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ABSTRACT The Quadruple Loop (QL) antenna was designed and investigated to deliver a robust body-
worn antenna for bio-medical applications. The QL antenna is a very thin single-layer groundless structure
which allows for the installation of neighboring electronics and sensors which need to be extremely close to
the epidermis layer. The performance of the proposed antennas was investigated for three main standards:
GSM-900, GSM-1800, and Bluetooth low energy (BLE). Radiation pattern measurements were conducted
to compare their results with their simulation counterparts. Moreover, data communication tests showed that
the acquired BER readings could qualify the BLE and GSM-900 antennas to work as part of 4-QAM wireless
links. Besides these hands-on endeavors, an equivalent and more efficient mathematical model of biological
tissues which make up the human arm was computed. The equivalent model was tested in software and has
the practical potential to be realized in physical phantom making.

INDEX TERMS Epidermal antennas, wearable antennas, body-worn antennas, [oT, loop antennas, WBAN,

WPAN.

I. INTRODUCTION

There is no doubt that the drive towards a ubiquitous presence
of technology is desired to be both wirelessly and seamlessly
connected to the internet. Hence, we are being increasingly
exposed to the term ‘“‘the Internet of Things” (IoT). This
concept would soon be applied to numerous applications
such as weather and traffic monitoring in addition to various
other fields [1]-[4]. More importantly, the IoT is expected
to serve the health care sector by providing outpatients with
timely and reliable diagnostics through the use of wireless
body sensors to screen and share biometrics with health-
care professionals in real-time [5]. Such sensors should be
functionally robust yet comfortable to wear. Due to many
stringent and demanding requirements, novel body sensors
are required to fulfill the expectations of future biotelemetry
technologies.

Body-worn Antennas (BWA) is the umbrella term for all
antennas placed in close proximity to an organism’s body.
This includes wearable, epidermal, and implanted antennas.
Epidermal antennas [6], [7], as their name pertains, could
be characterized by body-antenna separation gaps of less

than Imm. This gap is typically occupied by a dielectric
substrate which is stretchable, flexible, adhesive, or a com-
bination of all three features. If the antenna structure covers
a substantial area of the skin, the substrate is expected to
be breathable. Given these features, epidermal antennas are
mostly applied in sensing and biomedical applications where
body parameters such as skin-hydration levels and vital sign
readings are to be transmitted wirelessly. Another challenge
with all the BWAs is performance degradation due to their
proximity to biological tissues. These tissues are charac-
terized by high loss tangents and high relative permitivity.
Such factors increase the design complexity of the body-worn
antenna. Hence, the antenna type and substrate material must
be carefully selected.

Several research groups started to contribute to this
revolutionary field by developing different BWAs. How-
ever, their efforts were limited to the aspects of antenna
design and operation in the lower frequency bands of RFID
technology [6], [8]. Instead, more attention should be paid
to the performance of BWAs as unconventional commu-
nication devices for other more popular frequency bands.
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This is but one motivation for the work we present in this
paper. Moreover, only a few articles have included measure-
ments on actual human body volunteers. This is important
since the radiation pattern for body-worn antennas measured
on a human body provides more accurate and meaning-
ful results than those taken from phantom measurements.
In [9], the radiation pattern of a 1.5 GHz GPS antenna is
shown which was measured on an actual human volunteer.
An embroidered spiral antenna with its reflection coefficient
was measured on a human abdomen [10], whereas the far-
field radiation pattern was measured on a physical human
phantom. A comparison of the simulated and measured far-
field performance of a filtering antenna is reported in [11].
The scarcity of articles with measurements on a real human
body can be attributed to the difficulty of standing moveless
for prolonged measurements and the lack of access to large
enough anechoic chambers.

This paper presents theoretical and experimental efforts
undertaken in the investigation of three epidermal Quadruple
Loop (QL) antennas. Each antenna was designed to operate in
a specified frequency band: GSM-900, GSM-1800, and BLE.
In addition, Error-vector magnitude (EVM) tests and BER
metrics were conducted and calculated, respectively, to verify
the integrity of GSM and BLE communications for the QL
antennas.

The remainder of this article is organized as follows.
Section II address the epidermal antenna topology and design.
The simulations and modeling of antenna are presented in
section III. Following that, section IV discusses the fab-
rication and performance tests of designed antennas and
section V presents the data communication evaluations.
Finally, the paper is concluded in section VI.

Il. ANTENNA TOPOLOGY
BWA could be categorized into two main topology cat-
egories: mono-layer and multi-layer antennas. A mono-
layer antenna, also called a single-layer antenna, consists
of a substrate layer on which the radiating element rests.
Examples of such antennas are presented in [12]-[15].
Amendola et al. [12] and Milici et al. [15] demonstrated
how epidermal antennas can be significantly sensitive to their
environment. On the other hand, multi-layer antennas consist
of at least two layers, a radiating element and a ground plane.
Multi-layer antennas might include an EBG layer or yet
multiple radiating elements with each radiator resting on a
separate individual layer. Examples of this class of antennas,
rather a more common category, can be seen in [16]-[18].
Generally, single-layer antennas are avoided in communi-
cation systems. This is because of significant radiation effi-
ciency loss given the lack of a reflecting ground layer. Added
to this is the extremely small spacing between the radiating
element and body [19]. Multi-layer antennas, on the other
hand, provide immunity to environment variations given the
multiple protective layers found in its composition. The close
proximity of the antenna to the skin may hinder skin respi-
ration. Therefore, a single-layer antenna is preferred since it
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FIGURE 1. Concept art of a sensing epidermal device.

can be easily made porous to allow the cutaneous activity.
A conceptual block diagram of the proposed biotelemetry
device is shown in Fig. 1. The primary sensing components
include body-hydration, glucose, and blood pressure sensors.
This figure gives the intuition that for reliable sensing, it is
necessary that the sensor must be placed extremely close
to skin surface. Therefore, the sensor must be very thin
and flexible in order to be comfortable for the user. More-
over, for short range communication, such as in the range
of 1-5 meters, performance metrics such as antenna gain and
radiation efficiency can be conceded. Thus, by considering
the pros and cons of both BWA topologies, a single layer
epidermal antenna was found to be more favorable and prac-
tical for our application as it provides comfortable and direct
antenna placement on skin surface without any ground plane.

While selecting the antenna type, a one wavelength long
loop antenna was compared to a small (magnetic) loop
antenna. One wavelength long loop antenna was found to
have superior performance based on the following facts. First
of all, maximum power can be delivered to an antenna if
it is in the order of a wavelength. Additionally, the reflec-
tion coefficient of the long loop antenna was experimentally
determined to have better performance. On the other hand,
small loop antennas have intrinsically higher complex input
impedance and low radiation efficiency which further dis-
courages its usage. Whereas, a one-wavelength long loop
emulates an array consisting of two quarter-wave dipoles.
This can be seen from the theoretical current distribution for
a one wavelength long loop antenna shown in Fig. 2 (a).

In [20], we demonstrated how the performance of a square
loop can be enhanced by adding four circular patches to it.
The modified design is known as Quadruple Loop (QL)
antenna. The enhancement can be appreciated by the fact that
the simple square loop antenna provides 2% radiation effi-
ciency and —12 dBi gain, whereas, the QL antenna provides
5% radiation efficiency and —10 dBi gain. This improvement
was achieved by adding four circular patches to the main
radiating side of the one-wavelength loop antenna. Moreover,
this modification made the loop antenna better withstand
frequency detuning when placed on different location on
the arm. Table 1 lists the dimensions for the GSM-900,
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(a) (b)

FIGURE 2. Current distribution on (a) large loop antenna (b) QL BLE
antenna at 2.4 GHz.

TABLE 1. Dimensions of the three QL antennas.

Antenna Application | Length (mm) | Width (mm)
GSM-900 32 32
GSM-1800 20 20

BLE 15 15

GSM-1800, and BLE QL antennas, whereas, Fig. 2 (b) shows
the current distribution for the QL.

IIl. MODELING AND SIMULATIONS

Full-wave antenna simulations were performed with a bio-
logical tissue model. A stack of four layers (bone, muscle,
fat, and skin) was used in the model to study antenna per-
formance and wave propagation on a generic model of the
human arm. It is important to note that, as the number of
layers increase, the complexity burdens the simulator and
its processing resources. The data values of the model were
derived from [21].

(a) b)

FIGURE 3. (a) The cylindrical arm model and (b) the same model with a
hand extension.

A. THE FOUR-LAYER MODEL

The arm was modeled as four concentric elliptical cylinders,
each representing a body tissue. The inner most tissue is the
bone, following that is the muscle layer which is covered by
a thin fat layer and finally the skin, which acts as the most
outer layer. The model is shown in Fig. 3 (a). Fig. 3 (b) shows
the same model with the addition of a hand extension. The
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TABLE 2. Dielectric parameters of arm tissues [21].

Tissue | Frequency (GHz) | Relative Permittivity | Loss Tangent
0.9 41.40 0.42
Skin 1.8 38.87 0.30
2.45 38.00 0.28
0.9 5.46 0.19
Fat 1.8 5.349 0.15
2.45 5.280 0.15
0.9 55.03 0.34
Muscle 1.8 53.55 0.25
2.45 52.73 0.24
0.9 12.45 0.23
Bone 1.8 11.78 0.23
2.45 11.38 0.25

TABLE 3. Dimensions of the cylindrical model.

Tissue X (mm) | Y (mm)
Skin 64 45
Fat 60 42
Muscle 54 38
Bone 30 24

dielectric parameters for each layer are presented in Table 2,
while the dimensions for major and minor axes for each
cylinder are presented in Table 3.

B. THE SINGLE-LAYER EQUIVALENT MODEL

As each of the four tissues comprising the HFSS arm model
has its own frequency dependent values of relative permittiv-
ity and loss tangent, it was important to find an equivalent
model comprised of just a single lossy dielectric with its own
frequency-dependent parameters to reduce simulation time.
The original four-layer model was translated into a single-
layer arm model by solving a 4 parallel-plate capacitor (PPC)
system. This helped in determining the frequency dependent
effective relative permittivity of the four layers of the body
which was used in an HFSS unipolar Debye model to come
up with an equivalent single-layer arm model.

The currents induced by the antenna travels back and forth
along the arm which can be modeled as four parallel plate
capacitors with length of the arm and separation gaps of body
layers thicknesses. The plates are hollow ellipses surfaces and
their respective bio-dielectrics are hollow elliptical cylinders.

The capacitance at any frequency for each tissue is com-
puted by:

€0 (A

7 ey

CTissue =

where, €,(f) is the frequency-dependent relative permittivity
for a given tissue; this could be obtained from [21]. Given
the parallel capacitance configuration of the fours tissues,
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the total equivalent capacitance is

Ceq = Cskin + Crar + Cmuscle + CBone )
whereas, the equivalent relative permittivity is computed as
Ceq
€ = . 3
eq() Co 3

FIGURE 4. Relative permittivity vs. frequency for different tissues and
models.

These equations were used to numerically determine €,4(f)
from 0.5 GHz to 3 GHz. The equivalent relative permitivity
found using PPC model is shown in Fig. 4 along with other
tissues.

Based on the relative permittivity values obtained using
the PPC computations for the upper and lower frequencies
of 0.5 GHz and 3 GHz, relative permittivity values were
approximated (30.26 — 30 at 0.5 GHz and 27.04 — 27 at
3 GHz) and then assigned to the unipolar Debye model tool
in HFSS to determine loss tangent, which was calculated to
be 0.4 at 0.5GHz and 0.25 at 3 GHz. The resulting Debye
model used in HFSS is given as

5.37
14141 x 10719 x f2°

€eqf) = 24.63 + (4)

FIGURE 5. Comparison of reflection coefficient values for the original and
equivalent HFSS models.

Fig. 4 demonstrates the relative permittivities of muscle,
skin, bone, and fat versus frequency. In addition, the two mod-
eling methods used, namely, the Debye model equivalent and
the parallel plate capacitor (PPC) equivalent. The comparison
of the reflection coefficients for the three QL antennas, when
placed on the original four-layer model with its one-layer
equivalent, is presented in Fig. 5.
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TABLE 4. Wavelengths and penetration depths for tissues at different
frequencies [21].

Frequency | Material | Wavelength (mm) | Penetration depth (mm)
Skin 50.71 40.23
Fat 141.92 244.12
900 MHz Muscle 44.28 42.36
Bone 93.78 131.57
Air 333.10 —
Skin 26.42 28.25
Fat 71.82 157.05
1.8 GHz Muscle 22.59 29.19
Bone 48.20 66.65
Air 166.55 —
Skin 19.66 22.57
Fat 53.11 117.02
2.45 GHz Muscle 16.73 22.33
Bone 35.99 45.78
Air 122.36 —
Skin
Fat
Mistle
(@
Skin
Fat
B-  MUSEk
22 mm
Bone
(b)
Muscle
Bone
©

FIGURE 6. From the left to right: current distributions, simplified current
distributions, and 3D radiation patterns at (a) 900 MHz , (b) 1.8 GHz, and
(c) BLE (2.4 GHz).

C. SIMULATED CURRENT DISTRIBUTION AND

RADIATION PATTERNS

In this section, we will discuss the current distribution within
the equivalent cylindrical arm model as well as the 3D radia-
tion pattern of the antennas at their corresponding frequency
bands. Penetration depths as well as the electrical lengths
of the arm layers will all be used to find an explanation
for the shape of the radiation pattern at the three different
frequencies, Table 4. A stack of tissue layers depicting the
broadside view of the arm model can be seen in the middle
of Fig. 6 for all the three frequencies. The current distribution
within the tissue is approximated and portrayed in the stacked
model. While “B” dimension corresponds to the start and
end points of half-wavelength current distributions across the
vertical dimension (height of the arm).
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The antennas were designed to be one wavelength long
at their respective operational frequencies. The wavelengths
at 900 MHz, 1.8 GHz and 2.5 GHz can be observed across
the horizontal dimension of the arm in the left column of
Fig. 6 (a), (b) and (c), respectively. As can be seen in
Fig. 6 (a), the length of B corresponds to approximately that
of, height of the arm (vertical dimension). Given these values
at 900 MHz and the actual thicknesses of the layers, it would
be intuitive to say that a normally incident EM (electromag-
netic) wave at 900 MHz on the top layer of the model, will
make it through the whole stack and exit, retaining more than
37% of its power. Hence, significant through-arm radiation
can be observed in the 3D radiation pattern.

At 1.8 GHz, the total length of the arm (horizontal dimen-
sion) is slightly greater than 1.5 times the electrical length of
the antenna. Therefore, across the vertical dimension, current
that reaches the vertical side of the arm, still makes some
through arm radiation since the penetration depths are still
large enough allowing EM waves to pass through with around
37% of its original power, Fig. 6 (b). It can also be observed
that “B” is approximately half the height of the arm (vertical
dimension) at this frequency. Compared to the radiation pat-
tern at 900 MHz, the pattern at 1.8 GHz is more directive as
depicted from the red colored peak of the radiation pattern in
the right most column of Fig. 6 (b).

The physical length of each side of the BLE antenna corre-
sponds to one-quarter wavelength of operation at 2.45 GHz.
As a result of shorter wavelengths at this frequency the
penetration depths are less and it can be seen in Fig. 6
that the currents induce within tissues attenuate much faster
compared to 900 MHz and 1800 MHz. Hence, through-arm
radiation is very low and is only visible right below the
antenna location. Compared to the patterns at 900 MHz and
1.8 GHZ, the pattern at 2.45 GHz is the most directive, right
column of Fig. 6. It can be inferred from our results that,
at higher frequency, the radiation pattern of an epidermal
antenna resembles that of a simple patch antenna.

IV. FABRICATION AND MEASUREMENTS

A. FABRICATION

Different types of flexible and stretchable materials can be
used to realize the body-worn antenna. The use of flex-
ible materials would be of significant value for epider-
mal antennas applications because the antenna structure is
desired to be conformable to the skin surface. A prime
example is polymer-based materials, such as Dupont’s Kap-
ton polyimide, the silicon-based elastomer poly-dimethyl-
syloxane (PDMS), and the FDA-approved skin adhesive
Tegaderm. The major advantage of using polymers lies in
their flexibility and strength which all arise from the strong
intermolecular forces present in their structure.

The epidermal QL antennas presented here were
fabricated using 75 microns thick Kapton substrates. For
conductive layer, adhesive copper sheets were used. Pho-
tographs of the fabricated antennas are shown in Fig. 7.
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(a) (b) (c)

FIGURE 7. The fabricated QL antennas, (a) GSM-900 and (b) GSM-1800
(C) BLE.

The radiating elements were cut into shape by an LPKF
milling machine.

FIGURE 8. The setup for radiation pattern measurements.

B. MEASUREMENTS

Measuring the performance of any epidermal antenna is an
arduous job since it requires a human volunteer as a part
of the test bench. However, the determination of the radia-
tion patter is important to understand the actual performance
of the antenna. Usually, physical body phantoms are used
for body-worn antenna performance evaluation and radiation
pattern measurements. This is due to the inconvenience of
prolonged stationary posture necessary for reliable measure-
ments. In addition, the access to large enough anechoic cham-
bers that could house a volunteer is uncommon. Therefore,
we took the measurements using a human volunteer in an
open environment. The measurement setup, shown in Fig. 8,
includes

1) a wide-band ridged horn antenna, NSI-RF-RGP-10,
to act as a probe,

2) aR&S®ZVLI13 Vector Network Analyzer,

3) some Microwave absorbers (Eccosorb AN-77) ,

4) a l-meter diameter paper protractor,

5) acompression band to keep the epidermal antenna fixed
in place,

6) a (20 x 12) m? room.

To place the Kapton-printed antenna on the arm, a com-
pression band was used during the experimentation. The
antenna was positioned in a manner which oriented the feed
port of the antenna identical to that of the simulations per-
formed. The epidermal antenna under the test was connected
to one port of the VNA while the horn antenna was connected
to the other port. Whereas, measurements were taken by
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keeping the arm at the center of a protractor, which was used
to measure the angle of rotation.

FIGURE 9. Configurations of radiation pattern measurements.

The measurements covered four different arm and probe
antenna orientations as seen in Fig. 9. Each arm orienta-
tion (vertical and horizontal) was used to measure cross-
polarization (Xpol) and co-polarization (Copol) pattern.
To achieve this, the probe antenna was oriented in two dif-
ferent orientations, Fig. 9. The arm would be oriented either
perpendicular (vertical arm) or parallel (horizontal arm) to the
floor. In turn, the probe antenna would measure 120 degrees
of the radiation pattern. This was done twice to cover the
Z(Copol) and Y (Xpol) probe-antenna orientations. The sim-
ilar steps were used for all the three QL antennas.

According to [9], when attached to a human body, most
antennas exhibit a radiation pattern similar to that of a patch
antenna. This behavior was also observed during the course of
our antenna testing at frequencies around and above 1 GHz.
It was observed in the experiments that a small separation
(about 1-3 mm) between body and antenna is sufficient to
keep the user’s body from the reactive near-field of the
antenna. This is important to note as the reactive near-field
determines the input impedance of a closely spaced wearable
antenna, hence, affecting its bandwidth, gain and efficiency.

1) GSM-900 ANTENNA
Fig. 10 shows the measured and simulated reflection coef-
ficient of the designed antenna. The discrepancy in the
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FIGURE 10. Measured and simulated reflection coefficient for the
GSM-900 QL antenna.

FIGURE 11. Radiation patterns for the vertical arm at 900 MHz.

FIGURE 12. Radiation patterns for the horizontal arm at 900 MHz.

measured results can be attributed to the variation of the body
parameters and fabrication inaccuracies incurred during the
use of milling and cutting the adhesive flexible copper sheets.
Nevertheless, the antennas shows good reflection coefficient
in the desired bandwidth.

The radiation patterns of the antenna are shown in
Fig. 11 12. The patterns obtained at this frequency reveal
a good match between simulated and measured results.
At 900 MHz, the wavelength is longer compared to the arm,
allowing the waves an easy pass-thorough and thus substan-
tial radiations are received at the back side. In fact, the arm
becomes invisible to the waves and allows signal reception
from all the directions thus improving the mobility.

2) GSM-1800 ANTENNA
The measured and simulated reflection coefficient of the
antenna designed at 1.8 GHz is shown in Fig. 13. Similar to
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FIGURE 13. Measured and simulated reflection coefficient for the
GSM-1800 QL antenna.

FIGURE 14. Radiation patterns for the vertical arm at 1.8 GHz.

FIGURE 15. Radiation patterns for the horizontal arm at 1.8 GHz.

the 900 MHz, EM waves at 1.8 GHz are also less affected
by the presence of the arm due to diffraction properties
of the longer wave. Since GSM-1800 antennas are usually
intended for cellular applications, transmission and reception
are desired to be omni-directional. These features were real-
ized to a certain degree in the radiation patterns seen in Fig. 14
and Fig. 15.

3) BLE ANTENNA
For the results of BLE 2.4 GHz antenna, a good agreement
between the measured and simulated reflection coefficient
was observed. The results are shown in Fig. 16. The lower
reflection coefficient values in the measured results that the
simulated can be attributed to higher losses in the actual
scenario.

As can be inferred from Fig. 17, there is a difference of
more than 15 dB between the peaks of the co- and cross-
polarizations for the vertical orientation of the arm. The
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FIGURE 16. Measured and simulated reflection coefficient for the QL BLE
antenna.

FIGURE 17. Radiation patterns for the vertical arm at 2.4 GHz.

FIGURE 18. Radiation patterns for the horizontal arm at 2.4 GHz.

Copol looks almost completely uniform when compared to
the bumpy pattern of its Xpol counterpart. For simulation
patterns of the horizontal arm, Fig. 18, a difference of 25 dB
between the relatively symmetric maximum of the Copol and
minima of the Xpol can be seen.

For robust interpretation, all the presented measurement
results were obtained by averaging the data. To appreci-
ate the degree of variation, we have shown the raw mea-
surement curves for both of the cross-polarization and co-
polarization at 2.4 GHz in Fig. 17. These were measured
for the vertical positioned arm. The results illustrate good
agreement between the simulated and measured radiation
pattern.

It should be noted that the fabricated copper antennas,
especially those which were made with the LPKF machine,
were not an exact replica of the original software designs.
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FIGURE 19. Data communication measurement setup.

This is due to fabrication inaccuracies incurred through the
use of drilling needles and cutting through adhesive flexible
copper sheets. As mentioned before, these minute differ-
ences have a more pronounced effect on measurement results
at higher frequencies. Nonetheless, the level of similarity
between simulated and measured results were unexpected
given the priori of the unpredictability of single-layer body-
worn antennas. The matching level between the majority
of the simulated and measured radiation patterns was good.
As previously noted, the differences lie mostly in the relative
locations of the troughs and crests of the patterns.

V. DATA COMMUNICATION TESTS

A true measure of antenna efficiency would be to test its
performance in a real wireless communications link. Hence,
the GSM-900 and the BLE/ISM (2.4-2.5) GHz antennas were
each tested for their error vector magnitudes (EVM) in a real-
time link. EVM is a measure of how accurately a radio device
is transmitting or receiving symbols within a constellation.
The root-mean-square of the EVM for all received symbols
is calculated as in [22],

P
— " % 100%, 5)

P reference

EVMpys(%) =

where, Py is the power (magnitude) of the error vector
and Pyeference 15 the power of the reference ideal point. The
vector signal generator (VSG) was set-up to generate 4-
QAM packets at a frequency of 915 MHz for the epidermal
GSM-900 antenna and then at 2.45 GHz for the epidermal
BLE antenna. The Epidermal antennas were worn as receiv-
ing antennas and were connected to an R&S FSV, signal
analyzer. Fig. 19 shows the measurement setup that includes
1) R&S®SMBVI100A Vector Signal Generator: this
device acted as the transmit system where the frequency,
modulation and power levels were set,
2) transmit antennas:
a) RP circular 915 MHz antenna (ALR-9611-CR),
b) Omni-directional 2.45 GHz antenna (CAF94150
030421),
3) R&S®FSV Signal and Spectrum Analyzer: this device
provided real time measurements of EVM as well as real
time display of the constellation diagrams,

VOLUME 6, 2018

FIGURE 20. Arm-body orientation states with respect to the transmit
antenna.

TABLE 5. Communication tests results with the respective TX/RX antenna
orientations.

State | Frequency | Pr (dBm) | EVMpys (%)
-10 17.55
1 915 MHz 0 9.23
10 2.10
-10 8.10
1 2.45 GHz 0 2.29
10 0.75
-10 18.04
2 915 MHz 0 13.70
10 5.31
-10 6.10
2 2.45 GHz 0 3.52
10 1.33
-10 16.20
3 915 MHz 0 14.00
10 7.45
-10 16.05
3 2.45 GHz 0 12.88
10 3.75

4) Receive epidermal antennas:

a) Kapton-based adhesive copper GSM-900 antennas,
b) Kapton-based adhesive copper BLE antennas.

Communication tests for both frequencies (915 MHz and
2.45 GHz) involved various arm-body orientation and posi-
tion states, as shown in Fig. 20. In addition, the measure-
ments were performed using different transmit power levels
of —10 dBm, 0 dBm, and 10 dBm. A power level of 10 dBm
is relatively high for body-worn applications and it was used
only for research and experimentation purposes. Results for
these tests are presented in Table 5.

Although EVMpgys results provide adequate information
about the performance of the receiver system, bit-error-rate
(BER) is a more popular means to gauge the performance of
a communications system, and this is particularly true with
GSM standards. Hence, in order toconvert EVMpys values
into corresponding BER, we used the equation as in [23],

1
BER=Q <—EVMRMS> , (6)

where Q(+) is the Gaussian co-error function, calculated as as,

c© 2
0(x) = / (6”) dy. (N
X N2 Y
Fig. 21 shows BER versus EVM for a 4-QAM standard.
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FIGURE 21. BER versus EVM for a 4-QAM.

Since all the measured EVM values are better than 19%,
their translation into corresponding BER values yield less
than 0.1% (1 erroneous bit in a 1000 bits). For the Bluetooth
communications, a minimum receiver sensitivity of —70 dBm
with a BER of 0.1% or better is required. According to the
plotin Fig. 21, 0.1% percent corresponds to an EVM value of
about 30%. Although the calculated received powers shown
below are not less than —52.7 dBm, it is expected that even
at —70 dBm the BER would not exceed 0.1%. This can
be inferred from when the transmitted power was decreased
from 0 to —10 dB, the EVM values for both BLE and
GSM-900 antennas increased to no more than 4-5%. Hence,
it is expected that if the received power was at —70 dBm
we should expect EVM values of no more than 25% which
correspond to BER values of better than 0.1%.

VI. CONCLUSION

The human body surely poses significant challenges when
used as an antenna platform. As analysis tools, different
HFSS arm models composed of skin, fat, muscle and bone
layers were used throughout the project. The four-layer cylin-
drical model was later adopted as the standard model to help
explain the shape of the radiation pattern for the designed
epidermal antennas. From then, it was desired to find an
equivalent arm model consisting of only one lossy dielectric
instead of the four tissue-representing layers. This serves
as a more efficient means for resource allocation and sim-
ulation runtime. In addition, this equivalent model can be
realized into a physical phantom whose dielectric parameters
could be recreated by chemical recipes. Furthermore, QL epi-
dermal antennas were designed and tested for GSM-900,
GSM-1800 and BLE. They were fabricated using very thin,
single-layer groundless structures to allow for the accom-
modation of neighboring electronics and sensors. Radiation
patterns and reflection coefficient were measured that show
good agreement with simulated results. Finally, data commu-
nication tests depicted that the acquired BER could qualify
this antenna technology to work in a 4- QAM wireless link.
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