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Abstract—Fifth generation (5G) mobile networks utilize
millimeter-waves (mm-waves) to achieve higher data rates. This
paper presents a dual-polarized antenna array that operates at
28 GHz (27.5–29.5 GHz) and 38 GHz (37–39 GHz) bands and is
usable in mobile handsets. The array is based on slot antennas
with separate feeds for each polarization and band. The multi-
feed structure allows us to improve isolation between bands. The
dual-polarized array has a peak realized gain of 10–13 dBi and
it is capable of beam-steering for up to ±35◦ or ±50◦ at 28 GHz
and 38 GHz bands, respectively. The performance of the array
in the presence of a smartphone chassis is also studied.

Index Terms—antenna array, beam-steering, dual-band, dual-
polarization, fifth generation (5G), handset, isolation, millimeter-
waves, slot antenna

I. INTRODUCTION

One of the most significant changes that the fifth generation
(5G) mobile networks introduce is the utilization of millimeter-
wave (mm-wave) frequencies. The spectrum available in the
mm-wave range allows up to 1000 times higher network
capacity [1]. The new frequencies require new antennas that
need to be incorporated into a mobile handset [2], [3]. To
compensate for the higher path loss, mm-wave antennas are
used in directive arrays. By placing beam-steerable arrays on
several sides of a mobile phone, good coverage is achieved
and the user does not have to consider the orientation of the
device [4]–[6].

Whereas at sub-6 GHz frequencies multiple-input multiple-
output (MIMO) is a common diversity technique, diversity
is achieved by using orthogonal polarizations at mm-waves.
Dual-polarized antennas also enable a reliable data transfer as
the orientation of the device is not an issue anymore. Dual-
polarized designs for handset antennas have been presented in
[7]–[10].

Antennas for frequencies around 28 GHz are studied a lot
recently [2]–[4], [6]–[10]. However, also the band around
39 GHz and especially dual-band antennas are under inter-
est [11]–[14]. Designs presenting both dual-band and dual-
polarized antennas are at the moment rare [15], [16]. The
designs in [15], [16] incorporate both bands and polarizations
into a stacked patch structure. This keeps the structures very
compact, and thus, suitable for handset use.

This paper presents a slot antenna array that is dual-
polarized and supports both bands at 28 GHz and 38 GHz.
Each band and polarization is fed separately to improve the
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Fig. 1. Individual slot antenna element.

isolation between the elements. The presented design operates
at 27.5–29.5 GHz and 37–39 GHz (28 GHz and 38 GHz bands,
respectively) achieving 10–13 dBi realized gain with a steer-
able beam. It is also known that antennas for modern handsets
cannot be designed completely independently as the chassis
of the device affects performance [17]. Therefore, we also
present the performance of the designed array when attached
to a simple smartphone chassis.

II. SLOT ANTENNA DESIGN

Slot antennas are much studied for handset use especially at
the sub-6 GHz frequencies [18]–[20] but also at the mm-waves
[9], [20]–[22]. Slot antennas as magnetic-type structures are
practical to implement in metal objects, such as a smartphone’s
body. Hence, slots are chosen for this work.

The antennas are designed on a printed circuit board (PCB).
The substrate is 0.8-mm thick Rogers RT5880 (εr = 2.2,
tan δ = 0.0009). An individual slot that resonates either at
the 28 GHz or the 38 GHz band is realized on a 12×12 mm2

PCB backed with a reflector. The slot antenna is shown in
Fig. 1 and its dimensions are listed for both bands in Table I.
The width of the slot is 0.1 mm.

The structure is simulated and dimensions optimized in
CST Microwave Studio. The modified structural parameters
are length l and width w of the metal plate, the length of the
slot ls, and the feed location d. The reflection coefficients for
the individual antennas are shown in Fig. 2. The larger slot
has a good resonance at around 28 GHz with −10 dB band
at 27.2–29.3 GHz. The smaller slot has the −10 dB band at
37.3–39.8 GHz with a strong resonance near 38 GHz.



TABLE I
DIMENSIONS OF THE SLOTS IN MILLIMETERS FOR THE 28 GHZ AND

38 GHZ BANDS

Dimension 28 GHz 38 GHz
l 4.7 3.54

w 2.25 1.3

ls 3.8 2.95

d 2.6 0.7
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Fig. 2. Reflection coefficients of the individual slot antennas.
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Fig. 3. Individual slots combined together. All dimensions are in millimeters.

Based on the achieved resonances and good −10 dB band-
widths that nearly cover the whole operational bands, these
slots are good candidates to form the final array.

III. DUAL-POLARIZED ANTENNA ARRAY

A. Array Unit

As the slots designed in Section II are linearly polarized
and operate only at one band the array unit has to consist of
several of these slots. To obtain two orthogonal polarizations
at both bands, a total of four slots are needed for the array
unit. Fig. 3 shows the configuration, where slots 1 and 3 in
the middle excite the vertical polarization (ϕ-component of
the electric field) and the edge slots 2 and 4 the horizontal
polarization (θ-component of the electric field).

The S-parameters of the system with the initial dimensions
are shown in Fig. 4. Since the slots are not anymore placed
in the center of the substrate, and also due to the introduced
coupling between the elements, the resonances and bands are
changed quite remarkably. Especially the vertical element 1 at
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Fig. 4. S-parameters of the array unit with the initial dimensions.

TABLE II
DIMENSIONS OF THE ARRAY UNIT IN MILLIMETERS

Dimension 28 GHz
Vertical

28 GHz
Horizontal

38 GHz
Vertical

38 GHz
Horizontal

l 4.8 4.8 3.6 3.7

w 2.4 2.4 1.3 1.3

ls 3.8 3.5 2.9 2.95

d 2.2 1.25 2.35 0.58
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Fig. 5. S-parameters of the array unit after reoptimizing the dimensions.

28 GHz has noticeably deteriorated performance compared to
the initial case.

To achieve better performance, the dimensions of the array
unit are reoptimized. The updated dimensions are listed in
Table II. The new S-parameters are shown in Fig. 5. Now the
resonance of each antenna near 28 GHz or 38 GHz. However,
the achieved −10 dB bands are narrower as the antennas
couple to one another. Also, the operational bands of the
28 GHz slots do not completely overlap as the vertical element
is shifted to a slightly higher frequency.

The in-band coupling between different polarizations (S21,
S43) is below −25 dB at both bands. Between bands (S31,
S42) the couplings between the same polarizations are below
−16 dB.

B. Isolation Improvement Between Bands

The main reason to feed each slot separately is to achieve
high isolation between the bands. Even though the operational
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Fig. 6. Effect of the feed location on the isolation between antennas 1 and 3.
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Fig. 7. Constructed slot antenna array.

frequencies are roughly 10 GHz apart from each other, the
antennas anyway couple to each other. Let us use the vertical
elements as an example and study the effect of the 28 GHz
antenna’s feeding location on the isolation between the ele-
ments.

For example, in [16], the isolation between polarizations
is 15 dB at the 38 GHz band as both bands are excited from
the same feed. Now, as we have separate feeds for the two
bands, we have more freedom in the design. Fig. 6 shows the
effect of adjusting the feed location of the 28 GHz element. In
the figure, d denotes the distance from one end of the slot as
shown in Fig. 1. It is seen that isolation slightly improves as
the feed location d increases. However, as isolation improves,
we also see a variation in the reflection coefficient. For the final
structure, d = 2.2 mm is a good trade-off between isolation
and matching. Similar way we obtain a small improvement
also between the horizontal elements.

C. Whole Array

The designed antenna configuration is extended to a four-
element array for increased gain and beam-steering capability.
The constructed array is shown in Fig. 7. The element spacing
is 5.5 mm which corresponds to roughly 0.5λ at 28 GHz. At
38 GHz, this spacing accounts for 0.7λ, which will restrict the
beam-steering range as the grating lobes start to arise with
larger scanning angles. However, with the designed structure
this trade-off is inevitable.

The slot elements are well-matched in the array config-
uration, as Fig. 8 shows. Most of the elements cover their
whole operational band with −10 dB reflection coefficient. At
the 38 GHz band the coupling between neighboring vertical
28 GHz and 38 GHz slots (28V-38V) is around or below
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Fig. 8. Reflection coefficients of the slot elements and couplings between
neighboring slots. 28V, 28H, 38V, and 38H refer to vertical (V) and horizontal
(H) elements at 28 GHz or 38 GHz. 28H-28H refers to couplings between
neighboring horizontal 28 GHz slots and 28V-38V between vertical 28 GHz
and 38 GHz slots.

−15 dB. Between neighboring horizontal 28 GHz slots (28H-
28H) the couplings are higher than −15 dB due to the small
gap between them.

Fig. 9 shows the simulated realized gain patterns for both
polarizations at 28 GHz and 38 GHz. It is noticed that the
patterns of the horizontal elements (Figs. 9c and 9d) are
divided. This is because the elements are close to the edge
of the PCB, and hence do not have enough reflector backing
the structure. Also, the beam of the vertical element at 38 GHz
is slightly tilted (Fig. 9b).

Beam-steering is done by phasing the array with progressive
phase shifts between the elements. The results are shown in
Fig. 10. At 28 GHz, the maximum realized gain in broadside
direction is around 10 dBi. In the horizontal elements, the
beam can be steered ±45◦ before a 3-dB scan loss takes place.
In the vertical elements, ±50◦ steering is possible without
significant losses.

At 38 GHz, the maximum realized gain is around 13 dBi in
broadside direction. The horizontal elements can be steered
±35◦. However, the steering of the vertical elements is not
as successful, as the scan range is only ±25◦ due to arising
grating lobes. The tilt of the beam without phasing the array
and very limited scan range is a result of a nonoptimal element
pattern. The vertical 38 GHz element is much smaller than
the two 28 GHz elements in the array unit, as Fig. 3 showed.
Therefore, the larger elements act as additional reflectors for
the 38 GHz slot resulting in the tilted beam.

IV. PRESENCE OF THE HANDSET CHASSIS

As the designed array is intended for mobile handset use,
let us attach it to a simple mobile phone chassis. Since this
design is realized on a PCB and physically occupies more
space than many published designs in the edges of the phone,
it is practical to place the array to the front or back cover of
the phone. As the front face is occupied by the display, the
back cover is a more feasible location.

We use simple metal-rimmed smartphone model with the
size of 150 × 75 × 6 mm3, which corresponds to common
commercial phones. The array placed in the middle of the
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Fig. 9. Realized gain patterns of the array in the vertical elements at (a)
28 GHz and (b) 38 GHz, and in the horizontal elements at (c) 28 GHz and (d)
38 GHz.
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Fig. 10. Realized gain of the array in the vertical elements at (a) 28 GHz and
(b) 38 GHz, and in the horizontal elements at (c) 28 GHz and (d) 38 GHz in
the xy-plane with different progressive phase shifts between the elements.

back cover as Fig. 11 shows. In this configuration, the whole
smartphone body acts as a ground plane increasing the size of
the reflector backing the slots.

Fig. 12 shows the S-parameters of the array in the presence
of the handset chassis. The resonance frequencies and −10 dB

150mm

75mm
6mm

Fig. 11. Designed array attached to a smartphone chassis.
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Fig. 12. Reflection coefficients of the slot elements and couplings between
neighboring slots when the array is attached to the phone chassis. 28V, 28H,
38V, and 38H refer to vertical (V) and horizontal (H) elements at 28 GHz or
38 GHz. 28H-28H refers to couplings between neighboring horizontal 28 GHz
slots and 28V-38V between vertical 28 GHz and 38 GHz slots.

bandwidths are not remarkably affected by the chassis. At the
28 GHz band, the couplings between neighboring horizontal
28 GHz slots (28H-28H) are slightly reduced compared to
Fig. 8. However, between neighboring vertical 28 GHz and
38 GHz slots (28V-38V) the couplings have increased a little.

The radiation patterns of vertical elements are as desired,
as seen in Figs. 13a and 13b, although the 38 GHz pattern
is still tilted. However, the horizontal beams are divided into
many narrow beams, as Figs. 13b and 13c show. This behavior
is a result of surface waves traveling in the chassis, and
radiating through the small clearances in the short ends of
the chassis required by the sub-6 GHz antennas. This points
out that handset antennas should not be designed completely
individually without taking into account other components of
the device.

V. CONCLUSION

This paper presented a dual-band and dual-polarized an-
tenna array for mm-wave communications. The 1×4 linear
array consists of smaller systems of slot antennas. Each slot
in the unit excites either 28 GHz or 38 GHz band in one
of the two orthogonal polarizations. Good isolation between
bands is achieved as a result of the multi-feed system. The
antenna system operates at 27.5–29.5 GHz and 37–39 GHz
frequencies. The peak realized gain is 10–13 dBi and the
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Fig. 13. Realized gain patterns of the array attached to the phone chassis
in the vertical elements at (a) 28 GHz and (b) 38 GHz, and in the horizontal
elements at (c) 28 GHz and (d) 38 GHz.

beam can be steered up to ±35◦ to ±50◦, at the 38 GHz and
28 GHz bands, respectively. The performance is also studied
in the presence of mobile phone chassis, showing that the
vertical elements provide nice radiation patterns. However,
the horizontal elements create surface waves that disturb the
radiation pattern. Hence, neglecting the handset chassis when
designing antennas may lead to undesired results.
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