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Abstract—This paper proposes a solution that allows reducing
the obstruction from the mobile phone frame to electromagnetic
waves in two bands of the mm-wave spectrum. This response is
obtained by etching longitudinal corrugations of two different
lengths in the metal frame. The corrugations are inspired on
the hard surfaces principle, which supports the propagation
of electromagnetic waves on metal. The proposed structure is
matched to a 50-Ohm source in the following bands: 25.4-27.7
GHz, 28.7-29.9 GHz, and 36.4-40.3 GHz. The realized gain of the
mm-wave array with the corrugated frame is higher than the
one of the array in free space in the majority of the operating
bandwidth. The proposed solution can increase the gain of the
array with a normal frame up to 10 dB.

Index Terms—antenna array, 5G, mm-wave, frame, blockage,
hard surface, dual-band.

I. INTRODUCTION

The limited space left in mobile terminals has motivated
the co-existence of sub-7 GHz frame antennas [1], [2] and
the new mm-wave arrays in the 5th generation of mobile
communication (5G) [3]–[9]. Bezels are an inherent part of
mobile terminals that hold the display and back cover together.
The majority of bezels are made of metal, which does not
allow the propagation of electromagnetic waves through them.
The tear-downs from the latest 5G mm-wave-enabled phones
show that mm-wave modules can be located at the long edges
of the phone, right in front of the metallic bezel. In order to
allow the propagation of the mm-wave radiation, windows are
made on the bezel, filled with some dielectric material [10].

Etching large windows on the bezel [6], [10] weakens the
robustness of the frame, modifies the current distribution, and
affects the aesthetic quality. Only a few other solutions can
be found in the literature. In [5] two tilted layers of strips
are placed at both sides of the frame to couple the energy
impinging on the frame and adding it in-phase in the far-field.
Several slots are etched on the frame in [7], which are fed
by the energy radiated by the mm-wave array. This method
is improved in [11] to cover a wider frequency band, with
additional slots on the frame. In [8] a chain-slot is also etched
on the frame. In [12], hard surface inspired corrugations were
proposed by the authors to allow the propagation of mm-wave
radiation in one frequency band. A hard surface is formed by
loading a conducting surface with longitudinal corrugations
filled with dielectric, or by placing longitudinal metal strips
on a thin dielectric layer [13].

Apart from the bands in the sub-7 GHz spectrum, 5G
includes a new frequency range (FR2) in the mm-wave spec-

trum. In particular, several bands have been defined between
24.25 GHz and 52.6 GHz [14]. In this paper, we address
the necessity of covering multiple bands in the mm-wave
spectrum, by improving our previous design to operate at
several frequency bands.

II. OPERATING PRINCIPLE

The design is inspired by the operational mechanism of hard
surfaces, which support the propagation of electromagnetic
waves in the metallic surface thanks to the etching of longitudi-
nal corrugations, filled with a dielectric material. The operating
principle is represented in Fig. 1. These corrugations make
the frame transparent to electromagnetic waves at a certain
frequency and allow the energy to pass through. The hard
boundary condition provides strong radiation fields along the
surface [13].
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Fig. 1. Operating principle of the hard surface inspired frame [15].
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Fig. 2. Dual-band metallic frame model with corrugations.

In this dual-band design, corrugations of two different sizes
(lLF , lHF ) are etched on the metallic frame, as Fig. 2 shows.



The shorter set of corrugations is located in the middle of two
long ones.

The corrugations length controls the operational band, and
their value should be comprised between λg/4 and λg/2. As
the length depends on the guided wavelength, substrates with
higher permittivity values meet the requirement with shorter
lengths, which makes this solution less noticeable to the human
eye and improves the robustness of the frame.

III. SCATTERING INVESTIGATION OF THE METAL FRAME

To evaluate the performance of the frame alone, without
the influence of the antenna array, and with plane wave
illumination, the Radar Cross Section (RCS) has been obtained
in Fig. 3. The RCS measures the scattering properties of
the frame with plane wave illumination. For that reason, low
values of RCS are desired in the targeted frequency bands.

When the frame is illuminated by a plane wave, the lengths
of the two different corrugations can be adjusted independently
to achieve a dual-band response. Fig. 3a shows that the longer
corrugation (lLF ) controls the resonance in the lower band,
with longer values of lLF shifting downwards the resonance.
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Fig. 3. Total RCS of the corrugated frame illuminated by a plane wave. (a)
Longer corrugation length sweep (lLF ). (b) Shorter corrugation length sweep
(lHF ).

On the other hand, Fig. 3b represents the effect of changing
the length of the corrugation controlling the higher band lHF

of the design. When longer lengths are chosen, the resonance
in the higher band also shifts down in frequency. The lowest
RCS value in the second band is provided by lHF = 1.2 mm
at 31 GHz.

Once that the parameter behavior has been analyzed, the
final design operating in the desired frequency bands is pre-
sented in the next section.

IV. ANTENNA INTEGRATION PERFORMANCE

The proposed design is represented in Fig. 4a. The sub-
strates of the frame and antenna array have been hidden for
a better comprehension of the structure. The antenna printed
circuit board (PCB) is separated 1 mm from the substrate of
the frame. Rogers RO3006 has been chosen for both substrates,
with εr = 6.15 and tanδ = 0.002. The thickness of the PCB
is 0.13 mm and the frame substrate is 0.64 mm. For the final
design, lLF has a value of 1.45 mm and lHF , 1.2 mm; while
the widths are 0.3 mm and 0.2 mm, respectively. The mm-
wave array is composed of three dipole antennas with a strip
placed in front of them to provide a second resonance at higher
frequency (Fig. 4b). In particular, the total length of the dipole
is 3.73 mm and the short strip is 2 mm. The mm-wave array is
similar to the one in [11], but adapted to a higher permittivity
substrate.
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Fig. 4. (a) Full model of the mm-wave antenna array with the dual-band
hard surface-inspired frame. The substrates of the frame and antenna have
been hidden to show the full structure. (b) Millimeter-wave dipole antenna
array.

The placement of the hard-surface inspired corrugated frame
in front of the mm-wave antenna array, produces some cou-
pling between the structures, and it is no longer possible to
control the two resonances independently, as the realized gain
in Fig. 5 shows. By increasing the value of the high frequency



corrugation, the first resonance shifts downwards in frequency,
while the second resonance mainly increases the realized gain
value. It is also possible to see that for the same value of lHF ,
the presence of the antenna shifts both resonances upwards in
frequency.
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Fig. 5. Realized gain in the endfire direction as a function of the frequency
for different lengths of the high frequency notch.

The reflection coefficient of the three ports of the mm-wave
antenna is plotted in Fig. 6. The antenna meets the −10 dB
matching criterion in the next bands: 25.4−27.7 GHz, 28.7−
29.9 GHz and 36.4− 40.3 GHz.
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Fig. 6. Reflection coefficient of the proposed design.

The radiation patterns of the proposed design, at two differ-
ent frequencies, are plotted in Fig. 7 (see coordinate system
in Fig. 4a). The first one corresponds to a frequency of 27.8
GHz, reaching 8.9 dBi and front-to-back ratio (FTBR) of 14
dB. The pattern in Fig. 7b, corresponds to 39 GHz, with a
peak gain of 9.44 dBi and FTBR of 12.4 dB.

Fig. 8 shows the realized gain comparison between the
free space array, the array with a normal frame and the hard
surface-inspired solution. The proposed solution improves the
gain compared to the array in free space in the operating
bands. It presents a substantial improvement compared with
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Fig. 7. Realized gain radiation patterns. (a) f= 27.8 GHz. (b) f= 39 GHz.

the normal frame solution, in which the majority of the
radiation is not in the endfire direction.
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Fig. 8. Realized gain comparison of the array in free space, with a normal
frame and with the hard surface inspired solution in the endfire direction.

V. CONCLUSION

The manuscript proposes a dual-band method to reduce
the metal frame blockage in handsets to the electromagnetic
radiation from the mm-wave modules.

The mm-wave array chosen to verify the theory is composed
of three dipole elements, but other antenna topologies and
phone factors can be employed. The realized gain results
show a 5 to 10 dB gain increment of the proposed structure
compared to the normal metal frame. The array with corru-
gated frame can even improve the free space gain in parts of
the operating bandwidth. This makes the proposed structure
an attractive candidate for the implementation of mm-wave
endfire arrays into mobile terminals.
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