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ABSTRACT This paper proposes a novel miniaturized wearable antenna (mosaic antenna) for cross-
body communication featuring a superior performance compared to five commonly utilized wearable
antenna topologies. The proposed mosaic antenna optimally excites the surface waves to enable cross-body
communication yet still with a low profile and a miniaturized size. As a proof-of-concept of the unique
capabilities of this antenna, an inkjet-printed flexible wearable prototype on Polytetrafluoroethylene (PTFE,
also known as Teflon) has been fabricated in a highly customizable, scalable and low-cost process and has
been used as an enabler for human activities recognition coupled with machine learning techniques powered
by Google TensorFlow. By utilizing proof-of-concept on-body networks consisting of mosaic antennas,
human activity can be detected with an accuracy 91.9% for RF signal-based recognition techniques, despite
the variability among different users and environments.

INDEX TERMS Additive manufacturing, flexible antenna, human activity recognition, machine learning,
minimized antennas, wearable antennas.

I. INTRODUCTION

AS the wearable electronics industry is growing dramat-
ically every year, novel mind-blowing wearable prod-

ucts have been seen in the market over the last decade.
Meanwhile, academic research effort in wearable electronics
has been growing tremendously every year [1]. The “smart"
features of most wearable electronics highly rely on wireless
communication systems [2]–[4], in which wearable antenna
design is one of the major challenges and requires a spe-
cial attention [5], [6]. Wearable antennas suffer performance
decrements from detrimental human body proximity effects,
namely detuning, attenuation and shadowing effects, due to
the high-permittivity and high-loss dielectric properties of
the human body [7], [8]. The most comprehensive prob-
lem is the shadowing effect: the body is commonly in the
line of sight (LOS) between transmitters and receivers, thus
preventing a high-quality LOS communication. In this case,
the utilization of surface waves is one of the best solutions,
which is independent of the environment, and thus very
reliable [9], [10]. Moreover, to achieve a compact device

size and a comfortable wearing experience, reducing the size
of the wearable antenna is a crucial but challenging task as
the antenna efficiency and impedance are largely related on
its physical size comparing to the wavelength. Researchers
have been extensively studying the on-body performance
of various novel low-profile miniaturized wearable antenna
topologies to overcome both body effects and minimization
requirements [5], [11]–[16]. This work compares several
widely utilized wearable antennas in terms of performance
under the above three body effects and introduces a novel
metamaterial-inspired antenna, mosaic antenna, featuring
90% height reduction compared to the monopole antenna,
80% area reduction compared to the patch antenna, and
excellent excitation of the surface waves.

Given the dynamic nature of human body, the wearable
antennas need to be flexible and have a stable performance
under different bending and flexing conditions [17]. Fabric
and conducting thread is the most straight-forward solu-
tion for wearable antennas [18]–[21], as it can be easily
embedded into clothes. However, due to its porous thread
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nature, the bulk conductivity of textile antennas is relatively
low and their performance at higher frequencies can be
unreliable. Stretchable conductors, such as liquid metal and
graphene, and stretchable polymers, such as polydimethyl-
siloxane (PDMS), also have enabled novel stretchable wear-
able antennas [2], [22]–[24], although the cost handling of
these materials still poses numerous problems. Printing on
flexible substrates features relatively high conductivity, low
dielectric loss, low cost, high speed, maturity and massive
scalability, thus being one of the best candidates for the
manufacturing of wearable [3], [5], [25], [26]. This paper
introduces the first reported inkjet printing of wearable anten-
nas on bio-compatible PTFE (Polytetrafluoroethylene, also
known as Teflon) substrate.

Due to the body effects along with flexibility and size con-
straints, wearable antennas often become one of the most lim-
iting factors in body area networks (BAN) communications,
while they could simultaneously function as wearable sensors
for motion tracking and human activity recognition (HAR).
HAR is a key enabler of numerous state-of-the-art techniques
including virtual reality (VR) and augmented reality (AR),
and has been widely used in fitness, medical treatment,
entertainment, and military. Typically, HAR/human motions
tracking is realized using external cameras or body-area
sensing networks. External cameras often have difficulties in
tracking body motion in moving scenario, such as walking
or running, while body-area sensor networks can solve the
problem. In the body-area sensor networks, no matter what
sensors are used, wearable antennas are an unavoidable com-
ponents to enable wireless communication [27]. That is why
we propose a novel and versatile way to take advantage of
received signal strength indicator (RSSI) of the proposed mo-
saic wearable antennas to effectively monitor body motions
and detect human activities. This solution is compatible with
the existing body area sensor solutions with no extra element
needed, and it can work both with and without other wearable
sensors. Taking advantage of the proposed solely RSSI-based
approach, a good accuracy of HAR can be easily achieved
after using machine learning techniques to process the raw
data.

II. WEARABLE ANTENNA DESIGN
A. WEARABLE ANTENNA
As one of the most important elements in communication
systems and probably the one that is most heavily influ-
enced by the ambient environment, antennas for wearable
applications can significantly affect the system performance.
Though the unwanted body effects are unavoidable, their
detrimental effects on different antenna structures can have
huge differences. This work aims to design a minimized
antenna for on-body communications that can fit in compact
wearable devices and can drastically outperform commonly
used planar antenna topologies, namely monopole antenna,
patch antenna, dipole antenna, Inverted-F antenna (IFA), and
slot antenna that are shown in Fig. 1(a)-(e), which all operate
at 2.4 GHz spectrum for bluetooth (BT) and bluetooth low

energy (BLE), the most commonly used wireless protocol
for BAN. The impact of the body effects on these five
commonly used antennas are shown in Fig. 1(f)-(i). The
detuning effect is referred to shift of the antenna’s resonant
frequency when placed proximity to high-permittivity ma-
terials, such as the human body. Moreover, due to the high
dielectric loss of human body, the radiation efficiency of the
antenna often decreases when placed close to the human
body, which is known as attenuation effect. Fig. 1(f)&(g)
clearly demonstrates that the most antenna structures are
strongly affected by the detuning and the attenuation effects,
while the three antennas without a ground plane (dipole, slot,
and IFA antennas) shows a much more drastic frequency shift
and attenuation, which leads to the rather simple conclusion
that ground plane or proper isolation is beneficial to wearable
antennas.

The shadowing effect is much more complicated as it is the
result of the human body obstructing the line-of-sight (LoS)
between transmitters and receivers, which frequently hap-
pens in the on-body networks. One way to resolve this issue is
utilizing the multipath effect in a reflection-rich environment,
for example, the waves can be reflected/scattered to numer-
ous directions by walls and furnitures inside a small room.
However, this environment-dependent approach can be ex-
tremely unreliable in outdoor or other open environments. In
this case, an antenna that can maximally excite surface waves
can provide reliable BAN communication even in the worst
case scenario [9], [10]. Fig. 1(h) emulates the cross-body
performances with various antennas and particularly, Fig. 1(i)
shows the cross-head. Compared to the monopole antenna,
the patch antenna in a vertical orientation features an S21 that
is at least 5 dB worse (Fig. 1(h)&(i)), while their efficiency
only features a 3.5 dB difference (Fig. 1(g)). Moreover, the
patch antenna is orientation sensitive: in Fig. 1(h), a larger
than 20 dB difference in the path loss between the horizontal
and the vertical orientation suggests that the patch antennas
can only successfully excite the surface waves in certain
directions. Interestingly, the patch antenna features a worse
performance in vertical orientation and a better performance
in vertical orientation in Fig. 1(i), due to the increased com-
plexity of the shape of the realistic head phantom (compared
to the simplistic rectangular phantom in Fig. 1(h)), which
also demonstrates the significance of orientation-independent
antenna performance as the shape of the human body is rather
complex. The other commonly used wearable antennas dis-
cussed in this paper (the dipole, the slot and the IFA antennas)
feature 16 to 35 dB worse S21 values comparing to a testing
monopole antenna in proximity to a phantom (Fig. 1(h)) and
2 to 15 dB lower efficiency (Fig. 1(g)) in both orientations,
which demonstrates that, excluding efficiency degradation,
monopole antenna’s capability in exciting surface waves for
on-body communication is still outstanding and unbeatable.
This is due to the fact that the monopole antenna on the
phantom can largely generate a TM mode electrical field that
features a better performance in exciting surface waves, thus
enhancing on-body transmission [9].
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FIGURE 1. Comparison of the on-body performance of five commonly used antennas and the proposed novel mosaic antenna. Photos of prototypes of (a) the
monopole antenna, (b) the patch antenna, (c) the dipole antenna, (d) the slot antenna, (e) the inverted-F antenna. (f) the measured resonant frequency shift of the
antenna changing from an on-body (phantom) scenario to free space (air) in the configurations shown in the inserted graph, showing the detuning effect. (g)
simulated radiation efficiency decrease (attenuation) from free space to on-body (phantom) scenaria in blue, along with the measured total efficiency of the antenna
on phantom in yellow, demonstrating the attenuation effect due to the human body. (h) measured S21 between a monopole antenna (the fixed testing antenna) and
the antenna under test (one of the six above-mentioned antennas) when the two antennas are placed in the center of two adjacent faces of the rectangular phantom
as shown in the inserted graph in two orientations, ‘h’ for horizontal and ‘v’ for vertical, demonstrating the transmission attenuation of different antennas in a
scenario that surface waves dominate. (i) measured S21 between a monopole testing antenna and the antenna under test (monopole antenna, patch antenna, or
mosaic antenna) when the two antennas are placed on the two ears of the head phantom as shown in the inserted photo for two different orientations, to imitate a
typical communication around the head, such as that between two wireless earbuds.

All the S parameter and efficiency measurements are done
in an anechoic chamber with a Vector Network Analyzers
(VNA). The rectangular shape phantom used in Fig. 1(f)-
(h) is speag BLAP-V1, featuring permittivity of 25.7 and
conductivity of 1.32 S/m to mimic lap tissue, and the head
shape phantom in Fig. 1(i) is speag SAM-V4.5BS, featuring
permittivity of 39.2 and conductivity of 1.8 S/m.

B. MOSAIC ANTENNA
Though the monopole antenna features a minor detuning
effect, a minor attenuation effect, and the best surface waves
excitation in all directions to overcome shadowing effect, it

is still not considered as a good wearable antenna, due to
its high profile that prevents most practical on-body appli-
cations, such as in “smart skins". Moreover, a compact size
is extremely significant in numerous wearable devices, such
as watches, earbuds, and glasses, that pose very strict size
limitations. Therefore, this paper proposes a meta-material
inspired antenna, Mosaic antenna, as shown in Fig. 2(a)&(e),
which features a similar performance to the monopole an-
tenna, while it is planar and miniaturized.

The mosaic antenna is based on the unit cell shown in
Fig. 2(b), which consists of a transmission line, a shunt
inductor that could be in the form of lumped element or
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FIGURE 2. Mosaic antennas and their performance. Photo of (a) the rigid mosaic antenna on FR4 substrate, (e) the flexible mosaic antenna on PTFE substrate.
(b) the structure of unit cell of the mosaic antennas shown in (a) and (e). (c) equivalent circuit of the unit cell in (b). (d) simulated surface current distribution of the
mosaic antenna, showing an in-phase and similar magnitude of current distribution in each cell. (f) measured radiation patterns of the flexible mosaic antenna in flat
and bending (radius=27 mm) configurations in free space and of the rigid mosaic antenna on the phantom. (g) the measured S11 of the flexible mosaic antenna for
different on-body positions of the body and bending (radius=27 mm) or flat in free space along with the measured S11 of the rigid mosaic antenna on phantom and
in free space. The inserted photo in (g) shows bending of the mosaic antenna (PTFE) with two fingers to a radius of 15 mm, showing an excellent flexibility.

printed element, and is implemented as a spiral coil as a
proof of the concept, and a via connecting the inductor to
the ground plane [28]. The loading inductance is carefully
selected so that the structure features a zeroth order resonance
near the operating frequency [28] while an L-shaped match-
ing network which consists of two capacitors is exploited to
match the impedance to 50 Ohm as shown in the S11 plot
in Fig. 2(g). Fig. 2(c) shows the equivalent circuit of a unit
cell of the mosaic antenna, which could be as small as 5 mm
by 5 mm at the operating frequency 2.4 GHz, or λ/13 by
λ/13. Transmission-line metamaterials have long been used
for antenna’s miniaturization [28]–[30]. Here, the metama-
terial inspired structure features similar magnitude in-phase
current values when fed through the center cell, as shown in
Fig. 2(f), which ensures a folded-monopole radiation pattern
[31] similar to the radiation pattern from a regular monopole
antenna as shown in Fig. 2(g). A proof-of-concept mosaic
antenna topology is exploited throughout the paper which
consists of only 5 unit cells to significant reduce the antenna
size while maintaining a reasonable antenna efficiency. A “X-
shape” topology ensures a rotational symmetrical radiation
pattern which is desired for robust cross-body wireless com-
munication. The impedance of the mosaic antenna is matched
to 50Ω with a series capacitor and a shunt capacitor However,
the mosaic antenna, like mosaic arts, can take advantage of
any number (>1) of unit cells and any different topology as
required by different specifications.

In order to compare with the other commonly utilized on-

body antennas discussed in the previous section, a mosaic an-
tenna prototype is designed on a 3-mm-thick FR4 substrate,
featuring 90% height reduction compared to the monopole
antenna and 80% area reduction compared to patch antenna.
The overall size of the mosaic antenna is comparable to an
1-cent coin as shown in Fig. 2(a). In comparison to the other
antennas, a frequency detuning as small as 16 MHz and an
efficiency reduction as small as 1.5 dB can be observed in
Fig. 1(f)&(g), which demonstrates a better or equally good
performance. The resulted efficiency of the mosaic is rela-
tively low due to the small antenna aperture size compared
to commonly used antennas. In Fig. 1(h)&(i), S21 values of
the mosaic antenna in both orientations are around 10 dB
less than the monopole antenna, which is exactly the same as
the radiation efficiency difference between the two antennas.
Due to its orientation-independence and the excellent surface
waves excitation capability in Fig. 1(i), the mosaic antenna
features a similar or better performance comparing to the
patch antenna, even though the radiation efficiency of the
mosaic antenna is more than 6 dB lower than the patch
antenna.

All the seven antennas in this paper are designed and
optimized with Ansoft HFSS, a 3D full-wave finite ele-
ment method (FEM) simulator. The on-body simulation in
Fig. 1(g) uses the data of the rectangular phantom with
permittivity of 25.7 and conductivity of 1.32 S/m. In order to
compare all conventional antennas in Fig. 1(a)-(e) in the same
operation/implementation scenario, the antenna prototypes
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TABLE 1. Dimensions of the two mosaic antenna prototypes (Unit: mm) and values of the matching lump capactors (Unit: pF).

Name FR4 PTFE Name FR4 PTFE

Substrate thickness (mm) 3 0.79375 s (mm) 0.4 0.5

Vias diameter (mm) 0.2 0.2 g (mm) 0.3 1

Ground plane width/length (mm) 16 23.6 c1 (pF) 0.75 0.8

dist (mm) 4 6.3 c2 (pF) 1.5 0.3

cell (mm) 5 7.6

were designed on a 40-mm-diameter 1.5-mm-thick FR4 sub-
strate and operated at 2.4 GHz Bluetooth bands. The FR4
substrate features relative permittivity of 4.4 and dielectric
loss tangent of 0.02 while PTFE substrate features relative
permittivity of 2.2 and dielectric loss tangent of 0.002.

C. FLEXIBLE ANTENNA
Another challenge in the design of wearable antennas is
the necessity of flexible implementations with only minor
performance degradation under bent conditions, as large rigid
antennas would be especially uncomfortable to wear. Besides
the rigid FR4 mosaic antenna prototype for comparison
(Fig. 2(a)), a similar mosaic antenna is designed on 0.762-
mm-thick PTFE, a flexible substrate. PTFE is biocompatible
and widely used in wearable applications, which also features
an extremely low cost and various thickness available in the
market. However, PTFE is not one of the most frequently
used substrates due to its poor wettability [32]. Thus, proper
surface treatment is needed to improve the surface energy
of deposited solvent-based inks [33]. Inkjet printing silver
nanoparticles ink was used to deposit a thin and flexible
layer of conductive pattern. The vias were drilled on the
PTFE substrate and were filled with high-conductivity silver
paste. The fabricated antenna is shown in Fig. 2(e) and is
bent easily with two fingers and 15-mm bending radius, as
shown in the inserted photo in Fig. 2(g). However, the surface
mounted capacitors limit the reliable bending radius so the
measurement is done at 27-mm bending radius. This problem
can be easily resolved by eliminating the use of the lumped
elements and using other matching methods, such as meander
line inductor matching [28].

Fig. 2(f) shows the radiation patterns of the rigid FR4
mosaic antenna on phantom as well as of the flexible PTFE
mosaic antenna in flat and bending configuration with a
27-mm bending radius. In Fig. 2(f) the radiation pattern in
bending was measured by taping the flexible mosaic antenna
to a foam cup with 27 mm radius. On-body S11 measurement
in Fig. 2(g) was conducted by taping the flexible mosaic
antenna at different positions on the body. These specific
positions were chosen as same in the HAR experiments.
The flat and bending results are very similar with a minior
difference to the direction of the ground of the antenna,
which is expected as the antenna was conformally attached
to a foam cylinder using its ground side. The reduction in
the lower half plane radiation of the FR4 mosaic antenna
is due to the high loss and high dielectric constant of the

phantom. Fig. 2(g) shows the return loss of the rigid FR4
mosaic antenna and and of the flexible PTFE mosaic antenna
in different scenarios. Less than 10MHz (0.4%) frequency
detuning with an excellent impedance matching (S11<-25
dB) can be observed for the flexible antennas that have been
conformally attached to four different areas of the human
body, including hand, upper arm, lower arm, and lap, and
in flat and bent in-air configurations, which demonstrates a
stable on-body performance. The narrow bandwidth of the
proposed is due to the thin substrate thickness, which is an
unavoidable constraint of wearable antennas.

All the inkjet printing was conducted in a Dimatix DMP-
2831 inkjet printer (Fujifilm Dimatix, Inc., Santa Clara,
USA) with a 1.5-mL-capacity cartridge which had a 10 pl
drop volume (DMC-11610, Fujifilm Dimatix, Inc.). A 20 µm
drop spacing and 30 ◦C platform temperature were chosen
to balance the printing speed and performance. The silver
nanoparticle ink used is Suntronic Jet Silver EMD5730 from
Sun Chemical Corporation (Parsippany, USA). After 4 layers
of printing, the ink was sintering at 180 ◦C for 1 hour
and achieve a sheet resistance of 0.02 Ω/square. The PTFE
substrate is adhesive-back PTFE sheet from McMASTER-
CARR, but alternatively can be any PTFE substrate with
surface modification [34]. Before printing, the adhesive layer
of the purchased PTFE substrate was removed by acetone
bath to reveal the pre-treated wettable PTFE surface.

III. HUMAN ACTIVITY RECOGNITION APPLICATION
A. HAR SYSTEM
The proposed wearable antenna could be especially useful
in accurate and real-time body motion tracking and human
activity recognition (HAR) systems. Though numerous meth-
ods, including optical camera, gyroscopes sensors, and me-
chanical exoskeleton systems, have been proposed for the im-
plementation of HAR systems, the proposed radio frequency
(RF) wireless approach distinguishes itself by its inherently
versatile feature that it can take advantage of the sensing
capabilities of the on-body sensor network without compro-
mising its original communication functionality. Meanwhile,
all on-body sensor networks need wireless communication
[27] and this method can be a great add-on to the existed
HAR sensing systems virtually for no cost. Unlike visual
based tracking, this approach works great for outdoor and
moving scenarios, such as jogging and walking, in which
environment varies but features less reflections. However,
due to the excellent surface waves excitation capability, this

VOLUME 4, 2016 5



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2982965, IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

0 100 300 400 500
Number of training iterations

20%

30%

40%

50%

60%

70%

80%

90%

100%

A
cc

ur
ac

y
Accuracy on test set: 91.9%
Standard deviation: 3.4%

Training accuracy

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

L
os

s 
va

lu
e

Loss on test set: 0.400
Standard deviation: 0.034

Training loss

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Number of beacons

60%

65%

70%

75%

80%

85%

90%

95%

100%

A
cc

ur
ac

y

Testing accuracy

−0.500

−0.125

0.250

0.625

1.000

1.375

1.750

2.125

2.500

L
os

s 
va

lu
e

Testing loss

0 2 4 6 8 10
Number of samples for calibration

55%

60%

65%

70%

75%

80%

85%

90%

95%

A
cc

ur
ac

y

Testing accuracy (Male)
Testing accuracy (Female)

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

L
os

s 
va

lu
e

Testing loss (Male)
Testing loss (Female)

0 2 4 6 8 10
Number of samples for calibration

65%

70%

75%

80%

85%

90%

95%

A
cc

ur
ac

y

Testing accuracy (Children Room)
Testing accuracy (Conference Room)

0.4

0.6

0.8

1.0

1.2

1.4

1.6

L
os

s 
va

lu
e

Testing loss (Children Room)
Testing loss (Conference Room)

(a) (b)

(c) (d)

FIGURE 3. Motion tracking and human activity recognition (HAR) performance of a proof-of-concept mosaic-antenna-enabled wireless HAR system. (a) Overall
accuracy and loss value of the HAR at increasing training iteration numbers along with an inserted graph indicating the locations of beacons and a photo of the BLE
beacon with the mosaic antenna. (b) Accuracy and loss value of the HAR for different numbers of beacons. (c) Accuracy and loss value of the HAR for two new
users (one male and one female) for different numbers of samples used in training to calibrate the system. (d) Accuracy and loss value of the HAR for two different
locations for different number of samples used in training to calibrate the system.

RF signal based approach can also be used in the indoor
scenario as discussed below.

The inserted graph in Fig. 3(a) shows a proof-of-concept
on-body network: several BLE beacons with mosaic antenna
are attached to different parts of the body, working as sensor
nodes and transmitters, and a cell phone is fixed on the head
similar to the VR configuration, working as a data processor
and as a receiver gateway. The sensor positions chosen fea-
ture a large change in their relative location during human
activities while they are far from the joints to avoid uncom-
fortable wearing experience. The received signal strength
indicator/index (RSSI) values of the onbody sensor nodes
can be collected on the cellphone on-the-fly and analyzed
to identify the activity being performed. In the proposed
method, the inputs are sequences of RSSI from each sensor
while the action is being performed and the output is the
label of the action, which is a classical multivariate time-
series classification problem, which is best suited for machine
learning techniques, in particular, recurrent neural networks
(RNNs). Among the most recent developments of RNN mod-
els, Long Short-Term Memory (LSTM) cells is the state-of-
the-art and is chosen in this paper, and the implementation is
based on TensorFlow, a robust deep learning framework from
Google that has been proven successful with many industrial-

strength applications.
The beacons in this work is based on a Dialog Semicon-

ductor’s Bluetooth Low Energy (BLE) 4.2 SOC DA14580.
Its conducted power is 0 dBm, which is well below the
specific absorption rate (SAR) test exclusion threshold from
Federal Communications Commission (FCC). Therefore, it
is complied with the RF regulations on electromagnetic
exposure on human body. An in-house app is developed
for measuring and recording signal strengths specifically for
attached beacons. The app leverages the official Core Blue-
tooth framework which provides the Bluetooth LE peripheral
device discovery and signals measurement capabilities. The
app can providing accurate received signal strength indica-
tor/index (RSSI) in the range of 0 to -100 dBm at the rate
of approximately 10 data points per second per beacon in an
energy efficient manner.

B. NEURAL NETWORK PROCESSING

Though RSSI can represent attenuation/distance of the signal
pathway, due to the complexity of the shape of the human
body as well as the surrounding environment and Bluetooth
frequency hopping characteristics, the variance of RSSI data
can be hard to interpret. In this paper, we use a Recurrent
Neural Network (RNN) with Long Short-Term Memory cells
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(LSTMs) as the learning architecture. RNN-based machine
learning has demonstrated promising performance results
in many similar applications that involve multivariate time-
series data, including speech recognition [35], video pro-
cessing [36], and many other sequence labeling tasks [37].
The rationale behind is RNN’s ability to encode contextual
information and learn the temporal dependencies in input
data. The RSSI value can be fed directly into the neural
network which acts like a black box in a high level and
is able to model the problem correctly. LSTM has been
proven useful in various kinds of HAR applications such
as [38]–[40], due to its effectiveness in capturing useful
patterns of previous observations, providing longer-range
context for the current classification, and processing time
series when there can be long time lags of unknown size
between important events. Although several other methods
have been proposed in the literature of HAR using machine
learning techniques [41], the performance (i.e., classification
accuracy) of such methods largely depends on the feature
extraction, and typically hand-crafted features derived from
domain knowledge is required to ensure a good performance.
Compared with these methods, the LSTM-based technique
used in this paper requires no feature engineering. Compared
to dynamic time warping (DTW) [42], LSTM features a
much better capability to handle complex relations. Com-
pared to deep convolutional neural networks [43], LSTM is
essentially better for processing time sequence information
and no preparation processing is needed. A LSTM memory
cell contains more parameters and gate units compared with
a neuron in traditional RNNs. A typical LSTM cell consists
of four main elements: an input gate, a neuron with a self-
recurrent connection, a forget gate, and an output gate. The
self-recurrent connection ensures that, barring any outside
interference, the state of a memory cell can remain constant
from one-time step to another. The gates serve to modulate
the interactions between the memory cell itself and its en-
vironment. The input gate can allow incoming signal to alter
the state of the memory cell or block it. On the other hand, the
output gate can allow the state of the memory cell to have an
effect on other neurons or prevent it. Finally, the forget gate
can modulate the memory cell’s self-recurrent connection,
allowing the cell to remember or forget its previous state, as
needed.

C. HAR PERFORMANCE TEST
In order to test the proof-of-concept HAR system that is
based on a wireless on-body network, two females and two
males perform the five activity(“stand",“walk", “sit", “right
jab", and “left jab") in three different rooms (activity room,
children room, and conference room) for a total of 1200
samples. All activities are recorded as 5 s RSSI sequences, in
which “walk" is a continuous activity at user’s comfortable
speed, while the other activities are only performed once
at user’s comfortable speed, starting from “stand" before
the action and back to “stand" after the action. In order to
obtain representative data, all training data and test data were

randomly chosen for each tests and all tests were performed
for 20 times to enable a sufficiently accurate calculation of
both average values and standard deviations.

The test of the proposed HAR system results in Fig. 3(a),
showing an overall accuracy at 91.9% with 3.4% standard de-
viation and a loss of 0.4 with a 0.034 standard deviation after
500 training iterations. The loss value here shows the actual
cost function used by the LSTM-based neural network. Com-
pared with using the intuitive “accuracy" as the cost function
for the neural network, a cross entropy loss reflects not only
how good the model can make predictions, but also how
good the model can distinguish among the labels. Fig. 3(b)
shows that the accuracy increases largely when the number
of beacons increases, but the accuracy wouldn’t always in-
creases as the number of beacons increases. Two beacons
on the lower arms are used for the 2-beacon configuration
while all four beacons on the arms are used for 4-beacon
configuration. As mentioned above, the system is sensitive to
new users and different environments as the dominant signal
path may change and scattering from the surrounding objects
may bring unwanted interference. As expected, the accuracy
decreases when calibration data is not sufficient for a new
user or a new location, as shown in Fig. 3(c)&(d). With 10
calibration samples for each activity for new users or new
locations, the accuracy is increased to more than 85% from
around 70% for no calibration, which demonstrates a good
adaptability with minor calibration. Fig. 3(a) is calculated by
randomly choosing 80% of the samples as training data and
using the rest 20% to test the accuracy and loss. Fig. 3(b)
is repeating the process mentioned above only for the data
from a specific number of beacons. Fig. 3(c) shows that
200 samples for each activity (total 1000) from a female
and a male were used as the base training data, while 20
samples were measured for each activity for every new user
while specific numbers of them are randomly chosen as the
calibration data (additional training data) and the rest are used
as the test data. Similarly, Fig. 3(d) shows that 50 samples
for each activity in a children room and a conference room
were measured, among which a specific number of data were
randomly chosen along with all the data from the other rooms
to train the model while the rest data in this room was used
to test the accuracy.

Table 2 shows how likely one activity can be identified as
each activity. “Stand" and “sit" have the highest confusion
rate because the sensor on the lap is less sensitive due to
the larger distance to the receiver on the head and because
both activities feature virtually no change in the upper body
as it is essentially hard to detect a “no change". Compared
to other works using RF signal for HAR [42], [43], this
paper is the first realization using a truly wireless system with
miniaturized antennas that demonstrates a high accuracy to
detect and identify a variety of individual activities and an ex-
cellent adaptability to different situations. While this method
requiring a significantly less amount of information (no need
for phase information or multiple frequencies), the accuracy
is still very high and comparable to or even better than those
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TABLE 2. Confusion matrix of HAR with average values (%) and standard deviations in brackets.

Probability of human activity classification (%)

stand right jab left jab sit walk

A
ct

ua
la

ct
iv

ity

stand 88.66 (3.89) 1.77 (0.85) 1.35(0.91) 8.12(3.12) 0.1(0.23)
right jab 2.40(1.32) 91.98(3.14) 1.98(0.98) 2.18(1.64) 1.46(0.67)
left jab 3.44(1.8) 1.98(0.86) 92.29(2.64) 1.25(1.19) 1.04(0.86)

sit 5.73(2.53) 0.94(0.63) 0.73(0.61) 92.6(2.67) 0(0)
walk 0.21(0.32) 3.02(1.41) 2.81(2.20) 0(0) 93.96(2.39)

using much more information (e.g.87.5/88.3/95.8/75.0% in
[42], 97.1/98.8% in [43]). Even when comparing with other
wearable sensors (e.g. accelerometers) systems which shows
accuracy ranging from 56% to 98% in [27], the proposed
approach show a better or comparable accuracy.

IV. CONCLUSION
This paper provides an overview of wearable antennas for
on-body networks, from designing an antenna to overcome
body effects, flexible antenna fabrication, to an on-body
networks application, human activity recognition using RSSI
and machine learning. This paper shows a integrated solu-
tion to the all three major challenges of wearable antenna
design: body effect, minimization, and flexible fabrication,
and demonstrates a novel mosaic antenna that outperforms
comparing to conventional antennas. Firstly, the wearable
antenna for cross-body communication is very important and
troublesome due to body effects. Five widely used antennas
are compared for their on-body performances to find the best
on-body antennas that can overcome the body effects, espe-
cially shadowing effect. Based the result of the comparison,
a novel wearable antenna, a mosaic antenna that features a
low profile (90% height reduction to the monopole antenna),
a miniaturized size as small as a tenth of a wavelength,
similar operation to the monopole antenna and a maximal
surface waves excitation in all directions. Secondly, a flexible
mosaic antenna is fabricated with inkjet-printing on PTFE
substrate for the first time. This process, due to its addi-
tive manufacturing nature, is highly customizable, low-cost,
environmentally friendly, and fast. The last but not least,
by utilizing the on-body networks which equipped with the
antenna that can maximally excite the surface waves, the
activity of the body can be detected with an accuracy 91.9%
for six beacons, which can be further improved with a larger
number of beacons. For new users and new environment,
an accuracy more than 85% can be achieved which can be
improved if more calibration data collected for new users and
new locations.
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