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Dual-Polarized mm-Wave Endfire
Antenna for Mobile Devices

Resti Montoya Moreno ', Juha Ala-Laurinaho
, and Ville Viikari

Janne Ilvonen

Abstract—This article presents a dual-polarized millimeter-
wave endfire antenna array for mobile devices. The antenna
array is integrated into a metal-framed mobile phone and
radiates through a 20 x 3.5 mm? window in the metal frame.
The measurement results show a realized gain above 6 dBi for
the frequency band of 28-33 GHz for a three-element array.
Beam-steering up to +40° is possible. The array is physically
offset from the metal frame, thus minimizing the capacitive
loading effect on the sub-6 GHz antennas. Moreover, due to the
lack of mechanical contact between the frame and the antenna
module, the antenna is robust against external impacts or hits
to the phone. The design of the antenna module facilitates
integration in mobile devices for mm-wave operation.

Index Terms—S5G, antenna, beam-steering, endfire antenna
array, metal rim, mm-wave frequencies, smartphone.

I. INTRODUCTION

RANSMITTED data over cellular networks have been
increasing at an exponential rate in recent years. In order

to satisfy the needs of future networks, new technical solutions
such as high-order multiple-input multiple-output (MIMO)
antenna arrays, network densification, broader frequency
bands, and higher frequencies will be used [1]. Frequencies in
the range of 20—80 GHz concurrently with sub-6 GHz bands
are expected to be used in future 5G mobile devices [2]-[4].
Thus, new antenna structures are needed in mobile devices to
support the upcoming mm-wave bands. This brings a totally
new set of challenges to mobile phone antenna designers. First
of all, current mobile devices are tightly packed structures,
where the volume reserved for the antennas is extremely small.
Second, the majority of current smartphones have a metal
frame for robustness and esthetic appearance. On the other
hand, directing millimeter-waves in the endfire direction is
challenging since the radiation is blocked by the metal frame.
For a reliable connection, angular coverage of mm-wave
antennas should be as large as possible. Generally, mm-wave
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antennas realized on a printed circuit board (PCB) provide
good performance toward the broadside direction with respect
to the mobile phone [5]. These antennas may also provide
dual-polarized operation using, for instance, dual-polarized
patch antennas [6], [7]. However, the difficulty in achiev-
ing the dual-polarized operation in the endfire direction is
considerably more severe. The reason for the increase in
difficulty is that the PCB is thin with respect to the wavelength
(~10 mm at 30 GHz), which makes implementing antennas
with orthogonal E-fields on the PCB difficult.

Mm-wave antennas must comply with current mobile
phone designs. Thus, the antennas should not degrade the
visual appearance and mechanical robustness, or significantly
increase the manufacturing costs. Moreover, they should not
degrade the performance of the sub-6 GHz antennas. Long-
term evolution (LTE) antennas of metal-framed phones are
typically realized on the metal frame, whose sections act as
capacitive coupling elements (CCEs) exciting radiating current
distribution on the device [8], [9]. A millimeter-wave antenna
module located near the metal frame easily loads the LTE
antenna capacitively or may even short-circuit it. Such a
scenario would significantly decrease the performance of the
LTE antenna, and therefore, any loading of the LTE antenna
should be minimized.

Recently, mm-wave antennas for mobile devices have
attracted increased interest in the academic community, and
several endfire antenna designs have been published in the
literature [10]-[24]. Endfire antennas provide good coverage,
and generally, radiation is directed neither toward the user
nor toward the ground. Kurvinen et al. [14] present a
combination of both LTE and mm-wave antennas. The pro-
posed antenna presents good performance, but the mm-wave
array operates only at a single polarization, and its beam-
steering capabilities are only demonstrated in the +25° range.
Furthermore, the effect of the window on different polar-
izations is not studied. In [15], very good single-polarized
performance is achieved in the 27.5-30 GHz range. On the
other hand, multiple gaps and slots are needed in the metal
frame, which may be impractical. In the design presented
in [16], Stanley ef al. can achieve high gain and wide-angular
beam scanning with a combination of three arrays. Even
though the prototype includes some of the elements of modern
smartphones, a metal frame is not included, and the arrays
only provide a single-polarized operation. In [17], a dual-
polarized mm-wave array is presented using flexible PCBs and
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rod waveguides. However, the array occupies a considerable
volume, and only, simulations are presented. A very wide-
bandwidth mm-wave antenna is presented in [18], but only,
simulation results are shown. In [19], a 28 GHz antenna
inside a cellular handset is presented. The design presents
good beam-steering capabilities, but it is, as most of the
previously mentioned designs, single-polarized, and the mobile
phone does not include a metal frame. A multiband endfire
array that operates at 28, 38, 48, and 64 GHz is presented
in [20]. Even though the concept is very promising, only
simulations are shown. In [21], a dual-polarized mm-wave
module that is partially integrated into the metal frame is
presented. However, the module is not physically offset from
the metal frame and, therefore, requires the use of the special
feed presented in [25], which may be challenging to produce
in a flexible PCB. Furthermore, a shaped window on the metal
frame is required. In [22], an interesting endfire design using
two subarrays, each one consisting of eight slot antennas,
is introduced. However, the bandwidth is relatively narrow,
and it presents a single-polarized operation. In [23] and [24],
the mm-wave antennas are integrated into the metal frame, and
they provide the endfire operation. The first one [23] provides
a single-polarized dual-band operation using two differently
sized slots in the metal frame. The second design [24] presents
the simulation results of a dual-polarized and dual-band patch
array. Patch array is a well-known solution, but it could be
challenging to integrate into the metal frame, thus depending
on the manufacturing technique and design constraints of the
device. Moreover, the mm-wave array directly on the metal
frame easily short-circuits the LTE antenna, if it is realized on
the same metal frame section.

In this article, we present the first experimentally verified
endfire mm-wave dual-polarized antenna array that is imple-
mented in a metal-framed mobile phone structure, where the
mm-wave module is physically offset from the metal frame.
We also study the impact of the window in the metal frame
on the two orthogonal polarizations.

The main novelty of the design relies on the implementation
of the challenging vertical polarization via capacitive coupling
between horizontal transmission lines on a PCB and vertically
placed dipoles on a Mylar film, thus avoiding the need for a
high-quality galvanic connection or soldering, and the overall
packaging of the antenna. The structure of the mobile phone
resembles that of a modern smartphone, where a metal frame
is usually present and the clearance between the frame and
the ground plane is small (1.8 mm). The mm-wave antennas
are placed sufficiently far from the metal frame to avoid a
short circuit or capacitive loading of the sub-6 GHz antennas
implemented in it. The feedlines include a two-step balun
transition that transforms the unbalanced signal from the
connector into a balanced one that feeds each element of the
array. Radiation is directed out of the phone through a small
window in the metal frame. The proposed design presents the
following benefits.

1) The antenna can coexist with sub-6 GHz antennas
since the necessary shaping of the metal frame does
not considerably degrade the low-band (LB) antenna
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Dielectric (gorilla glass)

Fig. 1. Front view of the antenna (outside of the mobile device). Dimensions
are in mm.
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Fig. 2. Schematic of the plastic structure used in the design and their
thicknesses in mm. The figure is not to scale.

(700-960 MHz) performance, and the mm-wave module
is placed 1 mm away from the metal frame.

2) The absence of a mechanical or electrical contact
between the frame and the antenna module makes it
robust against impacts.

3) The presented solution
beamforming.

4) This solution provides an endfire array pattern, which is
essential to complement the 3-D scanning coverage.

supports  dual-polarized

This article is organized as follows. Section II presents the
mm-wave antenna concept and feeding structure alongside
the main antenna dimensions and plastic materials used. The
simulation and measurement results are presented, compared,
and analyzed in Section III. Section IV analyzes the results and
clarifies the differences between the simulated and measured
structures. Section V presents a tolerance study of the main
elements affecting the antenna performance. Finally, conclu-
sions are presented in Section VI

II. ANTENNA DESIGN
A. mm-Wave Antenna

Fig. 1 shows the outer view of the simulated phone
model. The phone includes a window in the metal frame
(3.5 x 20 mm?) in order to enable radiation toward the endfire
direction. Fig. 2 shows the distribution of the main elements
in the proposed antenna concept. The main antenna elements



5926

TABLE I
MAIN DIELECTRIC PROPERTIES
Material Description €r tan 0
Preperm L440 Plastic used to fill the window in | 4.6 0.005
the metal frame
Preperm L700HF | Superstrate 7.0 0.005
Preperm L255 Supporting plastic for reflector 2.55 | 0.005
Rogers 4350B PCB substrate 3.66 | 0.005

Plastic filled window
(Preperm L440)

Metal frame

LD =

Preperm L255

mm-wave PCB
(Rogers 4350B)

] [0
v 5 Pui Pvi P2 Pv2 Pu3 Pv3

Fig. 3.
The metallic unibody of the phone is hidden, and the plastic L255 is partially
transparent. Dimensions are in mm.

Top view of the proposed antenna as seen from inside the phone.

PH2

Fig. 4. mm-wave antennas, placed next to the high-permittivity plastic layer
Preperm L700HF. The V-pol feedlines are guided toward the bottom using
vias. Dimensions are in mm. The PCB and some other parts are removed for
clarity.

of the mm-wave module are the back reflector, the coupling
elements, the superstrate layers, and the window in the metal
frame. Table I summarizes the main electrical properties of all
the dielectrics used in the antenna design.

Fig. 3 shows the proposed antenna structure seen from
inside the phone (top view). First, a reflector isolates the
antenna from the other metallic parts inside the phone. The
reflector is ideally placed at a distance of 1/4 for maxi-
mum directivity of the antenna elements. For the horizontally
polarized elements, the ground plane of the PCB partially
behaves as the reflector, such as the one used in Yagi—-Uda
antennas. For the vertically polarized antennas, the inclusion
of a vertically oriented reflector is necessary in order to achieve
a more directive pattern.

As shown in Fig. 4, the primary coupling elements are
horizontally and vertically polarized (H-pol and V-pol) dipoles.
Each array consists of three elements, and hence, every ele-
ment is used for a different polarization.
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Fig. 5. Prototyped vertically and horizontally polarized antenna PCBs.
(a) Top view. (b) Bottom view.

In order to enhance the radiation properties of the chosen
coupling elements, a high-permittivity plastic layer is added
next to them. In addition, the layer of Preperm L700HF
plastic (¢, = 7, tan 6 = 0.005) allows the reduction of the
dimension of the V-pol and H-pol antennas and also enhances
radiation toward the window in the metal frame. The use of
one or more high-permittivity dielectrics as superstrates in
order to enhance the properties of antennas manufactured on
PCBs has been extensively studied in the literature [26]-[31].
Generally, there is a tradeoff between operational bandwidth
and maximum directivity. Multilayered superstrate designs
may enhance the operational bandwidth. However, although,
with these superstrates, the directivity drops slightly, a thicker
structure is required.

Finally, a window in the metal frame is necessary to direct
the energy from the main couplers toward the endfire direction.
Moreover, this window is filled with the dielectric Preperm
L440 (¢, = 4.6, tan 6 = 0.005), thus creating a multilayered
superstrate structure.

B. Prototype Considerations

A prototype was manufactured to verify the concepts pre-
sented in Section II-A. The antenna is designed so that it
is fed from an integrated multichannel phase-shifter chip.
However, for characterization purposes, the array elements are
fed separately through coaxial connectors. Due to the relatively
large connector size, two PCBs were designed, one to feed the
horizontally polarized array and the other for the vertically
polarized array. Each PCB consists of two metal layers and
one Rogers 4350B substrate layer of thickness 0.254 mm.
Hence, the two PCBs must be interchanged in order to measure
different polarizations. Nonetheless, all the antenna elements
are included on both PCBs, and thus, the nonfed elements
are terminated with 50 Q resistors, as shown in Fig. 5.
As seen from these figures, the horizontally polarized dipoles
are implemented directly on the PCBs since they are on the
same plane, whereas the vertically polarized dipole arms are
oriented perpendicular to the PCB surface.

As shown in Figs. 4 and 5, the V-pol feedlines extend to
the end of the PCB, where one of the two balanced feedlines
is guided to the bottom side of the PCB using three vias.
The vertical dipoles and the reflector are built from copper on
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a)
B ~ Bending axis
Mylar film
Reflector
b) Dipole arm
Feedline
4 vias
PCB
Capacitively
coupled
/ 1mm
Dipole arm
Glue layer Mylar film
Fig. 6. (a) Vertical dipoles and reflector implemented on a Mylar film.

(b) Mylar films bent around the two supporting L.255 plastic.

Metal frame

N\ Mylar films around two
Preperm L255 pieces

Fig. 7. Front view of the prototyped mobile phone model. The plastics
L700HF and L440 are not shown.

a mylar film (see Fig. 6). The mylar film is bent up and down
around two L255 plastic pieces, as shown in Figs. 6 and 7:
one on the top and the other underneath the PCB. The vertical
dipoles are capacitively coupled to the balanced lines in an area
of 1 x 0.35 mm?, thus avoiding the need for any soldering.
In the simulation model, the gap between the capacitively
coupled V-pol dipole arm and the feedline is assumed to
be zero. A tolerance analysis of this distance is presented
in Section V.

The dipoles are balanced structures, and thus, they require
the inclusion of a balanced-to-unbalanced (balun) transition
to make it compatible with most RF measurement devices.
Different balun transitions have been studied in the past
years [32]-[36], some of which require a relatively long
tapering of the ground plane or a wide meandered section.
In this solution, a variation of the balun presented in [37]
is proposed. Since the spacing between the cross-polarized
antenna elements is only 2.5 mm, the 180° phase shift in one
of the arms is performed in two steps. This way, the width
of the balun is reduced sufficiently to fit in the limited space,
as shown in Fig. 5. Compared to the standard solution, the pro-
posed balun presents similar performance when implemented
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1

Fig. 8. Prototyped mobile phone model. Dimensions are in mm.

=
 §

L 4 f ‘
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Fig. 9. Tilted top view of the prototyped mobile phone model. The dielectric
on the top and the metal cover are removed to show the mm-wave module.

in a Rogers 4350B substrate (¢, = 3.66, tan 6 = 0.005)
since the insertion loss (IL) in the frequency band of operation
(24-30 GHz) remains below 1 dB for both solutions.

The prototype, which can be seen in Figs. 8 and 9, is formed
by the PCBs, the SMPM edge-launch connectors, the metal
body of the phone, the top and bottom glass, the shaped POM
plastic, and the superstrate. The two pieces of POM plastic are
screwed to the metal frame in the antenna assembly, and they
are shaped to keep the supporting L255 plastic (¢, = 2.55,
tan 0 = 0.005) and the superstrate L700HF layer in place.
The dimensions of the prototype are 140 x 72 x 6.7 mm?,
which are in agreement with the size of current smartphones.

In order to compare the simulated and measured values,
two simulation models of the PCB are built, of which the first
model has three simulation ports that feed the horizontally
polarized antennas when the vertically polarized antennas are
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mm-wave module included mm-wave module not included

Fig. 10.  Simulation model of the LB antenna, and the desired matching
circuits for the device with and without the mm-wave module. Feed port is
shown in the zoomed-in view photograph.
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— LTELB
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Frequency (GHz)
Fig. 11. Total efficiency of the LB antenna with and without the mm-wave

module.

terminated with 50 Q resistors and the second model similarly
feeds the vertically polarized antennas when the horizontally
polarized antennas are terminated.

The simulated reflection coefficient is below —10 dB
between 24 and 30 GHz for the H-Pol and between
26.5 and 30 GHz for the V-Pol. The simulated peak realized
gain for the three-element array including the feedlines is
above 4.5 dBi for the frequency range of 24-30 GHz and
above 6 dBi between 26 and 30 GHz.

C. LTE LB Antenna

In order to quantify the effect of the mm-wave module on
the sub-6 GHz antennas, an LTE LB antenna is simulated.
As explained in Section I, both LTE and mm-wave antennas
must coexist in future 5G smartphones, thus implying that one
antenna must not deteriorate the performance of the other.
The LB antenna is designed using a CCE implementation
integrated into the metal frame to operate in the 700-960 MHz
band. First, the LB antenna is optimized for a reasonable
performance when the mm-wave module is not included; then,
the mm-wave module is added to the model and the matching
network is recalculated in the matching network optimization
tool Optenni Lab. The simulated antenna structure and both
matching circuits are shown in Fig. 10. Both matching circuits
share the same topology, and only, the component values are
reoptimized. The LB antenna feed is placed in the middle of
the metal frame. Fig. 11 shows the comparison of the total
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Reflection coefficient (dB)

Frequency (GHz)

Fig. 12.  Reflection coefficient of the horizontally polarized antennas. Solid
lines: simulated values. Dashed lines: measured values.

Reflection coefficient (dB)

T4 25 26 27 28 29 30 31 32 33 34 35
Frequency (GHz)

Fig. 13.  Reflection coefficient of the vertically polarized antennas. Solid
lines: simulated values. Dashed lines: measured values.

efficiency for both models with and without the mm-wave
module. As can be seen, introducing the mm-wave module
decreases the total performance of the LB antenna by less
than 0.5 dB. Thus, the effect of the mm-wave module is
much smaller than a solution that would short-circuit the metal
frame. The LTE LB antenna described in this section is not
included in the prototype.

III. MEASUREMENT RESULTS

This section presents the measured results and compares
them with the simulation results. As a result of the available
measurement setup, each antenna port is measured individu-
ally. The three-element array results, i.e., realized gain and
radiation pattern, presented in this section have been obtained
by combining the individually measured, port-specific results
in MATLAB.

An SMPM male edge-launch connector is used to feed
each PCB, and the nonfed elements are terminated with
50 Q resistors. Since only four-port connectors were available,
the right-most connector port is grounded.

Figs. 12 and 13 show the comparison of the simulated and
measured reflection coefficient for the horizontally and verti-
cally polarized elements, respectively. The simulated matching
level is below —10 dB in the 26.5-30.5 GHz band for both
polarizations. However, the measured S-parameters show a
frequency shift. Therefore, the measured matching level is
below —8 dB in the 29-35 GHz band. The simulated isolation
between different polarizations is 15 dB at worst and can be
generally found above 20 dB.
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Fig. 14. Measured and simulated peak realized gain for the three-element

arrays. Solid lines: simulated values. Dashed lines: measured values.
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-12

80 60 40 20 0

Fig. 15. Measured radiation pattern of the three-element array at 30 GHz for
horizontal and vertical polarizations in the broadside direction, respectively.
Realized gain values are in dBi.

Realized Gain (dBi)

80  -60 40  -20 0 20 40 60 80
Direction (°)

Fig. 16. Realized gain radiation pattern of the three-element antenna array at
30 GHz for the horizontal polarization. Solid lines: simulated values. Dashed
lines: measured values.

The peak realized gain versus frequency for the
three-element array is presented in Fig. 14. The measured and
simulated realized gain is above 6 dBi for the 28-33 GHz band
and peaks at 9 dBi for both polarizations. In the 24-26 GHz
range, there is a considerable discrepancy between the simu-
lated and measured peak realized gain values, which is caused
due to a distorted individual beam pattern. Reasons for this
are given in Section IV. The measured radiation pattern for
the three-element array for both polarizations in the broadside
direction at 30 GHz is presented in Fig. 15. Since the main
goal of mm-wave endfire arrays is to complement broadside
arrays for 3-D coverage, the beam-steering capabilities of the
array are of major importance. Beam-steering capabilities at
30 GHz are presented in Figs. 16 and 17. These figures have
been obtained in MATLAB by phasing each individually
measured antenna to maximize the radiated power to the
desired direction. Beam-steering up to £40° is possible for
the horizontal and vertical polarizations with a scan loss close
to 3 dB. According to the simulations, a strong sidelobe
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Realized Gain (dBi)

-80 -60 -40 -20 0
Direction (°)

Fig. 17. Realized gain radiation pattern of the three-element antenna array
at 30 GHz for the vertical polarization. Solid lines: simulated values. Dashed
lines: measured values.

I
/ \

Simulated dipole arm

Manufactured dipole arm

Fig. 18.  Simulated dipole arm (left) and the shorter imperfectly bent
prototyped dipole arm (right). The figure is not to scale.

appears at —50° when the beam is steered to +40°, but
the effect is not seen in the measurements. We believe that
this difference is caused by slightly different positions of the
array with respect to the window, which affects the individual
patterns.

As Section V will show in more detail, the window size is
the main factor restricting the beam-steering capabilities of the
antenna. We kept the window dimensions as small as possible
in order to make the design practically feasible.

IV. MEASUREMENT VERSUS SIMULATION
OF THE REFINED MODEL

In Section III, the simulated and measured results of the
antenna performance were compared. This comparison shows
that the pattern shape and beam-steering capabilities are in
good agreement. However, the peak realized gain is below
the simulated target in the 24-28 GHz range. The main
reason for this drop is the lower matching efficiency in this
frequency range. In this section, we aim to explain the possible
reasons for the frequency shift in the S-parameters presented
in Figs. 12 and 13.

A careful examination of the prototype indicated some key
differences between the prototyped and simulated structures.
First of all, the Mylar film included a 25-50 um thicker
than the expected glue layer. Moreover, in the assembly
process, the Mylar could not be sharply bent to 90°, but
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Fig. 19. Prototyped structure. The superstrate layer is not directly in contact
with the mm-wave antennas.
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Fig. 20. Reflection coefficient of the horizontally polarized antennas when
the simulation model is modified to match the prototyped structure. Solid
lines: simulated values. Dashed lines: measured values.
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Fig. 21. Reflection coefficient of the vertically polarized antennas when the

simulation model is modified to match the prototyped structure. Solid lines:
simulated values. Dashed lines: Measured values.
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Frequency (GHz)
Fig. 22.  Measured and simulated peak realized gain for the three-element

arrays when the simulation model is modified to match the prototyped
structure. Solid lines: simulated values. Dashed lines: measured values.

instead formed a small bending radius (Fig. 18). In addition
to the glue layer, this radius made the vertical dipoles slightly
shorter, thus shifting the operation toward higher frequencies.
Another key difference between the simulated and prototyped
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Fig. 23. Reflection coefficient of the horizontally polarized antenna PH2 as
a function of frequency. Different curves are for different permittivity values
of Preperm L700HF.
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Fig. 24. Reflection coefficient of the vertically polarized antenna PV2 as a
function of frequency. Different curves are for different permittivity values of
Preperm L700HF.
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Fig. 25. Reflection coefficient of the horizontally polarized antenna PH2 as

a function of frequency. Different curves are for different permittivity values
of Preperm 440.

structures is the position of the superstrate layer. In the sim-
ulations, this layer is perfectly straight and directly touching
the mm-wave antennas, whereas, in the prototype, the layer
is partially bent and slightly separated from the antennas
(Fig. 19). Precisely quantifying some of these dimensions
is not possible. Nonetheless, the simulations show that even
small modifications in critical parts of the simulation model
can have a considerable effect on the matching.

Taking into account the findings in the prototype, a new
simulation model was built. In the new model, the superstrate
layer is separated 0.1 mm from the antennas, the vertically
polarized dipoles are 0.1 mm shorter to account for the
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Fig. 26. Reflection coefficient of the vertically polarized antenna PV2 as a

function of frequency. Different curves are for different permittivity values of
Preperm 440.
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Fig. 27. Simulated maximum realized gain for different distances between the
mm-wave antenna and the metal frame for the horizontally polarized antennas.
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Fig. 28. Simulated maximum realized gain for different distances between the
mm-wave antenna and the metal frame for the vertically polarized antennas.

bending radius of the Mylar film, and a 0.1 mm glue layer
is added between the L255 material and the dipole arm.
Figs. 20 and 21 show the matching level for the simulated
modified structure and compare it with the measured results.
A far better agreement between the simulation and measure-
ment results can be seen from these figures for the entire
frequency range of 20-38 GHz. Moreover, Fig. 22 shows the
comparison of the peak realized gain of the new simulation
model to the measurement results. As shown in Fig. 22, there
is also a good agreement between the simulated and measured
results, even in the 24-26 GHz range. The authors believe
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Fig. 29. Reflection coefficient of the horizontally polarized antenna PH2 as
a function of frequency. Different curves are for different distances between
the mm-wave antenna and the metal frame.
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Fig. 30. Reflection coefficient of the vertically polarized antenna PV2 as a
function of frequency. Different curves are for different distances between the
mm-wave antenna and the metal frame.
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Fig. 31. Reflection coefficient of the vertically polarized antenna PV2 as a

function of frequency. Different curves are for different distances between the
feed line and the V-pol dipole arm.

that these are the reasons why the performance of the initial
simulated model and the prototyped structure was different.

V. TOLERANCE ANALYSIS

This section explains how some of the most impor-
tant elements of the design affect the performance of the
mm-wave antenna. The studied parameters are the permittivity
of the superstrate layer (Preperm L700HF), the permittivity of
the plastic inside the metal frame (Preperm L440), the win-
dow dimensions, and the distance between the mm-wave
antenna and the metal frame. Since we have multiple opti-
mization goals, such as efficiency, impedance band, and the
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Fig. 32.
20 x 3.5 mm?® used in the manufactured prototype.

beam-steering range for both polarizations, making straight-
forward conclusions about optimal parameter values is often
challenging. The blue curves in Figs. 23-31 are the reference
results.

A. Superstrate and Window Materials

The layer of high-permittivity plastic allows reducing
the dipole dimensions and focusing the beam toward the
endfire direction. Figs. 23 and 24 show the reflection coeffi-
cient as a function of frequency for different substrate permit-
tivities. The sweep, which focuses on the performance of the
middle ports PV2 and PH2, shows that when the permittivity is
not large enough, the matching worsens rapidly. The vertically
polarized antennas are, as shown in the figures, more sensitive
to the superstrate layer.

On the other hand, the plastic filling of the window in the
metal frame (Preperm L440) heavily affects the horizontally
polarized antennas, whereas its effect on the vertical ones is
not so severe (see Figs. 25 and 26). One of the reasons for this
behavior is that when the permittivity decreases, the dimen-
sions of the window effectively decrease. In this case, if the
metal frame is sufficiently thick, it behaves as a waveguide,
and therefore, the cutoff frequency close to the operating
frequency starts to heavily affect the performance. On the
other hand, when the permittivity increases, the distance of
the window from the antenna is not optimal, and the layer
begins to reflect part of the energy. This could be mitigated by
optimizing the distance between the antenna and the window.

B. Distance Between the mm-Wave Antenna and
the Metal Frame

In this section, we present the antenna performance when
the distance from the mm-wave antenna to the metal frame is
varied. One must note that varying this distance will modify

Envelope radiation pattern when the beam is steered £90° for horizontal and vertical polarizations at 30 GHz for different window sizes.

not only the performance of the mm-wave antennas but also
the capacitive loading of the sub-6 GHz antennas. Therefore,
placing the mm-wave module closer to the metal frame will
result in deterioration in the performance of the LTE antennas.
In this section, we focus only on the performance of the mm-
wave antenna. Figs. 27 and 28 show the maximum realized
gain when the distance between the mm-wave antennas and
the metal frame is varied from 0.5 to 1.5 mm. For the
horizontally polarized antennas, varying the distance translates
into shifting the optimal frequency of the design. This way,
a shorter distance makes the array to operate optimally at
higher frequencies, while a longer one provides better per-
formance at lower frequencies. For the vertically polarized
antennas, placing the antenna closer to the metal frame slightly
increases the realized gain in the upper part of the frequency
band. The same trend can be seen from the S-parameters
shown in Figs. 29 and 30. The field radiated from the antenna
experiences a discontinuity at the window and the surfaces of
the plastic block. As a consequence, there is a small standing
wave that affects the impedance and radiation properties of
the antenna. The standing wave is sensitive to frequency and
physical dimensions.

C. Capacitive Coupling Between Feedline and
V-Pol Dipole Arm

As it was explained in Section II and illustrated in Fig. 6,
the V-pol feedline and antenna are capacitively coupled. The
distance between the two is assumed to be zero in the
simulations. However, in practice, there might be a small air
gap. Fig. 31 shows the comparison of the reflection coefficient
for the port PV2 for different gap values. The design tolerates
up to 20 um air gap without a significant change in the
impedance. According to the simulations, matching deterio-
rates when the gap is 50 um or larger. The antenna could
possibly be made less sensitive to the gap by increasing the
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overlapping surface area of the feed line and the dipole arm.
The larger area should result in larger capacitance and, thus,
stronger coupling.

D. Window Dimensions

The dimensions of the window directly affect the achievable
beam-steering range. The larger the opening, the better is the
antenna performance. However, a small window is preferred
for esthetical reasons and robustness. We studied how the
window size affects the antenna performance. Fig. 32 shows
the envelope patterns (the largest realized gain) for both arrays
with different window sizes as a function of the beam-steering
angle. For the horizontal polarization, the height of the window
is critical in order to achieve a wide beam-steering range.
When the window height is 3 mm, the beam-steering range
is clearly smaller than that with 3.5 and 5 mm heights.
However, a 3.5 mm high window provides almost the same
range as a 5 mm high window. The vertical polarization seems
to be more robust to different window dimensions. Angular
coverage defined by 5 dBi gain is almost the same for all
windows, but larger windows provide slightly larger maximum
gain at small angles (near broadside). Since the three-element
arrays and the window are not symmetric with respect to the
phone, the beam-steering range is not fully symmetric. The
results indicate that the window size is, as expected, a critical
element for the antenna performance, and thus, its size and
filling materials should be taken into account already in the
early design stages.

VI. CONCLUSION

This article presents a 5G mm-wave endfire three-element
phased-array antenna inside a metal-framed mobile phone.
Implementing a dual-polarized endfire antenna array inside
a metal-framed model is a challenging task. The measured
realized gain is above 6 dBi in the 28-33 GHz band, and
beam-steering up to +40° is possible with a scan loss close
to 3 dB. Moreover, the mm-wave module is physically offset
from the metal frame, where sub-6 GHz antennas are generally
implemented, thus not shorting it or degrading its performance
more than 0.5 dB based on the performed simulations. The
presented antenna array, if combined with a dual-polarized
broadside mm-wave antenna, can provide 3-D coverage at
mm-wave frequencies.
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