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ABSTRACT This paper presents a very low-profile (0.105λ0 at 28 GHz) dual-band dual-polarized
millimeter-wave phased array for 5G smartphones. The array element is based on two distinct dual-band
antennas to realize two orthogonal linear polarizations. A planar folded dipole with a parasitic strip is used
to produce horizontally polarized radiation, and a novel hexagonal bridge antenna is devised to generate
vertically polarized radiation while maintaining a very low profile. A prototype of a 1 × 4 phased array is
designed and implemented on a multilayer laminate using standard printed circuit board process. The real
estate of the array is kept within 6.5 mm×23 mm×1.12 mm. For both polarizations, the−10 dB bandwidth
covers 25.4–30.84 GHz and 38–40 GHz with peak gains of 11.31 and 11.93 dBi at two center frequencies,
respectively. The overlapped 3 dB scan ranges between both polarizations are ±45◦ at 28 GHz and ±39◦

at 39 GHz. This work considers a number of important design challenges of implementing low-cost mmWave
antennas in smartphones, providing a practical solution to mmWave 5G mobile devices.

INDEX TERMS 5G, mmWave antenna arrays, antenna miniaturization, vertically polarized radiation,
endfire radiation.

I. INTRODUCTION
Theworld haswitnessed the fast rollout of the fifth-generation
wireless networks, denoted as 5G, for the past several years.
This new wireless network promises to deliver ultra-high
data rate, superior reliability and negligible latency. Among
numerous enabling technologies for 5G, the deployment
of the millimeter-wave (mmWave) spectrum is believed to
be the key to make the ultimate performance a reality [1],
[2]. Until March 2020, the Federal Communications Com-
mission (FCC) has completed auctions of multiple bands
above 24GHz for 5G uses, including the 24GHz, the 28GHz,
and the upper 37 GHz, 39 GHz and 47 GHz bands, with a
future plan to free up additional spectrum in the 26 GHz and
42 bands, and to makemore efficient use of the 70/80/90 GHz
bands [3]. Since spectrum harmonization cross regions is
limited, it is favorable to have antennas that feature wideband
performance and can simultaneously cover multiple 5G fre-
quency bands to meet different standards around the world.
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In addition, mmWave 5G antennas for mobile devices must
feature polarization diversity in order to cope with unpre-
dictable mobile channel environments. It is experimentally
demonstrated that the polarization mismatch becomes a sub-
stantial loss factor that heavily affects the overall quality of
the wireless link at mmWave frequencies, and dual-polarized
phased arrays can provide more reliable Quality of Ser-
vice (QoS) for mmWave 5G mobile phones than their
single-polarized counterparts [4], [5]. Recently, several dual-
band dual-polarized mmWave antennas have been proposed
for 5G applications [6]–[12]. These designs use either stacked
patches [6]–[11] or planar dipoles [12]. However, their height
profiles are in the range of 2 − 4 mm, whereas the typical
thickness of the printed circuit boards (PCBs) used in cell
phones is around 1 mm. The large sizes of the antennas make
them impractical for 5G smartphones. A recently developed
patch array with a multilayer reactive impedance surface
(RIS) [11] achieves a bandwidth of 26.22–29.57 GHz on a
1.122 mm thick substrate. A major issue with patch anten-
nas is that they inherently exhibit broadside radiation with
sub-hemispherical coverage. Consider the use case scenario
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FIGURE 1. Beam coverage of different antenna configurations.

depicted in Fig. 1where the user is holding the cell phonewith
the antenna plane facing downwards. In this case, a broadside
array alone cannot establish a reliable communication link
with the gNB base station.

Endfire antennas can effectively complement broadside
arrays and have been investigated in the past few years [5],
[13]–[18]. While horizontally polarized radiation in the end-
fire direction can be realized with relative ease using a planar
dipole structure, exciting a vertically polarized electric field
within a very thin substrate is extremely challenging. Despite
substantial research efforts that have been put into mmWave
5G antennas, only a few low-profile dual-polarized endfire
antennas suitable for smartphones have been reported [5],
[14]. In [5], a dual-polarized endfire array with a total height
of 0.52 mm is designed for 60 GHz applications. In [14],
two types of Yagi-Uda antennas are designed on a 10-layer
FR-4 laminate with a total height of 0.8 mm. However, the
antennas can only cover a small portion of the 28 GHz
band. Sometimes stringent design constraints, such as large
metallic displays closely below the antennas, make it almost
impossible to create perfect endfire radiation. In this case,
antenna arrays with quasi-endfire radiation can be considered
alternatives as they are still able to establish a connection
with the base station as demonstrated in Fig. 1. So far, very
few dual-band dual-polarized endfire or quasi-endfire [19]
mmWave 5G antennas for smartphones are available in the
literature. In [19], the gain of the vertically polarized antenna
in the endfire direction is highly dependent on the substrate
thickness, thus it cannot provide satisfying performance for
thin smartphones.

Focusing on the design challenges mentioned above, this
paper proposes a very compact dual-band dual-polarized
array that can simultaneously cover the 28 GHz and the
39 GHz bands for mmWave 5G smartphones. The array
element is based on two individual antennas, a planar folded
dipole and a novel hexagonal bridge antenna, which respec-
tively provide endfire horizontally polarized radiation and
quasi-endfire vertically polarized radiation. The array ele-
ment features lateral dimensions of 6.5 mm × 5 mm and a
height profile of only 1.12 mm. A prototype of a 1×4 phased
array is designed, fabricated and tested. The size of the array

FIGURE 2. PCB stack-up.

is 6.5mm×23mm×1.12mm (0.607λ0×2.147λ0×0.105λ0,
where λ0 is the free-space wavelength at 28 GHz), which
is suitable for cellular applications. The array is intended to
be incorporated along the edges of a mobile phone for beam
steering.

The rest of the paper is organized as follows: Section II
provides the design detail of the array element. In Section III,
advanced measurement techniques are used to characterize
the antennas. Section IV presents the 1 × 4 array topology.
Basic performance metrics and scanning capability of the
array are experimentally investigated, and are compared with
some recently published dual-band dual-polarized antenna
arrays. Section V concludes the paper.

II. ARRAY ELEMENT DESIGN
This section presents the design detail of the proposed
dual-band dual-polarized antenna. The targeted bandwidth
is 26–30 GHz and 38 GHz–40 GHz. A pair of extremely
low-profile antennas are devised to produce two orthogo-
nal polarizations. The design is realized on a multilayer
RO 4003C (εr = 3.55, tan δ = 0.0027) laminate. Fig. 2
shows the PCB stack-up. The thickness of the three dielectric
layers from the top to bottom are 0.203 mm, 0.508 mm
and 0.203 mm, respectively. RO 4450F prepreg (εr =
3.52, tan δ = 0.004) of thickness 0.102 mm is used for
bonding. The total height of the laminate is 1.12 mm. The
3rd metal layer (M3) is fully metalized and is used as the RF
ground. It is worth mentioning that the potential impact of
a large metallic display placed closely below the antennas is
considered in the design process, which is a unique feature
that previously reported studies have ignored.

A. DUAL-BAND HORIZONTALLY POLARIZED
FOLDED DIPOLE
The planar half-wavelength dipole is by far the most popular
choice for the realization of horizontally polarized fan-beam
radiation in the endfire direction. We adopted the idea of
the planar dipole but used a folded configuration to enhance
the bandwidth in the 28 GHz band. The initial length of the
folded dipole Ld is chosen to be around half of the wave-
length at 28 GHz to create desired resonant response. The
bandwidth is achieved by collectively adjusting the widths
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FIGURE 3. Dual-band folded dipole with the balun.
Ld = 2.5 mm, Lp = 2.16 mm, Wd1 = 0.3 mm, Wd2 = 0.5 mm, s1 =
0.15 mm, s2 = 0.15 mm, d1 = 0.7 mm.

of the dipole Wd1 and its folded arm Wd2, as well as the
spacing s1 in between. To realize the operation in the 39 GHz
band, a parasitic strip is added in front of the driven element.
The capacitive coupling between the folded dipole and the
strip creates a resonance around 39 GHz. The addition of the
parasitic strip also changes the response in the lower band,
therefore, iterative parametric tuning is carried out to simulta-
neouslymatch the antenna in both bands. The geometry of the
antenna along with its design parameters is shown in Fig. 3.
The antenna is configured on M4, and the reference ground
is located on M3. The portion of the ground plane right
above the antenna is removed so that the antenna can achieve
desired matching performance. As the diffraction from the
ground edge affects the radiation pattern of the antenna, the
distance between the antenna and the edge of the ground
plane d1 is optimized for the maximum realized gain in the
endfire direction.

Since the antenna will be connected to the output of
a single-ended radio frequency integrated circuit (RFIC),
a wideband balun is implemented to provide the transi-
tion from the balanced coplanar stripline to the unbalanced
microstrip line as well as 100 �-to-50 � impedance match-
ing. The close-up view in Fig. 3 shows the coplanar-stripline-
to-microstrip-line balun connected to the folded dipole. The
ground is gradually tapered towards one leg of the coplanar
stripline and then connected to it through a blined via. The
other leg of the coplanar stripline is progressively widened
while extending towards the ground plane, and eventually
transforms into a 50 � mictrostrip line. Fig. 4 (a) shows the
2-port configuration of the balun and its design parameters.

FIGURE 4. (a) The coplanar-stripline-to-microstrip-line balun.
Ws1 = 0.15 mm, Ws2 = 0.3 mm, Wb = 1.15 mm, Lb1 = 0.4 mm, Lb2 =
0.8 mm, LCPW = 0.3 mm, LMSL = 1 mm. (b) S-parameters of the balun.

The port impedance of Port 2 is set to 100�, which is compat-
ible with the folded dipole and most commercial differential
circuits. Fig. 4 (b) shows the S-parameters of the balun.
The balun features a very wide bandwidth with maximum
insertion loss of 0.74 dB in the lower band (26–30 GHz) and
0.89 dB in the higher band (38–40 GHz).

B. DUAL-BAND VERTICALLY POLARIZED HEXAGONAL
BRIDGE ANTENNA
Vertically polarized endfire radiation is usually realized
by utilizing a vertical dipole or a monopole to support
currents in the vertical direction. The ultra-thin substrates
used in smartphones pose a tremendous challenge of sup-
porting such structures. Conventional antenna miniaturiza-
tion is usually achieved at the expense of bandwidth and
efficiency [20]–[23]. In this section, a hexagonal bridge
antenna is proposed for vertically polarized radiation. This
novel antenna topology features a very low profile of 0.92mm
(0.08λ0 at 28 GHz) andmaintains less than−10 dB reflection
coefficients from 26.63 GHz to above 32 GHz in the lower
band and from 37.9 GHz to above 40 GHz in the higher band.
It should be noted that we deliberately choose a structure that
requires a large ground plane as the ground plane can isolate
the antenna from the metallic display, leading to more robust
performance.

The design procedure consists of a number of interme-
diate steps as illustrated in Fig. 5. First, a wide nearly
half-wavelength microstrip line is used as the basis of the
design. The portion exceeding the height profile h is folded
into a strip parallel to the ground with the end shorted
to the ground. This structure constitutes a short-circuited
half-wavelength microstrip line resonator. The 180◦ phase
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FIGURE 5. Design procedure of the dual-band vertically polarized
hexagonal bridge antenna. (a) Fold a half-wavelength microstrip line.
(b) Diagonally arrange the vertical plates. (c) Rotate the antenna.
(d) Chamfer the corners. (e) The proposed antenna.
L1 = 1.69 mm, Lc = 2.22 mm, L2 = 1.07 mm, Lf = 1.8 mm, Wf =
0.8 mm, g = 0.15 mm, p = 0.4 mm, d2 = 1.68 mm, Wg = 3.75 mm.

shift introduced by the half-wavelength transmission line
results in the currents on the two vertical ends flowing in the
same direction. These currents generate in-phase vertically
polarized electric fields. Meanwhile, the horizontal current is
canceled by its image on the ground plane. In addition, the
horizontal current on the right side of the top plate is in the
opposite direction of that on the left side, therefore unwanted
horizontal radiation from these currents cancel each other
in the far field as well, producing good polarization purity.
A metal plate is added behind the antenna as a reflector to
suppress the back radiation and isolate the antenna module
from the RFICs.

Next, instead of placing the vertical plates on the left and
right sides of the top plate, we place them diagonally along
the front and back edges of the top plate as shown in Fig. 5 (b).
This special arrangement allows the current to take different
paths on the top plate, which leads to an additional resonance
in the 28 GHz band. Fig. 6 (a)–(d) illustrate the current distri-
bution and 3D radiation patterns of Ant.1 at 28 GHz, Ant.1-1
at 26 GHz, 28 GHz and 30 GHz, respectively. At 26 GHz,
the current path length is around half the wavelength, and
at 30 GHz, the current path length is slightly less than three
quarters of the wavelength. Fig. 7 (a) compares the reflection
coefficients of Ant.1 and Ant.1-1 from 24 GHz to 32 GHz.
It is clear that Ant.1 only has one resonance with a very
narrow bandwidth in the reported frequency range whereas

FIGURE 6. Current distribution and radiation patterns of (a) Ant.1
at 28 GHz, Ant.1-1 at (b) 26 GHz, (c) 28 GHz and (d) 30 GHz.

FIGURE 7. (a) Reflection coefficients of Ant.1 and Ant.1-1 with different
Wt and fixed Lt = 3 mm. (b) Reflection coefficients of Ant.1-1 with
different Lt and fixed Wt = 1.6 mm.

Ant.1-1 has two wideband resonances. The influences of the
width (Wt ) and length (Lt ) of the top plate on the reflection
coefficients are investigated by varying one parameter with
the other fixed. The results are shown in Fig. 7 (a) and (b),
respectively. Wt has a much more significant impact on the
higher resonance while Lt mainly controls the lower reso-
nance, which indicates that bandwidth enhancement can be
easily achieved by tuning the size of the top plate to merge the
two resonances together. Furthermore, the radiation pattern of
Ant.1-1 remains stable over the entire 28 GHz band.

However, the offset of the vertical plates in the z-direction
causes the radiation pattern to rotate counterclockwise 35◦

about the y-axis. To compensate for this offset, the entire
element is rotated 35◦ clockwise. Fig. 8 (a) shows the normal-
ized radiation patterns in the xz-plane at 28 GHz before and
after the rotation (Ant.1-1 and 1-2). The 3D radiation pattern
of Ant.1-2 at 28 GHz is shown in Fig. 8 (b). The antenna
features a quasi-endfire radiation pattern due to the finite
ground plane. It provides maximum radiation at θ = 43◦ in
the yz-plane and moderate radiation in the endfire direction.

For the high-band operation, the top plate is formed into a
hexagon (Ant.1-3). The two open corners without the vertical
plates are chamfered to create a full-wavelength current path
at 39 GHz. Fig. 9 (a) illustrates the current distribution on the
antenna at 39 GHz. The resonant frequency can be adjusted
by changing the size of the chamfer Lc. Fig. 9 (b) shows the
reflection coefficients of the antenna in the 39 GHz band
for different chamfer sizes. For comparison, the reflection
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FIGURE 8. (a) Normalized radiation patterns of Ant.1-1 and Ant.1-2 in the
xz-plane at 28 GHz. (b) 3D radiation pattern of Ant.1-2 at 28 GHz.

FIGURE 9. (a) Current distribution of Ant.1-3 at 39 GHz. (b) Reflection
coefficients of Ant.1-3 for different chamfer sizes.

coefficients of the antenna without the chamfer (Ant.1-2)
is also plotted in the figure. The resonance moves to lower
frequencies as Lc increases. The final version of the vertically
polarized hexagonal bridge antenna and its design parameters
are presented in Fig. 5 (e). The structure is implemented
between M1 and M3. The vertical plates and the reflector
are realized by closely spaced blind vias with a diameter of
0.2 mm. Spacing of 0.4 mm between adjacent vias is found
sufficient. The feed vias are connected together by a rectan-
gular pad onM3 and are fed using a coplanar waveguide. The
distance from the antenna to the edge of the ground plane d2 is
adjusted for the best radiation performance while minimizing
the width of the groundWg.

C. DUAL-BAND DUAL-POLARIZED ARRAY ELEMENT
The two antennas are combined into a dual-band dual-
polarized array element as shown in Fig. 10. The folded
dipole is placed at the edge of the PCB with the hexagonal
bridge antenna located behind it. Although this configuration
has a slightly larger dimension along the z-axis compared
with the side-by-side configuration, it significantly reduces
the footprint along the x-axis, and has a better scanning
capability when forming an array. The total size of the array
element is 6.5 mm× 5 mm× 1.12 mm.

The impact of a metallic display on antenna input
impedance is also investigated. The reflection coefficients
of the horizontally polarized (H-pol) and vertically polarized
(V-pol) antennas for different display distance d are plotted in
Fig. 11 (a) and (b), respectively. Thanks to the ground plane,
the V-pol antenna is only slightly affected by the display and
has a good matching performance even when the display is

FIGURE 10. The proposed dual-band dual-polarized array element.

FIGURE 11. Reflection coefficients of the (a) H-pol and (b) V-pol antennas
for different display distances.

placed as close as 1 mm. The H-pol antenna is more vulner-
able to the position of the display since there is no ground
plane to shield the antenna. Nevertheless, it is well matched
when the display is placed more than 3 mm away from the
bottom of the substrate. Considering that the typical thickness
of smartphones is about 7.5 mm− 10 mm [24], a distance of
3 − 5 mm is adequate for most smartphone manufacturers.
If a smaller distance is desired, the H-pol antenna can be
optimized for that specific distance.

III. ANTENNA MEASUREMENTS
Since the signal lines of the H-pol antenna and the V-pol
antenna are located on M4 and M3, respectively, it is imprac-
tical to directly characterize the antennas using a RF probe-
based setup. In order to excite the H-pol antenna with a RF
probe from M1, the microstrip line on M4 is elongated to the
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FIGURE 12. The proposed array element with the GSG probe feeding
network. WCPW = 0.2 mm, gCPW = 0.18 mm, WMSL1 = 0.5 mm,

WMSL2 = 0.4 mm.

back of the via-fence and then connected to M1 through a
vertical through via. A small circular incision is made on the
ground plane for the signal via to pass through. A grounded
coplanar waveguide (GCPW) to microstrip line transition is
implemented on M1 to route the signal from the ground-
signal-ground (GSG) probe to the via interconnect. The ref-
erence ground of the microstrip line (which is also the bottom
ground of the GCPW) is configured on M2. The final config-
uration of the antenna with the GSG probe feeding network is
shown in Fig. 12. It should be noted that the feeding network
is only for testing purposes and is not considered part of the
antenna. The close-up view shows the details of the transition
from the original ports to the GSG ports. The width of the
center signal line WCPW and the gap between the signal line
and the ground gCPW at the probe end is predetermined by the
tip size and pitch of the GSG RF probe. The gap is gradually
widened to ensure a smooth transition of the electric field
from the GCPW to the microstrip line. The tapered microstrip
line is matched to 50 �. The three ground planes (i.e., the
CPW ground on M1, the micrstrip line ground on M2, and
the antenna ground on M3) are electrically connected by a
series through vias surrounding the transmission line and the
via at the interconnect. The diameters of the vias and via pads
are configured to be 0.2 mm and 0.5 mm, respectively. The
vias not only serve the purpose of electrical connection, but
also suppress unwanted parallel plate waveguide modes and
surface waves. For the V-pol antenna, a similar GCPW to
microstrip line transition using a combination of strip lines
and through vias is implemented. The signal is first routed
from the GSG probe to the microstrip line onM1, then passed
to the micrstrip line on M4 through the interconnect via, and
eventually fed into the antenna by a blind via that connects
the end of the micrstrip line (M4) to the center signal line
of the CPW on M3. The fabricated array element is shown
in Fig. 19.

A GSG RF probe from GGB Industries (Picoprobe
50A-GSG-350-DP) and a network analyzer (Agilent 8722ES)
are used to extract the reflection coefficients of the antennas.
The system is calibrated to the probe tips using a standard
calibration substrate (GGB Industries Inc. Model CS-9). The
array element is suspended on a 5 mm thick Styrofoam
layer. To include the impact of a metallic display in antenna

FIGURE 13. Reflection coefficients of the (a) H-pol and (b) V-pol antennas.

FIGURE 14. Near-field scan configuration.

characterization, a metal plate is added at the bottom of
the supporting Styrofoam to mimic the display. During the
measurement, only one port is excited at a time, with the
other port terminated with a high-frequency 50 � resistor.
The measured reflection coefficients of the H-pol and V-pol
antennas are plotted in Fig. 13 (a) and (b), respectively, and
are compared with the simulated results. The measurement is
overall in good agreement with the simulation. Both anten-
nas achieve the desired bandwidth. The discrepancies are
attributed to the fabrication errors, particularly, the thickness
of the prepreg bonding layer, the diameter of the via holes
and the spacing between adjacent vias. It should bementioned
that the simulated reflection coefficients in Fig. 13 are slightly
different from those in Fig. 11. This is because the measured
and simulated reflection coefficients in Fig. 13 include the
GSG probe feeding network whereas the results in Fig. 11
are obtained without the feeding network.

The radiation patterns of the antennas are characterized
using the near-field to far-field (NF/FF) method. An electro-
optic (EO) near-field scan system, NeoScan [25], is used to
map the near-fields of the antennas. The scan configuration is
illustrated in Fig. 14. The scan plane is 1 mm away from the
edge of the antenna. The scan area is set to 46 mm× 20 mm
and the sampling resolution is 0.5 mm. The measured near
field distribution of the H-pol and V-pol antennas at 28 GHz
and 39 GHz are presented in Fig. 15 (a)–(d), respectively. The
corresponding normalized far-field radiation patterns in the
xz- and yz-planes are plotted in Fig. 16 in conjunction with
the simulated patterns. Since the cross-polarized signal level
is below the sensitivity of the near-field scan system, we are
unable to accurately measure the cross-polarized radiation.
However, this also proves that the antennas have good polar-
ization purity.

In general, the measured co-polarized patterns are in good
agreement with the simulated ones. The discrepancies mainly
stem from the finite size of the scan area. As expected,
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FIGURE 15. Near-field distribution of (a) H-pol and (b) V-pol antennas
at 28 GHz; (c) H-pol and (d) V-pol antennas at 39 GHz.

the measured patterns diverge from the simulated results
for large angles. This issue is more sever in the yz-plane
than that in the xz-plane, especially for the V-pol antenna
because of the limited measurable range in the y-direction
(maximum 20 mm). The ripples in the measured patterns are
due to the abrupt truncation of the scan plane. The H-pol
antenna provides excellent endfire radiation at both 28 GHz
and 39 GHz. The V-pol antenna produces a quasi-endfire
radiation pattern at 28 GHz. At 39 GHz, the maximum V-pol
radiation slightly shifts toward the −x direction. This is due
to the phase differences of the currents on the vertical vias
at 39 GHz. Another point worth noting is that, the simu-
lated 39 GHz patterns have some ripples in the yz-plane for
θ > 60◦. After careful investigation, it is found that the
ripples are caused by the edge diffraction from the metallic
display underneath the antenna. This phenomenon is not
captured by the measurement due to the limited scanning
capability.

The absolute gains of the antennas in the endfire direction
(along+z) are obtained using the image method [26] and are
plotted in Fig. 17 (a)–(d), respectively. The gains are rela-
tively flat in the two operating bands, indicating consistent
radiation performance over the entire bands. The gains at
28 and 39 GHz are summarized in Table 1. The measured
results agree well with the simulated ones. The peak gains
are then determined based on the radiation patterns in the
yz-plane. Due to limited measurement capability, we are not
able to obtain the maximum radiation of the V-pol antenna in
the yz-plane, therefore only simulated peak gains of the V-pol
antenna are reported. Considering the good agreement in all
other measurements, we believe that the simulated results are
accurate.

IV. PHASED ARRAY DESIGN
The array element is expanded into a 1 × 4 phased array as
shown in Fig. 18. The array is symmetric about the center
line (dotted orange line). The inter-element spacing is set to
6 mm (0.56λ0 at 28 GHz, 0.78λ0 at 39 GHz) to achieve a
minimum of 10 dB port-to-port isolation in the 28 GHz band.
The overall real estate of the array is 6.5 mm × 23 mm ×

FIGURE 16. Far-field radiation patterns of H-pol and V-pol antennas in
xz- and yz-planes at 28 GHz and 39 GHz.

FIGURE 17. Absolute gains of the antennas in the endfire direction.
(a) H-pol and (b) V-pol antennas in the 28 GHz band; (c) H-pol and
(d) V-pol antennas in the 39 GHz band.

1.12 mm excluding the feeding network behind the via fence.
Fig. 19 shows the fabricated array.
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FIGURE 18. The proposed 1× 4 phased array with the GSG probe feeding
network. Array port numbering from the right to the left: port 1-4.

TABLE 1. Absolute gains of the array element (Unit: dBi).

The reflection coefficients of each element are measured
using the GSG RF probe with other 7 ports terminated with
50 � resistors. Only 4 ports (H-pol port 1 and 2, V-pol
port 1 and 2) need to be measured due to the symmetry of
the array. The measured reflection coefficients are plotted in
conjunction with the simulated results in Fig. 20. Less than
−10 dB reflection is achieved in the desired 26–30 GHz and
38–40 GHz bands. The center frequencies of V-pol port 1 and
4 slightly shift down in the high band. The V-pol antennas
are found to be more susceptible to fabrication errors than
the H-pol antennas because of the extensive use of blind vias
in the structure. The port-to-port couplings between elements
are plotted in Fig. 21. Due to the close spacing between the
ports, we are unable to land two RF probes simultaneously to
measure the couplings, therefore, only simulated results are
reported. For the clarity of the figure, only four pairs of ports
with the highest couplings are presented in each band. The
couplings are less than−13.89 dB in the lower band and less
than −20.65 in the higher band.

The radiation patterns of the array are also obtained using
the NF/FF method. A metal plate is again placed 5 mm
below the array to emulate a metallic display. We mea-
sure the near-field of each element (with other elements
terminated with 50 � resistors), and the total near-field of
the H-pol (V-pol) array is formed from the superposition
of the measured near-fields of the H-pol (V-pol) elements.
The total near-fields of the H-pol and the V-pol arrays with
uniform excitation at 28 GHz and 39 GHz are shown in
Fig. 22 (a)–(d), and the normalized far-field patterns in the
xz- and yz-planes are plotted in Fig. 23, along with the
simulated results. As desired, the H-pol array provides an

FIGURE 19. The fabricated dual-band dual-polarized array element and
the full array.

FIGURE 20. Reflection coefficients of the phased arrays. (a) H-pol port 1
and 2. (b) V-pol port 1 and 2.

FIGURE 21. Port-to-port couplings between elements.

endfire radiation pattern while the V-pol array provides a
quasi-endfire radiation pattern. The main beams of the array
in the xz-plane are in excellent agreement with the simulated
results, and the deviations of the first sidelobe level are within
2.5 dB. Similar to the single element measurement, the pat-
terns diverge from the simulation for large angles due to the
finite scan area, and the issue is more sever in the yz-plane for
the V-pol array. Unlike the single element patterns, all array
patterns are completely symmetric in the xz-plane owing to
the symmetric arrangement of the elements. It should be
noted that the cross-polarized radiation in the yz-plane ismore
than 50 dB below the co-polarized radiation level, therefore,
it is not shown in the figures.

The gains of the arrays are characterized using the NF/FF
gain comparison method [26]. We choose the array element
as the standard gain antenna, and use the measured gains
listed in Table 1 in the calculations. The complete array gains
for both polarizations at 28 GHz and 39 GHz are tabulated
in Table 2 in conjunction with the simulated gains. The
measured gains agree well with the simulation. Similar to
the single array element, we are not able to accurately obtain
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FIGURE 22. Near-field distribution of (a) H-pol and (b) V-pol arrays at
28 GHz; (c) H-pol and (d) V-pol arrays at 39 GHz.

FIGURE 23. Far-field radiation patterns of the H-pol and V-pol arrays in
the xz- and yz-planes at 28 GHz and 39 GHz.

the peak gains of the V-pol array, therefore, only simulated
peak gains are presented.

The scan performance of the array is demonstrated in
Fig. 24. The overlapped 3 dB scan ranges between both
polarizations are ±45◦ at 28 GHz and ±39◦ at 39 GHz. The
smaller scan range at 39 GHz can be explained by noting that
the maximum scan angle θm without grating lobes is related

FIGURE 24. Scan performance of the array. (a) H-pol and (b) V-pol arrays
at 28 GHz; (c) H-pol and (d) V-pol arrays at 39 GHz.

TABLE 2. Absolute gains of the array with uniform excitation (Unit: dBi).

to the inter-element spacing de by [27]

de <
λ0

1+ | cos θm|
(1)

Since the inter-element spacing is larger in terms of wave-
length at higher frequencies, grating lobes start to appear at
smaller scan angles at 39 GHz. The different scan ranges
of the H-pol and V-pol arrays at the same frequency are
attributed to the difference in array element pattern. However,
it should be mentioned that, for 5G communications, grating
lobes are not critical as long as the gain and spatial coverage
align with the specifications [19], [28]. This is different from
radar applications where the presence of grating lobes or large
sidelobes is undesired. In fact, for 5G applications, grating
lobes may even help enlarge the spatial coverage [28]. The
overall influence of grating lobes on mmWave communica-
tion still needs more investigation.

In Table 3, the key characteristics of the proposed array
are listed and compared with some recently reported dual-
band dual-polarized 5G mmWave arrays. As clearly shown
in the table, the proposed array outperforms most of the
existing solutions in terms of height profile and average size
of the array element (i.e., total size/number of array ele-
ments). More importantly, [6], [7], [10]–[12] are all broadside
antenna arrays. They do not provide the same coverage, nor
do they face the same design challenges as endfire arrays,
especially for the realization of vertically polarized radiation
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TABLE 3. Performance comparison of recent dual-band dual-polarized 5G mmWave antenna arrays.

in very thin substrates. Comparedwith the quasi-endfire array
reported in [19], this work can provide similar H-pol peak
gain and higher V-pol peak gain with only half the number
of elements. Since [19] only reports the scan performance of
theH-pol array, we are unable to compare the overlapped scan
range between both polarizations.

V. CONCLUSION
A highly compact dual-band dual-polarized antenna array for
5G smartphones is designed, analyzed and discussed. The
array utilizes a pair of antennas to provide two orthogonal
linear polarizations in both the 28 GHz and 39 GHz bands
designated for 5G uses. A great advantage of this design
is that it can be directly integrated with cellphone PCBs,
offering a low-cost solution to mmWave 5G antennas for
cellular devices.
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