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Abstract—Antennas are essential devices to build everything connected in the era of information.
However, the quality of communications would be degraded with the presence of raindrops on the
antenna surface. Additional antiwater radomes may generate radiation loss and dispersive impedance
mismatch over a broad frequency range, which is not acceptable for next-generation communication
systems integrating multiple bands. Here, we report the first experimental demonstration of self-
hydrophobic antennas that cover the bands of 1.7GHz, 3.5GHz, and 8.5GHz through a laser-direct-
writing treatment. Experimental results show that the return loss, radiation pattern, and efficiency
of self-superhydrophobic antennas can be maintained in the mimicked rainy weather. Furthermore,
writing hydrophobic nanostructures on both dielectrics and metals is compatible with commercial
printed circuitry techniques widely used in industries. Our technique will augment the laser fabrication
technology for specialized electromagnetic devices and serve as a powerful and generalized solution for
all-weather wireless communication systems.

1. INTRODUCTION

In the current information age, wireless communication makes everyone and everything connected.
Antennas have been widely used in almost all areas of the current information world, much like
the human eyes and ears, because antennas can convert free-space electromagnetic waves in wireless
channels to currents (or guided mode) in transmission line circuits, and vice versa [1–5]. The
impedance matching condition [6–9] at the radiation interface established by the antennas and
the surroundings, which is generally pre-designed, determines the conversion efficiency (Fig. 1(a)).
However, the pre-defined impedance matching condition may worsen in particular adverse environments
(e.g., days of heavy/frozen rain) (Fig. 1(b)). Such environment-related impedance mismatch will
introduce unnecessary spectral shifts and radiation loss, which are obstacles to all-weather wireless
communication [10–14].

Additional radomes have been employed in antenna systems to remove the liquid surface from
antennas. The majority of modern radomes are made of thin dielectric coatings [15–18] or artificial
electromagnetic structures [19–22] to melt snow, evaporate water or let water fall from Radomes,
as a component of the transmission line of a well-designed antenna system may successfully perform
impedance matching within a suitable frequency band but will introduce dispersive impedance mismatch
over broad frequency bands where the wavelengths differ by order. This dispersive impedance mismatch
will result in greater return loss, worse radiation efficiency, and a shorter transmissive range. None of
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Figure 1. (a) Conventional antenna. (b) Conventional antenna in the rain. (c) Antenna with radome
in the rain. (d) Self-superhydrophobic antenna in the rain.

these degradations on antenna performance are acceptable for next-generation wireless communication
systems integrating sub-6GHz to higher frequencies (Fig. 1(c)).

In this work, we report a novel laser-direct-writing method for self-superhydrophobic radio-
frequency devices (Fig. 1(d)). This technique will enable the production of hydrophobic microstructures
inspired by butterfly wings on the metallic patterns and dielectric substrates of ordinary printed
circuit boards (PCB). Optical microscopy techniques are used to explain the geometrical characteristics
and hydrophobicity of bioinspired microstructures. The reported work is also the first experimental
demonstration of a self-superhydrophobic antenna for multiband radiation, to the best of our knowledge.
It has been observed that the self-superhydrophobic antenna’s surface was impervious to raindrops. The
proposed laser-writing treatment can achieve hydrophobic microstructures on both dielectric substrates
and antenna patterns. Therefore, the proposed method is compatible with the commercially printed
circuitry technique that is widely used in industries and can be used as a potent tool for Beyond-5G
multiband-integrated all-weather wireless communication systems. This research also points to a new
field of research toward the manufacturing of unique electromagnetic gadgets using cutting-edge laser
technology.

2. RESULTS AND DISCUSSION

2.1. Laser Direct Writing Treatment for Superhydrophobic Application

In nature, butterfly wings consist of longitudinal ridges, lateral bridges, and nano stripes of multiple
dimensions (Fig. 2(a) [23]). These organs greatly reduce the contact area between water droplets and
wing surfaces and achieve hydrophobicity. Inspired by butterflies, to artificially realize the micro-scale
geometrical characteristic of this amazing hydrophobic organism, an efficient way is laser direct writing
technique. For instance, Prof. Deng and his team show that robust superhydrophobicity can be realized
by structuring surfaces at two different length scales by laser direct writing [24]. The schematic view
of the fabrication process is illustrated in Fig. 2(b). A FOTIA UV laser processor with the average
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Figure 2. (a) The bio-inspiration of nanostructure: wings of butterfly. The photo is reproduced
from [23], used with permission. (b) The schematic view of laser processing for self-superhydrophobic
antennas.

power of 3W (at 355 nm wavelength) and the repetition rate of 30 kHz is used to obtain artificial
grooved structures [25–39]. The line spacing used in the fabrication is 50 µm. After laser direct writing
treatment, both the metallic and dielectric surfaces of antennas are treated with 1H, 1H, 2H, 2H-
perfluorodecyltriethoxysilane in an oven at 96◦C for 10 hours.

The hydrophobicity and microscale surfaces of copper and FR-4 (Flame Retardant-4, glass fiber
epoxy resin poly dielectric substrate) substrate are characterized experimentally. The relationships
between the contact angle and laser scanning speed of copper and FR-4 substrate are illustrated in
Fig. 3(a). Since the contact angles should be as large as possible for achieving hydrophobicity, the
optimized scanning speeds are selected as 5mm/s and 70mm/s for the cases of copper and FR-4
substrate, respectively. With the optimized fabrication parameters mentioned above, the laser-treated
copper and FR-4 surface exhibit excellent contact angles of 161 ± 2◦ and 158 ± 2◦, respectively, both
of which are larger than the critical value of superhydrophobicity for water. Therefore, waterdrops can
stand on the treated metallic and dielectric surfaces as shown in Figs. 3(b) and 3(c). Additionally,
the microscopic geometries of the fabricated hydrophobic structures are characterized with the use of a
super depth of field 3D microscopy system. One can see that both the metallic (Fig. 3(d)) and dielectric
(Fig. 3(e)) hydrophobic structures own grooved surfaces, just like butterflies’ wings shown in Fig. 2(a).
These microscopic geometries and corresponding characterizations indicate that the proposed laser direct
writing process can generate hydrophobic surfaces on both metallic and dielectric surfaces. Additionally,
it is possible to integrate necessary laser equipment with current commercial PCB machines. Our
treatment is also feasible for a large-scale metasurface antenna by dividing the fabrication area into
several segments. For instance, a rough duration estimation of fabricating 0.5m × 0.5m metasurface
antenna [40] is about 62 hours.

2.2. Antenna Design

We design a multi-band antenna for the proof of concept, as shown in Fig. 4(a). The proposed antenna
is composed of three distinct antenna unit cells. They are, a dipole antenna, a monopole antenna
and a slot antenna, whose center frequencies are 1.7GHz, 3.5GHz, and 8.5GHz, respectively. In the
following part of paper, we number the dipole, monopole and slot antenna as Antenna 1, Antenna 2,
and Antenna 3 respectively. A FR-4 substrate (εr = 4.3, tan δ = 0.009, 220mm × 120mm × 2mm)
was employed. Fig. 4(b) presents the simulated return loss and efficiency of the antenna. One can see
that the antenna elements match well with the free space or sunny days. In such an ideal working
environment, the efficiencies of each antenna element reach 91%, 87% and 71% at their corresponding
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Figure 3. (a) Relationship between the contact angle and laser scanning speed. (b) and (c) The
contact angle of superhydrophobic copper and FR-4 surface, respectively. (d) Surface topography of
copper after laser direct writing. (e) Surface topography of FR-4 after laser direct writing.

center frequencies respectively. Additionally, the E-plane and H-plane radiation patterns of all the
antenna elements are also plotted in Figs. 4(c) and 4(d) for reference.

2.3. Experimental Verification of Superhydrophobic Antenna

In the practical proof of concept, the antenna is firstly fabricated with the typical PCB technique by
employing Shanghai Jiajietong Circuit Technology Co. Ltd. Each antenna unit cell is connected to a
50Ω SMA connector located on the bottom surface of the FR4 substrate. The measurement is carried
out in the microwave chamber with a SATIMO SG Antenna Test System, as shown in Fig. 5(a).

In the experiments, we first spray water onto the surfaces of both conventional and hydrophobic
antennas to study the hydrophobicity of practical antenna in the mimicked rainy environment. For
the case of conventional PCB antenna as shown in Fig. 5(b), water flow spreads over the antenna
surface, holds on the surface and form a layer of water thin film (Fig. 5(c)). In contrast, water flow
bounces off from the superhydrophobic surface (Fig. 5(d)) and no water film holds on the antenna
surface (Fig. 5(e)) for the case of superhydrophobic antenna. The water-spraying experiment indicates
an excellent hydrophobic ability of the laser-treated practical PCB antenna. More information on the
water spraying experiment can be found in the supplementary movies.

Then, the electromagnetic characteristics of antennas are studied experimentally. For the case of
conventional PCB antenna, the return loss deteriorates seriously after spraying water and the working
frequency bands occur significant red shift due to the existence of water film, as shown in Fig. 6(a).
Consequently, as shown in Fig. 6(c), the efficiency of conventional PCB antennas in the mimicked rainy
days (i.e., after spraying water) decrease by more than 20% compared to the case of mimicked sunny
days (i.e., before spraying water). Additionally, Figs. 6(e), (f), (i), (j) show that radiation patterns of
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Figure 4. (a) The schematic view of multiband antenna for proof of concept. (b) The simulated return
loss and total efficiency. (c) and (d) The simulated radiation pattern of antenna 1, antenna 2 and
antenna 3, respectively.
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Figure 5. (a) Antenna test environment. (b) Water spreads on the surface of conventional
antenna during spraying. (c) Water stays on the surface of conventional antenna after spraying. (d)
Water bounces off from the superhydrophobic surface during spraying. (e) No water stays on the
superhydrophobic surface after spraying.

conventional metallic antennas are seriously deformed in the mimicked rainy days. All these phenomena
indicate that the conventional PCB antenna cannot perform its functionality perfectly in rainy days.
However, for the case of self-superhydrophobic antenna, all the key performances including return loss
(Fig. 6(b)), efficiency (Fig. 6(d)) and radiation patterns of antenna elements (Figs. 6(g), (h), (k), (l)) do
not show any deterioration over all the frequency ranges of interest, in the mimicked rainy days. The
above experimental results indicate that the superhydrophobic antenna can perform in perfect working
conditions in either rainy or sunny environments.
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Figure 6. The antenna performance before spraying water (blue curves) and after spraying water (red
curves). (a) The return loss of conventional PCB antenna. (b) The return loss of self-superhydrophobic
antenna. (c) Total efficiency of conventional PCB antenna. (d) Total efficiency of self-superhydrophobic
antenna. (e), (f) E-plane and H-plane radiation pattern of conventional PCB Antenna 1. (g), (h) E-
plane and H-plane radiation pattern of self-superhydrophobic Antenna 1. (i), (j) E-plane and H-plane
radiation pattern of conventional PCB Antenna 2. (k), (l) E-plane and H-plane radiation pattern of
self-superhydrophobic Antenna 2. Due to the limitation of Satimo antenna test system, the efficiency
and radiation pattern of Antenna 3 is not measured in the experiment.
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3. CONCLUSION

We developed a self-superhydrophobic antenna in this work by directly writing a hydrophobic
microstructure on the surface of conventional PCB antenna. Compared to conventional PCB antennas,
the self-superhydrophobic antennas can maintain predefined working status in rainy days without any
sacrifice of critical antenna performance, e.g., return loss, efficiency and radiation pattern. The self-
superhydrophobic architecture, without the necessity of additional radomes or waterproof coatings,
matches the requirement of multiband integration for future communication systems that covers the
bands from sub-6G to higher frequencies. Furthermore, it is important to note that the proposed
laser-direct-writing treatment is compatible with conventional printed-circuit-board technology.

This work has a wide range of potential applications [41–43], particularly for some antennas that
operate in harsh conditions, such as climate monitoring and maritime communications. The proposed
technique offers a new research area on the combination of ultrafast laser technology with unique
electromagnetic device realization.
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