched dielectric.
To improve the antenna gain, our bio-matched dielectric
was further engineered to be anisotropic and keep the elec-
tric fields more normal to the direction of propagation.
The end result was the Bio-Matched Antenna (BMA) [17]:
a broadband, high gain antenna, capable of transmit-
ting into the body with 15 dB less transmission loss
than the state of the art [18]. A thorough discussion
of the theoretical framework of the BMA is presented
in [17].
However, a major limitation of BMAs is that their vol-

ume increases significantly as the low cutoff frequency
is reduced. For example, reducing the low frequency cut-
off from 1.4 GHz [16] to 1.1 GHz [17] results in 45%
increase of the BMA volume. This is particularly trou-
blesome for into-body applications where low operating
frequencies are needed to penetrate deep into biological tis-
sues. Concurrently, lower frequencies allow for less loss due
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TABLE 1. Comparison of proposed BMAs vs. previous BMAs at 2.4 GHz.

FIGURE 1. BMA with a conducting flare extension to improve the low frequency
cutoff.

to beam spreading, while biological tissues have less material
loss at lower microwave frequencies [19].
In this paper, we take a major step forward and present

a novel approach to overcoming this limitation. By extend-
ing the BMA conducting flares along the body as shown
in Fig. 1, we can lower the BMA’s minimum operating
frequency while keeping its overall volume the same (since
the conducting flares have a negligible thickness). Referring
to Table 1, for an example BMA of 1161.3 mm3 in volume,
our new approach results in lowering the cutoff frequency
from 1.9 GHz to 830 MHz. Such an improvement is highly
valuable to the wearable antenna community, in which min-
imizing form factor is a high priority. Additional novelties
brought forward in this work include: (a) the first testing of
BMAs through stratified tissue models used to emulate the
human body structure (as opposed to homogeneous materials
explored in the past [16], [17]), and (b) the smallest vol-
ume BMA reported to date, which also exhibits the lowest
frequency cutoff as well as comparable or better transmission
loss vs. previous designs (e.g., Table 1 compares transmission
loss results at 2.4 GHz). As indicated in Table 1, the only
tradeoff of our new approach appears to relate to the BMA’s
high frequency performance; however, this is not of relevance
as high frequencies are unsuitable for into-body radiation.

II. OPERATING PRINCIPLE
As shown in Fig. 1, our proposed approach relies on extend-
ing the BMA conducting flares along the body. The idea is

FIGURE 2. (a) Simulation setup for a BMA with a 9.5 mm height and 10 mm flare
extension, and (b) electric fields for said BMA against 2.5 cm of muscle at 900 MHz.

that a more gradual wave departure can now be achieved for
the antenna to improve its radiation performance [20]–[23],
while the length of the current flow is increased to lower
the minimal operating frequency. Concurrently, the over-
all antenna volume remains the same (since the conducting
flares have a negligible thickness).
For example, Fig. 2 shows a Finite Element simulation

carried out in Ansys HFSS for the BMA in row 4 of
Table 1 placed against human muscle. As shown in Fig. 2(a),
a 10 mm flare extension is added on each side of the
BMA (per discussion in Section IV-A), which helps to lower
the minimum frequency from 1.8 GHz to 810 MHz. Electric
field simulations at 900 MHz are shown in Fig. 2(b). Here,
a 2.5-cm-thick block of muscle is considered and two BMAs
are placed across its two sides (to serve as transmitter and
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FIGURE 3. Setups employed in this study: (a) simulation setup, and (b) experimental
setup.

receiver, respectively). As seen, the flares allow for a smooth
transition of the fields from the antenna into the tissue,
while taking up insignificant volume given their negligible
thickness.

III. SIMULATION AND MEASUREMENT SETUPS
While propagation through muscle or any other homoge-
neous material allows for an estimate of performance, it is
of the utmost importance to study propagation through strat-
ified tissue models, which are more similar to the human
body. While a variety of setups can be used, we have cho-
sen to replicate a skin-fat-muscle model through the use of
pork belly. Pork belly contains multiple stratified layers of
tissue, including skin, fat and muscle. The employed simula-
tion setup is shown in Fig. 3(a) and relies on Finite Element
simulations in Ansys HFSS. Our experimental setup is shown
in Fig. 3(b).
To assess the differences between human and porcine tis-

sues, the permittivity (εr) and loss tangent (tan(δ)) of the pork
belly are measured on both the skin side and the muscle side
using Keysight’s high-temperature probe [24]. Measurement
result are presented in Fig. 4(a) and (b), respectively, and
are found to be in good agreement. Since the pork belly
has multiple layers, the dielectric probe will report different
dielectric properties depending on the underlying tissues.
Therefore, the exact properties of each tissue layer cannot
be reported. The pig fat for instance is always in between the
layers and is difficult to measure directly without destroying
the phantom. In simulations, the dielectric properties corre-
sponding to human tissues are used, as they are known to
be similar to the porcine model [25] (and further verified
via the super-imposed dotted lines in Fig. 4 [19]). Thickness
of the tissue layers relies on average measured thicknesses of
the acquired pork belly, i.e., 1.5 mm for skin, 8 mm for fat
and 15.5 mm for muscle. Given that these thicknesses vary
with position, they are parametrically studied in Section IV-B.
It is noted that previous studies of the BMA only addressed
propagation through a single medium [16]–[17]. Here, it
is the first time that BMA performance is evaluated upon
multiple layers of biological materials.
As a proof of concept, the BMA considered in this study

has a height of 9.5 mm and a flare ascent angle of 45◦,
resulting in a base footprint of 19.1 × 19.1 mm2, as shown

FIGURE 4. Permittivity and loss tangent measurements of (a) the pig skin side of
the pork belly, and (b) the pig muscle side of the pork belly.

in Fig. 3(b). These dimensions are chosen so as to achieve
a smaller volume than all previous BMAs (see Table 1),
allowing the flare extensions achieve the maximum impact
on the bandwidth without solely relying on antenna size. The
BMA is constructed through 3D printing a dielectric base
with hexagonal holes in it to hold water. The Form 2 was
used as a printer for its high precision for small features [26].
To improve water retention, a two percent (2%) gelatin type
A hydrogel is employed. Its electrical properties are very
similar to water as measured via Keysight’s high-temperature
probe, Fig. 5(a). To observe potential water leakage, the
hydrogel was dyed blue and the clear resin was used for
3D printing. The clear resin’s electrical properties are also
measured, as shown in Fig. 5(b).

IV. SIMULATION RESULTS
A. FLARE EXTENSION PARAMETRIC STUDIES
Using the average material thicknesses presented in
Section III, the BMA is simulated with 45◦ flare exten-
sions. To understand the tradeoffs of flare extensions, the
length of the flare extensions applied to the BMA is para-
metrically swept in simulation from 0 to 15 mm in 5 mm
increments. The reflection coefficients from these sweeps
are shown in Fig. 6(a). With an extension of 10 mm on
each side, the BMA can cover the 886-906 MHz Industrial,
Scientific, and Medical (ISM) applications band [27] with-
out increasing antenna volume. Indeed, Fig. 6(a) shows that
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FIGURE 5. Permittivity (εr) and loss tangent (tanδ) measurements of the:
(a) hydrogel and (b) clear resin used to fabricate the BMA.

FIGURE 6. BMAs with varying flare extensions (a) reflection coefficient
and (b) transmission coefficient.

a flare extension of 10 mm to the original design (with-
out the flares) lowers the cutoff frequency from 1.8 GHz to
810 MHz.

FIGURE 7. BMAs with varying skin thickness (a) reflection coefficient
and (b) transmission coefficient.

Additionally, the transmission coefficient through 2.5 cm
of stratified tissue layers is reported in Fig. 6(b). At higher
frequencies, BMAs with smaller flares outperform BMAs
with larger flares. This most likely stems from the smaller
flare extensions improving their gain when propagating
through the anisotropic bio-matched dielectric. However, as
the frequency becomes higher (∼3.5 GHz), the transmis-
sion and reflection coefficient become comparable. This is
because the BMA no longer primarily relies on the flares
for propagation.

B. PARAMETRIC STUDIES ON TISSUE THICKNESS
Using the 10 mm flare extensions on the BMA, the tissue
thicknesses are varied in simulation to assess their impact on
antenna performance. The total thickness of the skin, fat and
muscle layers is kept to 2.5 cm in order to assess transmission
more directly. In the initial case, the fat thickness is kept at
8 mm while the skin thickness is varied from 1 to 2 mm.
There are marginal impacts in reflection and transmission
coefficients as shown in Fig. 7(a) and 7(b), respectively.
Next, the skin layer is kept at a 1.5 mm thickness and

the fat thickness is varied from 6 to 10 mm. There is once
again a limited impact in the reflection and transmission
coefficient, as reported in Fig. 8(a) and 8(b), respectively.

V. MEASUREMENT RESULTS
The BMA from Section IV is constructed with a 10 mm flare
extension and placed on top of the pork belly as shown in
Fig. 3(b). The measured and simulated reflection coefficient
are shown in Fig. 9(a). As seen, there is good agreement
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FIGURE 8. BMAs with varying fat thickness (a) reflection coefficient
and (b) transmission coefficient.

FIGURE 9. Measurement and simulation results for the (a) reflection coefficient
and (b) transmission coefficient.

between the designs and the 11.4:1 bandwidth extends from
830 MHz to ∼9.5 GHz.
Additionally, the transmission coefficient is measured and

reported in Fig. 9(b). The transmission loss through 2.5 cm

of tissue is a remarkable 14.0 dB in the ISM band at
900 MHz [27]. Transmission degrades exponentially with
frequency, and the BMA performance is limited at higher
frequencies. However, this is not of relevance as high
frequencies are unsuitable for into-body radiation. Another
observation is that the measurements do not show compara-
ble transmission between the extended flare BMA and the
original BMA at higher frequencies. The discrepancies at
higher frequencies is most likely due to the flares not being
perfectly uniform across the surface and having wrinkles in
them, since they were constructed with copper tape. This
would be more impactful at higher frequencies than lower
frequencies. Additionally, there could have been positional
and rotational misalignment of the BMA along the pork
belly.

VI. SPECIFIC ABSORPTION RATE (SAR) PERFORMANCE
With such a high amount of copper making direct contact
with the biological tissues, one must consider the specific
absorption rate (SAR) implications of flare extensions upon
the BMA. When contrasting maximum power input to com-
ply with the Federal Communications Commission (FCC)
limit of 1.6 W/kg for SAR1g [28] at 2 GHz, we report that
BMAs with a 10 mm flare extension can use 11.8 mW of
maximum input power. By contrast, BMAs with no exten-
sions can use 18.8 mW of maximum input power. However,
both types of BMA have comparable maximum input power
when used at frequencies greater than 2.5 GHz. This is
because the BMAs with flare extensions no longer heav-
ily rely upon the flare extensions for propagation at those
frequencies.

VII. CONCLUSION
The intersection of electromagnetics and medical devices can
be made more impactful through high gain and broadband
into-body antennas. The work in this paper demonstrates that
BMAs maintain these desirable characteristics when prop-
agating into stratified media as well as previously reported
homogeneous media. Additionally, we have demonstrated
that the minimum operating frequency can be lowered with-
out increasing antenna volume through the extension of the
conducting flares. This allows for a very low transmission
loss of 14.0 dB through 2.5 cm of biological tissues at
900 MHz, using the smallest volume BMA reported to date.
A tradeoff is introduced through the extended BMAs hav-
ing lower transmission loss at middle frequencies, but both
types of antenna have comparable transmission at higher
frequencies.
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