
8100 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 69, NO. 12, DECEMBER 2021

Miniaturized Dual-Band Broadside/Endfire
Antenna-in-Package for 5G Smartphone

Jungwoo Seo, Inseop Yoon, Member, IEEE, Jaebaek Jung, Member, IEEE, Jeongki Ryoo, Juhyoung Park,

Woncheol Lee, Member, IEEE, Dongok Ko, and Jungsuek Oh , Senior Member, IEEE

Abstract— This article proposes a miniaturized antenna in
package (AiP) for 5G millimeter-wave smartphone that incorpo-
rates broadside and endfire arrays and supports a dual band
covering 28 and 39 GHz. This article demonstrates that the
proposed AiP is 5.8 mm × 19 mm × 1.122 mm. It is believed
that this is the smallest 5G AiP that can support a 10 dBi
antenna gain, a 10 dB return-loss bandwidth of 3 GHz, and more
than 10 dB isolation for both broadside and endfire arrays. AiP
consists of a 1×4 patch antenna array for broadside radiation and
a 1×4 dipole antenna array for endfire radiation. To miniaturize
the patch antenna elements, a multilayer Reactive Impedance
Surface (RIS) is embedded between the patch layer and the
ground plane. This multilayer RIS idea greatly fits in 5G PCB-
stack-up antennas where each stack-up layer essentially requires
certain portion of copper area. For the endfire array antenna,
miniaturization with bandwidth improvement is achieved by
modifying the vertically bent folded dipole antenna (VBFDA) and
adding a tightly coupled T-shape side via wall. The AiP achieves a
10 dB return-loss bandwidth of 26.22 to 29.57 GHz and 35.18 to
41.00 GHz for Multilayer RIS Patch Antenna (MLRPA), and
26.40 to 29.74 GHz and 36.65 to 40.72 GHz for VBFDA. The
antenna gain is 11.6 dBi for MLRPA and 10.0 dBi for VBFDA.

Index Terms— 5G, antenna miniaturization, impedance sheets,
millimeter-wave antenna arrays, packaging.

I. INTRODUCTION

THE fifth-generation (5G) is a big evolution for mobile
communication systems, which was first commercialized

in 2019. 5G frequency bands contain sub-6 GHz (3.5 GHz)
and millimeter-wave (mmWave) frequency bands. Recently,
Federal Communications Commission (FCC) recommended
new regulations to manage 28, 37, 39, and 64–71 GHz
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frequency bands for 5G applications. Among these, 28 and
39 GHz are the most dominant frequency bands that are used
by major service providers in the world [1]. From these,
mmWave dual-band operations are being a key requirement
for antennas and front-end module (FEM) in advanced 5G
systems. In addition to this, there is also a demand for
dual-polarized mmWave systems to acquire a diversity gain
for various emerging services [2], [3]. Designing antennas
for 5G smartphones is one of the most challenging issues
because large display size and thin frame significantly reduce
the space for 5G antennas. This renders the design freedom
in achieving broadband and beam steering capabilities with a
moderate antenna gain. Qualcomm developed and announced
a 5G antenna module [4] and a significant number of studies
have been performed [5]–[11]. However, the gain, bandwidth,
and size of the antennas for 28 and 39 GHz operations are
impractical for smartphones. Various types of dual-band, dual-
polarized, and miniaturized antennas using patch or dipole
antennas have been widely researched; however, most of these
antennas have drawbacks. Studied patch antennas are not
small, they do not support dual-band technology, or they do
not support dual-polarization [5]–[7]. Similarly, studied dipole
antennas are also not small or do not support dual-band tech-
nology [10], [11]. Even if some of the studied antennas support
dual band and dual polarization simultaneously [8], [9], their
size is still unrealistic to be integrated into 5G products.

To clarify the present state-of-the-art, Table I indicates that
the most studied designs do not support dual polarization
and dual band, nor have a miniaturized size simultaneously.
In addition, their performance is not enough to be applied
for commercial mmWave 5G smartphones. In the conventional
designs, antenna miniaturization in size and profile for both
broadside and endfire antenna arrays causes a substantially
decreased gain and bandwidth. To address this, there are
several types of reactive impedance surfaces (RIS), such as
multiband RIS [12], reconfigurable RIS [13], and the RIS
cavity resonator [14]. By inserting a conventional single-layer
RIS between the patch and the ground, these antennas have
a wider bandwidth and a miniaturized size. However, these
approaches are difficult to control the resonant frequencies
and it needs a higher level of miniaturization to be mounted
in a smartphone. In addition, several types of dipole antennas
have been studied in related works [10], [11]. These studies
have relied mainly on bending arms of the dipole for antenna
miniaturization. Likewise, these approaches are difficult to
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TABLE I

COMPARISON OF THE PROPOSED AIP TO OTHER ANTENNA STUDIES

Fig. 1. Proposed AiP topology incorporating MLRPA for broadside radiation
and VBFDA for endfire array radiation.

achieve the desired bandwidth, a moderate level of isolation
among all of the ports, and require a small form factor for
the AiP. The proposed AiP consists of a 1 × 4 multilayer
RIS patch antenna (MLRPA) array, and a 1 × 4 vertically
bent folded dipole antenna (VBFDA) array. It is a laborious
task to achieve various functions of AiP without performance
degeneracy when AiP is mounted in very limited smartphone
mounting space. Nevertheless, proposed AiP can achieve dual
band, dual polarization, a moderate antenna gain, isolation
using via wall, and wide bandwidth characteristics with the
smallest form factor of 5.8 mm × 19 mm × 1.122 mm
(=0.54 λ0 × 1.76λ0 × 0.105λ0, where λ0 is the free-space
wavelength at 28 GHz), as illustrated in Fig. 1.

Section II describes the overall structure and design consid-
erations of the AiP. Section III introduces the proposed feed
network, design methodology of the RIS, and the operating
principles of MLRPA. The proposed MLRPA array employs
multilayer RIS that can maximize the effect of RIS for an
extremely small-sized antenna meeting PCB stack-up require-
ments. Section IV shows the principle of VBFDA by using
side via walls. To miniaturize the dipole antenna size and

to achieve dual-band operations, the proposed VBFDA array
employs vertically folded arms. This study also proposes
that the T-shaped side via walls that are placed between the
dipole antennas in the VBFDA array can improve isolation
and impedance matching. The package-level simulation and
the measurement results are presented in Section V. Finally,
the conclusion is presented in Section VI.

II. WHOLE CONFIGURATION OF AIP

Fig. 2 depicts the proposed AiP consisting of a 1 × 4 patch
antenna array with a multilayer RIS and a 1 × 4 vertically
folded bent dipole antenna array with a T-shaped side via
walls. The total size, including the solder resist (SR) layer,
is 5.8 mm × 19 mm × 1.122 mm. The size of the MLRPA
is 4.4 mm × 19 mm × 0.719 mm and the VBFDA is
1.2 mm × 19 mm × 1.122 mm. The two antennas are divided
by a ground via wall with a thickness of 0.2 mm. Fig. 2(a)
indicates the total view of the proposed AiP and detail of end
fire (EF) side via wall that consists of copper via and pads.
Pads are inserted in layers 1∼6, 7∼12, and via interconnect
pads. Fig. 2(b) is the top view of the proposed AiP, it portrays
the location of MLRPA, VBFDA ports, and broad side (BS)
RIS. Ports of x-pol and y-pol of MLRPA are under the BS
patch and BS RIS surrounds these elements. VBFDA ports
are under the BS RIS and are connected to the dipole arm
through a stripline. Fig. 2(c) is the side view of the proposed
AiP that shows BS RIS and BS/EF via wall whose structure is
equal to EF side via wall. Detailed explanations of BS RIS are
covered in Section III-A. Fig. 2(d) and Fig. 2(c) are similar in
the sense that these figures are the side view of AiP. For a clear
understanding of feeding line structure, however, Fig. 2(d)
depicts the side view of AiP without RIS and EF side via
wall. The detailed explanations of the feeding line structure
are also covered in Section III-A.

The stack-up structure of the 12-layer PCB lamination being
widely used for 5G antennas is illustrated in Fig. 3. The
permittivity and loss tangent of the preimpregnated (prepreg)
material and the SR layer are 3.47, 0.004 and 3.9, 0.03, respec-
tively. The 12 layers are stacked up and down based on the core
prepreg material. Copper layers of the MLRPA are placed on
layer 1 to layer 7. The radiating patches are placed on layer 1,
the RIS is on layers 1 to layer 6, and the ground antenna is
on layer 7. Layers 7 to 9 place the strip lines along the top
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Fig. 2. Overview of the configuration naming and the overall dimensions of
the proposed AiP. (a) Total view. (b) Top view. (c) Side view. (d) Side view
w/o RIS and EF side via wall.

Fig. 3. Stack-up structure of the 12-layer PCB lamination.

and bottom ground. Unlike MLRPA, which requires a bottom
ground, VBFDA can be designed by using whole layers of the
stack-up structure. The feeds of the VBFDA are connected to

the strip lines of layer 8. These strip lines are connected to
the 16-channel radio frequency (RF) chip through layers 8 to
12. To measure the performance of the proposed antennas,
the AiP is designed by connecting the feeds of MLRPA and
VBFDA directly to layer 12 without going through the feedline
layer. In the manufacturing process, there is a tolerance for a
sawing line when dicing the substrate; thus, the proposed AiP
was designed while considering a tolerance range of 0.15 mm.
In addition, the copper ratio should be taken into consideration
for the manufacturing process and the area of each layer should
be filled with at least 30% copper. If there is less than 30%
copper, the manufacturing error increases and the gap between
the layers becomes distorted. When considering the aforemen-
tioned integration and fabrication factors for the full package
level, the proposed AiP is verified by employing the active
S parameters that can examine the level of isolation among
the antenna elements in the arrays. The active S-parameters,
which represent the reflection coefficients for various array
excitations, are important performance parameters for active
phase array antennas [15], [16]. The active S parameters are
represented by the reflection coefficient for one port when
another port is excited. Unlike the S parameter of a single
antenna, the active S parameters for an array antenna are
calculated for the coupling coefficient as well as the reflection
coefficient.

III. MLRPA FOR THE BROADSIDE ARRAY

Patch antennas have been widely investigated in 5G wire-
less communication systems since it has many advantages
that include its low profile, small size, lightweight, ease of
fabrication, and low cost [5]–[8]. As previously mentioned,
the conventional patch antenna has the disadvantage of a
narrow bandwidth. Since many applications require broad-
band, several methods for expanding the bandwidth are being
studied. Typical methods to increase the bandwidth are to
use air-filled substrates [17], parasitic elements [18], stack
patches [19], patch-shaped modification [20], and thick sub-
strates [21]. The air-filled substrate is not suitable for practical
smartphones that require structural durability. Most of the
parasitic element methods are also inappropriate because they
are accompanied by a considerable increase in the overall size
of the antenna. The remaining methods also have limitations
in obtaining the desired bandwidth. Among them, the use of
a thick substrate is the most practical way to increase the
bandwidth and to avoid the disadvantages of the other methods
as long as it does not cause a substantial loss due to a higher
order of surface waves. The ideal substrate thickness is in
the range of λ0/20 to λ0/10. As a result, the thickness (t)
for 28 GHz is 0.535 mm < t < 1.07 mm and 39 GHz is
0.39 mm < t < 0.78 mm. As demonstrated in Fig. 3,
the thickness of the MLRPA is identified by considering the
aforementioned stack-up structure, which was determined to
be 0.719 mm.

A. Patch Antenna With Disk Coupled Feed & RIS

The proposed design approach to achieve dual-band and
dual-polarization operations with a small form factor start
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Fig. 4. Side view and equivalent circuit model of a patch antenna.
(a) Conventional direct feed. (b) Indirect feed.

from modifying the shape of the patch element. The operation
of the patch should be along the same direction as the
polarization and it also needs to support dual-band impedance
matching to the feed line. This is a critical bottleneck when
trying to achieve dual-band and dual-polarization operations
simultaneously. Dual-band and dual-polarized antennas have
been studied in various manners, such as slot-loaded patch
antennas, slotted cross-patch antennas [22], and conventional
stack patch antennas [19]. In addition, another method is to
modify the feed method, which can be combined with mod-
ified patch antennas as previously discussed. However, if the
slots are applied to the patch to achieve dual-band operation
for small-size substrates, the flow of electric current caused
by the slots varies nonideally. As a result, it is challenging
to support dual band and dual polarization simultaneously.
In addition, the conventional stacked patch antennas can
achieve dual band; however, their bandwidth is limited due
to the given substrate thickness and the number of stacked
layers. Therefore, in certain levels of small form factor, it can
be more effective to modify the feed method than to modify
the shape of the patch. Feed methods are largely classified into
direct feed and indirect feed methods based on their physical
connection topology. In the case of the direct feed method,
physical contact is made to the radiating patch element. In the
case of the indirect feed method, power is supplied by using
single or multiple coupling effects at a certain distance from
the radiating patch element.

Fig. 4(a) describes the direct feed when it is applied to a
conventional patch antenna that has a thicker substrate. The
design parameter to improve the impedance matching features
is limited to a short segment of vertical inductance. Because of
this limitation, it is more efficient to employ an indirect feed
that can increase the design freedom significantly by maxi-
mizing the use of the coupling coefficients and the horizontal
metallic patterns in each layer. The proximity feed [23], aper-
ture coupled feed [24], L-shape proximity coupled feed [25],
and the coplanar capacitive feed [26] are representative indirect
feed methods. In this article, when considering the advantages
and disadvantages of the methods, a novel proximity disk
coupled feed method that combines the L-shaped feed and the
coplanar capacitive feed is devised in Fig. 4(b). By changing

Fig. 5. (a) Topology of a single patch element and (b) its simulated S11 for
direct and the proposed indirect feed (proximity disk coupled feed).

the parameters of the diameter and height of the disk pad,
the real and reactive parts of the antenna impedance can be
tuned to significantly improve the bandwidth. The topology of
the patch antenna with x- and y-polarization of the proximity
disk is shown in Fig. 5(a). The dimensions of the patch and
substrate are 1.9 mm × 1.9 mm and 4.4 mm × 4.75 mm,
respectively. Fig. 5(b) shows an ordinary direct feed for the
λg/2 microstrip antenna (where λg = λ0/

√
εr , λ0 = free-space

wavelength and εr = 3.47), which has difficulty in achieving
28 and 39 GHz operations. On the other hand, a patch antenna
with a proximity disk coupled feed placed on layer 2 can
increase the design freedom in controlling the space of two
resonant frequencies and their quality factor without changing
the patch size or shape. Although a patch antenna with the
novel feed method in Fig. 5 can support dual band and
dual polarization for small-size substrates, the control range
of the resonance frequency is still distant from the intended
frequencies and the bandwidth needs to be further improved.

Applying a special structure to the antenna could improve
its performance [27]. To broaden the bandwidth and to shift to
the desired frequency, the tunable range of the input reactance
can be extended by inserting a periodic RIS between the patch
and the ground plane. RIS is also a known structure to have
minimal interaction with a patch and greatly improve antenna
characteristics such as the bandwidth and a miniaturized
physical size [28]. As displayed in Figs. 6(a) and 7, a patch
antenna with a single-layer RIS and the proximity disk coupled
feed is simulated with the same antenna parameters as Fig. 5.
Even if the upper frequency shifts down by optimizing the size
and placement of the RIS, the bandwidth is still not enough.
Unlike a single-layer RIS of the periodic structure that has
been studied up to now, the reactance of the antenna has further
enhanced the diversity in optimizing the impedance character-
istics by changing the single-layer RIS into a double-layer
RIS as depicted in Fig. 6(b). Its design capability of shifting
down the resonance frequencies and widening the bandwidth
are shown; however, the upper band responses are not enough
for a 10 dB return-loss bandwidth of 3 GHz. It must be noted
that for this design, each layer of the RIS has more than
two different shapes and it is asymmetric, overlapping, or has
multilayer patch elements. Although these nonuniform RIS
designs can improve the bandwidth, significant nonuniformity
in the multilayer RIS can cause the unintended degradation of
the radiation patterns and gain due to nonuniform coupling

Authorized licensed use limited to: Seoul National University. Downloaded on December 15,2022 at 12:37:42 UTC from IEEE Xplore.  Restrictions apply. 



8104 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 69, NO. 12, DECEMBER 2021

Fig. 6. Various types of RIS (a) single-layer (L4) RIS, (b) double-layer RIS
(L3, L5), and (c) multilayer RIS (L1–L6).

Fig. 7. Simulated S11 of single- and multilayer RIS as depicted in Fig. 6.

between each layer. Therefore, for the proposed topology,
nonuniformity is employed only for the same plane. Fig. 6(c)
illustrates a multilayer RIS that is arranged from layers 1 to 6.
Fig. 7 shows the difference in the S parameter between the
single-layer, the double-layer, and the multilayer RIS. The
patch antenna with a single layer and a double layer cannot
achieve a 10 dB bandwidth at the desired frequency; however,
the multilayer RIS can achieve a wide bandwidth at the desired
frequency.

In addition, Fig. 8 confirms that even if the RIS is added,
the gain or radiation pattern does not change dramatically.

B. 1 × 4 MLRPA Array

In Section III-A, a single patch antenna with a multilayer
RIS has been determined to be capable of dual-band and
dual-polarization operations for 5G systems. Based on this, the
1 × 4 antenna array configuration is designed and optimized
within the dimensions of 4.4 mm × 19 mm. To the best of our
knowledge, this is the smallest AiP that can support dual band
(28 and 39 GHz) and dual polarization for 5G smartphones.

As featured in Fig. 9(a), the MLRPA array consists of
four antenna elements, four x-pol feeds, and four y-pol feeds.
On one side of the antenna array that faces the proposed

Fig. 8. Simulated yz-plane radiation patterns of a single-element patch
antenna with and without single or multilayer RIS at (a) 28 GHz and
(b) 39 GHz.

Fig. 9. (a) Top view of 1×4 MLRPA array. (b) Simulated E-field distributions
for reference. (c) Optimized feed positions.

endfire array, VBFDA, there is a ground wall that isolates the
operation of the MLRPA array from the VBFDA array, and the
other three sides are surrounded by sawing lines for multiple
fabrication samples. While the ideal patch antenna spacing of
the array was set to λ0/2 (=5.35 mm at 28 GHz), the 1 × 4
MLRPA array was arranged with an interval of 4.65 mm.
This value of the interval is determined by the system set that
means each of the elements of the smartphone has a definite
place and space for being mounted. Samsung, a collaborative
corporation, limits the maximum assigned space of antenna to
5 mm × 20 mm. Furthermore, proper operation in dual-band
frequencies is also a design consideration. In free space,
λ0/2 of 28 GHz is 5.35 mm, λ0/2 of 39 GHz is 3.84, and
4.6 mm is the median value of those two values. When an array
antenna has a distance similar to the median value, authors
consider that isolation of antenna performs well and grating
lobe to not be generated in dual frequency bands. In summary,
for the system set and performance of the antenna in dual
frequency bands, the distance between two adjacent elements
is determined to be 4.65 mm and this is a small size.

Because of its small size, the thick substrate, ground wall,
and edges are very close to the patches. In addition, undesired
surface waves flow along the substrate, which does not allow

Authorized licensed use limited to: Seoul National University. Downloaded on December 15,2022 at 12:37:42 UTC from IEEE Xplore.  Restrictions apply. 



SEO et al.: MINIATURIZED DUAL-BAND BROADSIDE/ENDFIRE ANTENNA-IN-PACKAGE 8105

Fig. 10. Top and detailed views showing the topology and design parameters
of 1 × 4 MLRPA array.

TABLE II

DESIGN PARAMETERS AND THEIR VALUES OF THE PROPOSED

MLRPA. ALL PHYSICAL DIMENSIONS ARE IN mm

ideal radiation. The ground via wall physically blocks only
one side of the array, which disrupts the symmetry of the
AiP structure. In this study, since the surface wave effect was
observed to be dominant along the longer axis, the ground via
wall was strongly influenced with x-pol feeds rather than y-pol
feeds. Fig. 9(b) shows the E-field distributions when the x-pol
feeds of each antenna without the multilayer RIS are placed at
the same position with respect to the patch. Since the E-field
flows along the ground via wall, the wall causes an undesired
influence on the bilateral patches. In Fig. 9(c), the x-pol feed
position of antennas #2 and #4 is moved to the opposite end.
In addition, it is given a phase difference of 180◦ to minimize
the undesired effect on the bilateral patches. By modifying the
position of the x-pol feeds, the influence between the bilateral
patches and the ground via wall can decrease significantly.

As displayed in Fig. 10, since the substrate of the 1 × 4
MLRPA array is asymmetrically elongated in comparison to a
single element, the RIS is also optimized such that it is long
and asymmetric along the long axis. The RIS has the same
shape when viewed in the quadrant of the entire antenna; thus,
the RIS can uniformly affect each radiation patch. Table II
shows the optimized dimensions of layers 1 to 6 for the
MLRPA and the dimensions of RIS, which are the same for
all of the layers. Because the distance between the patches
is close and the substrate is small, the influence between the
patches is much greater than the ideal 1 × 4 patch antenna
array. For this reason, two patches at each end along the
x-axis have slightly different dimensions from two patches
near the center to achieve a 10 dB return-loss bandwidth
for the active S parameter while considering the isolation.
As shown in Fig. 10, adjusting the disk pad size of the
feeds is one effective way to improve the additional band-
width by adjusting the self-reactance and coupling coefficients.
Fig. 11 illustrates the simulated 10 dB return-loss bandwidth of
the proposed MLRPA array. The simulated 10 dB return-loss
bandwidth for all of the ports was 26.59 to 29.74 GHz and

Fig. 11. Simulated active S parameter of the 1 × 4 MLRPA array.

Fig. 12. Simulated radiation patterns of the 1 × 4 MLRPA array on the
yz-plane at (a) 28 GHz and (b) 39 GHz.

35.33 to 40.42 GHz. Fig. 12 presents the simulated radiation
patterns and gains of the 1 ×4 MLRPA that can achieve more
than 10 dBi for all of the frequency bands and x- and y-pol
feeds.

IV. VBFDA FOR ENDFIRE ARRAY

A. Single VBFDA

The design of the proposed endfire antenna array for tar-
get performance starts from the folded dipole antenna type.
Similar to the MLRPA, a single VBFDA is a very small size
with dimensions of 4.65 mm × 1.2 mm × 1.2 mm. Therefore,
the conventional design approach for the folded dipole antenna
type [10], [11] cannot achieve sufficient performance within
the given space. There are various ways to overcome the
limited space problem [29], [30]. In order to overcome the
limitation of narrow space for dual-band operation, a dipole
arm is vertically bent as shown in Fig. 13. It should be noted
that for the endfire array design, only one polarization is
considered with the aforementioned highly small form factor.

Unlike the conventional structure where the arms of the
dipole antenna and the feed line are located on the same
horizontal layer, the proposed VBFDA has a structure that is
bent vertically. As a result, the dipole arms and feed line are
located on different layers to save area. A single VBFDA uses
two-port differential feeds. The ground via wall was placed for
the isolation operation of the VBFDA from that of MLRPA
as well as operating as a reflector for the VBFDA to achieve
gain enhancement. Two-port differential feeds from a 50 �
matched transmission line on layer 8 were connected to the
dipole arm. The lower and upper arms of the VBFDA can
be placed at various heights depending on the layer structure
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Fig. 13. Oblique views and dimension information for a single VBFDA.

Fig. 14. Surface current distribution of the prototype single VBFDA at
(a) 28 GHz and (b) 39 GHz.

as demonstrated in Fig. 3. The lower and upper arms of the
VBFDA have a width of W2 and W3, respectively, and the
total length of the arm is L2, which is formed on both sides
of the feed.

Fig. 14 shows the surface current distributions when the
VBFDA operates with dual frequency bands. As depicted
in Fig. 14(a), the electric current is strong in the upper and
lower arms of the VBFDA at 28 GHz for two in-phase radi-
ating elements. On the other hand, as displayed in Fig. 14(b),
the electric current at 39 GHz is strong only in the lower
arm. In this case, because one side of the lower arm has a
length of λ39 GHz/4, only the lower metallic traces operate as
effectively as an open-ended half-wavelength dipole antenna
at 39 GHz. It was also determined that the electric fields
(E-fields) that radiated from both sides canceled each other
out; thus, resulting in horizontal polarization. The proposed
VBFDA can be designed at any two resonant frequencies
according to the electrical length of each frequency band.

The red line of Fig. 15 shows the active S parameter that is
obtained by optimizing the proposed VBFDA. It has a dual-
band characteristic and can move the two resonant frequencies
to the desired frequencies; however, the bandwidth is still
narrow. It has not only a narrow bandwidth but also a low
gain. Finally, in order to excite the enhanced performance of
VBFDA, the shape of the VBFDA is changed as illustrated
in Fig. 16. First, the folded dipole arm is transformed into a
tapered shape with a different center and outer width. Unlike
the previous one where the widths of the arms were the
same at the beginning and the end, the improved antenna
redefines the center width of the lower arm as W2 and the

Fig. 15. Simulated active S parameter of the prototype and the improved
single VBFDA.

Fig. 16. Structure of the improved single VBFDA.

outer width as W2_2. In addition, the upper arm is redefined
with a center width of W3 and an outer width of W3_2,
respectively. The center width of the arm can be wider or
narrower than the outside width through optimization. Second,
an improved VBFDA applies a shape that is not parallel to
the reflector, unlike a typical dipole antenna. As depicted
in Fig. 16, the shape of the antenna may be bent so the distance
between the inner pad center and outer pad center is the same
as the arm offset. Therefore, the arm shape of the VBFDA can
be folded forward or backward. Third, the method of placing
the side via walls in order to add isolation effect on both sides
of the VBFDA was considered. The proposed side via walls
were built through all of the 12 layers by extending the ground
via wall vertically. The vertical ground walls are placed on
both sides of the VBFDA rendering an I-shaped array when
observed from the top. The width of the side via walls should
be wider than the minimum process size of the core pad. The
side via walls are 200 μm away from the end of the substrate,
which takes into account the sawing line that was previously
mentioned.

The blue line of Fig. 15 shows the optimized active S
parameter characteristics of the VBFDA with the side via
wall, which satisfies a 10 dB return-loss bandwidth of 3 GHz
for the target dual bands. Fig. 17 demonstrates that the gain
of the proposed antenna has more than 3 dBi in the target
band. In addition, the axial ratio of the VBFDA is more than
50 dB in the target band, which means that linear polarization
is dominant.
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Fig. 17. Simulated yz-plane radiation patterns of a single VBFDA.
(a) 28 GHz. (b) 39 GHz.

Fig. 18. Structure of the 1 × 4 VBFDA array having an I-shape side via
wall.

Fig. 19. Simulated active S-parameter of the 1 × 4 VBFDA array having an
I-shaped side via wall.

B. 1 × 4 VBFDA Array

Fig. 18 shows the design of the 1 × 4 VBFDA array using
the single element designed in Section IV. The y-axis length of
the single antenna is 4.65 mm and the total length is 19 mm.
Similar to the MLRPA, the spacing between each antenna is
larger than λ39 GHz/2; however, it is narrower than λ28 GHz/2.

Isolation problems can occur with the designed antenna
array. In order to consider the isolation characteristics between
each element in the antenna array, the active S parameter
should be checked as depicted in Fig. 19. While most ports are
above −10 dB in the lower band, only some ports satisfy the
condition below −10 dB in the upper band. Therefore, it can
be expected that the isolation characteristics in the array are
not good.

This problem can be accurately identified for the surface
current distribution as shown in Fig. 20. Fig. 20 illustrates

Fig. 20. Surface current distribution of the side via wall when the power is
applied to only one antenna. (a) I-shape at 28 GHz. (b) T-shape at 28 GHz.
(c) I-shape at 39 GHz. (d) T-shape at 39 GHz.

the current distribution when the power is not the applied
antenna in this figure but adjacent antennas of this antenna.
Fig. 20(a) and (b) show the current flow in I-shape and T-shape
via wall region at 28 GHz, which is strong at I-shape via wall.
Likewise, Fig. (c) and (d) show the current flow at 39 GHz,
which is also strong at I-shape via wall. Therefore, in order to
suppress the current flowing to both side antennas through the
side via wall, it is necessary to modify the shape of the side
via wall. As stated, Fig. 20(b) and (d) show the structure of
a 1 × 4 antenna array with the shape of the side via walls
modified from the I-type to the T-type for isolation charac-
teristics. To prevent the power transfer to the other antenna
through the side via wall, an x-axis wall was added at the
end of the side via wall. The T-type side via wall structurally
prevents the current from passing to the antennas on both sides
and makes the current path long so that the current cannot
pass easily. It can be observed from Fig. 20 that the T-type
current decreases in comparison to the case of the I-type,
and there is a significant difference, particularly at 39 GHz.
Fig. 21(a) and (b) display the captured radial E-field of the
I and T shape side via wall. Without the side via wall,
a strong E-field is formed in the middle of the two antennas.
Meanwhile, in the cases of I and T shapes, the null point
gradually becomes apparent. This aspect can be observed for
both bands. In addition, the intensity of the E-field propagating
in the VBFDA is strong in the case of the T-shape. The tightly
coupled effect between the VBFDA and the side via walls has
a great effect on the antenna radiation.

Therefore, a 1 × 4 VBFDA array with the T-shaped side
via walls can improve the isolation and gain characteristics
as shown in Fig. 22. Similar to the MLRPA, two antennas
at each end along the x-axis are structurally different from
two antennas near the center; thus, the tapered shapes of the
antennas achieve a 3 GHz bandwidth even though they are
different. Table III shows the optimized geometric parameters
of the VBFDA.

Fig. 23 presents the active S parameter of the 1 × 4 VBFDA
array with the optimized T-shape side via wall. For the target
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Fig. 21. E-field in the front space of the VBFDA depending on the side via
wall shape at (a) 28 GHz and (b) 39 GHz.

Fig. 22. Structure of the 1 × 4 VBFDA array with a T-shape side via wall.

TABLE III

DESIGN PARAMETERS AND THE VALUES OF THE PROPOSED VBFDA.
ALL PHYSICAL DIMENSIONS ARE IN mm

dual band, the bandwidth has more than 3 GHz and its isola-
tion is less than −15 dB. Fig. 24 (a) and (b) show the yz-plane
radiation pattern and gain at 28 and 39 GHz, respectively. The
beam pattern of the VBFDA array is narrower than a single
VBFDA, and the gain improved by 6 dB. As a result, the
optimized 1 × 4 VBFDA array meets all of the requirements
of the target band.

V. SIMULATION AND MEASUREMENT RESULTS

A. Simulation

In order to verify the design approaches of the MLRPA array
and the VBFDA array of Section III-A, the proposed antennas
were combined into the AiP and simulated with ANSYS HFSS
v. 2019 R1. One of the design goals was miniaturizing the

Fig. 23. Simulated active S-parameter of the 1 × 4 VBFDA array with a
T-shape side via wall.

Fig. 24. Simulated yz-plane radiation patterns of the 1 × 4 VBFDA array
for (a) 28 GHz and (b) 39 GHz.

Fig. 25. Simulated active S parameter of the 1 × 4 MLRPA array in AiP.

antenna; hence, the size of the proposed AiP is 5.8 mm ×
19 mm × 1.122 mm (0.54 λ0 × 1.76 λ0 × 0.105 λ0, where λ0

is the free-space wavelength at 28 GHz). As far as we know,
the MLRPA array and the VBFDA array are the smallest in
comparison to other designs and the combined AiP is also the
smallest. Since both types of antennas are placed on a small
substrate, the interference between the two antennas should be
close to zero. Otherwise, the simulation results of the previous
sections will be different from this section. The AiP combined
with the MLRPA and the VBFDA is presented in Fig. 2 and
was simulated.

Figs. 25 and 26 show the simulated active S parameter
results of the MLRPA and the VBFDA in AiP. The 10 dB
return-loss bandwidth of the MLRPA and the VBFDA is
26.22 to 29.57 GHz, 35.18 to 41.00 GHz, and 26.40 to
29.74 GHz, 36.65 to 40.72 GHz, respectively. Therefore, both
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Fig. 26. Simulated active S parameter of the 1 × 4 VBFDA array in AiP.

Fig. 27. Simulated isolation (a) 1×4 MLRPA array in AiP, (b) 1×4 VBFDA
array in AiP.

antennas achieve more than 3 GHz for both bands, and the
results for Sections III–V, which are represented by dashed
lines and solid lines, do not differ significantly. This means
that the isolation characteristics between the MLRPA and the
VBFDA are good for the combined AiP structure.

Fig. 27 shows the simulated isolation results of MLRPA
and VBFDA array in AiP, respectively. The simulated iso-
lation results were less than −10 dB in almost all fre-
quency bands. As the simulated isolation results of MLRPA
and VBFDA were less than −10 dB, respectively, isolation
between MLRPA and VBFDA was predicted to be less than
−10 dB. Thus, the two arrays located within a very narrow
space do not influence each other and they can operate
independently.

Figs. 28 and 29 show the effect of phase difference on
the active S parameter of MLRPA and VBFDA array in AiP.
In these figures, solid lines represent the active S parameter

Fig. 28. Effect of phase difference on simulated active S parameter of the
1 × 4 MLRPA array in AiP. (a) Y-pol. (b) X-pol ports.

Fig. 29. Effect of phase difference on simulated active S parameter of the
1 × 4 VBFDA array in AiP.

in the condition that the phases of ports are all same. On the
other hand, dash lines represent the active S parameter in the
condition that phases of ports are different from each other.
As phase difference changes active S parameter and bandwidth
as above, antenna gain is expected to decrease while the beam
is steered.

Figs. 30 and 31 represent simulated peak gain and efficiency
results of MLRPA and VBFDA array in AiP. In operating
frequency, the maximum peak gain of MLRPA and VBFDA
array in AiP are 10.5/11.9 dBi (Y-pol MLRPA), 10.2/10.8 dBi
(X-pol MLRPA), and 8.7/10 dBi (VBFDA). In addition,
the efficiency of MLRPA and VBFDA array in AiP is more
than 0.90 in operating frequency.

Fig. 32 displays the MLRPA’s x-pol and y-pol radiation pat-
terns in the yz-plane and xz-plane at 28/39 GHz, respectively.
These results satisfy more than 10 dBi for the polarization and
all of the frequencies whereas cross pol’s gain in the yz-plane
and xz-plane are extremely low compared with co pol’s gain.
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Fig. 30. Simulated peak gain of the 1×4 MLRPA and VBFDA array in AiP.

Fig. 31. Simulated efficiency of the 1×4 MLRPA and VBFDA array in AiP.

Fig. 32. Simulated radiation patterns of the 1 × 4 MLRPA array in AiP at
(a) 28 GHz (yz-plane), (b) 39 GHz (yz-plane), (c) 28 GHz (xz-plane), and
(d) 39 GHz (xz-plane).

In addition, the VBFDA’s radiation patterns in the yz-plane
and xz-plane at 28/39 GHz are presented in Fig. 33(a)–(d)
and it satisfies more than 8 dBi for all frequencies whereas
cross pol’s gain in the yz-plane and xz-plane are extremely
low compared with co pol’s gain. Similar to the results of
the bandwidth, the gain has a negligible difference between
the results of Sections III–V. Even if the two antennas are

Fig. 33. Simulated radiation patterns of the 1 × 4 VBFDA array in AiP at
(a) 28 GHz (yz-plane), (b) 39 GHz (yz-plane), (c) 28 GHz (xz-plane), and
(d) 39 GHz (xz-plane).

Fig. 34. Simulated beam steered radiation patterns (xz-plane) of the
1 × 4 MLRPA array in AiP at (a) 28 GHz (y-pol) (b) 39 GHz (y-pol),
(c) 28 GHz (x-pol), and (d) 39 GHz (x-pol).

combined with AiP, the bandwidth and radiation pattern are
not affected by each other and are unchanged as a result of
their isolation characteristics.

Figs. 34 and 35 show simulated beam steered radiation
patterns of 1 × 4 MLRPA and VBFDA array in AiP. Solid
lines with red color represent boresight radiation pattern
and the other solid line represents radiation pattern in the
condition that phase differences of ports exist. The more
beam is steered, the more peak gain is decreased. For
instance, in Fig. 34(a), the peak gain of the steered beam is
10.36(boresight), 10.13(phase difference = 45◦), 9.46(phase
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Fig. 35. Simulated beam steered radiation patterns (xz-plane) of the 1 × 4
VBFDA array in AiP at (a) 28 GHz (x-pol) and (b) 39 GHz (x-pol).

Fig. 36. Photograph and x-ray of the fabricated AiP depicted in Fig. 2.
(a) Overall view. (b) Top view. (c) Bottom view.

Fig. 37. Simulated and measured return loss of the MLRPA. (a) Simulation.
(b) Measurement.

difference = 90◦), 7.44 dBi (phase difference = 135◦),
respectively.

B. Reliability of Measurement

In order to fabricate and measure the AiP, the measurement
systems need to be considered. As previously mentioned,

Fig. 38. Simulated and measured return loss of the VBFDA. (a) Simulation.
(b) Measurement.

Fig. 39. Simulated and measured radiation patterns of MLRPA
#1 x-pol [(a), (c), (e)] and (b) y-pol [(b), (d), (f)].

to measure the AiP without an RF chip, the feeds of a
designed AiP were connected from the antenna to layer 12,
which was directly connected to the probe of the vector
network analyzer. The measurement system cannot measure
all of the ports at once and it can only measure one port at
a time. Therefore, the measurement results of each port are
compared by one with the simulation results of each port. This
HFSS simulation result is caused by the 50 ohm matching
loads of all ports, except for one port that was used for
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Fig. 40. Simulated and measured radiation patterns of VBFDA
#1 [(a), (c), (e)] and #2 [(b), (d), (f)].

measurement. Due to the limitations of the RF chip and the
measurement system, measurements were taken as previously
described. If the simulation and measurement results for each
port were similar, it was assumed that the simulation results in
Sections III–V are the same as the actual measurement results
for all of the ports.

C. Fabrication and Measurement Results

Fig. 36 shows the photograph and x-ray of the fabricated
AiP with the S/R layer. Almost over 30% of the copper ratio
is satisfied due to the ground via wall and the multilayer RIS
placed on layers 1–6. The results of the HFSS simulations are
compared with the results of the fabricated and measured AiP.
Results of the MLRPA #1 antenna’s x, y-pol, and VBFDA
#1 and #2 antenna are presented in Figs. 37–40; the results
of the other antennas are similar to these results. The 10 dB
return-loss bandwidth results for the simulation and measure-
ment of the MLRPA/VBFDA are depicted in Figs. 37 and 38,
respectively.

The simulated 10 dB return-loss bandwidth of the MLRPA
is 26.54 to 30.09 GHz, 32.31 to 40.36 GHz and the measured

10 dB return-loss bandwidth is 27.72 to 30.53 GHz, 38.21 to
42.00 GHz, respectively. The frequency band is slightly shifted
to the upper band due to the alignment error of the multilayer
RIS; however, the bandwidth is more than 3 GHz for both
bands.

In the case of the VBFDA, the simulated 10 dB return-loss
bandwidth is 25.84 to 34.25 GHz, and 36.51 to 40.92 GHz.
The measured 10 dB return-loss bandwidth is 25.50 to
33.78 GHz, 35.63 to 42.00 GHz, respectively. These two
results are not significantly different, and they have a band-
width of 4.4 GHz or more for both bands. In Figs. 39 and 40,
the simulated and measured radiation patterns of the MLRPA
and the VBFDA are presented. The radiation patterns were
measured for every 10◦ at 28/39 GHz and the measured shape
of the radiation patterns and gain values are similar to the
simulated results. Since the simulation results are similar to
the measurement results, it can be assumed that the simulation
results of the AiP in Section V are similar to those for the
actual measurement results using the RF chip.

VI. CONCLUSION

A novel approach for a dual-band, dual-polarized, and
miniaturized AiP for 5G smartphones is proposed. To the
best of our knowledge, the smallest 5G smartphone AiP is
composed of broadside and endfire antennas, which were
designed to operate with dual band and dual polarization. The
MLRPA achieved dual-band, dual-polarization, miniaturiza-
tion, and broadband characteristics simultaneously by applying
proximity disk coupled feed and multilayer asymmetric RIS
techniques. In addition, the RIS helps to satisfy the 30%
copper ratio at the same time as the performance of the
antenna was increased. Because the structure of RIS is very
complicated and the number of RIS layers is six, designing
MLRPA was extremely hard and laborious work that required
very long simulation time and trial and error. In addition,
the small variation of elements such as the gap of RIS
and size of patch changed impedance matching. Therefore,
it was difficult to make MLRPA operated in dual frequency
bands. The VBFDA achieved miniaturization by bending the
existing folded dipole antenna vertically. The differential feed
and the ground via wall improved the deteriorated gain due
to miniaturization. In the case of the 1 × 4 antenna array,
matching and isolation of the VBFDA were improved by using
a side via wall structure. The proposed AiP is validated by
the measurement results and it satisfies the specifications for
mmWave 5G smartphones and mass production requirements.
Therefore, it is expected to be able to mount an AiP with a
mmWave 5G smartphone with the advantages of ultrasmall
size, dual band, wide beam coverage, and high efficiency by
using a single radiating element. This design is expected to
be used for future studies related to 5G smartphone antenna
technology.
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