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Abstract—A low-profile multilayer textile antenna inspired by
a folded cavity with a broad slot monopole is presented for wearable applications in the UHF band. The proposed geometry has
total dimensions of 0.34λ0 × 0.22λ0 × 0.0149λ0 at a targeted resonance frequency of 923 MHz and achieves a fractional bandwidth
of 3.0% on-body. The antenna is fed by a flexible shielded stripline
to enhance wearability, and a substantial overall size reduction
is achieved through a combination of miniaturization techniques
amenable for textile implementation. A systematic design procedure along with a simple fabrication process including the use
of computerized embroidery is a salient feature of the proposed
geometry. Good agreement between simulation and measurement
results in various conditions validates the proposed structure.
Index Terms—Broad-slot, embroidery, slot monopole, UHF
antennas, wearable antennas.

I. INTRODUCTION
EARABLE antennas have attracted increasing attention
in the last decade for use in healthcare and security applications [1]. This has fostered significant development in antenna
topologies suitable for wearable applications, such as dipoles
[2], cavity-backed slots [3], patches [4], or planar inverted-F
antenna [5]. Unidirectional radiation is generally preferred to
minimize energy coupling into the body. Consequently, antennas including ground planes are naturally suitable, with cavitybacked slots being particularly attractive due to their variety
of feeding mechanisms [3], [6]. Favorable regulations in the
global UHF Industrial, Scientific, and Medical (ISM) bands
(865–928 MHz) offer an attractive choice for many wearable applications as this can provide the possibility for passive operation
[7], [8]. However, at UHF frequencies, antenna size becomes an
issue, in particular for cavity-backed slot antennas where the
typically planar dimensions are in the order of 0.5λg × 0.5λg .
While the size can be reduced, this occurs at the expense of a
narrower bandwidth. In this letter, a compact low-profile textile cavity-backed slot antenna capable of operating across the
widest UHF ISM band (with bandwidth of 26 MHz) is presented
for wearable applications in which the total size of the antenna
is 0.34λ0 × 0.22λ0 × 0.02λ0 . The main contributions of this
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Fig. 1. Geometry of the proposed antenna. The optimized parameters are
G E X T = 10 mm, W C = 60 mm, L C = 100 mm, L E = 10 mm, S L =
52.5 mm, S W = 39 mm, A L = 90 mm, A W = 7 mm, W F = 28 mm, W C O
= 7 mm, W C C = 25 mm, G = 12 mm, I = 43 mm, FG = 1 mm, H 1
= 1.6 mm, H 2 = 3.2 mm. Shaded gray areas represent metallization layers
and dotted lines represent embroidered conducting walls. From left to right:
(a) 2-D layered view, (b) 3-D exploded view, (c) cross-sectional view of seam
compression at the cavity walls.

work are the systematic integration of multiple miniaturization
techniques to realize a compact electrically thin cavity-backed
slot antenna incorporating a ground plane and a textile feed. This
combination of features makes the antenna suitable for wearable
applications at the UHF band with a relatively large bandwidth
for the compact size compared to a standard cavity-backed slot
antenna without any miniaturization techniques.
This letter is organized as follows: Design specifications and
the proposed geometry are provided in Section II; the specific
design steps are detailed in Section III; fabrication details and
measurements are discussed in Section IV; comparisons to open
literature are covered in Section V; and concluding remarks are
provided in Section VI.
II. DESIGN SPECIFICATIONS AND PROPOSED GEOMETRY
For wearable applications, the antenna must be low-profile,
flexible, unobtrusive, and preferably have a textile feed. Electrically, the antenna is specified to operate at a target resonance
frequency of 923 MHz—the center frequency of the Australian
UHF RFID band. For generality and scalability of the design,
we target a 10-dB impedance bandwidth of 3.0% on-body to
comply with the broadest UHF band exemplified by the North
American band with a fractional bandwidth of 2.8%.
To satisfy the above-mentioned requirements, a geometry derived from a folded cavity with a slot-monopole antenna fed
by a shielded stripline has been selected. A schematic view
of the proposed multilayer structure is shown in Fig. 1. The
top layer contains a broad slot monopole as a radiating element, the middle layer accommodates the feeding mechanism,
and the bottom layer is the finite ground plane. Computerized
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Fig. 2. (a) Standard cavity-backed slot antenna. (b) Miniaturized step 1.
(c) Miniaturized step 2.

embroidery with conducting threads around the sides of the
antenna provides a semiclosed cavity structure.
III. DESIGN
To satisfy the requirements of flexibility, the antenna substrate
is selected as Cumming Microwave PF-4, a highly flexible lowloss foam with a relative permittivity of 1.06 and a dielectric
loss tangent of δ = 0.0001. The metallization layers are created
using Marktex NCS95R-CR metallized textile with an empirically determined sheet resistance of 0.09 Ω/ over the desired
frequency range.
A. Folded Cavity
A conventional cavity-backed slot antenna has dimensions of
approximately 0.5λg × 0.5λg for the cavity and a slot length of
0.5λg , where λg is the guide wavelength as shown in Fig. 2(a).
To reduce one of the dimensions, folding operations can be performed that would naturally reduce one of the dimensions from
0.5λg to 0.25λg while leaving the other dimension unchanged
[9], [10]. In the current geometry, the antenna is shortened along
the x-axis, leading to the geometry in Fig. 2(b), where the two
edges parallel to the slot on either side are folded and joined at
the back of the antenna. Relative to the standard geometry, the
folded geometry is doubled in thickness and has a middle metallic layer that is separated from the cavity walls in the x-direction
by a gap G [see Fig. 2(b)]. This gap G can be seen as increasing
the capacitive loading on the slot due to the field confinement
in the gap. To obtain further miniaturization, the same idea of
capacitive loading can be extended to the y-axis [see Fig. 2(c)].
Specifically, by shrinking the middle layer by an additional G1
along the y-axis, a larger reduction in resonance frequency is obtained. By this stage, the antenna is strictly speaking no longer
“folded.” For convenience, G1 is chosen to be the same as G.
To further reduce the overall size, the top substrate is made
thinner as this increases the capacitive loading on the slot.
Consequently, the antenna becomes vertically asymmetric with
H1 < H2 . As the substrate material comes in specified thicknesses, the top and bottom substrates are set as H1 = 1.6 mm
and H2 = 3.2 mm, respectively. With the above-mentioned
steps, the antenna resonance frequency is reduced by 16% for
the antenna in Fig. 2(c) if retaining the same overall planar
dimensions as in Fig. 2(b).
B. Slot Modifications
Further size reductions can be achieved by: 1) changing the
slot to an H-shaped slot; 2) making a slot monopole.
The H-shaped modification achieves miniaturization by extending the current path length, in which case the critical parameter is AL , where an optimal choice can further reduce the

2543

resonance frequency by nearly 30%. Observing now that a slot
antenna in its fundamental mode has a magnetic wall symmetry
in its center, a sizeable reduction can be achieved by cutting the
antenna in half to create a slot monopole [11].
To scale the resonance frequency back to the target of
923 MHz after all the miniaturization steps, the main parameters to optimize are the width of the cavity and slot length (WC
and SL ). Bandwidth increase is obtained by optimizing the slot
width SW as this defines the aperture where fields can escape
the antenna. Alternatively, increasing the gap size G increases
the bandwidth—as tradeoff to miniaturization—as an increased
gap size contributes less capacitance.
Performing these modifications, the antenna size can be reduced to 0.31λ0 × 0.19λ0 or in absolute terms 60 × 100 mm2
with a fractional bandwidth of 3.8%. It is noted that these are
not the final dimensions of the antenna due to the changes described in Sections III-C–III-E. The achieved bandwidth is for
a thickness of 0.0149λ0 , noting that a standard cavity-backed
slot at the same thickness would exhibit a bandwidth of 1.5%,
showing that the current topology is significant improvement
over a standard design.
C. Textile Feed
The examination of the field plots in the cavity reveals that
the electric fields at the fundamental resonance are in opposite
directions in the top and bottom substrates of the cavity. This,
combined with the presence of a metallic middle layer, suggests
that a shielded stripline feeding mechanism shown in Fig. 1(b)
is a highly suitable option. Impedance matching is facilitated by
varying the inset position I.
D. Seam Compression
Embroidered structures exhibit a compression of the substrate
at the seams, as illustrated in Fig. 1(c), where it can be observed
that the top and bottom metallized textile planes become tapered. This alters the fields in the cavity [3], consequently the
antenna needs to be slightly reoptimized taking into account
the empirically determined tapering of the metal layers toward
the embroidered walls.
E. Body Effects
To evaluate the effect of the human body, the antenna was
simulated on top of a simplified three-layer human tissue model
comprising skin, fat, and muscle as typically found in the literature [12]. As the antenna will rest on clothing that separates the
antenna from body tissue, simulations were performed using
1- and 10-mm spacers to separate the antenna from the body
tissue. This accounts for the varying space between the antenna
and body tissue in practical situations.
The simulated free-space and on-body reflection coefficients
are shown in Fig. 3(a), where it is observed that there is a frequency drift of 1.6% and a reduction in bandwidth from 3.8%
to 3.0% for the on-body to free-space case. Current distribution plots (not shown for space constraints) reveal that there are
significant currents on the side cavity walls as can be expected
due to the nature of the slot. In the presence of dielectric loading, the current distribution is naturally varied, explaining the
change in frequency and bandwidth. Considering now the effect
of spacing Fig. 3(b), it is observed that there is a very mild drift
over a range of expected spacing from the body, which is to be
expected as the side currents are no longer in close proximity to
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Fig. 3. (a) Simulated reflection coefficient in free space and on-body,
(b) simulated reflection coefficient on-body with 1- and 10-mm spacing,
(c) simulated and measured free-space reflection coefficient, and (d) simulated
and measured on-body reflection coefficient.

a dielectric load. We address this issue through further isolation
using a partial ground plane along the open aperture [13]—with
dimension GE X T shown in Fig. 1(a). This has the additional
benefit of reducing energy absorption into lossy body tissue. If
further isolation is required, then the ground plane can be made
larger without adversely affecting wearability [5]. At this stage,
the antenna reaches its final optimized dimensions of 0.34λ0 ×
0.22λ0 × 0.0149λ0 .
IV. MEASUREMENTS
A. Fabrication
The fabrication procedure is as follows:
1) Cut 1.6- and 3.2-mm pieces of PF-4 foam to size.
2) Bond Marktex NCS95R-CR fabric to both sides of the
1.6-mm-thick piece and on one side of the 3.2-mm-thick
piece.
3) Use a laser milling machine to pattern H-shaped slot and
middle layer on opposite sides of the thinner piece and an
SMA connector hole on both pieces of fabric.
4) Bond both pieces of foam together and perform computerized embroidery using Elitex Skin Contact 235 conductive
threads with a linear stitching density of 1 mm five times
over to realize cavity walls.
5) Extend an SMA jack connector with a protruding inner
pin from bottom ground plane to top ground plane.
6) Apply conductive epoxy between center stripline and
SMA inner pin.
B. Reflection Coefficient
To evaluate the performance of the antenna, reflection coefficient measurements were taken in free space and on-body.
Free-space results are shown in Fig. 3(c) with two measurements (Test 1 and Test 2) provided. Both measurements show a
similar resonance frequency, while Test 2 shows a mild notch. It
is inferred then that the notch is not a feature of the antenna, but
arises in difficulties in ensuring repeatable testing conditions
(i.e., antenna flatness and mechanical strain). Additionally, a
mild frequency drift is noted that is attributed to fabrication tolerances. As the antenna has been fabricated using a laser milling
machine, the dimensions such as slot width, slot length, and gap

Fig. 4. (a) Antenna in flat state, (b) antenna bent along y-axis, (c) measured
bending reflection coefficient in zy plane, and (d) measured bending reflection
coefficient in zx plane.

size are expected to be very accurate. The variations in reflection
coefficient are rather due to the mild reduction in the cavity size
given the finite thickness of the embroidery walls, and to the
light deviation from planar geometry for this flexible antenna.
On-body results are provided in Fig. 3(d) where good agreement between simulations and measurements is observed. At the
lower end of the bandwidth, the measured reflection coefficient
is approx −9.0 dB, which is acceptable for most wearable applications. Despite having a discrepancy in the free-space measurements, the on-body measurements are well correlated (with a
measured frequency drift of 0.5%), which is attributed to the difficulty in knowing the exact dielectric constant of the body [14].
Overall, measured results show that the antenna largely satisfies the design specifications. Conditions such as bending and
variations in spacing can lead to a mild degradation with measured worst case reflection coefficients rising to −6.0 dB at the
margins of the targeted band of operation.
C. Bending Test
To characterize the effects of bending on performance, the
antenna was bent along the zx, as shown in Fig. 4(a), and zy
planes, as shown in Fig. 4(b), and the measured results are
shown in Fig. 4(c) and (d) using typical bending radii of 40 and
60 mm [12]. It is observed that along the zy plane (left) there
is little variability. The zx plane (right) shows more pronounced
changes with worst case reflection at the sides of the band reaching −6.0 dB, which is to be expected given the significant currents along the H-shaped arm in this direction. Therefore, it is
suggested: 1) bending with a small radius of curvature along
the zx plane should be avoided; and 2) the antenna be placed
on shoulder or torso regions where there is good mechanical
support [1].
D. Radiation Patterns
The simulated and measured results for the H-plane (zy) and
E-plane (zx) are given in Fig. 5 (top row) where generally good
agreement is observed. Discrepancies are noted for the radiation
patterns off broadside, which are attributed to the effect of the
measurement setup (i.e., cables act as scatterers off broadside
that are difficult to remove from measurements, and measurements are performed below the theoretical low-frequency limit
of our anechoic chamber). In the zy plane, the simulated cross
polarization is below −40 dB and not visible on the chosen
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VI. CONCLUSION
A miniaturized wearable cavity-backed slot-monopole antenna is proposed with a systematic design procedure. The major
focus was the textile implementation of multiple miniaturization
techniques able to generate a compact and efficient UHF radiating element. The antenna was shown to be easily integrable
with a textile feeding mechanism. Dielectric loading was investigated where it was shown that the antenna can be made robust
by a small ground plane extension, with a mild tradeoff in terms
of size. The antenna is tolerant to mechanical deformations. A
simple manufacturing process exploiting the use of a computerized embroidery machine enables an accurate realization. Good
agreement between simulations and measurements implies that
the proposed geometry is suitable for wearable applications.
Fig. 5. Simulated and measured realized gain (dBi) patterns for free space
(top row) and on-body (bottom row). Left column is zy plane and right column
is zx plane.
TABLE I
LITERATURE COMPARISON
Ref.

Size
(λ0 )

Thickness
(λ0 )

BW
(%)

Freq.
(MHz)

r

Eff.
(%)

[5] (Wearable)
[16] (PCB)
[17] (PCB)
[18] (PCB)
[15] (Wearable)
This work

0.26
0.17
0.14
0.41
1.07
0.34

0.0098
0.0016
0.009
0.0047
0.0322
0.0149

0.70
–
0.40
8.90
6.70
3.0

923
870
866
900
2450
923

1.06
2.08
3.0
2.2
1.575
1.06

60
–
66
–
62
78

scale. The measured cross polarization of approx. −16 dB in
both planes is generally higher than in simulations, and this is
attributed to the imperfections and flexibility of the antenna, as
well as the anechoic chamber being operated beyond the margins of its capability. Simulation results reveal a broadside gain
of 2.4 dB, whilst the measured broadside gain is 2.6 dB. The
simulated radiation efficiency is 78% and the good agreement
with measured gain patterns suggests that the efficiency attained
with our manufactured device should be very similar.
The radiation patterns were measured on a human body phantom (TORSO-OTA-V5.1) and are shown in Fig. 5 (bottom
row). There is a discrepancy between simulations and measurements that is attributed to antenna tilting on the phantom (inset
Fig. 5). Considering these factors, the simulated broadside gain
is −2.7 dB with an off-broadside peak gain of 1.9 dB noted in
the zx plane. A peak broadside gain of −1.3 dB is measured.
V. LITERATURE COMPARISON
Table I shows a comparison of the proposed geometry with
other UHF antennas in the literature along with their largest
dimension. While our antenna is slightly larger than some of
the other antennas, this is compensated for by an increased
bandwidth when placed in the vicinity of body tissue. Except
for [5] and [15], none of the compared studies presents a textile
realization. Noteworthy is the comparison of the current antenna
to that of a cavity-backed slot antenna operating at 2.45 GHz
where it is clearly seen that the antenna is more than double the
relative thickness of the current antenna when scaling for the
significantly higher frequency. This exemplifies the merits of
the current design; if the current geometry was directly scaled
to operate at 2.45 GHz, the obtained bandwidth would be larger
than 6.70%.
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