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Wideband Beam-Switchable 28 GHz
Quasi-Yagi Array for Mobile Devices

Carla Di Paola, Student Member, IEEE, Shuai Zhang, Senior Member, IEEE, Kun Zhao,
Ying Zhinong, Senior Member, IEEE, Thomas Bolin, Gert Frølund Pedersen, Senior Member, IEEE

Abstract—The goal of this paper is to propose a new antenna
array architecture, that aims to solve the most known limitations
of phased antenna arrays, resulting a good candidate for next
5G mobile handsets. The architecture consists of five Quasi-
Yagi antennas printed on the short edge of a Roger RO3003
substrate, pointing different directions, and a switch to feed each
antenna and steer the beam. Simulations prove that the antenna
array can cover the angle of over 180◦ with high gain over
the frequency range from 26 to 40 GHz. Alternative designs
to make the structure more compact further demonstrate the
validity of the concept. The optimized corner array of four
elements is fabricated and passive and active measurements are
performed with the MVG Starlab 50 GHz. The results of the
passive measurements are in accordance with the simulations
and show that the proposed Quasi-Yagi antenna array has large
coverage over the whole bandwidth and peak gain of 8 dBi at 28
and 38 GHz. The active measurements of the array connected to
the FEM and integrated in the phone-case further confirm the
radiation properties of the switchable antenna array at 28 GHz
in a quasi-real scenario.

Index Terms—Mobile terminal antennas, directional antennas,
multibeam antenna array, high gain, wideband, 28 GHz.

I. INTRODUCTION

THE centimeter/millimeter wave bands provide wide band-
widths that can support the higher data rates required by

the future 5G applications [1]. However, by increasing the
operating frequency, the signal wavelength becomes shorter
and consequently the free-space path loss is higher, according
to the Friis transmission equation [2], [3]. Thus, higher gain
antennas are needed to compensate the large path loss [4].
Since high gain leads to narrow radiation beamwidth, the
existing phased arrays are also required to reach a large
beam steering range. Phased antenna arrays present though
bandwidth limitations, since phase shifters do not provide the
correct rate of change of phase with frequency, to guarantee the
same beam pointing over a wide bandwidth [5]–[7]. Also the
chosen array element distance is constrained by the frequency,
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that influences the gain at the lowest frequency and the
coverage at the highest frequency of the interval. Moreover,
due to the limited space reserved in mobile handsets to place
the antenna, the design of compact phased arrays becomes
extremely challenging.

For example, the quad-element microstrip patch antenna
array proposed in [8], achieves a realized gain of 13.5 dBi
at 28 GHz, but presents a complicated layered structure and
is placed in a clearance of 10 mm width. In [9], to obtain
3D-coverage with high gain at 28 GHz, three subarrays of
slot antennas are employed to switch their beam to three
distinct regions. The design aims to overcome the limitations
of directional-phased arrays [10], exploiting the switching
characteristic of the antenna to achieve three-dimensional
scanning coverage, but requires a significant portion of PCB.
The same strategy is adopted for the three subarrays of
microstrip patch antennas introduced in [11]. The structure
occupies, though, the whole upper part of the mobile phone
PCB. Moreover, the above mentioned phased antenna arrays
have a limited bandwidth, e.g. only 1 GHz for the last case.
A wider bandwidth of 3.6 GHz characterizes the four eight-
element subarrays described in [12]. To obtain spherical cov-
erage, two subarrays have been positioned orthogonally to the
top and bottom edges of the PCB, making though the structure
difficult to fabricate. On the contrary, the phased array of slot
antennas arranged on the upper frame of the metal-body of the
mobile handset in [13] presents simple architecture and space
optimization, reaching a gain of 13.7 dBi at 28 GHz. However,
the bandwidth is limited to 1.5 GHz. The efforts in [14] allow
the realization of a dual band phased antenna array at 28 and
38 GHz, despite the complicated structure and the amount of
space occupied on the PCB. By contrast, a simple design is
presented in [15], but the Quasi-Yagi antenna generates only a
unidirectional pattern in the endfire direction with low realized
gain of 6.5 dBi. Yagi-Uda and Qausi-Yagi antenna are also
chosen for the phased array and the switchable array in [16],
[17]. Other end-fire type phased arrays are proposed in [18]–
[20]. In particular, in [19] the Vivaldi antenna exhibit high gain
of 15.9 dBi and the 8-element array in [20] achieves a scan
angle of over 140◦ with realized gain of 13 dBi on average
over the 8 GHz bandwidth.

The multilayer structure of the beamforming network featur-
ing the substrate integrated lens aims to obtain size reduction
and guarantees low profile, low cost and high performance. On
the other hand, this component suffers from narrow band and
high loss, as confirmed by the research works in [21]–[24].

A compact layered topology characterizes also the beam-
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forming network based on a Butler matrix [25]–[27]. Giving
the advantage of covering a wider bandwidth, this kind of
feeding network is affected, though, by higher loss than lens.

The novelty of the proposed design is the realization of
a wideband antenna array, with large coverage and high-
gain at all the frequencies. The architecture includes five
high gain antennas, placed in the upper edge of the mobile
device, realized by optimization of a microstrip-fed Quasi-Yagi
antenna. The antennas do not require phase shifters to steer
the beam and obtain the coverage but, by simply switching
the feeding to one of the elements, it is possible to scan the
desired areas. Therefore, the configuration allows to solve the
bandwidth limitations of the most common phased antenna
array, suppressing any constraint on the phase, that guarantees
the main beam direction in a wide frequency range. Moreover,
due to the absence of any constraint in the distance between
adjacent elements, the antennas are placed in such a way that
ensures low mutual coupling and reduces the spurious lobes
that affect the radiation pattern [28].

On the other hand, the switchable antenna system results
though in a physically larger setup, since only one antenna is
used at a time, compared to the phased array, that allows to
save in antenna area, as the whole aperture is always exploited.
Other drawbacks are the absence of the array multiplication
factor and the smaller number of available discrete beams
responsible of more dips in the envelope, as opposed to phased
arrays which can steer the beam smoothly, providing higher
gain across the scanning range. Last but not least, the proposed
solution is less flexible compared to phased arrays, where the
possibility to select different phase shifts allows to generate
several beams. However, while it is still extremely challenging
for a phased antenna array to achieve a scanning angle larger
than −/ + 60◦ with an acceptable beam quality [29], the
switchable antenna array has been demonstrated to reach a
range coverage wider than −/+ 90◦ and, if placed also at the
bottom of the mobile phone, allows to cover the other half of
the space.

Finally, comparing the proposed structure with the equiva-
lent phased antenna array in Fig. 1, where a phase controller is
needed for the input signal of every antenna, only a switch is
used in order to feed the antenna that covers the corresponding
area.

(a)

SWITCH

(b)

Fig. 1. Sketch of (a) a phased array of 5 elements and (b) the proposed
switchable array of 5 antennas.

The paper is organized as follows. The design of the
structure is presented in Section II, along with the analysis
conducted on the simulated prototype. Section III illustrates
alternative placements and optimizations of the antenna sys-
tem. Section IV shows the results of the passive measurements

run on the realized component, followed by a comparison with
the results obtained from the simulations. Section V deals with
the phone house integration impact evaluated through active
measurements. Finally, Section VI concludes the paper.

II. QUASI-YAGI ANTENNA ARRAY

A. Antennas configurations

The proposed package, shown in Fig. 2, presents a sym-
metric structure consisting of five mictrostrip fed Quasi-Yagi
antennas. Yagi-Uda antennas have been chosen to obtain
unidirectional radiation and high gain, due to their simple
structure, small size, ease of fabrication and low cost [30],
[31]. In order to steer the beam of 180◦, each antenna should
ideally have 36◦ beamwidth, scanning different parts of the
space. To achieve the desired coverage, the original antenna
has been bended by 75◦, giving the first and symmetrically the
fifth antenna, pointing respectively to the left and right side of
the area. For the second and fourth antenna, it had to be bent
35◦, in order to cover the upper left and right part of the space.
Finally, the original antenna pointing 90◦ allows to scan the
top of the sphere. In this way, the properties of wide band and
large coverage can be realized by a simple switchable system
of different antennas.

The antennas are built on both sides of a Rogers RO3003
substrate with permittivity εr = 3 and loss tangent tanδ =
0.001. The substrate has the length of 130 mm, width of
70 mm and thickness of 0.762 mm. Antennas dimensions are
listed in Table I. The truncated ground plane acts as reflector
to maximize the antenna gain. Concerning the bended ground
plane, it is designed following the same inclination as the cor-
responding antenna, in order to focus the energy in the endfire
direction. The driving dipoles are printed symmetrically on
both faces of the substrate. In particular, half dipole, placed in
the bottom of the structure, is grounded in the antenna ground
plane and half dipole on top is connected to a microstrip
line fed by an SPMS connector. The number of directors
of the three central antennas has been reduced, to minimize
the length of the clearance to 6.5 mm. The directors are
printed on both sides of the substrate in order to maximize the
beam directivity. The ladder-like directors, proposed in [32] for
antenna gain and bandwidth enhancement, are chosen for the
central and the corner antennas. Compared to a single director,
multidirectors provide a spatial wave combination and further
enhance the wave propagation in the endfire direction. The
three central antennas present a bowtie driver, that allows to
improve the bandwidth [33], [34]. In fact, the bowtie antenna,
unlike the half-wavelength dipole, is specified by the angle
of the equilateral triangles, not by the length, and hence is
frequency independent. Two symmetric extended stubs have
been added in order to confine their beam, enhancing thus the
directivity.

The main goal of the design is the realization of an antenna
array that achieves a scan angle of 180◦ within a wide
band by simply switching to the feed of one element at a
time. Then the positive results obtained from both simulations
and measurements of the realized component encouraged the
authors to test the performance of the prototype directly in the
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real scenario, where the antenna array is integrated in a phone
case with a glass.

Fig. 2. Geometric structure and parameters of the proposed planar printed
Quasi-Yagi antennas for 5G mobile-phones.

TABLE I
DIMENSIONS OF THE 5G ANTENNAS PARAMETERS (UNITS: MM).

Parameter Value Parameter Value Parameter Value
D12 15 W1 0.4 l2 4.3
D23 10.6 W2 1 ld2 1.9
L11 3.2 W3 1.2 wdr2 1.2
L21 2.6 a 0.95 d2 1.4
L31 4 b 2 dr2 1.7
L12 1.6 c 0.5 l3 5
L22 2.5 l1 3.8 ld3 1.8
L32 2 ld1 1.8 ldd3 2.44
L13 1.4 ldd1 3.08 ls3 0.1
L23 2.5 ls1 0.92 wdr3 1.2
L33 6 d1 1.3 d3 1.1
wd 0.4 dr1 1.2 dr3 1.1

B. Antennas’ performance

The structure has been analyzed using the electromagnetic
simulator CST Microwave Studio 2018. The curves reproduced
in Fig. 3(a) represent the S-parameter characteristics of the
proposed design. Each Yagi-Uda antenna presents wide band,
allowing the whole system a −10 dB matching bandwidth
from 26 to 40 GHz. The presence of resonant frequency points
in the reflection coefficient of each Yagi-Uda antenna is due
to the concentration of the current along the driving dipoles.
The port-to-port isolation between the neighboring elements
is over 20 dB, as proved in Fig. 3(b). Fig. 3(c) highlights
that the realized gain of each component, is above 7 dBi
over the −10 dB impedance bandwidth of 26 − 40 GHz.
With no more than 15.4 dBm input power to the antenna,
it can meet the requirements on EIRP approved by the 3GPP
standard [35]. Moreover, the averaged gain at 28 GHz is about
8 dBi and 9 dBi at 38 GHz. The values in Fig. 3(c) represent
the maximum gain evaluated in the direction of the main lobe,
which varies with the frequency. Table II reports this direction
for antenna 1, 2 and 3 at 28 and 38 GHz (antenna 4 and 5
are symmetrical to 2 and 1 respectively). Considering that
the difference is around 8◦ on average and the main lobe
calculated for each antenna element at the other frequency
points of the −10 dB bandwidth follows approximately the

same direction, it is possible to state that the radiation pattern
is overall stable.
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Fig. 3. Simulated S-parameter characteristics of the proposed antenna
package, (a) return loss and (b) port-to-port isolation, and (c) realized gain
of each Yagi-Uda antenna element. Due to the symmetric structure, the S-
parameter and gain of antennas 4 and 5 are omitted here.

TABLE II
MAIN LOBE DIRECTION OF ANTENNA 1, 2 AND 3 AT 28 AND 38 GHZ.

Antenna 28 GHz 38 GHz
1 71◦ 81◦

2 38◦ 43◦

3 −4◦ 5◦

Figure 4 shows the 3D radiation characteristic of the antenna
system at 28 GHz. It is possible to verify that the radiation
pattern of the first and fifth antennas are symmetric and the
same applies to the second and fourth antennas. As expected,
each antenna covers a specific portion of the sphere with
high gain. Therefore, in order to scan the desired area, it is
necessary to switch to the feed of the corresponding antenna.
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(a) (b) (c) (d) (e)

0 4 8−4−8−12 dBi

Fig. 4. Placement of the 28 GHz Yagi-Uda antenna (a) 1, (b) 2, (c) 3, (d) 4
and (e) 5 within the edge regions of the 5G cellular handset and their desired
coverage.

The radiation patterns depicted in Fig. 5 represent the
coverage of the antenna package at 38 GHz. It is possible to
notice a partial overlap of the patterns, that allows to increase
the gain in the pointed area. Moving to the upper part of the
bandwidth, the beamwidth is expected to be narrower and the
gain consequently higher.

(a) (b) (c) (d) (e)

0 4 9−4−8−11 dBi

Fig. 5. Simulated radiation patterns of the antenna element (a) 1, (b) 2, (c)
3, (d) 4 and (e) 5 at 38 GHz.

The 2D-coverage property of the antennas system for the
selected frequencies is reported in Fig. 6. The curve repre-
senting the envelope at 28 GHz shows that it is possible to
cover an area of 180◦ with a maximum gain of 8.2 dBi and
minimum of 6.2 dBi. However, the ripple of 2 dB is negligible,
as the requirements of the 3GPP standard [35] concern the
peak EIRP/gain and allow a maximum difference of 10.9 dB
below the peak EIRP/gain within the covered solid angle. In
particular, each antenna is able to steer 40◦ beamwidth on
average, with peak gain at 71◦, 38◦ and −4◦ respectively
for the first, second and third element, and symmetrically at
−37◦ and −71◦ for the fourth and fifth. From the comparison
with the plot reproducing the coverage at 38 GHz, it is
possible to notice that the beamwidth of each element is
slightly narrower, with consequently higher ripple of 3.5 dB,
as expected, between the peak gain of 9 dBi and minimum
gain of 5.5 dBi.

III. ALTERNATIVE DESIGNS

The flexibility of the proposed antenna system allows to
deploy different topologies and locations in a mobile handset.
Therefore, in order to optimize the space occupied by the array,
alternative placements are arranged.
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Fig. 6. Spherical coverage of the 5-element antenna system at (a) 28 GHz
and (b) 38 GHz.

A. Side placement

The first step focuses in reducing the distance between the
elements to λ/2 and moving the new compact antenna system
to the left side of the PCB, breaking thus the symmetry of the
structure (Fig. 7). A wide portion of clearance, d = 10 mm,
has been saved to allocate to other components of the mobile
device. This new positioning required, though, to adjust the
length of the microstrip feeding lines, to improve impedance
matching. Therefore, L31 has been extended to 6.5 mm and
L33 is 2.6 mm longer. The aim of the new design is to exploit
the neighboring antennas as passive elements, with the only
function to direct the beam towards the desired direction. In
fact, comparing the curves in Fig 8, the presence of antenna
1 and 3 is fundamental for antenna 2 to point the main
beam to 30◦ instead of 60◦. The gain is also 1.3 dB higher
thanks to the neighboring elements. The −10 dB impedance
bandwidth covers 24 − 42 GHz with port-to-port isolation
higher than 20 dB. Fig. 9(a) shows that the realized gain of
each component is higher than 6 dBi in the band 28−42 GHz.
In Table III the direction of the main lobe for each antenna
element is given at the reference frequency points, 28 and
38 GHz. As depicted in Fig. 9(b), a broader coverage with
a scanning angle wider than 180◦ is guaranteed. Due to the
asymmetry, the first and fifth antenna have different radiation
pattern and gain. In particular, the gain of the fifth element
decreases 1.5 dB compared to the case of placing this array
in the middle of the short edge. Moreover, the three central
antennas suffer a decrease in gain of 1 dBi on average, because
of the smaller distance between each other. Therefore, the
side configuration achieves maximum gain of 7.7 dBi and
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minimum of 4.2 dBi, giving thus a ripple of 3.5 dB.

Fig. 7. Side placement of the Yagi-Uda antenna package.
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Fig. 8. 2D radiation pattern of antenna 2 with and without the presence of
the antenna 1 and 3 as passive elements.
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Fig. 9. (a) Realized gain of each Yagi-Uda antenna element in the side
placement as a function of the frequency and (b) spherical coverage at 28 GHz.

B. Corner placement

In order to make the structure more compact and occupy
a smaller area on the PCB, the Yagi-Uda antennas have been

TABLE III
MAIN LOBE DIRECTION OF THE ANTENNA ELEMENTS AT 28 AND 38 GHZ.

Antenna 28 GHz 38 GHz
1 75◦ 78◦

2 29◦ 31◦

3 −5◦ 0◦

4 −14◦ −36◦

5 −79◦ −92◦

positioned in the corner (Fig. 10). In the new location only
four antennas are required to guarantee the same coverage
but, unlike the previous configurations, the corner placement
allows to cover the right side of the sphere, instead of the
upper part. A distance D12 = 6.25 mm divides the two
antennas on top, whereas the other two elements in the side
are placed D34 = 7 mm apart. The antenna system is located
d1 = 48 mm distant from the left side and d2 = 75 mm from
the bottom. The −10 dB impedance bandwidth is 24−42 GHz
with port-to-port isolation higher than 20 dB. Fig. 11 shows
that the realized gain of each component is higher than 7 dBi
in the band 28 − 40 GHz. As for the previous designs, the
direction of the main lobe for each antenna element at 28 and
38 GHz is reported in Table IV. In this case, even though
the direction of the radiation pattern is not stable over the
frequency interval, the desired scan angle is obtained, because
the main lobe of each antenna results rotated of approximately
the same angle. Finally, the same structure, printed in the
opposite corner, guarantees to cover the total sphere. For all the
afore-mentioned advantages, the authors decided to fabricate
the corner antenna array system, which represents a good
trade-off between performances and dimensions.

Fig. 10. Corner placement of the Yagi-Uda antenna package.

TABLE IV
MAIN LOBE DIRECTION OF THE ANTENNA ELEMENTS AT 28 AND 38 GHZ.

Antenna 28 GHz 38 GHz
1 −19◦ −37◦

2 −45◦ −77◦

3 −110◦ −127◦

4 −147◦ −167◦
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Fig. 11. Realized gain of each Yagi-Uda antenna element in the corner
placement as a function of the frequency.

IV. PASSIVE MEASUREMENTS RESULTS AND DISCUSSION

Figure 12(a) is the photograph of the fabricated corner Yagi-
Uda array prototype. S-parameters are evaluated using the
Keysight N5227A Power Network Analyzer (PNA) and are
presented in Fig. 13 for comparison with the corresponding
simulation results. The curves related to the return loss of
the realized component show a higher value of the reflection
coefficient, but the −6 dB bandwidth is confirmed to be
26−40 GHz. Same considerations apply to the measured inser-
tion loss for all the ports, which is less than −20 dB, reporting
a good agreement between simulations and measurements.

Figure 12(b) shows the setup for the passive measurements,
carried out in the frequency interval 26−40 GHz. The radiation
performance of the realized component have been measured
with the MVG Starlab 50 GHz in Paris. A description of both
passive measurements run over the antenna mockup followed
by active measurements conducted on the array integrated into
the phone-case is given along with the corresponding results.

In particular, the simulated and measured radiation pattern
cuts at θ = 90◦, calculated both at 28 and 38 GHz (Fig. 14 and
Fig. 15 respectively), prove that the desired beam scanning
of 180◦ is achieved. Moreover, the curves follow the same
trend but, at the lower frequency point, the realized component
suffers a decrease in gain of around 1 dB and a higher ripple
compared to the simulations. In fact, the measured peak gain
is 6.5 dBi, versus the simulated of 7.8 dBi, and the minimum
gain drops from 4.2 dBi in simulations, where the ripple is
3.4 dB, to 1 dBi in measurements, giving thus a ripple of
5.5 dB. A better agreement is shown at 38 GHz, with measured
maximum and minimum gain of 9.6 and 1.6 dBi respectively
and consequent higher ripple than 28 GHz, as expected.

Fig. 16 reports the comparison between the 3D radiation
patterns at 28 GHz, which represent the total power at both
polarizations. The measurement setup allowed to evaluate the
realized gain of the four Yagi-Uda antenna for each value of
φ while θ varies from 0◦ to 180◦. The measured radiation
patterns in Fig. 16(b) match the ones obtained from the
simulations in Fig. 16(a). The antennas cover the proper area,
even though with lower gain, which decreases significantly
for θ > 160◦, due to limitations of the measurements setup.
Same considerations apply to the simulated and measured 3D
radiation pattern at 38 GHz, showed in Fig. 17. The plots
highlight also that the measured gain is approximately 2 dB

(a)

z

x y

φ

θ

(b)

Fig. 12. Fabricated Yagi–Uda antennas on a Rogers RO3003 substrate (top
and bottom layer) and passive measurements setup in the MVG StarLab
50 GHz.

higher compared to the lower frequency and, as expected, the
beamwidth is narrower both along φ and θ.

Looking at the plots of the total scan pattern (TSP) in
Fig. 18, it is possible to state that the expected beam steering of
180◦ is obtained. The TSP of an antenna array is obtained from
all array patterns corresponding to the beam for the different
array scan angles by extracting the best achievable gain value
at every angular distribution point. In other words, the TSP of
this design is the 3D envelope of all the individual antenna
patterns. The spatial performance of the antenna array can be
evaluated in terms of the coverage efficiency [36]:

ηc =
Coverage Solid Angle
Maximum Solid Angle

(1)

where maximum solid angle is defined as 4π steradians in
order to account for the arbitrary angle of arrival and arbitrary
orientation of the mobile device. The coverage efficiency is
calculated from the total scan pattern with respect to the
chosen set of the gain values.
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Fig. 13. Comparison of the simulated and measured S-parameter character-
istics of (a) array elements 1 and 2, and (b) antenna 3 and 4.
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Fig. 14. 2D-radiation pattern evaluated at θ = 90◦ of the of the (a) simulated
and (b) measured antennas package at 28 GHz.

In Fig. 19 the coverage efficiency at 28 and 38 GHz
is plotted versus the realized gain. Fixed ηc = 0.5, the
gain of the measured structure at 28 GHz is approximately
3 dB lower than the simulated one. From the comparison of
the curves representing the coverage efficiency at the higher
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Fig. 15. 2D-radiation pattern evaluated at θ = 90◦ of the of the (a) simulated
and (b) measured antennas package at 38 GHz.

frequency, it is possible to notice a reduction in gain of
2 dB in the measurements, compared to the simulations. The
significant decrease in gain performance can be justified by
the poorer matching of the realized component compared to
the simulations, that can be caused by the installation of the
connectors as well as the antenna mockup fabrication issues.

V. ACTIVE MEASUREMENTS AND PHONE HOUSE
INTEGRATION IMPACT

This section investigates the activate front end module
(FEM) and phone house integration impact on the antenna
array performance, in order to validate its feasibility for mobile
handset application. The active measurements are performed
on the Yagi-Uda antenna array, connected to the FEM and
placed inside a polycarbonate case, 0.7 mm distant from the
cover. The dimensions are given in Fig 20(b). The main parts
of the FEM, realized by Sony, are highlighted in Fig. 20(a).
It is composed by a Power Amplifier (PA), a Low Noise
Amplifier (LNA) and two single-pole, four-throw (SP4T)
switches. The first SP4T swtich is used for swithcing between
PA and LNA and the second SP4T switch is for selecting the
active element. The LNA is open during the measurements,
since the performance are evaluated only in the transmission
phase. The gain characteristic of the FEM evaluated in the
frequency band 20 − 40 GHz is plotted in Fig. 21(b), along
with a picture of the measurement setup in Fig. 21(a), and
highlights 15 dB gain at 28 GHz. Moreover, Table V contains
the information regarding the feeding network and the gain of
the antenna elements at the measured frequency point for the
calculation of the link budget. The active measurements setup,
shown in Fig. 20(c), consists of a spectrum analyzer connected
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Fig. 16. 3D-radiation pattern (a) simulated and (b) measured at 28 GHz. For
φ varying from −180◦ to 180◦ the corresponding value along θ has been
plotted.

to the probe array, a power supplier, a signal generator with
−10 dBm input power and the power amplifier belonging
to the FEM. The 3D-radiation pattern of the four Yagi-Uda
antennas, calculated only at 28 GHz, is obtained rotating the
setup along φ, while θ varies from 0◦ to 162◦.

TABLE V
FEEDING NETWORK AND ANTENNA CHARACTERISTICS AT 28 GHZ FOR

THE LINK BUDGET.

Switch Insertion-Loss = 1.6 dB
FEM Gain = 14− 15 dB ∗

Cables Insertion-Loss = 1 dB
Antenna 1 Gain = 8 dB
Antenna 2 Gain = 7.6 dB
Antenna 3 Gain = 7.1 dB
Antenna 4 Gain = 7.8 dB

∗ The value of the gain of the FEM includes the insertion loss of the switch.

The radiation pattern of each antenna is presented in
Fig. 23(a). The desired coverage is achieved at 28 GHz with

-20 -15 -10 -5 0 105 dBi

(b)(a)

Fig. 17. 3D-radiation pattern (a) simulated and (b) measured at 38 GHz. For
φ varying from −180◦ to 180◦ the corresponding value along θ has been
plotted.

EIRP of 16.7 dBm on average, due to limitations of the
measurement system, which allows only the above mentioned
−10 dBm input power. Moreover, an unwanted back radiation
caused by the FEM can be observed, though, in the bottom
right corner of all the plots, showing a magnitude of 19.5 dBm
on average. The responsibility of the FEM for the alteration of
the radiation pattern is further proved by the radiation pattern
obtained from the simulations (Fig. 22(a)), where the FEM is
not included, and is possibly due to the large size of the board
and the absence of a shielding structure.

A notable alteration of the radiation properties of the
antennas can be attributed to the presence of the display,
a glass panel 0.5 mm thick, with permittivity εr = 6 and
loss tangent δ = 0.03. The highly conductive material is
responsible for interacting with the electric currents on the
surface of the antenna, lowering as a result its performance.
In fact, as depicted in Fig. 23(b), each antenna element suffers
from a significant decrease in gain, when the glass is mounted
on the phone-case. In particular, it is possible to notice that,
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Fig. 18. Total Scan Pattern (TSP) of the proposed antennas package. (a)
Simulated and (b) measured at 28 GHz, (c) simulated and (d) measured at
38 GHz.
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Fig. 19. (a) Simulated and (b) measured coverage efficiency characteristics
of the antenna system for the analysed frequencies.

when the display is positioned in φ = 0, the EIRP drops
to 0 dBm, as emerged also from the simulations results in
Fig. 22(b). On the other hand, the undesired back radiation
increases its power and enlarges its coverage.

Therefore, to further evaluate the influence of the phone-
case and the glass on the antenna performance, the surface
currents related to the first element are simulated with CST

Switch 1

PA

Switch 2

LNA

(a)

(b)

z

x

y

φ

θ

(c)

Fig. 20. (a) Yagi–Uda antenna array connected to the Sony FEM and mounted
inside the Sony phone-case prototype, (b) dimensions of case and glass, and
(c) active measurements setup in the MVG StarLab 50 GHz

and plotted in Fig. 24 with the time average amplitude. Con-
sidering the effects of the phone-case on the antenna behaviour
(Fig. 24(b)), it is possible to observe that the current generated
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Fig. 21. (a) Measurement setup to test the gain performance of the FEM and
(b) results in the band 20− 40 GHz.

by antenna 1 is not only directed to the next antenna element,
but it also flows down to the substrate. More significant is the
impact of the glass, as visible in Fig. 24(c). In fact, due to
its presence, the surface currents are also spread back to the
ground plane and along its top and right edge.

Finally, simulations are carried out to analyse how a case
made up of different material affects the radiation performance
of the antenna array. In particular, the polycarbonate case
used for the active measurements is compared to a ceramic
and a metal frame. The radiation patterns of the first antenna
element in the first two cases are very similar but, while with
the polycarbonate frame the main beam reaches a maximum
gain of 6.9 dBi (Fig. 25(a)), with ceramic it is possible to
notice a lower gain of 6.1 dBi and a significant reflection
of 5.9 dBi (Fig. 25(b)). Moreover, looking at the results in
Fig. 25(c), it turns out that the metal frame totally alters the
radiation characteristics of the antenna, reflecting the main
beam with 7 dBi gain towards the bottom of the structure,
while the desired area is covered with only 4.2 dBi. This
metal blockage to the main beam generally happens to nearly
all the horizontally-polarized antennas, and can efficiently be
suppressed by the technique in [37].

VI. CONCLUSION

This work is focused on the investigation of an alternative
design to solve the performance limitations of the phased
antenna arrays. First goal to accomplish is the realization of a
wideband component with large coverage and high gain over
the whole frequency range. Therefore, it is necessary to elim-
inate any dependence of the frequency to the phase, so to find

-20 -15 -10 -5 0 105 dBi

(b)(a)

Fig. 22. Simulated radiation pattern at 28 GHz of the corner antenna array
(a) inside the phone-case and (b) with the glass respectively. For φ varying
from −180◦ to 180◦ the corresponding value along θ varying from 0◦ to
180◦ has been plotted.

a different solution to allow beam steering without the need
for phase shifters. The initial design consists of a switchable
array of five high gain Quasi-Yagi antennas with different
orientation, placed on the short edge of the mobile device PCB.
Switching to the feed of each element, it is possible to scan an
area of 180◦ with realized gain of 8 dBi on average at 28 and
38 GHz. The structure is then optimized, giving a compact
corner array of four elements, which has been fabricated and
then measured with the MVG Starlab 50 GHz. The passive
measurements results are evaluated by considering the 3D-
radiation pattern of the single elements and the TSP of the
whole array. Despite a reduction of 2 dB in gain at the lower
frequencies, the radiation properties of the realized prototype
are confirmed. Moreover, active measurements of the array
connected to the Sony switch and integrated in the phone-
case lead to similar conclusions, the desired area is covered
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Fig. 23. Measured radiation pattern at 28 GHz of the corner antenna array
(a) inside the phone-case and (b) with the glass respectively. For φ varying
from −180◦ to 180◦ the corresponding value along θ varying from 0◦ to
162◦ has been plotted.

by simply switching to the feed of the corresponding antenna
element. Future work requires careful consideration of the
effects of the high permittivity components on the performance
of the proposed antenna array. A further improvement consist
in exploiting different kind of antennas in order to maximize
the gain and reduce the width of the clearance to 5 mm, as
required by the 5G mobile communication systems.
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