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Abstract—In this article, we present and illustrate a flip-chip-
based antenna-on-package (AoP) concept for the development of 5G
mmWave massive MIMO antenna arrays and frontend modules.
Unlike conventional Antenna-in-Package concepts, our concept pro-
vides the flexibility to choose suitable and separate layer stack-ups
and packaging materials for enabling the antennas and the frontend
components to meet their respective specifications. To illustrate this
concept, we designed, fabricated, and measured novel dual-polarized
broadband AoP arrays in the 39 GHz frequency band for 5G
mmWave MIMO applications. The array consists of 16 identical
stacked patch elements. Each single antenna possesses a driven
patch, which is vertically stacked to a parasitic element to improve
the antenna performance. It is excited by two orthogonal probe-feds
for dual polarization. Furthermore, we designed and optimized
antenna arrays together with the solder interconnects used for
mounting the antennas onto the multilayered interposer. Our results
show that these interconnects could cause up to about 0.5 dB reduc-
tion in the realized gain of the antenna array. The fabricated
antenna arrays were measured from 33 to 41 GHz. A peak gain of
approximately 16 dBi was measured. Excellent correlation was
obtained between all the measurement and simulation results.

Keywords—5G mmWave, antenna arrays, antenna measurement,
base station, broad-band, dual-polarization, gain, radiation pattern

INTRODUCTION

With the rapid development of mobile communication net-
works, the expected requirements for the fifth mobile

communication generation (5G) have been increased. Above
all, there is a need for higher data rates and channel capacity to
support a wide range of emerging applications in various appli-
cations and industries. To meet these requirements, the milli-
meter wave (mmWave) frequency band has been designated to
be used for 5G. However, using mmWave bands leads to addi-
tional challenges in the design and integration of 5G mmWave
frontend modules. One of these challenges is caused by high
free-space losses, multipath fading, and shadowing in high-
frequency bands, which may severely degrade the transmission
quality, especially when communication occurs over long dis-
tances. To overcome this challenge, high-performance systems are
required for 5G mmWave applications. To realize such systems,

two factors play very important roles. Firstly, advanced packaging
solutions, which can meet five key requirements, namely high per-
formance, scalability, reliability, miniaturization, and low-cost
requirements, are required [1]. Secondly, high-gain antennas with
broadband and multipolarized characteristics are also needed. The
performance of these antennas depends predominantly on the
packaging substrate used for fabricating the antennas, as well as
the stack-up of metal and dielectric layers.

In most of the published literature, mmWave antennas are
designed and integrated with frontend ICs on the same sub-
strate. The antennas are integrated into the package (Antenna-
in-Package, AiP). For example, antennas integrated into mold
substrates of wafer-level packages as in [2, 3] (see Fig. 1), or
silicon-based antennas with integrated air cavities in [4]. Although
these packaging concepts enable systemminiaturization, they pro-
vide no flexibility in choosing packaging stack-up and material
suitable for enabling the antennas and other system components
to meet the specified requirements. This significantly limits the
performance of the entire 5G mmWave module.

In this work, we present a flip-chip-based AoP packaging
concept and substrate stack-up that provide flexibility to choose
suitable and separate stack-ups and materials for enabling the
antennas and other frontend components to meet their respective
specifications. Unlike conventional approaches, the antennas in
our proposed concept are integrated into the package (Antenna-
on-Package, AoP). To illustrate this concept, we designed and
fabricated novel dual-polarized broadband AoP arrays for 5G
mmWave MIMO applications. One of the challenges of the AoP
concept is the interconnect between the antenna and the package
which may cause impedance mismatch and undesired reflec-
tions. In this work, we designed and optimized these intercon-
nects, and thus enhanced the matching efficiency and gain of
the antenna. The fabricated antennas were measured from 33 to
42 GHz. Excellent correlation is obtained between measurement
and simulation results.

The present work is based on our contribution in [5], where a
23 2 antenna array was presented. In this article, we significantly
expand on the design, analysis, fabrication, and measurement of
the antennas presented in [5]. We extend the antenna array to a
4 3 4 dual-polarized broadband MIMO array and rigorously
investigate different antenna parameters such as return loss, polari-
zation, and mutual couplings between array elements. Further-
more, the radiation and beam scanning of the array are investigated
and verified. Finally, we designed and optimized the 4 3 4
antenna array together with the antenna-to-package interconnect.

The rest of the article is structured as follows: In the section
“Flip-Chip Based AoP Packaging Concept”, the flip-chip-based
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AoP packaging stack-up with the integrated antenna module is
presented. In the section “5G mmWave AoP MIMO Antenna
Array”, the design and analysis of the dual-polarized antenna
modules are extensively discussed. The fabrication and mea-
surement as well as correlation between measurement and simu-
lation results are shown in the section “Measurement Results”.

FLIP-CHIP-BASED AOP PACKAGING CONCEPT

Fig. 2 shows our flip-chip-based AoP packaging concept
with integrated antennas for mmWave applications.

The package consists of an antenna module, which is assem-
bled onto a multilayered stack-up interposer, used for the inte-
gration of frontend ICs and passive components. The layer
stack-ups and materials of the antenna module and the inter-
poser can be chosen completely independent of each other to
enable each of these modules to reach their respective specifi-
cations. This ensures both performance and cost optimization
of the 5G mmWave module. For example, in this work, the
antenna module consists of three metal and two dielectric
layers, whereas the interposer module consists of four metal
layers (two signal layers, and a power/ground plane pair) and
three dielectric layers. Furthermore, the separate antenna mod-
ule offers additional flexibility in testing before assembly onto
the multilayered interposer as well as easy replacement, if nec-
essary. To simplify the assembly process, the frontend ICs are
also surface-mounted onto the interposer using flip-chip tech-
nology, just as the antenna. In comparison with other chip

interconnection methods flip-chip technology provides shorter
interconnects with smaller geometrical discontinuities, hence
better antenna performance and signal integrity. The multilay-
ered interposer, with the integrated antenna module and fron-
tend components, can then be assembled on a system board
using ball grid array (BGA) interconnects to enable system
functionality.

5G MMWAVE AOP MIMO ANTENNA ARRAY

A. Antenna Concept

In addition to the high-gain requirement, three additional
antenna requirements for 5G mmWave modules are large
bandwidth, polarization diversity, and MIMO. In the following
sections, we will present the state-of-the-art antennas for 5G
mmWave regarding these requirements, their limitations and
our contribution that goes beyond state of the art.

Typically, microstrip antennas are often used for the devel-
opment of wireless communication systems, because of their
compactness, low cost, established fabrication techniques, and
high integration density. However, the narrow bandwidth nature
of these antennas limits their application in 5G mmWave mobile
communications. To make microstrip patch antennas suitable
for 5G mmWave applications, various techniques have been
proposed to increase their bandwidth, e.g., using stacked patches
[6] or U-slots configurations [7].

The polarization diversity of 5G mmWave antennas is
desired for increasing the channel capacity without adding an
additional antenna. This enables a reduction of installation
space and, thus ensures low installation cost. Furthermore,
dual-polarized antennas can help to reduce the polarization
mismatch and are very useful in mitigating the multipath fad-
ing. Examples of dual-polarized antennas for 5G mmWave
have been published in [8-20].

For the development of high-power modules for 5GmmWave
applications such as base stations, (massive) MIMO antenna
systems are required. Recently, some published works have
focused on the design, investigation, and testing of 5G mmWave
(massive) MIMO antenna arrays, which can be categorized in a
single-band single-polarized configuration such as in [21-26],
dual-band single-polarized configuration in [27], and single-
band dual-polarized configuration in [28-31]. However, in most
of these works, the specified 3 GHz bandwidth requirement was

Fig. 1. Integrated antennas on wafer level package [2].

Fig. 2. Proposed flip-chip-based packaging concept with integrated antennas.
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not fulfilled. In addition, the mutual coupling between array ele-
ments was not investigated. Most of the published works also
rely on simulation results with no experimental validation.
In this work, we designed, analyzed, fabricated, and mea-

sured dual-polarized, broadband 4 3 4 MIMO antenna arrays,
which can cover the entire specified 39 GHz frequency band of
5G mmWave and provide high gain, low polarization and
mutual couplings between array elements. In addition, the
beam steering of the array is also investigated. Our proposed
4 3 4 MIMO AoP, which meets all the specifications of a
5G mmWave antenna, can be up-scaled to obtain a massive
MIMO antenna system. It can then be integrated into the mul-
tilayered interposer to develop a complete massive MIMO
5G mmWave system for base station applications.
In Fig. 3 our proposed 43 4 dual-polarized stacked microstrip

patch antenna array having dimensions of 193 19 mm is shown.
The array consists of 16 identical stacked patch elements, spaced
by 4.5 mm to each other and excited by two orthogonal probe-
feds for dual polarization.
Based on our proposed flip-chip-based AoP packaging con-

cept in the section “Flip-Chip Based AoP Packaging Concept”,
a stack-up for design and demonstrator of the 4 3 4 dual-
polarized MIMO antenna array is derived (see Fig. 4).
One of the key parameters in the design and optimization pro-

cess of the antenna is to choose suitable combinations of sub-
strate thicknesses for driven and parasitic patches in such a way,
that two neighboring resonance frequencies are excited and
properly coupled to achieve the required wide impedance band-
width. For this purpose, possible combinations were investigated
considering three criteria: (1) achieving the specified 3 GHz
bandwidth, (2) having total thickness as small as possible for a
high integration degree, (3) compliance with design rules of
vias, pads for vias and BGA balls for later assembly onto the
interposer module. The investigation results showed that a thick-
ness combination of 300 and 127 mm meets all three criteria and
is thus chosen for the antenna design. Therefore, the applied
antenna stack-up consists of two PCB Astra MT77 substrate

layers («r 5 3 and tand 5 0.0017) with a top layer thickness of
300 mm, bottom layer thickness of 127 mm, and three copper
layers (L1-L3), each having a thickness of 18 mm. Layer L1
includes the parasitic patch element, which is vertically stacked to
the driven patch in layer L2, fed by two orthogonal probe-feds.

B. Antenna Module and Electromagnetic Simulation

Fig. 5 shows the simulation model of our proposed 4 3 4
dual-polarized stacked patch antenna array.

It consists of 16 identical stacked patch elements spaced by
4.5 mm to each other and has a total of 32 excitation ports.
Each antenna possesses a driven patch, which is vertically
stacked to a parasitic patch. The driven patch is excited by two
orthogonal probe-feds to get the dual polarization characteris-
tic. The parasitic patch is excited by the magnetic coupling
of the driven patch and thus generates a second resonance fre-
quency, which is close to the main resonance of the driven
element. Due to a selection of suitable antenna substrate thick-
nesses and optimized design of the patch elements, these reso-
nances are coupled to achieve a wide impedance bandwidth.
The driven patch has square dimensions of 2.02 mm, whereas

Fig. 3. Concept of the proposed 4 3 4 dual-polarized stacked patch MIMO
antenna array.

Fig. 4. Stack-up of the proposed 43 4 dual-polarized MIMO antenna array.

Fig. 5. Simulated MIMO 4 3 4 wide band dual-polarized stacked patch
antenna array.
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the parasitic element has square dimensions of 1.97 mm. For
modeling and simulation of the proposed antenna structure,
ANSYS 3-D full-wave simulator (HFSS) was used. The simula-
tions were performed from 35 to 42 GHz. Wave ports and radia-
tion boundary conditions were used for the simulations. Fig. 6
shows the simulated return loss of patch element #1 for both
polarizations in the proposed 4 3 4 antenna array. Since all
array elements are identical, the other patch elements should
have similar return loss characteristics like the first element. For
example, in this figure, the return losses of element #11 are also
plotted. The results show a simulated impedance bandwidth of
3.6 GHz (36.7 to 40.3 GHz) for both polarizations, which covers
the entire specified 5G mmWave in the 39 GHz frequency band.

In Fig. 7 different couplings of the patch elements in the
array are plotted. In the achieved bandwidth, the polarization
coupling is lower than 220 dB, whereas the mutual couplings
between array elements of less than218 dB are achieved.

Fig. 8 shows the simulated peak realized gain of the 4 3 4
MIMO dual-polarized antenna array over the frequency range
from 37 to 40 GHz. A peak gain between 17.7 and 18.7 dBi is
achieved throughout the specified 39 GHz frequency band. The
simulated radiation patterns in E- and H-plane at 38.5 GHz are
shown in Fig. 9a for polarization 1 and in Fig. 9b for polariza-
tion 2. A very high peak gain of 18.6 dBi with a half-power
beam width of 19! is achieved. The results show a side-lobe

suppression of 13.2 dB. The proposed array has a radiation effi-
ciency of 99.4%.

In Fig. 10, the beam steering from240! to140! of the array
is shown for progressive phase shifts DwS of 2150!, 275!, 0!,
175!, and 1150! for polarization 1 (along X axis) and polari-
zation 2 (along Y axis), which are determined based on eq. (1)
and simulation technique.

DwS 5 360! 3
darray
l

3 sinuS (1)

Fig. 6. Simulated return loss of the proposed 4 3 4 dual-polarized MIMO
antenna array.

Fig. 7. Simulated couplings of the proposed 4 3 4 dual-polarized MIMO
antenna array.

Fig. 8. Simulated peak realized gain over frequency of the proposed 4 3 4
dual-polarized MIMO antenna array.

(a)

(b)

Fig. 9. Simulated radiation patterns of the proposed 4 3 4 dual-polarized
MIMO antenna array: (a) polarization 1 and (b) polarization 2.
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where DwS is the progressive phase shift between array ele-
ments, darray is the distance between array elements, l is the
wavelength at 39 GHz in free space, and uS is the scan angle
in u-plane. In this beam steering span, a maximum gain drop
of 2.3 dBi and a maximum side-lobe of 10 dB are reached.
In addition, the half-power beam width of the array is increased
from 21.7! at 0! to about 26.5!/26.2! at 240!/140!. In
Table I, the values of important antenna parameters of the array
at different scan angles are given.
The simulated results reveal that the proposed dual-polarized

4 3 4 antenna array with wide bandwidth, low couplings, high
gain can meet the specifications for 5G mmWave applications.

C. Antenna Module with Solder Ball Interconnects

In this section, we model, simulate, and analyze the antenna
module, considering the solder ball interconnects used for
mounting the antenna onto the interposer. For these simula-
tions, solder balls with a ball pitch of 750 mm, a ball diameter
of 330 mm, and a height of 215 mm were chosen, as example,
and arranged, as shown in Fig. 11. To evaluate the impact of
the balls on the antenna performance, the antenna module is
attached using the solder ball interconnects to the top layer of
the interposer module, which consists of a single layer Astra
MT77 with a thickness of 127 mm.

Fig. 12 shows the return loss of the antenna module with the
solder interconnects. A simulated impedance bandwidth of
about 3.6 GHz is achieved for all antenna elements and polari-
zations, because of identity and symmetry in the array.

In Fig. 13, the comparison of the peak realized gain over the
frequency range between 37 and 40 GHz of the antenna array
with and without solder ball interconnects is plotted. It can
be seen that these interconnects cause a loss of approximately
0.3-0.5 dB. The radiation efficiency of the array reduces from
99% without solder ball interconnects to 95% with these
interconnects.

(a)

(b)

Fig. 10. Beam steering between 240! and 140! of the proposed 4 3 4 dual-
polarized MIMO antenna array: (a) polarization 1 and (b) polarization 2.

Table I
Antenna Parameter at Different Scan Angles of the 4 3 4 Dual-Polarized

MIMO Antenna Array

Scan angle [!]
Peak realized
gain [dBi]

23 dB
Beamwidth [!]

Side-lobe
suppression [dB]

240 16.3 26.5 6.3
220 18.2 23.2 11.2

0 18.6 21.7 13.2
120 18.2 23.1 11.1
140 16.2 26.2 6.2

(a) 

(b) 

Fig. 11. The proposed 4 3 4 dual-polarized antenna array module with solder
ball interconnects: (a) top view and (b) side view.
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In Figs. 14a and 14b, the radiation patterns at 38.5 GHz in
the E- and H-plane of the array with the solder interconnects
are shown for both polarizations.

MEASUREMENT RESULTS

A. 2 3 2 Antenna Array

For verification of return loss, polarization, and mutual cou-
plings between array elements, as well as radiation of a single
antenna in the array, 2 3 2 dual-polarized antenna arrays with
separate excitations were fabricated and measured. Fig. 15
shows an example of the fabricated 2 3 2 dual-polarized
stacked patch antenna array with eight excitation ports for two
linear polarizations, which has a size of 46 3 46 mm. To have
enough place for the soldering of eight connectors for eight
ports in the same board, the feed traces could not be identical.
However, these feed lines were designed with the same opti-
mized total physical length and width, so that all antenna ports
can have approximately the same bandwidth, return loss, and
phase.

Initially, the geometrical dimensions of the structures were
measured with the aid of a microscope to capture any varia-
tions with respect to the design values. The results show a max-
imum fabrication tolerance in the antenna geometry of 30 mm.

Then, the scattering parameters and radiation characteristics of
the fabricated 2 3 2 antenna array were measured with the aid
of a coaxial connector (19S102-40 ML5) and Agilent’s PNA
network analyzer E8361A. The measurements were carried out
inside an anechoic chamber (see Fig. 16).

The measured dimensions of the antenna were used to per-
form new antenna simulations. Fig. 17 shows a comparison
between simulated and measured return loss of the single
antenna in the array. A measured impedance bandwidth of
4.2 GHz (34.8 to 39 GHz) for port 1 and 3.9 GHz (34.9 to
38.8 GHz) for port 2 was achieved, whereas the simulated
antenna bandwidth is 3.6 GHz. The isolation between two ports
is lower than220 dB in the achieved bandwidth (see Fig. 18).

Fig. 19 shows the simulated and measured peak realized
gain of the single antenna element over the frequency range
from 35 to 39 GHz. The measured antenna peak gain is about
6.5 dBi for port 1 and 6.6 dBi for port 2 compared with the sim-
ulated gain of 6.9 dBi.

In Figs. 20 and 21, the simulated and measured radiation pat-
terns of the single array element in E- and H-plane for both
polarizations are plotted. A radiation efficiency of about 81%
is achieved. The mutual couplings between the antenna ele-
ments in the array are also measured. Fig. 22 shows that all
couplings in the achieved antenna bandwidth are less than
220 dB.

Fig. 12. Simulated return loss of the proposed 4 3 4 MIMO dual-polarized
antenna array with solder ball interconnects.

Fig. 13. Simulated peak realized gain over frequency of the proposed 4 3 4
MIMO dual-polarized antenna array with solder ball interconnects.

(a)

(b)

Fig. 14. Simulated radiation patterns of the proposed 4 3 4 MIMO dual-
polarized antenna array with solder ball interconnects: (a) polarization 1 and (b)
polarization 2.
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For the purpose of verification of the total gain, which the
proposed antenna module can achieve, all antenna elements in
the following 23 2 and 43 4 antenna arrays were fed together
by using feeding networks. The simulated and measured results
from the single antenna element show that both polarizations
achieve similar results (as can be seen in Figs. 19-21). There-
fore, to reduce the complexity of routing all ports (up to 32
routing lines in a 4 3 4 dual-polarized array), the antenna
arrays excited by the feeding network were designed, fabri-
cated, and measured only for one polarization. The radiation
characteristic in the second polarization should be similar

because of the symmetric arrangement in the array. Fig. 23
shows the simulated and fabricated 2 3 2 array with the feed-
ing network.

(a)

(b)

Fig. 15. Fabricated wide band dual-polarized stacked patch antenna array: (a)
top view and (b) bottom view.

Fig. 16. Setup for the antenna radiation measurement.

Fig. 17. Comparison between simulated and measured return loss (for both
polarizations) of the dual-polarized single antenna.

Fig. 18. Comparison between simulated and measured polarization couplings
of the dual-polarized single antenna.

Fig. 19. Comparison between simulated and measured peak gain (for both
polarizations) over the frequency of a dual-polarized single antenna.
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In Fig. 24, a comparison between simulated and measured
return losses of this array is plotted. The measured reflection in
the range between 37 and 39.5 GHz is lower than210 dB.

Fig. 25 shows the simulated and measured radiation patterns
in the E- and H-plane. A measured peak gain of 11.3 dBi and
side-lobe suppression of 14.3 dB of the fabricated antenna are
achieved, whereas the simulated structure has a peak gain of
11.5 dBi and side-lobe suppression of 15.4 dB. The radiation
efficiency of the array is 83%.

B. 4 3 4 Antenna Array

Fig. 26 shows a simulated and fabricated 4 3 4 antenna
array with a feeding network for exciting all array elements.

In Fig. 27 the measured return loss is compared with the
simulated one. A very good correlation is obtained. The mea-
sured reflection in the range between 35.8 and 39.8 GHz is
below210 dB.

Fig. 28 shows the simulated and measured radiation patterns
in the E- and H-plane. A maximum measured gain of 16 dBi
with a side-lobe suppression of about 11.3 dB in the E-plane
and 13 dB in the H-plane is achieved. The feeding network

(a) (b)

Fig. 20. Simulated and measured radiation pattern of polarization 1 of the
proposed dual-polarized single antenna: (a) u-Plane, f 5 0! and (b) u-Plane,
f 5 90!.

(a) (b)

Fig. 21. Simulated and measured radiation pattern of polarization 2 of the
proposed dual-polarized single antenna: (a) u-Plane, f 5 0! and (b) u-Plane,
f 5 90!.

Fig. 22. Measured mutual couplings between antenna elements in the 2 3 2
dual-polarized antenna array.

(a)

(b)

Fig. 23. Simulated and fabricated 23 2 antenna array with a corporate feeding
network: (a) simulated and (b) fabricated: top (left) and bottom (right).

Fig. 24. Simulated and measured return loss of the 2 3 2 antenna array with a
feeding network.
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causes a loss of approximately 2-3 dBi in the antenna gain. The
radiation patterns show a measured half-power beam width of
about 21! in the E-plane and H-plane. The radiation efficiency
of the array is 81%.

CONCLUSIONS

In this work, a flip-chip-based AoP concept for 5G mmWave
applications is presented and illustrated. It enables flexible
choosing of suitable and separate stack-ups and materials for
enabling the antennas and frontend components to meet their
respective specifications. To illustrate this concept, novel dual-
polarized broadband 4 3 4 MIMO antenna arrays were devel-
oped in the 39 GHz frequency band that can be mounted on a
multilayered substrate on which the frontend components are

assembled. The stacked patch method was used to improve the
antenna performance. Two orthogonal probe-feds excite a single
antenna element in the array for dual polarization. Furthermore,
the impact of the solder ball interconnects used to assemble the
antennas onto the multilayered interposer on antenna perfor-
mance was also investigated. Our results show that these inter-
connects cause approximately 0.5 dB reduction in the realized
gain of the antenna. The antenna arrays were fabricated using
low-cost and high-performance PCB materials and measured
from 33 to 41 GHz. Excellent correlation was obtained between
measurement and simulation results. The results show very wide
measured impedance bandwidths of approximately 4 GHz,
which can cover the entire 39 GHz frequency band, and a high
peak gain of 6.5 dBi of a single antenna for both polarizations.
Low couplings of below220 dB between two polarizations and
array elements are measured in the achieved bandwidth. The 4
3 4 antenna array has a measured total peak gain of 16 dBi. The
investigation shows a beam steering of the array between 240!

and140! with a maximum gain drop of about 2.3 dBi.
The results demonstrate that the proposed packaging con-

cept and antenna array are very suitable for developing of
5G mmWave modules.
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(a) (b)

Fig. 25. Simulated and measured radiation pattern of the 2 3 2 antenna array
with a feeding network: (a) u-Plane, f 5 0! and (b) u-Plane, f 5 90!.

(b)

(a)

Fig. 26. Simulated and fabricated 43 4 antenna array with a corporate feeding
network: (a) simulated and (b) fabricated: top (left) and bottom (right).

Fig. 27. Simulated and measured return loss of the 4 3 4 antenna array with a
feeding network.

(a) (b)

Fig. 28. Simulated and measured radiation pattern of the 4 3 4 antenna array
with a feeding network: (a) u-Plane, f 5 0! and (b) u-Plane, f 5 90!.
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