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ABSTRACT A low-profile, wideband antenna-in-package (AiP) design is proposed for 5GmmWave mobile
applications. The aperture-coupled feeding incorporated with the microstrip feed line through the slots in
the ground is used to excite the patch antenna. Firstly, a thin quarter-wave shorted patch antenna (QW-SPA)
with the dominant TM z

1/2,0,0 mode is realized. To broaden the operating band, the QW-SPA is extended
along its resonant length so that the TM z

1,0,0 mode can also be excited. The offset introduced into the two
slots together with the additional shorting via wall are applied to enhance the beam tilt toward the end-fire
direction. The proposed single-patch design shows a wide fractional bandwidth, covering the 5G mmWave
band n257 (26.5–29.5 GHz). Furthermore, to increase more beam tilt, the differential-fed, two-patch sub-
array formed by two QW-SPAs spaced a half-wavelength at 28 GHz apart is also presented. Compared with
the single-patch design, the beam-tilt enhancement of around 10–27 degrees is obtained over the desired
frequency band with the peak gain of around 8.2 dBi for the sub-array AiP design.

INDEX TERMS Patch antennas, antenna-in-package (AiP), fifth generation (5G) antennas, mmWave, beam
tilt, thin quasi-end-fire antennas, aperture-coupled feed, differential feed.

I. INTRODUCTION
The advancement of the fifth generation (5G) communication
for high-speed internet has attracted a lot of attention of
researchers across the academia and industry to design and
develop future transceivers in millimeter-wave (mmWave)
frequency range. The candidate frequency bands include the
new radio (NR) bands n257 (26.5–29.5 GHz) and n260
(37–40 GHz), which are centered respectively at 28 and
39 GHz and each with a bandwidth of 3 GHz [1].

Unlike the discrete antenna designs, the antenna-in-
package (AiP) has become the standard packaging technol-
ogy for mmWave applications, for example, 5G smartphones
[2], 60 GHz radios [3], 94-GHz radar applications [4], etc.
The AiP simplifies a few challenges at mmWave frequencies,
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for example, easier integration of the antennas with RF cir-
cuitry. On the other hand, the sub-6 GHz technology uses
the power amplifiers, switches, filters, and discrete anten-
nas separately. This leads to large space as the matching
circuits between components are usually required to avoid
the reflection. The insertion loss is also high because the
connectors consume extra losses. These scenarios become
different at mmWave frequencies because the components
can be integrated as a package, called system-in-package
(SiP). In the integration process, the AiP is regarded as
one of the critical components, in which the antennas are
designed on the multi-layered substrate. The AiP is mainly
realized on the low temperature co-fired ceramic (LTCC)
substrate, multi-layered organic substrates, silicon substrates,
and multi-layered PCBs.

In addition, the end-fire antennas are preferred for
5G mmWave mobile applications due to the desired
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line-of-sight communication and wide angular beam cover-
age [5]. For the implementation of the AiP design, it has
recently become a standard to use a full-metal ground plane
that can shield any deterioration in antenna characteristics
caused by an integrated circuit (IC) beneath the antenna [6],
[7], [8]. However, the full-metal ground can cause a decrease
in total effective radiating volume, thereby reducing antenna
bandwidth. Also, the modern 5G devices possess low form
factor and therefore, the antenna thickness need to be com-
promised so that the antenna can be easily accommodated
inside the 5G device. In this scenario, it is very difficult to
design a thin substrate-based, end-fire antenna with a full-
metal ground and at the same time, obtain a wide bandwidth
and stable radiation patterns.

Several 5G mmWave AiP designs have been reported in
the literature. For example in [5], the LTCC multi-layered,
substrate-based planar folded slot antenna is introduced.
Although the antenna carries the full-metal ground plane,
the narrow impedance bandwidth and the unwanted beam tilt
of 20–25 degrees (observed from the end-fire direction) in
the E-plane are obtained. Also, the height of the antenna is
0.11-λ0 at 38 GHz, which is too large to be implemented in
modern mobile devices. A dual-polarized LTCC 18-layered
end-fire antenna array is presented in [9]. The antenna can
cover the entire n257 frequency band without any beam
tilt. This design also lacks the full-metal ground/shielding
plane and possesses a large thickness of 0.12-λ0 at 28 GHz.
In addition, various end-fire antenna designs have been pro-
posed for 5G mmWave applications [10], [11], [12]. These
antennas simply possess a large thickness and only partial
shielding plane that might not be suitable for reliable 5G
communication.

In this paper, we propose a thin and wideband differential-
fed sub-array AiP design with full-metal ground plane. A thin
substrate stack-up of thickness 0.5 mm (∼0.05-λ0 at 28 GHz)
only is used for the realization of the proposed design. The
objective for the proposed antenna configuration is to steer
the radiation beam from broadside to end-fire direction with
high gain. For achieving the same, a shorted single-patch
radiator fed by a microstrip feed line through the two slots
in the ground plane is first introduced. A wide impedance
bandwidth of 14.3% is obtained due to the excitation of the
TM z

1/2,0,0 and TM z
1,0,0 modes. The beam tilt of around 35◦

at 28 GHz is also obtained that is later enhanced by the intro-
duction of the differential-fed two-patch sub-array, in which
the beam tilt of around 45◦ at 28 GHz can be achieved.
The beam tilt is attributed to the usage of the shorting via
walls, the offset of dual apertures in the ground plane and
differential feeding. The large beam tilt also produces high
gain in the end-fire direction. The peak gain of around 8.2 dBi
is obtained for the quasi-end-fire, sub-array AiP design.

The article is organized as follows. Section II describes
the evolution of the single-patch AiP design and its working
principle with the simulated and measured results dis-
cussed. Section III presents the differential-fed, two-patch
sub-array formed by using the single-patch design proposed

FIGURE 1. Schematics of the proposed shorted patch 5G mmWave AiP
design (a) top view, (b) perspective view and (c) side view (All dimensions
are in mm).

in Section II. Finally, Section IV summarizes the whole work
and concludes the paper.

II. BEAM-TILTED, SINGLE-PATCH AiP DESIGN
Fig. 1 depicts the configuration of the dual-aperture-based,
5G mmWave AiP design. The design is compact in size
with the overall dimensions 0.5 mm × 10 mm × 13 mm.
The antenna is fabricated on the Rogers RO4003C (core
layer) and Rogers RO4450F (prepeg layers) substrate stack-
up respectively with loss tangent of 0.0027 and 0.004 and
dielectric constant of 3.55 ± 0.05 and 3.52 ± 0.05. This
multilayered substrate in this paper is cheaper and provides
an ease of fabrication compared with the LTCC substrate. For
the multilayered antenna fabrication, the industry standard
is to use one core layer followed by a prepeg layer. In the
proposed antenna topology, the core Rogers RO4003C layer
is sandwiched between two prepeg Rogers RO4450F layers.
The prepeg layer is thinner than core layer that is primarily
used for binding and insulation purposes. In addition, the
dielectric properties of the core and prepeg layers does not
vary to a large extent with each other. Furthermore, the pro-
posedAiP design consists of three substrate layers with a total
thickness of 0.5 mm (∼0.05-λ0 at 28 GHz), which is very thin
in comparison with other reported 5G mmWave AiPs in the
literature [9], [10], [11].

The top layer has a rectangular patch radiator with a length
of 2.7 mm, corresponding to a half-wavelength at 29.5 GHz.
The aperture-coupled feeding is used with a 50� microstrip
feed line to excite the patch through the two slots in the
ground plane. The aperture-coupled feeding helps in the
reduction of cross-polarization and spurious radiation from
themicrostrip feed line. Two shorting via walls are introduced
in the middle of patch to excite the TM z

1/2,0,0 mode at
lower frequencies and to divert the radiation beam from
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FIGURE 2. Evolution of the proposed single-patch design. (a) Conventional microstrip patch antenna (MPA). (b) Quarter-wavelength shorted
patch antenna (QW-SPA). (c) Extended SPA with two slots in the ground. (d) Proposed design with two shorting via walls.

the broadside to end-fire direction. To increase the antenna
bandwidth for covering the entire n257 frequency band, the
patch is extended so that additional mode, TM z

1,0,0, at higher
frequencies can be excited, together with the two slots in the
ground plan for increasing coupling.

The multiple shorting vias inserted in the patch antenna
have a diameter of 0.2 mm and a pad diameter of 0.33 mm
with the distance of 0.4 mm between each via. The apertures
in the ground plane are offset from the center of rectangular
patch, and the shift of 0.4 mm is introduced from the edge
of via wall. This is primarily done to enhance the coupling
to one end of the patch (opposite to feeding side) so that the
beam tilt can be significant enough at higher frequencies.

The RF circuitry can also influence the impedance of the
microstrip feed line, which can be prevented by using another
ground layer below the feed line. However, the feed line needs
to be redesigned as 50� stripline rather than 50�microstrip
feed line. In this work, a full-metal ground layer is used
for shielding the proposed design from other RF circuitry
underneath the patch.

A. EVOLUTION AND WORKING PRINCIPLE OF THE
SINGLE-PATCH AiP DESIGN
This section describes the evolution and the working prin-
ciple of the proposed single-patch AiP design. Firstly, a
conventional, microstrip patch antenna (MPA) is designed
and excited by the aperture-coupled feeding as shown in
Fig. 2(a). The resonant length of the patch corresponds to a
half-wavelength at 28 GHz. As per the cavity model [13], the
electric field within the cavity of the MPA in Fig. 2(a) can be
expressed as:

EE = ẑEz (1)

For this antenna, the narrow impedance bandwidth of less
than 5% is only obtained. The dominant TM z

1,0,0 mode is
excited with the radiation beam normal to the patch radiator.
The resonant frequency corresponding to the fundamental
mode of the MPA is equal to:

(fr )1,0,0 =
c

2π
√
εr

π

a
=

c
2a
√
εr
, (2)

where ‘c’ is the speed of light in free space, ‘a’ denotes length
of the radiator, and ‘εr ’ is the relative permittivity of dielectric
substrate.

To achieve the beam tilt toward the end-fire direction, a
quarter-wavelength shorted patch antenna (QW-SPA) is next
designed as shown in Fig. 2(b). The virtual shorting of the
MPA is replaced by the shorting via wall in the QW-SPA. This
way, the patch frequencies remain unvaried at 28 GHz. Also,
the compactness can be obtained as the patch size decreases.
However, the antenna gain is sacrificed, because the size of
the QW-SPA is one-half of the conventional MPA.

For the QW-SPA, the dominant TM z
1/2,0,0 mode corre-

sponds to the lowest order resonance given by:

(fr )1/2,0,0 =
c

2π
√
εr

π

2a
=

c
4a
√
εr

(3)

The impedance bandwidth obtained for this antenna is still
narrow and less than 5%. As illustrated in Fig. 3, the broad-
side radiation pattern of the MPA shows almost zero beam
tilt with the antenna boresight at 0◦, whereas the radiation of
the QW-SPA has a beam tilt of around 20◦ in the E-plane.
The beam tilt from the QW-SPA can also be validated from
various designs [14], [15]. The beam tilt in the E-plane can be
attributed to the shorting wall, which acts as a reflector placed
a quarter-wavelength away from the radiating edge. Although
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FIGURE 3. Radiation patterns in the E-plane for (a) MPA and (b) QW-SPA.

FIGURE 4. Reflection co-efficient for the cases studied of
Fig. 2(a), 2(b), and 2(c).

the QW-SPA retains the advantages of the size reduction and
the beam tilt, it suffers from higher cross-polarization [16].

The impedance bandwidth of the MPA and QW-SPA is
limited and cannot meet the n257 frequency band. To increase
the bandwidth, various bandwidth enhancement techniques
have been proposed for the QW-SPAs, for example, cutting
a U-shaped slot in the patch [14] or adding the shorting
pins and V-shaped slots in the patch [17]. These techniques
cannot be implemented for the proposed design, in which the
end-fire radiation beam is demanded. Also, these antennas
suffer from high cross-polarization in theH -plane. Therefore,
for bandwidth enhancement, the patch is extended in such
a way that additional mode, TM z

1,0,0, at higher frequencies
can be excited, together with the two slots used in the ground
for increasing coupling. This TM z

1,0,0 mode corresponds to
the entire length of the patch that suggests the two radi-
ating slots would contribute to the radiation normal to the
patch. In this case, the beam tilt will be minimal at higher
frequencies. To enhance the beam tilt at higher frequencies,
the offset of the two slots is further applied in the ground
as depicted in Fig. 2(c). It should be further noted that the
size of dual apertures present in the ground plane should
be kept electrically small for avoiding any spurious radia-
tion from them. Fig. 4 shows the reflection co-efficient for
the cases in Fig. 2(a)-(c). It is clearly seen that the MPA
and QW-SPA have narrower impedance bandwidth (∼4.7%),
while the case in Fig. 2(c) has two excited modes, TM z

1/2,0,0
and TM z

1,0,0, to cover a wide operating band with the frac-
tional bandwidth of around 10.8%.

FIGURE 5. FIGURE 5. Comparison of the beam tilt for the cases of
Fig. 2(a), (c), and (d).

FIGURE 6. Reflection co-efficient for the various location p of the
shorting via walls for the proposed design in Fig. 2(d).

The beam tilt produced by the incorporation of the short-
ing wall and the offset feeding is around 15–25 degrees,
which wouldn’t be enough, because the end-fire gain will
be minimal. To further tilt the beam, the additional shorting
wall is added as displayed in Fig. 2(d). The shorting wall
act as a second reflector and can enhance the beam tilt
around 26–37 degrees. The beam-tilt variation for the cases
in Fig. 2(a), (c), and (d) is illustrated in Fig. 5. Beam tilt here
indicates as the angle between antenna broadside direction
and antenna boresight. In general, the beam tilt is increased
as the antenna frequency increases, due to the increase in
the electrical size of the reflector (shorting walls). However,
the beam tilt is reduced at higher frequencies because of the
excited TM z

1,0,0 mode. It should be noted here that the beam
squint can also be attained by using superstrate layer(s) on
the top of antenna as can be observed in [18], [19], and [20].
However, the superstrate layer(s) need to be installed at some
distance on the top of primary radiator. This increases the
overall size of antenna that limits its usage for modern slim
5G mmWave devices.

The two shorting via walls around the middle of the patch
are introduced so as to preserve the odd symmetry for the
TM z

1,0,0 mode. The placement of the shorting walls influence
the excited modes of the proposed patch. The parameter ‘p’
as shown in Fig. 2(d) is varied, and its influence on the
antenna frequencies is illustrated in Fig. 6. The TM z

1,0,0 mode
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FIGURE 7. Vector electric-field distribution for the proposed single-patch
design at (a) 26.5 GHz and (b) 29.5 GHz.

FIGURE 8. Electric fields in the contour plot at 26.5, 28 and 29.5 GHz.

disappears when the shorting walls move away from the
patch center. This is because the odd antenna symmetry gets
deteriorated and the electric field null is changed from the
patch center. Also, the length of the QW-SPA is increased,
and therefore the resonant frequency of the TM z

1/2,0,0. mode
decreases.

B. ELECTRIC FIELD DISTRIBUTION
The vector electric-field distribution for the single-patch AiP
at lower frequency of 26.5 GHz and higher frequency of
29.5 GHz is presented in Fig. 7. The results in Fig. 7(a) show
no variation along the resonant length of the patch. The elec-
tric field corresponds to a quarter-wavelength from the radi-
ating edge of the shorted patch. That is, the TM z

1/2,0,0 mode is
excited at lower frequencies thereby acting as a fundamental
mode of the proposed antenna. Note that the subscript ‘‘1/2’’
in TM z

1/2,0,0 means that the electric field variation is the same
as that of the conventional MPA. In Fig. 7(b), the variation
in the electric field occurs one time around the shorting via
walls. The electric field is odd symmetrical with respect to the
shorting via walls of the patch. In this case, the TM z

1,0,0 mode
is excited at higher frequencies. The corresponding electric
fields in the contour plot at 26.5, 28 and 29.5 GHz are illus-
trated in Fig. 8. It can be observed that the half-wavelength
transmission mode demonstrates the beam tilt obtained at
these frequencies.

FIGURE 9. Photograph of the fabricated single-patch AiP design.

FIGURE 10. Simulated and measured reflection co-efficient of the
proposed single-patch AiP design.

C. SIMULATED AND MEASURED RESULTS
The photo of the fabricated prototype of the proposed single-
patch AiP design is shown in Fig. 9. For proper visualization,
end-launch connector is not included in the photograph of
the fabricated prototype. A separation distance of 15 mm
(∼1.5-λ at 28 GHz) is chosen between the end-launch con-
nector and the patch in order to avoid the deterioration in the
radiation patterns and the impedance mismatch caused by the
connector. Note that through-reflect-line (TRL) calibration
technique was used for S-parameter measurement [21]. The
reference plane can be chosen closer to the patch radiator
to match the simulation structure, removing the unwanted
effects of the connector and the insertion loss of the feed line.

The simulated and measured reflection co-efficient of the
proposed single-patch design is depicted in Fig. 10. The
results show a wide operating band, covering the frequencies
ranging from 26 to 30 GHz with the fractional bandwidth
of around 14.3%. This indicates the single-patch AiP design
can cover the 5G mmWave band n257 (26.5–29.5 GHz).
Note that there is a frequency shift in the measured reflection
co-efficient, which is mainly due to the variation in dielectric
constants of the substrate stack-up between the simulation
and the fabrication. Moreover, the difference between the
simulated and measured results could be caused by the vari-
ation of the characteristic impedance of the end-launch con-
nector from 50 � [22].

VOLUME 10, 2022 89095



M. I. Magray et al.: Differential-Fed, Dual-Aperture Based, Quasi-End-Fire 5G mmWave Antenna-in-Package Design

FIGURE 11. Simulated and measured radiation patterns in the (a) E-plane
and (b) H-plane.

Fig. 11 shows the co-polarization (co-pol) and the
cross-polarization (cross-pol) radiation patterns for the pro-
posed single-patch design in both principal planes, E-plane
(x-z plane) andH -plane (y-z plane). It is seen that the beam tilt
is obtained in E-plane over the operating band. The beam tilt
of around 35 degrees with the gain of around 2.5 dBi toward
the end-fire direction is observed at 28 GHz.

The cross-polarization is less than −20 dB in the E-plane
but slightly higher in the H -plane. This is because the non-
zero Eϕ-component in theH -plane as non-radiating slots also
contribute to some radiation. However, the cross-pol level is
still less than −12 dB, much smaller than other QW-SPAs
[23], [24], due to the use of the thin dielectric substrate and the
aperture-coupled feeding. The proper adjustments of W/L
(hereW = 5.2 mm and L = 2.7 mm) also help reduce cross-
polarization [25]. Note that large discrepancies between the
simulated and measured back-side radiation are due to the
blockage and scattering radiation from the rotating platform
and probes in the far-field chamber. On the other hand, good
agreement between the simulated and measured results in the
other half-space above the patch are obtained.

Fig. 12 shows the simulated and measured peak antenna
gain and efficiency. Measured gain is calculated by using

FIGURE 12. (a) Peak antenna gain and (b) efficiency of the proposed
single-patch AiP design.

FIGURE 13. 3-D radiation pattern of the proposed single-patch AiP design
at 28 GHz.

the standard gain transfer method [26]. In Fig. 12(a), the
peak gain varies from 5 to 7.3 dBi over the operating band.
The lower gain at lower frequencies is obtained due to a
smaller electrical size (λ/4) of the patch at those frequencies
in contrast to the larger size (λ/2) of the patch at higher
frequencies. The radiation and total efficiency of the proposed
single patch is shown in Fig. 12(b). Good radiation efficiency
more than 87% is observed over the entire operating band.
Finally, Fig. 13 plots the 3-D radiation pattern at 28 GHz for
the proposed single-patch AiP design. It can be easily seen in
the figure that the tilted beam radiation is toward the end-fire
direction.

III. DIFFERENTIAL-FED, SUB-ARRAY AiP DESIGN
To achieve more beam tilt toward the end-fire direction, the
differential-fed, two-patch sub-array formed by two single-
patch design studied in the previous section is proposed
here. Fig. 14 illustrates the schematics of the proposed AiP
design. The proposed two-patch sub-array AiP possesses
the overall dimensions of 0.5 mm × 18 mm × 20 mm.
The substrate size is chosen large enough for accommo-
dating the end-launch connector. The height of the design
is kept the same as 0.5 mm as shown in Fig. 1. The two
patch antennas are spaced apart by a half-wavelength (0.5λ0)
at 28 GHz. This spacing is significant enough to produce
low mutual coupling. For the proposed sub-array antenna
geometry, isolation between the proposed QW-SPA elements
is greater than 16 dB over the band, which signifies mini-
mal power loss. The single QW-SPA is expanded into the
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FIGURE 14. Schematics of the proposed, differential-fed, sub-array AiP
design. (a) Top view and (b) bottom view.

FIGURE 15. Comparison of the beam tilt between the single-patch and
the sub-array AiP designs.

differential-fed two-patch sub-array for achieving the quasi-
end-fire AiP design. The differential feeding is used, in which
a 180-degree phase difference is realized by a microstrip-
feed-line-based 1:2 power divider. A delay line is used for
creating a 180-degree phase difference between the feed lines.
The two patch radiators are aligned in series along the reso-
nant length of the patch in order to obtain larger beam tilt
toward the end-fire direction. A GCPW-microstrip transition
is used for the practical antenna topology when the design is
mounted with end-launch connector.

The enhancement of the beam tilt between the single-patch
and the sub-array AiP designs is depicted in Fig. 15. For the
sub-array AiP design, the beam tilt varies from 43–53 degrees
over the entire operating band. Compared with the single-
patch design in Fig. 1, the beam tilt for the sub-array is
increased by around 17 degrees. Note at higher frequencies,
the beam tilt is increased more, which could be attributed to
the array effect.

A. ELECTRIC FIELD DISTRIBUTION
The excited resonant modes in the proposed sub-array design
are the same as those studied in Fig. 7 for the single-patch
design. The TM z

1/2,0,0 and TM z
1,0,0 modes resonate at lower

and higher frequencies respectively. The distribution of the
vector electric fields in the cross section along the resonant

FIGURE 16. Vector electric-field distribution for the proposed sub-array
design at (a) 26.5 GHz and (b) 29.5 GHz.

FIGURE 17. Photograph of the fabricated sub-array array AiP design.

FIGURE 18. Simulated and measured reflection co-efficient of the
proposed sub-array AiP design.

length of the patches are illustrated in Fig. 16. The phase
reversal can be clearly seen between the two patch radiators
that are simultaneously excited.

B. SIMULATED AND MEASURED RESULTS
The fabricated prototype of the differential-fed, sub-arrayAiP
design is shown in Fig. 17. The simulated and measured
reflection co-efficient of the proposed sub-array design is
depicted in Fig. 18. A wide operating band with a 4.7 GHz
bandwidth that corresponds to around a 16.5% fractional
bandwidth can be achieved. As discussed in the previous
section, the discrepancies between the simulated and mea-
sured results are attributed to the dielectric-constant variation
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TABLE 1. Comparison of the proposed 5G mmWave AiP design with other recently reported antennas.

of the substrate, fabrication tolerance, and the solderless con-
tact between the feed line and the end-launch connector.

The simulated and measured radiation patterns for the
proposed, differential-fed, sub-array design are presented in
Fig. 19. Due to the incorporation of the patch array, the beam
tilt is enhanced and reaches around 45 degrees at 28 GHz.
In addition, the peak gain of more than 5 dBi toward the end-
fire direction is obtained. The cross-polarization is observed
less than −20 dB and −15 dB in the E-plane and H -plane
respectively. The aperture-coupled feeding and differential
feeding [27] also help reduce the cross-polarization in both
principal planes, particularly in the H -plane where the cross-
polarization is high due to the excited TM z

1/2,0,0 mode. Sim-
ilar to the results seen in Fig. 11, the proposed sub-array
design suffers from large variation of the back-side radiation
between the simulated and measured patterns. Again, this is
because the scattering radiation from the rotating platform for
the antenna-under-test (AUT) in the chamber.

Fig. 20 shows the simulated and measured peak antenna
gain and efficiency. It can be seen in Fig. 20(a) that optimal

peak gain of around 8.2 dBi is obtained over the operating
band. The radiation and total efficiency of the proposed
sub-array is plotted in Fig. 12(b). The radiation efficiency of
more than 80% is observed over the entire operating band.
Note that the total efficiency is comparatively less than the
radiation efficiency as the former includes losses caused by
the impedance mismatch at the connector and the dielectric
and conductive losses. Fig. 21 shows the corresponding 3-D
radiation pattern for the sub-array AiP design. The quasi-end-
fire radiation beam can be clearly noted and is directed toward
the end-fire direction with high antenna gain.

A comparison table for the proposed sub-array AiP design
and other reference works are also provided in this section.
Table 1 compares the performance and characteristics of the
proposed sub-array with some recent 5G mmWave antenna
designs. The proposed design possesses a very low thickness
in comparison with other designs. It can be also noted that
the proposed antenna acquires a wide impedance bandwidth
with high optimal gain of 8.2 dBi. The proposed design also
uses the full-metal ground for better shielding of the radiator
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FIGURE 19. Simulated and measured radiation patterns in the (a) E-plane
and (b) H-plane.

FIGURE 20. (a) Peak antenna gain and (b) efficiency of the proposed
sub-array AiP design.

FIGURE 21. 3-D radiation pattern of the proposed sub-array AiP design
at 28 GHz.

from the RF circuitry underneath the patch, which makes it
suitable for commercial 5G mmWave mobile applications.

IV. CONCLUSION
A thin, differential-fed two-patch sub-array AiP design for
5G mmWave mobile applications been presented and tested.
The proposed AiP design consists of the two dual-aperture-
coupled shorted patches differentially fed by a pair of out-of-
phase feed line and shows an overall thickness of 0.5 mm
(0.05-λ0 at 28 GHz) only. The proposed design has wide-
band performance due to the excitation of the TM z

1/2,0,0 and
TM z

1,0,0 modes that aid in the entire coverage of the n257
frequency band. The obtained fractional bandwidth is around
14.3%, and the beam tilt at 28 GHz is around 45 degrees
toward the end-fire direction. In addition, the quasi-end-fire
gain of more than 5 dBi is also achieved. Finally, because
of the inclusion of the full-metal ground/shielding plane, the
proposed AiP design can be easily integrated into the modern
5G mmWave devices.
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