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Reduction of Main Beam-Blockage in an Integrated
5G Array with a Metal-Frame Antenna

Rocio Rodriguez-Cano, Student Member, IEEE, Shuai Zhang, Senior Member, IEEE, Kun Zhao and Gert Frølund
Pedersen, Senior Member, IEEE

Abstract—In this paper, a novel technique is introduced to
reduce the handset metal-frame blockage to the main beam of a
millimeter-wave (mm-wave) end-fire antenna array. The metal-
frame blockage to mm-wave antennas with different polarizations
is investigated first. It is found that the blockage is more severe
for horizontal polarization than for vertical polarization. The
effect of the metal bezel on a mm-wave array with horizontal
polarization can significantly be decreased if two tilted layers
of coupled metal strips are placed at the borders of the frame.
Furthermore, these metal strips are shown not to disturb mm-
wave antennas with vertical polarization. Different detailed
design considerations are studied. To further demonstrate the
idea, a 5G Vivaldi array (with horizontal polarization) is designed
and integrated with a metal frame. The frame functions as a low-
frequency antenna, operating in two frequency bands of 865-990
MHz and 1358-2786 MHz. The millimeter-wave array with four
elements operates at the frequency band 24.25-27.5 GHz and
can scan ±60 degrees in end-fire direction, with a realized gain
higher than 7 dBi in most of the frequency range.

Index Terms—5G mobile communication, antenna array, mil-
limeter wave integrated circuit, Vivaldi antennas.

I. INTRODUCTION

THE upcoming fifth generation of mobile communications
(5G) proposes more frequency bands to cope with the

exponential demand of capacity and data traffic [1]–[4]. The
millimeter-wave (mm-wave) band presents several challenges
in terms of propagation. Since the propagation losses increase
with frequency, higher gain antenna systems are required
in mm-wave bands. As a result of the increased gain, the
beamwidth becomes narrower and consequently, arrays are
needed to steer the beam throughout the sphere. Electronic
beam-steering is the most compact approach for mobile de-
vices. There are two methods to steer the beam electronically;
the first consists of switching the antennas [5], [6] and the
other involves changing the relative phases of the signals
which drive each antenna element (phased arrays) [7]–[13].
It is also possible to combine both methods by having several
sub-arrays [8]–[11].

5G-enabled handsets need to include antennas operating at
these new frequency ranges. The current tendency in mobile
terminals is to include an increasing amount of components
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in small spaces. Because of the decreasing volume left in
the phone, a good approach is to integrate the new mm-
wave antennas with the existing ones. Many antenna designs
for mobile terminals at mm-wave frequencies present end-
fire radiation since they have higher spherical coverage [14]
and are less sensitive to user effects in mm-wave bands [12],
[15]. Conventional handsets with metal-frame designs have
become a dominant trend nowadays. However, none of the
previous designs in [5], [8], [9], [12]–[16] takes the handset
metal frame into account. When a metal frame is placed in
front of mm-wave end-fire antennas, severe distortion of the
radiation pattern may occur due to the main beam blockage.
This degradation can be translated into a shrinkage of the end-
fire radiation bandwidth or a full deterioration of the pattern
to broadside or other directions.

In [16], a layer of grating strips is added to obtain end-fire
radiation, when a planar inverted-F antenna (PIFA) is placed in
front of the high-frequency antenna. In this case, the operating
mechanism is similar to the optical interferometers [17]. The
distance between the grating strips and the PIFA is designed to
be a quarter wavelength at a certain frequency and the end-fire
radiation can be achieved within a band around that frequency.
However, the bandwidth in which the antenna can remain with
a stable end-fire radiation pattern would become very narrow
when applying this technique for a metal-frame handset. In
[7], [18], [19], mm-wave slot arrays have been etched on a
metal frame, and the end-fire beams are not blocked by the
bezel anymore. Nevertheless, in order to excite these slots,
the feeding cable (or other transmission lines) has to connect
the PCB ground to the metal bezel. This would change the
low-frequency antenna performance if a metal bezel antenna
at sub 3 GHz is applied. Moreover, introducing additional
feeding structures to the metal bezel would also complicate
the practical implementations. Therefore, it is necessary to
propose a technique which is able to reduce the main beam
blockage in an integrated end-fire 5G array with a metal-frame
antenna operating at low frequencies.

In this paper, a mm-wave Vivaldi antenna array (with end-
fire radiation pattern) is integrated together with a metal-frame
antenna at sub 3 GHz. Two layers of coupled metal strips
are introduced to overcome the directional obstruction of the
metal frame to the main beam of the Vivaldi array. These
metal strips do not alter the performance of the metal-frame
antenna. The mm-wave antenna array is designed to operate
at the 5G pioneer band in Europe, from 24.25-27.5 GHz [20].
Simulations are carried out by CST Microwave Studio 2018
and a prototype is manufactured and measured.
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The manuscript is organized as follows; Section II intro-
duces the degradation produced by the mobile phone frame
in the radiation pattern of horizontally polarized antennas
and the effect of the frame width. Section III describes the
operating mechanism and the proposed structure to overcome
this problem. Design considerations are also explained. In
Section IV, the final parameters of the antenna design are
listed and the performance is assessed, with measurements and
simulations.

II. EFFECT OF THE METAL FRAME ON MM-WAVE
ANTENNAS

As mentioned in the introduction, the metal frame of mobile
devices may block the radiation from the end-fire antennas in
the mm-wave frequency range. In order to provide a clear
picture of this point, the impact of the metal frame on the
radiation pattern of mm-wave antennas is analyzed. First,
according to the polarization and then, with a parametric study
of the frame width.

A. Polarization dependence of the metal-frame blockage to the
radiation pattern

In 5G mobile handsets, mm-wave antenna arrays with dual
polarization are preferred. In this section, the metal-frame
blockage to different polarizations is investigated. To carry out
this study, two patches, one with vertical polarization (Fig.
1 (a)) and the other with horizontal (Fig. 1 (b)), are placed
7 mm away from a 5 mm-wide frame, which is the typical
clearance in handsets. Please note that the frame width referred
throughout this paper is the dimension in the z axis.
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Fig. 1. Simulated patch antennas with frame and ground plane. (a) Vertical
polarization. (b) Horizontal polarization.

The effect of the frame on the radiation patterns of vertical
and horizontal polarizations are shown in Fig. 2 and Fig. 3,
respectively. The radiation patterns are obtained by exciting the
third element of the array with the others terminated with 50
Ω loads. The realized gain of two perpendicular cuts is plotted
in the figures. In Fig. 2, when a metal frame is included,
the vertically-polarized patch has some energy reflected back,
but the main beam still points to the end-fire direction and
the radiation patterns do not vary significantly. However, as
plotted in Fig. 3, the main direction of radiation in horizontal
polarization is much more sensitive to the frame than the
vertical polarization. There is also a loss of more than 6 dB in
the +x axis (φ = 0◦ and θ = 90◦). The reason for the severe

blockage to the horizontal polarization may be explained as
follows: the wavelength at the center frequency of the band,
26 GHz, is over one time longer than the frame width (5 mm).
For the horizontal polarization, the amplitude of the electric
field varies in the y axis, which is totally blocked by the metal
frame (see Fig. 1). In the case of vertical polarization, the
amplitude of electric field varies in the z axis, not in the y
axis, and thus the wavefront is only partially obstructed.
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Fig. 2. Effect of the parasitic metal strips on the realized gain radiation
patterns of vertical polarization at 26 GHz. (a) φ = 0◦ cut. (b) θ = 90◦ cut.
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Fig. 3. Effect of the parasitic metal strips on the realized gain radiation
patterns of horizontal polarization at 26 GHz. (a) φ = 0◦ cut. (b) θ = 90◦

cut.

Since the degradation of the radiation pattern when the
frame is added is not significant for vertical polarization, from
now on, only the case of horizontal polarization is assessed.

B. Effect of the frame width

The contribution of the frame width to the degradation
of the radiation pattern is plotted in Fig. 4. Only the gain
(IEEE) radiation patterns of the central element are shown.
The IEEE definition of gain equals the antenna directivity plus
the antenna radiation efficiency in logarithmic scale, and thus
the mismatching loss is not included. As the width increases,
the energy in the end-fire direction decreases and more energy
reflects in other directions. This effect is even more noticeable
when the width is larger than 2 mm.

Therefore, it can be concluded that the blockage effect of
the metal frame is more critical for the radiation pattern in
the case of the horizontal polarization than the vertical. In the
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Fig. 4. Effect of the frame width in the gain (IEEE) radiation pattern at 26
GHz. (a) φ = 0◦ cut. (b) θ = 90◦ cut. See coordinates in Fig. 1.

next section, a novel technique is introduced to overcome this
blockage.

III. METAL STRIP LAYERS COUPLED TO THE FRAME

As stated in the previous section, mm-wave end-fire arrays
with horizontal polarization face a degradation of the radiation
pattern when the metal frame is added in a handset. To
overcome this problem, coupled strip layers are introduced
in this section.

To illustrate the polarization impact, a patch antenna was
chosen. Nevertheless, one of the main drawbacks of patch
antennas is their narrowband impedance matching. In order to
cover the band n258 of the mm-wave spectrum, a wideband,
high-gain antenna with robust radiation pattern is needed. The
Vivaldi element is a good reference antenna to study in the
presence of the frame, due to its high gain and stable radiation
pattern in a wide band. For that reason, in the rest of the paper,
the Vivaldi antenna is analyzed.

A. Fundamental mechanism

The concept of the coupled strip layers consists of two tilted
strips placed at both sides of the frame, as shown in Fig. 5 (a).
The mm-wave antenna radiates towards the frame. A portion of
the energy is reflected back, but the larger part is coupled to the
metal strip layers. The two metal strip layers work as parasitic
radiators, which re-radiate the electromagnetic waves coupled
from the two edges of the metal frame towards the original
direction. Since the distance from the mm-wave antenna to
each metal strip layer is the same, the electromagnetic waves
re-radiated are added in phase, which combines into end-fire
radiation pattern again in the far-field. In other words, the strips
can be regarded as two radiating sources fed by the coupling
of the energy from the frame. The electric field propagation is
represented in Fig. 5 (b) at a time instant for a frequency of
26 GHz. The first wavefront can be seen at the left side of the
picture, originated by the sum of the coherent radiation from
the parasitic strips. The strip layers are required to be close
to the frame to acquire enough coupled energy. This is one of
the differences with the optical interferometer, in which the
distance is required to be around a quarter wavelength [17].
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radiators
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Fig. 5. (a) Mm-wave antenna with frame and metal strips. (b) E-field of the
mm-wave antenna with frame and metal strip layers (side view).

B. Impact of the coupled strip layers in the radiation of an
antenna array

To compensate the high path losses in the mm-wave band,
antenna arrays are proposed to be embedded in mobile termi-
nals. The principle of adding strips at both sides of the frame
can be extended for the array case. The purpose of the mm-
wave array is steering the beam to provide a good coverage of
the upper hemisphere. For that reason, each layer is composed
of many strips. Fig. 6 shows the two layers at both sides of
the frame with several metal strips.

Fig. 6. Front view of the metal strip layers for the mm-wave array.

To further demonstrate this concept, the surface current of
the Vivaldi array has been plotted along the frame with and
without metal strips layers in Fig. 7. It can be seen in Fig. 7
(a) that the currents flow as standing waves, while in Fig. 7
(b) the currents are coupled along the edges to the metal strip
layers and become weak close to the center of the frame.

The previous subsection introduced the operating principle
of the strip layers. For a better comprehension of the mecha-
nism, the effect of the number of strip layers is assessed below.
Fig. 8 (a) represents the radiation patterns of the Vivaldi array
with no frame (in free-space) with all the elements excited in
phase. Fig. 8 (b) shows the effect of the frame on the radiation
pattern of the array. The width of the metal frame in front of
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Fig. 7. Surface current comparison in dBA/m with respect to the maximum
value at 26 GHz. (a) Without metal strip layers. (b) With metal strips.

the array (top part) is set to be 3 mm in this study. The frame
decreases the gain of the array by at least 3 dBi at the two
higher frequencies, and by more than 4 dBi at 24.25 GHz. If
only one layer of metal strips is added close to the edge of the
frame (Fig 8 (c)), the IEEE gain in the end-fire direction (+x
axis) is improved at 24.25 GHz, but the sidelobes decrease the
gain at the higher frequencies. Nonetheless, placing two layers
of strips redirects the radiation to the +x axis direction across
the target bandwidth, as shown in Fig. 8 (d). This happens due
to the coupling of the electromagnetic wave from the frame to
the metal strips. The metal layers radiate the coupled energy
to the desired end-fire direction. Fig. 9 shows the IEEE gain
of the array at the +x axis for the different number of metal
strip layers placed at the edges of the frame. The IEEE gain
when one layer of metal strips is added is higher than the
one with only frame at the lower frequencies of the band,
but when the frequency increases, the side lobes have higher
value. The improvement in the gain is more significant when
the two layers are placed since the two metal layers act as two
elements of an array.

In order to show that the strip layers do not affect the
vertical polarization, the plots of the patch antenna with strip
layers have also been included in Fig. 2 and 3 for both
polarizations. Simulations show that the realized gain, for the
vertical polarization, does not vary when the two coupled
metal strips layers have been placed next to the borders of
the frame (Fig. 2). This means that the parasitic strips do not
degrade the vertical polarization. The improvement of the gain
is about 7 dBi in the case of horizontal polarization (Fig. 3)
compared to the structure with only the frame. The main beam
points again to the original direction (+x axis).

No frame

24.25 GHz 26 GHz 27.5 GHz

(a)

24.25 GHz 26 GHz 27.5 GHz

No layers

(b)

1 layer

24.25 GHz 26 GHz 27.5 GHz

(c)

24.25 GHz 26 GHz 27.5 GHz

2 layers

(d)

12-18 -10 0 7   dBi3-5 9

Fig. 8. IEEE gain comparison of the in-phase Vivaldi array according to the
number of layers of metal strips at different frequencies. (a) No frame. (b)
No layers. (c) 1 layer. (d) 2 layers.

C. Design considerations for the integration of a mm-wave
array and a metal frame-antenna

The principle and effectiveness of the coupled metal strip
layers have been demonstrated in previous section. In this
section, several considerations for the design of the integrated
mm-wave array with the frame antenna are investigated, such
as angle of the strip layers, gap between the strips, strip length
and antenna-frame distance. The optimal configuration for the
integration of a mm-wave array and a metal frame antenna
can be revealed through the parametric studies. In addition,
it should be noticed that, in all the sweeps, IEEE gain is
used instead of realized gain. The IEEE gain is adopted to



0018-926X (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2019.2900407, IEEE
Transactions on Antennas and Propagation

5

Fig. 9. End-fire IEEE gain (in the +x axis) of the array according to the
number of metal strip layers as a function of the frequency.

exclude the changes in the antenna impedance matching for
some configurations, which provides a fair comparison. The
matching is, however, better than -6 dB in the worst case.

1) Effect of the angle of the strip layers: The IEEE gain
of the array in the +x axis has been represented in Fig. 10
for different angles of the strip layers. The rotation is made by
fixing the edge of the layer that is further away from the frame
(see Fig. 10). The gain variation is not significant in all the
cases but when the layers are parallel to the frame. This means
that even if the layers are not perfectly aligned forming an
angle of 45◦, the gain would not vary significantly. This result
shows that the angle is not a critical parameter for the design.
Similarly, from our studies, the strip-frame distance is not a
critical parameter either. In practice, if the phone is dropped, in
the worst case, the strip layers angle or the strip-frame distance
would be slightly changed or shifted. This would have a very
limited impact on the antenna performance.

0º

90º

Frame

Layer

Layer

Angle

Fig. 10. End-fire IEEE gain (in the +x axis) of the array depending on the
angle of inclination of the strip layers.

2) Effect of the gap between the strips: The spacing be-
tween the different metal strips is one of the most sensitive

parameters. The inter-strip gap mainly affects the mutual cou-
pling between strip elements, which contributes to providing
a wider bandwidth with end-fire radiation pattern. It can be
observed from Fig. 11 that a stable high gain in the end-fire
direction is obtained over a wide band by properly adjusting
the inter-strip gap or coupling. Decreasing the gap shifts the
resonant peaks down in frequency. Therefore, the width of the
gap needs to achieve the maximum gain in the frequency band
(shadowed area). Moreover, the gap needs to be wide enough
to ensure the fabrication viability. Fig. 11 shows that a gap of
0.15 mm provides the highest gain in all the frequency range.
This gap width can be precisely obtained with the milling tools
available.

Fig. 11. End-fire IEEE gain (in the +x axis) of the array depending on the
gap between the strips.

3) Effect of the strip length: A sweep in the metal strips
length is presented in Fig. 12 and it is also a critical design
parameter. The gap width is kept constant in the simulations,
with a value of 0.15 mm. The tendency of the gain with the
length is the opposite than with the gap. If the strip length
is decreased, the gain curve in the +x axis shifts to higher
frequencies. The reason for this behaviour is because the strips
act as parasitic radiating elements. Thus, a higher gain in the
operating band can be obtained with a shorter strip length. The
length which provides the best gain in the end-fire direction
(+x axis), corresponds to 2.55 mm.

4) Effect of the frame-antenna distance: The mm-wave-
antenna distance to the frame is another parameter that needs
consideration. The clearance is a limitation in the design of
mm-wave antennas. However, as Fig. 13 shows, when the
frame is too close to the antenna more energy is reflected
and therefore, the gain is lower. If the top part of the antenna
is located at 7 mm from the frame, the gain exhibits better
performance in almost all the bandwidth. The metal strip
layers are included in this study and all the elements are
excited in phase. The proposed mechanism is valid for any
clearance since the gain is higher with the strip layers than with
just the frame (both at 2 and 7 mm away). Moreover, the gain
enhancement increases even more with a smaller clearance
(e.g. there is a 5 dB increase in a wide band with d = 2 mm
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Length

Fig. 12. End-fire IEEE gain (in the +x axis) of the array with two metal
strip layers for different lengths as a function of the frequency.

compared with the solution without metal strips).

d

Fig. 13. IEEE gain comparison for different distances from the mm-wave
array to the frame.

To sum up, the gap width and strip length have been shown
to be the most critical parameters in the design of the strip
layers. The angle of the strip layers does not significantly
modify the gain in the +x axis. Finally, the strip layers
improve the gain of the structure with respect of no layers
at all, especially for smaller clearances.

IV. FINAL DESIGN AND PERFORMANCE

Through the parameter studies in the previous section, an
optimized Vivaldi array with coupled metal strip layers is
obtained. A complete design together with a low-frequency
metal-frame antenna at sub-6 GHz is presented in this section.
The authors would like to emphasize that the antenna-frame
distance has been set to 7 mm because of design constraints
of the low-frequency antenna. The proposed antenna and its
prototype are shown in Fig. 14 and Fig. 15, respectively. The
proposed antenna is composed by a low-frequency metal-
frame antenna and a mm-wave Vivaldi array with coupled

metal strips. In order to attach the frame to the PCB in
the precise location, protrusions etched in the PCB need to
be inserted in the holes along the perimeter of the bezel as
support spacer (see Fig. 14 (a)). The supports are only made
to facilitate the manufacturing of the prototype and it is not
required in practical applications. Fig. 15 (a) corresponds to
the prototype without the coupled metal strip layers. Due to
the tilted nature of the metal strips, a supporting foam is added
to ensure the right inclination (Fig. 15 (b)) in the manual
fabrication. The metal strip layers are pasted on the inner face
of the foam support, as illustrated in Fig. 15 (c), and then
placed on both sides of the substrate, as Fig. 15 (d) shows.
The top part of the handset frame is slightly narrower than
the rest, so the black sections at both sides of the top frame
correspond to the strip layers (the strips are facing the foam).
The pliability of the foam used to verify the proposed idea can
be avoided in practical massive production, where the metal
strips, mm-wave antennas, and low-frequency antenna would
be integrated together with precision.

A. Dual-loop metal-framed antenna

As shown in Fig. 14 and Fig. 15, the geometry of the low-
frequency antenna is an unbroken metallic frame that covers
the edges of the handset. The dual-loop antenna is formed
when the ground plane of the PCB is combined with the
rimmed-strip. The PCB is grounded on one of the protrusions
on the right side, to form two loops. A 0.5λ mode is generated
at 518 MHz and 985 MHz for the first and second loop,
respectively. High-order resonant modes of both loops are also
excited, and their combination provides a wide impedance
bandwidth. The design of the bezel antenna is based on the
configuration in [21], but any other wideband metal-frame
antennas can be employed. The width of the frame is 5 mm
on the left, right and bottom sides, and 3 mm on the top side.
The reason for making the top part narrower is to make sure
that the highest point in the metal layers does not stand out
from the 5 mm-wide frame. The thickness of the bezel is 0.3
mm. The total dimensions of the phone are 155.7 mm × 88.6
mm. The feeding (port 5) is a coaxial cable that connects the
PCB with the frame (see Fig. 15 (a)) and is located at 29 mm
from the top part of the substrate.

The low-frequency antenna has been measured and the
reflection coefficient is represented in Fig. 16. The matching
criterion for the low-frequency antenna is -6 dB. The measured
impedance bandwidth covers the bands of 822-995 MHz,
1338-2321 MHz and 2429-2780 MHz. The bandwidth and
radiation pattern of the metal frame antenna do not change
when the metal strip layers are added. The simulated mutual
coupling between the low-frequency antenna and the mm-
wave array is below -40 dB in the low band and -32 dB in
the operating mm-wave band. The total efficiency does not
vary either with the coupled metal layers, and its value is
75 %, 85 % and 80 % for the respective bands. Therefore, the
coupled metal strip layers do not change the performance of
the low-frequency antenna.
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Fig. 14. Proposed handset antenna. (a) Top view. (b) Bottom view. (c) Zoomed
view of the metal strip layers with their substrate hidden. (d) Coupled metal
strip layer. (e) Geometry of the Vivaldi antenna.

B. Mm-wave Vivaldi array with coupled metal layers

The geometry of the mm-wave array is shown in Fig. 14.
The array is composed of 4 active Vivaldi elements and two
dummy grounded elements to ensure the similar boundary
conditions for all the driven elements, and therefore match
the edge elements in the array [22]. The Vivaldi element
has overall dimensions of 3.31 mm × 3.61 mm, and it is
implemented on Rogers RO3006 substrate with a dielectric
permittivity of 6.15 and thickness of 0.64 mm. The Vivaldi
antenna is fed by a microstrip line ended with a radial stub
[23], but other feeding methods like SIW [24] can be em-
ployed. The coupled metal strip layers are etched on CuClad
217 substrate of εr = 2.17 and thickness of 0.254 mm to
facilitate the fabrication. As discussed in the previous section,

Mm-wave

antenna

Port 5

Grounding

point
x

y z.

A1 A2 A3 A4

(a)

(b)

Substrate

Foam

Foam

Frame

Strip 

layer

Strip 

layer

(c)

(d)

Fig. 15. Antenna prototype. (a) Antenna without metal strip layers. (b) One
of the metal strip layers and foam support structures. (c) Detailed scheme of
the xz plane with the strip layers placement. (d) Final mounted structure.

the important design parameters are the gap of the metal strips
(sg) and the length (lg). The tilting angle is fixed to (45◦).
The final dimensions of the antenna are listed in Table I. The
measurements and simulated results of the integrated high-
frequency array are discussed in the next paragraphs.

TABLE I
DIMENSIONS OF THE VIVALDI ANTENNA ARRAY AND THE COUPLED

METAL STRIP LAYERS (UNIT: MM)

Parameter Value Parameter Value
Ra 0.53 l5 0.38
s 0.21 l6 1.11
l1 2.48 w2 0.84
l2 0.05 w3 0.53
l3 1.07 Rf 0.58
Rs 0.37 αf 80◦

sep 5.35 lg 2.4
w1 3.31 wg 1
l4 5.21 sg 0.15

A comparison between simulated and measured S11 of the
antenna without frame and metal strip layers and the complete
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Fig. 16. Comparison of the reflection coefficient of the low-frequency antenna.

designed structure is plotted in Fig. 17 (a). The criterion
considered for impedance matching at high frequencies is
a reflection coefficient of -10 dB. Good agreement can be
observed between simulations and measurements, where the
measured bandwidth is only shifted 1.92 % to lower frequen-
cies. The presence of the frame and metal strips layers reduces
the impedance bandwidth around 2.69 %, but it is still wide
enough to cover the 5G band n258 specified in 3GPP, as well
as the n261 band [20]. Fig. 17 (b) shows a comparison of the
S-parameters of the antenna elements A1 and A2 (see Fig. 15
(a)). The reflection coefficient of the antenna elements A3 and
A4 is similar. The mutual coupling in the worst case (A2 with
A3) is lower than -11 dB through the whole bandwidth.

The set-up for the radiation pattern measurement is shown
in Fig. 18. A horn is used as a probe in the measurement
system. Each antenna element is measured at a time, with the
rest of the elements loaded with 50 Ω. The measured antenna is
located in a platform that can rotate 360◦, and the mechanical
arm, where the horn is fixed, can move from θ = 0◦ to 135◦.
The radiation pattern in the H-plane has been plotted in Fig. 19
for the elements A1 and A2 (antenna numbering is specified in
Fig. 15 (a)). The radiation patterns point to the +x axis, which
means that the antenna has end-fire radiation. The shape of the
measured radiation patterns is similar to the simulations. The
side lobe on the non-metal side (θ = −180◦) is a bit high, but
it is due to the shape of the radiation pattern of the Vivaldi
element, instead of the metal strip layers. The representation in
the E-plane is shown in Fig. 20. A good agreement is found
between measurements and simulations. However, the main
lobe direction has been slightly shifted from the +x axis.
Therefore, the cuts represented do not include the maximum
gain value. For that reason, in the measurements, the realized
gain is slightly lower than the simulated at 26 GHz.

Fig. 21 represents the realized gain in the end-fire direction
(+x axis) as a function of the frequency. All the elements
have been plotted individually and also the array is excited in
phase. The realized gain is higher than 8 dBi in the whole the
frequency range.

The resulting simulated beam-steering envelope is shown in
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Fig. 17. S parameter comparison. (a) Reflection coefficient comparison
between measurements and simulations of port 1. (b) Comparison between
the S-parameters of measurements and simulations of the final design.

Fig. 22. In order to obtain the envelope, the maximum realized
gain of 13 beams is plotted at each angle of φ. The progressive
phase shifts generated to obtain those beams are ±45◦, ±60◦,
±90◦, ±105◦, ±120◦ and ±135◦. The array can scan ±60◦

with an average gain higher than 7 dBi for the entire frequency
range.

V. CONCLUSION

Mm-wave horizontally-polarized end-fire antenna arrays
face a degradation of the main beam when the metal frame
of a phone is placed. In order to overcome this obstruction,
coupled metal strip layers have been proposed to be located at
both sides of the frame edge. The coupling between the frame
and the tilted layers allows them to act as a relay, re-radiating
the energy to the desired direction. It has been shown that
these parasitic strips would not affect antennas with vertical
polarization.

The effect of several parameters in the radiation pattern has
also been studied, such as the angle of the strip layers, the
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Fig. 18. Measurement set-up in the anechoic chamber.
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Antenna 1. =0 plane. f=26 GHz

-15

-15

-10

-10

-5

-5

0

0

5 dB

5 dB

90
o

60
o

30
o

0
o

-30
o

-60
o

-90
o

-120
o

-150
o

180
o

150
o

120
o

Meas

Sim

(c)

Antenna 2. =0 plane. f=26 GHz
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Fig. 19. Comparison of the radiation pattern of the elements in the H-plane
at 24.5 GHz and 26 GHz.

gap between the strips, the strip length and the antenna-frame
distance. The most critical parameters have been shown to
be the gap and the strip length. The introduced metal strip
layers have been shown to be able to cooperate with microstrip
patches and Vivaldi antenna elements. For the final design,
the mm-wave array is built of four Vivaldi elements since
they provide a robust radiation pattern besides their broad
bandwidth. The array is able to steer the beam from φ = ±60◦,
with a realized gain higher than 7 dBi. The mm-wave array
has been combined with a double-loop low-frequency antenna
to present a complete prototype of a 5G-enabled handset. The
low-frequency antenna serves as well as the metal frame of
the terminal.

Measured results have verified the simulations. The resulting
mm-wave array is matched between 24 and 27.5 GHz. The
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Antenna 1. =90 plane. f=26 GHz
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Antenna 2. =90 plane. f=26 GHz

-15

-15

-10

-10

-5

-5

0

0

5 dB

5 dB

90
o

60
o

30
o

0
o

-30
o

-60
o

-90
o

-120
o

-150
o

180
o

150
o

120
o

Meas

Sim

(d)

Fig. 20. Comparison of the radiation pattern of the elements in the E-plane
at 24.5 GHz and 26 GHz.

Fig. 21. Simulated realized gain in the end-fire direction (+x axis), of all
the antenna elements and in-phase combination of the array, in the frequency
range.

coupled metal strip layers successfully point the beam in the
end-fire direction, as the radiation pattern from the antenna
elements shows. Good agreement between the simulated and
measured results is also found with the low-frequency antenna,
that covers the frequency bands 822-995 MHz and 1338-2780
MHz.

ACKNOWLEDGMENT

The authors would like to thank the invaluable help of
Ben Krøyer and Peter Jensen with the antenna manufacturing,



0018-926X (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2019.2900407, IEEE
Transactions on Antennas and Propagation

10

-80 -60 -40 -20 0 20 40 60 80

 [deg]

-8

-6

-4

-2

0

2

4

6

8

10

12
R

e
a

liz
e

d
 g

a
in

 [
d

B
]

f= 24.25 GHz

f= 25 GHz

f= 26 GHz

f= 27 GHz

f= 27.5 GHz

Fig. 22. Simulated realized gain beam-steering envelope.

Kristian Bank and Kim Olsen for the chamber set-up, and
Igor Syrytsin and Carla Di Paola for their help with the
measurements.

REFERENCES

[1] W. Hong, K.-H. Baek, Y. Lee, Y. Kim, and S.-T. Ko, “Study and
prototyping of practically large-scale mmwave antenna systems for 5g
cellular devices,” IEEE Communications Magazine, vol. 52, no. 9, pp.
63–69, 2014.

[2] T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang, G. N.
Wong, J. K. Schulz, M. Samimi, and F. Gutierrez, “Millimeter wave
mobile communications for 5g cellular: It will work!” IEEE Access,
vol. 1, pp. 335–349, 2013.

[3] Z. Pi and F. Khan, “An introduction to millimeter-wave mobile broad-
band systems,” IEEE communications magazine, vol. 49, no. 6, 2011.

[4] J. Lee, E. Tejedor, K. Ranta-aho, H. Wang, K.-T. Lee, E. Semaan, E. Mo-
hyeldin, J. Song, C. Bergljung, and S. Jung, “Spectrum for 5g: Global
status, challenges, and enabling technologies,” IEEE Communications
Magazine, vol. 56, no. 3, pp. 12–18, 2018.

[5] S. Zhang, I. Syrytsin, and G. F. Pedersen, “Compact beam-steerable an-
tenna array with two passive parasitic elements for 5g mobile terminals
at 28 ghz,” IEEE Transactions on Antennas and Propagation, pp. 1–1,
2018.

[6] Y. Li and Z.-C. Hao, “A wideband switched beam antenna for full
360 coverage,” in 2017 Sixth Asia-Pacific Conference on Antennas and
Propagation (APCAP). IEEE, 2017, pp. 1–3.

[7] J. Bang, Y. Hong, and J. Choi, “Mm-wave phased array antenna for
whole-metal-covered 5g mobile phone applications,” in Antennas and
Propagation (ISAP), 2017 International Symposium on. IEEE, 2017,
pp. 1–2.

[8] Z. Ying, K. Zhao, T. Bolin, J. Helander, D. Sjöberg, S. He, A. Scan-
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