IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received April 23, 2021, accepted April 26, 2021, date of publication May 7, 2021, date of current version June 2, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3078239

Wearable Metasurface-Enabled Quasi-Yagi
Antenna for UHF RFID Reader With End-Fire
Radiation Along the Forearm

SHAHBAZ AHMED ", (Student Member, IEEE), DUC LE, (Student Member, IEEE),
LAURI SYDANHEIMO ", (Member, IEEE), LEENA UKKONEN, (Member, IEEE),
AND TONI BJORNINEN", (Senior Member, IEEE)

Faculty of Medicine and Health Technology, Tampere University, 33720 Tampere, Finland

Corresponding author: Shahbaz Ahmed (shahbaz.ahmed @tuni.fi)

The work of Shahbaz Ahmed was supported in part by the Doctoral Program in Biomedical Sciences and Engineering through the Faculty
of Medicine and Health Technology of Tampere University, in part by the Nokia Foundation, and in part by the Tekniikan Edistamissatio.

The work of Duc Le was supported in part by the Academy of Finland under Grant 294616 and Grant 327789 and in part by the Nokia
Foundation. The work of Toni Bjorninen was supported by the Academy of Finland under Grant 294616 and Grant 327789.

ABSTRACT We present a quasi-Yagi antenna mounted on a periodic surface for a wearable UHF RFID
reader operating in the UHF RFID frequency band centered at 915 MHz. The periodic surface was co-
optimized with the antenna to enhance the launching of surface waves to enable the end-fire radiation along
the forearm so that a user can identify objects by pointing her/his hand towards them. In addition to the
radiation pattern modification, the ground plane of the periodic surface serves the second purpose of isolating
the antenna from the human body. We optimized the antenna in a full-wave EM simulator using a simplified
cylindrical model of the forearm and in the simulation, it achieved the end-fire directivity of 5.9 dBi along
the forearm. In the wireless testing, the quasi-Yagi antenna provided the read range of 3.8 m for a typical
UHF RFID tag having 0 dBi gain when the reader’s output power was 32 dBm that corresponds with
EIRP =0.56 W and SAR = 0.191 W/kg in our simulations. Considering both, the RFID emission regulations
with EIRP = 3.28 W or 4 W and the SAR limit of 1.6 W/kg averaged over 1 gram of tissue, the read range
could be further enhanced for reader units with higher output power.

INDEX TERMS Wearable antenna, Yagi antenna, surface wave antenna, periodic surface, UHF RFID,

wireless body-area systems.

I. INTRODUCTION

During the past two decades, the versatile passive ultra-high
frequency radio-frequency identification technology (UHF
RFID) has been researched and developed for numerous
applications that extend beyond identification to applications
such as wireless sensing [1]-[5] and RFID based real-time
localization and tracking of assets [6]-[10]. Most recently,
RFID technology has been found a compelling approach to
wireless body area systems [11]-[15] where it can be uti-
lized, for instance, in wireless health applications [16]-[20].
Here either the tags, readers, or both, may be integrated into
clothing. In this regard, much research has been conducted
for achieving efficient and seamlessly cloth-integrable anten-
nas for UHF RFID tags [21]-[25]. However, antennas for
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wearable RFID readers remain relatively less studied, yet
they have been gaining more attention in the recent years
[26]-29].

The fundamental challenge in optimizing wearable anten-
nas is the mitigation of the negative impact arising from
the electromagnetic (EM) interaction between the antenna
and the dissipative biological tissue. In contrast to wearable
passive tags, which are not active transmitters but backscatter
the reader’s signal, the reader antenna transmits relatively
high-power levels up to 4 W EIRP depending on the govern-
ing RFID emission regulations. Thus, the EM optimization of
a reader antenna must also consider the specific absorption
rate (SAR) in conjunction with the regular antenna perfor-
mance parameters [30].

In the previous research, wearable reader antennas attached
to gloves [28], wrapped around the wrist [27] and ankle [26]
have been studied. They all read the tags from a direction

77229


https://orcid.org/0000-0003-0361-0229
https://orcid.org/0000-0002-9188-2701
https://orcid.org/0000-0003-3069-8887
https://orcid.org/0000-0001-9335-7196
https://orcid.org/0000-0001-8439-7321

IEEE Access

S. Ahmed et al.: Wearable Metasurface-Enabled Quasi-Yagi Antenna for UHF RFID Reader

TABLE 1. Dielectric properties of body tissue at 915 Mhz [34].

Tissue 6 (S/m) &r

Skin 0.8555 41.587
Fat 0.050242 5.4673
Muscle 0.93146 55.114
Bone 0.13926 12.486

orthogonal to the body surface where the reader antenna is
worn. However, few wearable antennas with end-fire radia-
tion along the body surface have been reported. A wearable
quasi-Yagi near-field UHF RFID reader antenna with end-fire
radiation properties integrated into a smart glove is reported
in [29], [31]. Through the analysis of the near electric and
magnetic fields, the authors confirmed the end-fire property,
and in experiments, the attainable tag read range was found
to be 0.33 m.

In our earlier work [32], we developed a head-worn
quasi-Yagi RFID tag, where the antenna included a periodic
surface made up of a 2-by-2 grid of square loops. By applying
the folding technique, we achieved the small antenna size
of 0.251 x 0.25A at 915 MHz or 80 mm x 80 mm, which
befits the human head. However, the antenna in this work was
developed for RFID tags. As a specific feature and inductive
loop was included in the driven element to achieve complex
conjugate impedance matching between the antenna and the
RFID IC. In another study [28], the authors developed a
slotted patch and a split ring resonator RFID reader antenna
integrated into work gloves. The antennas exhibit a broad-
side radiation pattern pointing in the direction approximately
orthogonal to the hand’s back. The ground plane in the slotted
patch antenna suppressed the antenna-body coupling and
thereby enabled better EM performance and the tag read
range of 3 m with a transmission power of 30 dBm.

In this paper, we present a wearable quasi-Yagi reader
antenna on a textile substrate conforming to the forearm. The
antenna’s radiation pattern is directive along the arm so that
a user can identify objects by pointing her/his hand towards
them. The novel feature of the end-fire radiation pattern along
the body surface is achieved by inserting a periodic surface
between the antenna and the arm and co-optimizing the two
for a maximally directive radiation pattern. This way the
end-fire directivity is enhanced by the periodic surface that
supports the launching of the surface waves at the operating
frequency of the antenna.

Il. HUMAN BODY MODEL AND ANTENNA MODELLING

The human body comprises various biological materials
exhibiting electrical conductivity and relative permittivity
tens of times higher than most conventional electronics mate-
rials [34]. The human forearm includes multiple tissue types,
such as skin, fat, muscle, and bone. Although the associ-
ated dielectric properties are available in the literature (see
Table 1), in practice, the thicknesses of these layers are dif-
ficult to measure and are subjective to the human anatomy.
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FIGURE 1. Wearable quasi-Yagi antenna mounted on the cylinder
modelling the forearm (left side), the front view (right side) and exploded
view of the model (top side).

Therefore, a simplistic approach is needed for modeling the
electromagnetic properties of the wearable antenna effec-
tively. To model the electromagnetic energy dissipation in
the biological tissues and the relative permittivity, we used
a homogenous forearm model comprising skin, which is
comparatively nearest to the antenna and among most energy
dissipative materials (¢ = 0.855 S/m and ¢, = 41.85 at
915 MHz) [34]. The radius of the human forearm model
estimates an average adult male. The radius and length of
the cylinder was set to 46 mm and 250 mm, respectively.
Figure 1 shows the forearm model, the antenna structure
mounted on it, and the coordinate system which we will use
throughout this work in the radiation pattern analysis.

The quasi-Yagi antenna is a planar, low-profile, structure
that provides a directive end-fire beam in free space environ-
ment [32]. As shown in our previous work on the headgear
RFID tag [32], in the wearable configuration, the end-fire
radiation property can be restored by mounting the quasi-Yagi
antenna on a periodic surface. Thus, we considered this con-
figuration viable also for the forearm reader antenna.

The initial step of developing the quasi-Yagi antenna is
considering the antenna geometry shown in Fig. 1 and Fig. 2.
The quasi-Yagi antenna includes the driven element, typically
a folded dipole, and parasitic elements operating as a reflec-
tor and directors. One of the most challenging tasks in this
antenna development is to fit the antenna in the forearm’s lim-
ited space and maintain the electrical length of 0.5 or 80 mm
of the antenna elements. To solve this, we applied the mean-
dering and folding technique for all the antenna elements
and reduced the element spacing as shown in Fig. 2. As a
result, the total size of the radiator is 67 mm x 95 mm and
the total lengths of the director and reflector is 243 mm
(0.74)) and 263 mm (0.81), respectively. The driven element
was folded as two loops. The first loop with radius r; is
optimized for impedance matching and the second loop with
radius rp increases the total length of the driven element
to 253 mm (0.771).
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FIGURE 2. Top view of the quasi-Yagi antenna and periodic surface and
the periodic surface with the geometrical parameters reported in
millimeters.

The next step of developing the antenna on forearm is
to optimize the periodic surface made up of a grid of
unit cells. Following the principle from [35], we selected
the non-grounded via-free configuration for the unit cells
that instead of generating stop band for the surface-waves,
enhances them and thereby is suitable for creating surface
wave antennas. Considering the reflection phase criteria of
90° £ 45° that was found to support the 50-2 matching
of wire type antenna on the periodic surface [36], we took
this as the initial target. In addition to the surface-wave
property, in our application the ground plane of the periodic
surface helps to suppress the undesired antenna-body EM
coupling.

As the unit cell structure, we selected the square loop
configuration introduced in [46], because this unit cell type
balances the simplicity of fabrication and the ease of adapting
the geometry to obtain the targeted reflection phase. It was
originally designed for 9.5 GHz, but the structure permits us
to scale its dimensions to our target frequency of 915 MHz
without increasing the size beyond with is feasible consid-
ering the size available on the forearm. The optimization of
the unit cell geometry was done in ANSYS High-Frequency
Structure Simulator (HFSS) v19.1, which is a full-wave elec-
tromagnetic field solver based on the finite element method,
using the Floquet boundary condition (see Fig. 3). The tar-
get was obtaining the 90° + 45° reflection phase response
in 915 MHz UHF RFID band. In the simulation, the impact of
bending on unit cell reflection phase was also considered. We
bent the unit cell with various radii of curvature realistic to our
application and found the reflection phase to remain stable.
The simulation model and the reflection phase are shown
in Fig. 3 and the final layout of the unit cell is shown in Fig. 4.
Next, considering the size of the forearm, we organized the
unit cells into a 2-by-3 grid as shown Fig. 2 to form the
periodic surface.
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FIGURE 3. Floquet port simulation of the reflection phase of the periodic
surface.
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FIGURE 4. The unit cell of periodic surface with the geometrical
parameters reported in millimeters.

Finally, we attached the radiating plane on top of the peri-
odic surface and installed the whole antenna structure on the
forearm model as shown in Fig. 1. From the cross-sectional
view, the whole structure of the antenna consists of 5 layers
(see Fig. 1). The first layer of the antenna is the radiating
plane. The periodic surface layer was sandwiched between
two textile layers of flexible, ethylene-propylene-diene-
monomer (EPDM) rubber foam with a thickness of 2 mm
(er = 1.53, 0 = 0.01 S/m [32]). The last layer is the
ground plane that can isolate the antenna on the skin to
prevent unexpected interaction between the human body and
electromagnetic fields. The overall dimensions of the antenna
are 0.22A x 0.33A.

We co-optimized the quasi-Yagi antenna and the periodic
surface to achieve maximized realized gain and directivity
exhibiting end-fire radiation pattern at 915 MHz frequency.
To assess how close the directivity along the forearm (D ;)
comes to the peak value (Dpeqx) considering all spatial direc-
tions, we define Agir = Dgym/Dpeak- In terms of our design,
the target is to achieve Ag;, = 1 with as high as possible value
of Dpeqi . Figure 5(a) shows Ay and the quasi-Yagi antenna’s
peak directivity with and without the periodic surface. From
the results, it is evident that without the periodic surface both
Dpear and Ay are tending toward local minima near the
targeted 915 MHz UHF RFID band and the insertion of the
periodic surface reverses this, so that the quantities attain
local maxima instead, as desired. With the periodic surface
we have Dpegr = 5.9 dBi and Dy, = 5.3 dBi.
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FIGURE 5. (a) Peak directivity, delta, and (b) gain of the quasi-Yagi reader
antenna with and without periodic surface (c) front to back lobe ratio for
simulated gain.

Correspondingly, Fig. 5(b) shows a comparison of the
simulated gain, with and without the periodic surface, where
the gain with the periodic surface is improved to a value of
—5.5 dBi in the forearm direction. We defined Agg;, as the
ratio Gfronr / Gpack, Where the Gfropnr and Gpger is the gain in
(@ = 90°, ¢ = 180°) and (0 = 90°, ¢ = 0°) directions,
respectively. In Fig. 5(c), Again achieves a value of 5 dB at
915 MHz frequency indicating that maximum power is radi-
ated in the — x direction i.e. away from the person wearing
the antenna (Fig. 1).

As discussed earlier, the curvature of the forearm defines
the bending degree of the antenna and may vary with the body
anatomy, we have considered various radii of the human fore-
arm i.e. r varies between 37.5 mm and 55 mm. Fig. 6(a) and
Fig. 6(b) shows the 2D directivity pattern of the quasi-Yagi
antenna in XZ and XY planes, respectively. Figures also elab-
orates the impact of bending on the antenna’s peak directivity.
Although the bending does not significantly impact the peak
directivity or Ag; of the antenna and the reflection phase
of the periodic surface, yet the end-fire radiation defined by
Again property is improved with various bending degrees i.e.
the back lobe reduces significantly. Fig. 6(c) shows the 3D
directivity pattern of the quasi-Yagi antenna exhibiting the
end-fire directivity pattern of the antenna along the direction
of the arm (f = 270°, ¢ = 180°) with a peak directivity
of —5.9 dBi.

The reader quasi-Yagi antenna without the periodic sur-
face exhibits input impedance of 48 + 82j 2, as shown
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FIGURE 6. Directivity pattern in (a) XZ and (b) XY planes. (c) simulated 3D
directivity pattern of quasi-Yagi antenna exhibiting end-fire radiation
properties in the forearm direction (46 mm bending).

in the Fig. 7(a). However, the periodic surface directs the
peak surface current of 49 A/m into driver of the quasi-Yagi
antenna, achieving the end-fire radiation characteristics for
the antenna. Figure 8 shows the surface with and with-
out the periodic surface when 1 W of power is fed to the
antenna. With the periodic surface, the antenna exhibits input
impedance of 4 + 25j €2, as shown in Fig. 7(a). As the
primary objective of our work is to achieve the end-fire radi-
ation properties, we have used a matching circuit designed
in Advanced Design System (ADS), shown in the Fig. 7(b),
to resonate the antenna at the 915 MHz frequency. We also
studied the impact of various curvature of the human forearm
on the resonance frequency of the antenna. Figure 9 shows
the simulated reflection coefficient of the antenna mounted
on various forearm sizes. The antenna resonates at 915 MHz
with a reflection coefficient of —25 dB at standard bending
of 46 mm. The simulation results also show that the antenna’s
frequency bandwidth splits into a dual band with the change
in the bending curvature. However, the targeted frequency
of 915 MHz remains inside the —10 dB S;; bandwidth under
the various curvatures of the forearm.

For the antennas operation in the human body’s proximity,
the transmission power is limited by the specific absorption
rate and is regulated by the US FCC [37], limiting SAR
to 1.6 W/kg averaged over 1 g of tissues. Consequently,
to determine the maximum SAR complaint transmission
power (P; nqx) for the quasi-Yagi reader antenna is expressed
as [38]

1.6W /kg (1 — IS111%) Prest
SARomax

, ey

t,max =
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FIGURE 7. (a) Input impedance of the antenna with and without the
periodic surface (b) schematic of the matching circuit designed to
resonate the antenna at 915 MHz frequency.
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FIGURE 8. Surface current distribution at the quasi-Yagi antenna with and
without the periodic surface (left to right).

where Py is the power available from the numerical test
source that we set to 1 W. In the simulation, the maximum
SAR that occurs in the tissue nearest to the radiating antenna
is 0.9 W/kg, and the maximum SAR compliant transmission
power is calculated as 41.2 dBm using (1). This is compara-
tively higher than reported in the previous works, indicating
our antenna exhibits lower SAR. Considering the emission
limits of EIRP = 3.28 W or EIRP = 4 W set for UHF RFID
systems, the antenna could transmit 40.6 dBm or 41.5 dBm,
respectively. Overall, we conclude the that the output power
is limited nearly equally by both, the SAR and emission
limits. However, this output power limit is notably high and
especially for mobile RFID reader units, the output power
is expected to be an order of lower magnitude. Thus, in the
wireless testing we present in Section IV, we have used the
output power of 32 dBm.

IIl. TEST TAG FOR THE READER ANTENNA
CHARACTERIZATION

One of the most significant parameters of a body-worn
antenna is its realized gain, which is determined by the
input reflection coefficient, directivity, and the radiation effi-
ciency of the antenna. However, the measurement of the
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FIGURE 9. Reflection coefficient of the quasi-Yagi antenna mounted on
various forearm sizes.

realized gain a wearable antenna in body-worn configuration
by using conventional techniques becomes significantly dif-
ficult. Therefore, in this work we have adopted an alternative
approach applicable specifically to RFID reader antennas by
utilizing an RFID tag analogous to the reference gain antenna
in the classical far field antenna measurement.

For this purpose, we have first designed and implemented
a dipole type test tag antenna shown in Fig. 10. The test tag
was designed based on the regular embedded inductive loop
matching method [39]. The main target of the design was to
achieve the antenna input impedance that equals the complex
conjugate impedance of the NXP UCODE G2iL series RFID
IC [40] having the turn on power of P;.p = —18 dBm. For
this purpose, the antenna geometry (primarily the parameters
Ls1, Wy1 and Wy,) was adapted in ANSYS High-Frequency
Structure Simulator (HFSS) v19.1. The impedance of the
chip was estimated by using an equivalent circuit comprising
capacitance and resistance connected in parallel [28].

A

>

Lsz . d
L w Lg; Wg; Ls, Ws,
95 25 15.5 8.5 2 5.75

FIGURE 10. Structure of the test tag antenna and its dimensional
parameters given in millimeters.

The manufactured test tag was characterized using Voyan-
tic Tagformance Pro measurement system [27]. For the char-
acterization of fully assembled UHF RFID tags, the system
enables the recording of the lowest continuous-wave output
power (threshold power: Py;,) of the reader for which the tag
under test backscatters a valid 16-bit random number as a
response to the reader’s query command in ISO 18000-6C
communication standard. It also provides the estimation of
the path loss factor L;g, from the device output to the location
of the tag under test. This is achieved through the threshold
power measurement performed on the manufacturer’s system
reference tag with accurately known properties that enable the
computation of L;s,. This enables us to compute the realized
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TABLE 2. Comparison with the contemporary research work.

Ref. Freq. (GHz) Gain (dBi) Size (mm) Thickness (mm) Relative size Read range (m)* RFID reader Pattern type
[28] 0.866 -4 80%62 4 0.23x0.18 4, 1.5 Yes 1
[26] 0.866 2 80x70 1.52 0.23x0.20 2, 1.45 Yes 2
[31] 0.880 =5 63%65 - 0.18x0.19 4, 2 Yes 1
[42] 0.866 -1.31 140x100 4 0.40x0.29 A, 2.3 Yes 1
[45] 0.915 -10.9 360x360 5 1.19x1.1 A, 2.1 No 1
[47] 2.47 0.1 5050 9.5 0.41x0.41 4, 1.29 No 2
[48] 0.860 1 90x49 4 0.25%0.14 A, 4.23 No 1
[49] 0.868 -2.6 87x77 4 0.25%0.22 4, 2.76 No 1
Our work 0.915 =55 67x108 4 0.22x0.33 4, 2 Yes 2

*Estimated read ranges (S, based on the test tag used in our work (P,, = —18 dBm) and calculated by equation (5) assuming P, = 25 dBm.

— Simulated | |
= \easured

800 825 850 875 900 925 950 975
Frequency (MHz)

FIGURE 11. Measured and simulated realized gain of the test tag antenna.

gain G, 14, of the test tag antenna as detailed in [40]

Pico
LimP th

Gr,tag = (2)
where Py, is the threshold power of the test tag. Fig. 15(a)
shows the measurement setup for the characterization of the
test tag. First the Tagformance is calibrated using the refer-
ence tag and later, the test tag is measured. As seen from the
results in Fig. 11, the realized gain versus frequency peaks at
915 MHz, as desired, with the simulated and measured values
of 1 dBi and 0 dBi, respectively. Later, we will utilize the
measured realized gain of the test tag in the characterization
of the quasi-Yagi reader antenna and to demonstrate the
attainable read range of a common RFID tag.

IV. READER ANTENNA MEASUREMENT AND RESULTS

As the primary aim of our work is to demonstrate the
end-fire radiation property of the reader antenna achieved
by utilizing the periodic surface, the reader antenna is not
self-matched to 50 2. Thus, a matching circuit is used to
match the input impedance of the reader antenna to the
standard 50 €2 impedance. To achieve this, we first mea-
sured the feed-point impedance of the antenna (8 4+ 9j 2
at 915 MHz) through a balun made-up of a coaxial cable.
The impedance of the antenna through a balun made-up of
coaxial cable (see Fig. 13), that suppresses the common mode
currents as the driven element of the quasi-Yagi antenna is a
dipole (differential antenna) [42]. After this we developed a
simple two-component L-matching circuit [43] that is shown
in Fig. 12 to transform the antenna’s feedpoint impedance
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FIGURE 12. Matching network, balun, and the antenna connection
configuration for the reflection coefficient measurement (left), and the
fabricated wearable quasi-Yagi reader antenna (right).
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FIGURE 13. Input impedance of the antenna before matching network.

of 8 + 9j © at 915 MHz to the input impedance of 50 2 seen
through the matching circuit. As seen from Fig. 13, both the
simulation and measurement show that the matching circuit
provides the desired impedance transformation at 915 MHz.

Next, we measured the realized gain (Gg) of the wearable
quasi-Yagi antenna using the test tag presented in Section III.
In the experimental arrangement shown in Fig. 15b, the reader
antenna was attached on the forearm which was pointed
towards the test tag that was placed at distance of 1 meter from
the reader antenna. In the experiment the reader antenna was
placed directly on the skin to achieve an identical scenario to
the simulation. We then connected the reader antenna to the
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FIGURE 14. Simulated and measured reflection coefficient of the
quasi-Yagi antenna in body worn condition.
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(b)Reader antenna characterization and read range measurement setup

FIGURE 15. The measurement setup for (a) test tag antenna
characterization (b) reader antenna characterization and read range
measurement.

Voyantic Tagformance Pro measurement system introduced
in Section III and recorded the threshold power of the test
tag using the wearable reader. This enables us to solve the
realized gain of the wearable quasi-Yagi reader antenna (Gg)
from Friis’ transmission formula

3 \2
Prx = GRGr,tachab (_> Pt)u (3)
drrs
where L., = —1.1 dB is the power loss factor, we mea-

sured for the cable connecting the quasi-Yagi antenna to the
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FIGURE 16. Realized gain of the quasi-Yagi reader antenna in the
body-worn configuration.

RF output of the Tagformance device. For comparison,
the simulated realized gain of the reader antenna is given by

Gr=G (1=, *

where G and s are the simulated gain and reflection coef-
ficient of the quasi-Yagi antenna. In Fig. 16, the simulated
realized gain shows good agreement with the calculated real-
ized gain over the —10 dB Sj;-bandwidth of the antenna at
the end-fire direction (see Fig. 14). The measured realized
gain of the quasi-Yagi antenna is —5.5 dBi at the operating
frequency of 915 MHz. To estimate the corresponding attain-
able tag read range versus transmission power, we varied
the transmission power Py, so that, the power delivered to
the quasi-Yagi antenna (P L.q,) Was between 5 dBm and
32 dBm. We then manually moved the test tag further away
from the reader antenna and measured the critical antenna
separation (s;,qy) that corresponds with the scenario that the
tag antenna captures barely enough power to turn on the RFID
IC; i.e. P, = P;,0—18 dBm. This distance is the attainable
read range of the tag for a given transmission power. For the
comparison with the simulation, we have

Gr, tag GRLcathx

Py ’ ®

Smax =
from equation (3) and we can compute Sy, using the simu-
lated realized gains of the test tag and the quasi-Yagi reader
antenna. Fig. 17 shows the results. The measured and cal-
culated read range shows good agreement with an approxi-
mately constant relative difference that is 150 cm at 32 dBm
transmission power. Since both graphs show the same trend
versus the transmission power, we expect the difference to the
primarily due to the lower measured realized gains of the tag
and reader antennas as compared with the simulation and not
because of multipath propagation effects.

Table 2 summarizes some of the contemporary wearable
reader antennas with estimated attainable read ranges for
the test tag, introduced in the section III. We calculated
the attainable read ranges of the wearable antenna through
equation (5), when 25 dBm transmission power is fed to the
antenna. Moreover, we classified the antennas based on the
radiation pattern to Type 1 and Type 2, which denote radiation
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FIGURE 17. Attainable read range of the tag (G,

ag = 0 dBi) with the
quasi-Yagi reader antenna at 915 MHz.

to an off-body direction and along the body surface, respec-
tively. Even though the antennas from several other works,
especially [26], [47], and [48], provide notably high gain,
among the radiation pattern Type 2 antennas, our antenna
provides the highest read range. However, it should be noted
that the antenna [47] is not originally proposed as a reader
antenna, operates at 2.47 GHz and thus it’s hypothetical read
range is affected also by the shorter operating wavelength.

V. CONCLUSION

Wearable antennas are fundamental to smart clothing in wire-
less body-area systems. We have presented, a metasurface-
enabled quasi-Yagi UHF RFID reader antenna worn on the
forearm and optimized to detect RFID tags in the pointing
direction of the arm. The antenna that conforms on the fore-
arm, comprises two layers of low-permittivity textile mate-
rial, where the bottom layer is a periodic surface on a ground
plane. The top layer that carries the quasi- Yagi radiator, is sus-
pended on the periodic surface. Due to the body proximity,
the quasi-Yagi radiator alone does not provide end-fire radia-
tion along the body surface, but by co-optimizing the periodic
surface for the enhanced launching of the surface waves with
the quasi-Yagi radiator, we achieved the end-fire directivity
of 5.5 dBi. The ground plane of the periodic surface also
decouples the radiator from the body and reduces the SAR.
Our simulations showed that the maximum SAR-compliant
power of the antenna is 41 dBm, which is an order of mag-
nitude higher than a typical output power level of a mobile
RFID reader. In our practical testing, we were able to detect
aregular dipole type RFID tag at 3.8 meters with the reader’s
output power of 32 dBm (EIRP = 0.56 W) at 915 MHz.
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