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Abstract Slot insertion design has proven to be an effective method to increase the bandwidth in the design
of microstrip antenna. In this paper, the slot insertion design is applied to the flexible ultra-wideband (UWB)
antenna. A flexible rectangular UWB monopole antenna is proposed and fabricated with O-slot design using
the transfer printing method. By simulating the influence of O-slot design parameters on electromagnetic
performance of the antenna, an optimized antenna design is obtained to keep the reflection coefficient under
—10 dB with the frequencies ranging from 3.5 to 17.8 GHz when the antenna is bent with curvature radius
as small as 11 mm. The effect of bending on the reflection coefficient is analyzed. Mechanical simulations
indicate that the existence of O-slot can reduce the strain concentration on the metal layer of antenna, which
enhances the flexibility of the antenna.
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1 Introduction

Flexible electronics, with the ability to stretch, twist and bend, have showed many exciting applications
in wearable electronics, artificial skins and other areas [1-5]. For an integrated flexible electronic system,
wireless communication capability is becoming a necessary element. Therefore, designing an antenna
which can tolerate the deformation plays a key role in the design of flexible integrated electronic system.
Ultra-wideband (UWB) wireless communication, due to its high data transmission rate, low power dis-
sipation and resistance to interfere, becomes a promising candidate for novel wireless network [6-8]. As
the core of UWB applications, the design of UWB antenna has been intensively studied in recent years.
Among the numerous kinds of UWB antennas proposed, planar monopole antenna is considered as a suit-
able design to meet the requirement of easy-fabrication, integration and miniaturization [9]. Especially
when a slot is inserted into the radiator of antenna, miniaturization of the planar monopole antenna can
be achieved and the performance of the antenna can be even enhanced [10-15]. Several studies have
been reported that inserting U-slot or Q-slot into the radiator of UWB planar monopole antenna can
effectively improve the impedance matching and increase the bandwidth [11,12,14]. However, there are
still some concerns in current studies to confine the further application of these UWB antenna in the
flexible electronics. First, the slot-inserted UWB antennas studied currently are fabricated on the hard
and planar substrates, which lack the deformation ability required for flexible electronics. Second, the
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deformation may induce the change of structural parameters of the antenna resulting in the deterioration
of its characteristics, especially when a slot exists in the antenna. Therefore, it is necessary to explore an
antenna which is based on flexible substrate and keeps electromagnetic and mechanic properties stable
with large deformation. Another important issue in the design and fabrication of flexible slot-inserted
UWRB antenna is choosing a stretchable substrate and developing corresponding fabrication techniques.
Polyimide (PI) is the most common substrate material used in current flexible antenna design [16]. PI
can withstand the high temperature during the deposition of metal on the substrate, which makes it
possible to use conventional lift-off method to directly prepare the metal pattern of the antenna on the
PI substrate. However, the elastic modulus of PI is about 2.5 GPa, which is much larger than many
other soft silicone materials (e.g., polydimethylsiloxane (PDMS): ~1 MPa, Ecoflex: ~60 kPa). The large
elastic modulus of PI leads to limited flexibility of substrate. The PI substrate is only bendable but not
stretchable. The lack of stretchability of PI substrate makes it difficult to realize conformal contact to
non-developable surfaces, like human skin on the joint. Thus, it is necessary to apply a substrate with
much smaller elastic modulus in the design of flexible antenna. PDMS is a kind of silicone materials with
the elastic modulus about 1 MPa, which is more than 1000 times smaller than PI. Moreover, compared
with the previous reported flexible dielectric materials used in antennas designs, such as textile and fab-
ric, PDMS has significantly higher dielectric constant [17-28], which makes it suitable for applications in
the design of compact flexible antennas. Although the PDMS has appropriate mechanical and dielectric
properties, it cannot withstand the increased temperature when directly depositing metal layer using a
physical vapor deposition method, which is essential in the lift-off method. With the low temperature
tolerance of PDMS, alternative preparation method is required for the metal layer of antenna on PDMS
substrate.

In this paper, a flexible UWB rectangular monopole antenna (RMA) inserted with an O-slot is designed
and fabricated. The insertion strategy of O-slot and its effect on the impedance bandwidth of the antenna
are discussed with simulation results. By using the transfer printing process, an antenna with optimized
design is fabricated on PDMS substrate. The flexibility of the antenna is demonstrated by the study on
the mechanical and electromagnetic properties of the antenna bended on surfaces with different curvature
radius, which is supported by the simulation and experimental results.

2 Methods

2.1 Finite element analysis

The finite element analysis of strain distribution was completed with the commercial software ABAQUS.
The model of the hexahedron element (C3D8R) was used in the PDMS substrate, while the composite
shell element (S4R) model was adopted in the copper foil of radiator. The mechanical behavior of copper
was described by an ideal elastic-plastic constitutive relation and the criterion that elastic stretchability
corresponds to section in which the Mises stresses in the metal layer are beyond the yield strain (~357 MPa
for Cu and ~0.3% yield strain) across half the width of one section was used. As for the elastomeric
PDMS substrate, a typical hyper-elastic constitutive relation, the MooneyRivlin law, was adopted to
describe the mechanic properties (elastic modulus Eppys = 1 MPa and Poissons ratio vppus = 0.49).
The meshes were refined to ensure computational accuracy.

2.2 Antenna fabrication

The PDMS substrate was prepared by mixing the Sylgard 184 monomer with the curing agent in a volume
ratio of 10:1 and then degassed under primary vacuum for 30 min to remove trapped air bubbles. After
that, the polymerization of PDMS was cured at 85°C for an hour. The copper radiator was defined by
using the commercial cutting machine (Silhouette Cameo, USA). The copper foil (the purity is 99.98%
and the conductivity is ¢ = 5.7-5.8 x 107 S/m) with the thickness of 0.1 mm attached on the water-
soluble cellulose tape (Aquasol Corporation, USA) was carved into the designed pattern. After carving,
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Figure 1 (Color online) (a) Top view and (b) bottom view of the geometric layout of the O-slot UWB antenna.
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the patterned copper foil was delaminated from the cutting mat, followed by transfer printing the foil
onto the flexible PDMS substrate and then put the device into the pure water for several minutes to
dissolve the tape.

2.3 Simulation and measurement

For the reflection coefficient simulation of the antenna, the HFSS finite element solver was employed. In
the simulation domain, the driven model of solution type was used. The model of PDMS was created with
the permittivity of 2.68 and loss tangent of 0.04, while the copper foil was assigned with finite conductivity
boundary with the conductivity of ¢ = 5.8 x 107 S/m and an air-box assigned with radiation boundary
was created around the antenna with adding space of a quarter of wavelength at 3.5 GHz. The reflection
coefficient was tested by Agilent Technologies E8363C vector network analyzer (10 MHz—40 GHz).

3 Results and discussion

3.1 Structure designation

Inspired by U-Slot Monopole antennas which successfully improve the impedance matching to achieve
UWRB applications by inserting a slot [11,12], we have designed a kind of antenna with an O-slot inserted
on the rectangle radiator in order to improve performance and achieve miniaturization. Compared with
the reported U-slot or Q-slot antenna, O-slot has simpler design and achieves better impedance matching
to obtain broader bandwidth, which makes it have greater advantages in UWB applications. Figure 1
illustrates the geometry of the proposed antenna. Polydimethylsiloxane (PDMS) with a thickness of
1.6 mm and a dimension of Ls x Ws = 36.6 mm x 39 mm is used for the antennas dielectric layer.
An L x W = 18.3 mm x 23 mm rectangle radiator is placed on top of the substrate. A rectangle
ground metal strip is attached on the backside of the substrate with the dimension of Ls x gr = 36.6 mm
X 6.3 mm. Other dimensions are summarized in Table 1. The coaxial transmission line with the charac-
teristic impedance of 50 €2 is used to feed the antenna. For a UWB antenna, one of main purposes to insert
a slot is adjusting the impedance matching over the frequency bandwidth. However, the existence of the
inserted slot may also affect the current distribution on the radiator of antenna, which may have negative
influence on the performance of the antenna. Therefore, the current distributions on the radiator of the
antenna inserted with an O-slot are simulated to confirm the feasibility of this design. As demonstrated
in Figure 2, the current distributions of RMAs with and without an O-slot are simulated at frequencies of
4.0, 9.6 and 16.8 GHz, respectively. It can be seen from Figure 2(a)—(c) that the surface current density
on the middle of the rectangle patch is relatively weak, which means the O-slot with suitable size can be
inserted in this region to change the impedance matching with little influence on the current distribution.
The simulation results of the surface current distribution on the radiator of RMA with an inserted O-slot
confirm this prediction. As shown in Figure 2(d)—(f), the surface current density of the O-slot inserted
antenna is similar with the one of the antenna without slot. Meanwhile, as indicated by the simulated
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Table 1 Parameters of the antenna shown in Figure 1

Parameter Description Value (mm)
Ls Substrate length 36.6
Ws Substrate width 39
L Radiator length 18.3
w Radiator width 23
S Slot width 1

6 Deviation distance of O-slot 2

P Feeding position 6
Wg Microstrip width 2

T Radius of O-slot 6

h Thickness of dielectric layer 1.6
gr Ground length 6.3

Jsurf (A/m)
. 80.0
(a) 4.0 GHz (b) 9.6 GHz (c) 16.8 GHz

(d) 4.0 GHz (e) 9.6 GHz (f) 16.8 GHz

Figure 2 (Color online) Simulation results of surface current distributions on the radiator of UWB RMA at three repre-
sentative frequencies. (a)—(c) UWB RMA without O-slot; (d)—(f) UWB RMA with O-slot.
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Figure 3 (Color online) Simulated frequency response of the UWB RMA with/without O-slot.

relation between the reflection coefficient (S11) and the frequency of RMA with/without an O-slot in
Figure 3, the impedance bandwidth of RMA is improved by the insertion of an O-slot. In the frequencies
ranging from 12.2 to 13.7 GHz, the S;; parameter of RMA without an O-slot is above —10 dB, which
indicates poor impedance matching of RMA without an O-slot in this frequency region. When the O-slot
is inserted, the S1; parameter of RMA at frequency range from 12.2 to 13.7 GHz is improved to be below
—10 dB, making the RMA have larger impedance bandwidth ranging from 3.5 to 17.8 GHz and suitable
for the UWB applications.
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Figure 4 (Color online) The simulated reflection coefficient of O-slot inserted UWB RMA with different (a) feed position,
p, and (b) deviation distance of the O-slot, §. The other parameters of antenna are fixed with the parameters shown in
Table 1.

3.2 Electromagnetic performance optimization

Although the insertion of an O-slot has been confirmed to be an effective method to improve the S
parameter of a UWB RMA on a PDMS substrate, the influence of insertion parameters, including feeding
position (p), deviation distance of the O-slot (), slot width (s) and slot radius (r), is worth more detailed
discussion for further improvement of the electromagnetic performance of the UWB RMA with an inserted
O-slot. In all of the following paremetric studies, only one parameter varies during each optimization,
while the others are fixed to those of Table 1.

Figure 4 shows the simulated reflection coeffcient versus the feeding position and the deviation distance
of the O-slot respectively. Significant impact on the antennas performance is observed with the change
of the feeding position (p). By varying the feeding position, not only the bandwidth will be changed, but
also the strength of the reflection coefficient and the location of the resonant frequency will be affected
due to the changes of local current distributions. It can be seen that with the feeding position moving
to the center of the rectangle, the bandwidth first increases and then decreases, and the band-rejection
appears at the frequency ranging from 6 to 8 GHz when p is set to 9 mm. Through the parametric
analysis, the maximum bandwidth ranging from 3.5 to 17.8 GHz is obtained at p = 6 mm and another
slightly large bandwidth is achieved at p = 0 mm (see Figure 4(a)). The effects of the deviation distance
of the O-slot (§) are analysed and shown in Figure 4(b). As few of the currents of this antenna are
confined in the middle, there is little influence on the antennas performance when varies from —2 to
2 mm. At the same time, it can be noted that the band rejection at the frequency ranging from 12.1
to 13.7 GHz appears when the slot is inserted in the middle. The improved reflection coefficient of the
antenna can be attributed to the better matching between the characteristic impedance and the coaxial
transmission line, which is caused by the deviation of the position of O-slot from the center. Finally, § =
2 mm is adopted, where the largest bandwidth ranging from 3.5 to 17.8 GHz is realized.

As indicated by Figure 5, the performance of the UWB RMA, such as impedance matching, can be
further optimized by adjustment of the dimensional parameters of the O-slot. By adjusting the width of
the slot (s), the S-parameter in the high frequency range will be affected, especially in the range from 12
to 18 GHz. In this frequency range, the strength of reflection coefficient at the last resonant frequency
gradually increases with a larger s value. However, when s increases, a band rejection appears at the
frequencies between 12 and 14 GHz. When s is set to 1 mm, S1; satisfies the requirement (below —10 dB)
and an appropriate strength of reflection coefficient at the last resonant frequency can be obtained. It is
also observed that the strength of the resonance becomes larger with increase of . But the band-rejection
appears when r is greater or less than 6 mm, which makes 6 mm be the optimized r value. The simulation
results show that the resonance frequency is stable with different s and r values. The stability of the
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Figure 5 (Color online) The simulated reflection coefficient of O-slot inserted UWB RMA with (a) different width of
O-slot, s, and (b) different radius of O-slot, r. The other parameters of antenna are fixed with the parameters shown in
Table 1.

Figure 6 (Color online) FEA results of the strain distribution on Cu layer and the corresponding optical images of the
antenna with O-slot when attached on cylinders with different curvature radius. (a) Rpend = 28 mm; (b) Rpend = 20 mm;
(C) Rpena = 13 mmy; (d) Rpena = 11 mm.

resonance frequency can be attributed to the current distribution on the radiator of antenna. It can be
seen from Figure 2 that the current on radiator is mainly concentrated along the margin of rectangle
radiator, so the change of slot radius results in little influence on the current distribution of the antenna.
However, the change of the radius of the slot will affect the antennas impedance, which results in the
change of the strength of the resonance. Lastly, s = 1 mm and r = 6 mm are fixed in the final design,
in which radiation performance satisfies the demands and the reflection coefficient (S71) maintains under
—10 dB at the frequency ranging from 3.5 to 17.8 GHz.

3.3 Mechanical analysis and experimental characterization

With the optimized design parameters, the UWB RMA is experimentally fabricated. Since the PDMS
substrate cannot withstand high temperature, the radiator of the antenna is prepared with copper foil
first and then transferred to the PDMS substrate by a transfer printing method (see Section 2). For the
flexible UWB RMA, its mechanical performance plays a key role in determining the reliability of the
antenna during the deformation in applications. The strain distributions on the Cu layer of the O-slot
inserted RMA with PDMS substrate are derived from the finite element analysis (FEA) results with
bending radii of 11, 13, 20 and 28 mm, as presented in the upper panel of Figure 6. Although the strain
on the Cu layer increases with a smaller bending radius, the strain on the Cu layer keeps lower than
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Figure 7 (Color online) Simulated (dashed) and mea- Figure 8 (Color online) Measured reflection coefficient of
sured (solid) S11 parameters of the UWB RMA with O-slot the UWB RMA with O-slot when attached on cylinders of
at the frequencies ranging from 3 to 18 GHz different curvature radius.

0.3% when the bending radius is as small as 11 mm, which suggests that the elastic-plastic transition of
Cu will not happen within the bending radius of 11 mm [29-32]. Moreover, no obvious deformation of
the slot structure can be observed in the FEA results when the RMA is bent. As the electromagnetic
performance of the slot-inserted RMA is strongly dependent on the structure of the slot, the stability of
slot structure prevents any possible sharp change of the electromagnetic performance of the RMA, such
as the reflection coefficient. The corresponding optical images are also demonstrated in the lower panel
of Figure 6, which indicate that the RMA with a PDMS substrate can be attached on the curved surface
without additional fixture and paste. The conformal contact between the curved surface and the RMA
can be attributed to the low modulus of the PDMS substrate. With the elastic modulus of the substrate
around 1 MPa, the bending stiffness of the RMA with the PDMS substrate is significantly smaller than
the antenna fabricated with PI substrate, which allows the former to be easily attached on a curved
surface.

The reflection coefficient of the as-fabricated UWB RMA with a PDMS substrate is measured to
experimentally evaluate the electromagnetic performance of the antenna. Figure 7 shows the measured
S11 parameter and the corresponding simulation result of the antenna without bending at the frequency
ranging from 3 to 18 GHz. The measured result is in good agreement with the simulated one, which
indicates the S1; parameter of the as-fabricated antenna maintains under —10 dB within the frequency
ranging from 3.5 to 17.8 GHz and satisfies the radiation performance required for a UWB antenna.
However, there is an obvious difference between measured result and simulated one when the frequency
is above 15 GHz. This may be caused by deformation of the radiator occurred during the process of the
transfer printing, which resulted in the impedance mismatch. The S1; parameters measured at frequencies
ranging from 3 to 18 GHz, with bending radii of 11, 13, 20 and 28 mm, are shown in Figure 8. Although
the reflection of the UWB RMA increases with the decreasing bending radius, the S1; parameter of the
antenna keeps lower than —10 dB at the frequencies ranging from 6 to 16.5 GHz for all these bending
radius values. It can also be noted that the relation between the frequency and the Sj; parameter
significantly changes when the bending radius reduces from 28 to 20 mm. But when the bending radius
is below 20 mm, the change of the frequency dependence of Si; parameter is much less obvious. The
different sensitivity with the bending radius may be caused by the non-linear relation between the bending
radius and effective antenna length. For the UWB RMA, the reflection of antenna highly depends on
the effective antenna length. However, the antenna length is determined not only by the physical length
of the antenna, but also by the effective electric length. The change of the bending radius from 28 to
11 mm leads to the decrease of maximum radiation field, which caused the significant reduction of the
effective antenna length resulting in the obvious change of the antennas performance, especially, in the
range of 10 to 12 GHz. When the bending radius is small enough, the effective antenna length is not
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sensitive to the change of structure parameters induced by bending, which leads to few obvious changes
in the frequency dependence of S7; parameter.

4 Conclusion

In this paper, a flexible UWB rectangular monopole antenna with an O-slot was designed and fabricated
on a PDMS substrate to realize ultra-wideband impedance bandwidth and conformal contact with a
curved surface. The insertion strategies of the O-slot, including the structure design and the electromag-
netic performance optimization, are discussed with simulation results. The simulation results indicate
that the feeding position of the O-slot has great influence on the antennas characteristics. After successful
fabrication of the antenna with the transfer printing method, the relation between the S;; parameter
and the frequency were measured with bending radii of 0, 11, 13, 20 and 28 mm. The measured result
with no bending (bending radius of 0 mm) is found to be in good agreement with the simulation predic-
tions, which further confirms the validity of the simulation results. Although the reflection of antenna
increases with the decreasing bending radius, the S;; parameter of the antenna keeps below —10 dB at
the frequency ranging from 6 to 16.5 GHz, which indicates the antenna is capable of being used as UWB
antenna even with bending radius as small as 11 mm. By this study, a compact, flexible, and ultra-broad
antenna is demonstrated and expected to be a potential candidate in the field of flexible antenna for
wearable and implantable radio frequency devices.
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