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Abstract—A broadband and miniaturized planar Yagi antenna-
in-package (AiP) design for the fifth-generation (5G) wireless com-
munication is proposed. The monopole taper radiator is adopted
for the proposed Yagi antenna design to miniaturize the size, extend
the bandwidth, and simplify the feeding network. The proposed AiP
design is broadband enough to cover all three 5G New Radio bands
simultaneously. The high-precision high-resolution multilayered
glass packaging fabrication process with a new low-loss polymer
material coating is adopted to realize the circuit. The operation
band is from 24.25 to 40 GHz and the fractional bandwidth is 49%.
The overall size for an antenna element is 3.05 mm × 5.56 mm,
which is equal to 0.25 λ0 × 0.45 λ0. The measured S11 is smaller
than−10 dB within the entire band and the gain is larger than 4 dBi.
A two-by-one array using the proposed element is also demon-
strated with a gain higher than 6.2 dBi within the entire band.
Compared with previous works, the proposed AiP design can cover
all 5G bands with a competitive size. Thus, it is suitable to be applied
to massive arrays and easily integrated into packages to achieve
compact system-in-package applications while resolving numerous
current 5G challenges, including millimeter-wave (mm-wave) path
loss and transmission loss.

Index Terms—Antenna array, antenna-in-package (AiP),
broadband, fifth generation (5G), glass packaging, millimeter-wave
(mm-wave), miniaturized.

I. INTRODUCTION

NUMEROUS opportunities and challenges have emerged
with the launching of the new 5G wireless communica-

tion [1]. The adoption of millimeter-wave (mm-wave) frequen-
cies and a wider spectrum provide the 5G communication a
much higher data rate, low end-to-end latency, and the ability
to connect more users simultaneously. These advantages are
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Fig. 1. Three-dimensional SiP module with AiP designs for 5G applications.

used to advance the development of emerging technologies,
including automatic driving and Internet of Things. However,
the high over-the-air path loss and high transmission loss within
the circuit board at mm-wave range remain great challenges.

The mm-wave beamforming technology has been a popular
method to solve the high over-the-air path loss problem [2], [3].
In the meantime, antenna-in-package (AiP) technology remains
an attractive solution to reduce the high transmission loss at
mm-wave range [2], [4], [5]. The schematic of a 3-D system-
in-package (SiP) module with AiP designs for 5G applications
is shown in Fig. 1. The mm-wave radio frequency integrated
circuit (RFIC) is embedded inside a cavity and placed at the
proximity of the AiP designs while other low-frequency ICs
can be flip-chip bonded at longer distances. Since the originally
on-board antenna arrays are now migrating to AiP designs,
the interconnect lengths and the resulting transmission losses
between RFIC and antennas are significantly reduced.

Taking both beamforming and AiP into consideration, mas-
sive arrays that can enhance the gain values and beamforming
capabilities while the overall sizes are small enough to be
integrated inside the package are necessary. Current 5G New
Radio (NR) standard utilize three different bands: n257 (26.5–
29.5 GHz), n258 (24.25–27.5 GHz), and n260 (37–40 GHz). If
three sets of antenna arrays covering each band have to be inte-
grated into a single package, the element number in each array
has to be reduced resulting in the decrease of the gain values and
beamforming capabilities. Thus, a broadband and miniaturized
AiP element design, which covers all three bands from 24.25 to
40 GHz, is necessary to reduce the set of arrays and achieve better
performances. Recently there have been many reports of AiP
element designs and research works using different fabrication
processes. In [6], a 3-D printed AiP is introduced. A multilayer
AiP structure utilizing organic substrates has been described
in [2]. However, these designs are not broadband enough to cover
the whole 5G band and the sizes can be further improved.
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Fig. 2. Stack-up for the proposed broadband and miniaturized AiP design.

In this letter, a broadband planar Yagi–Uda AiP element is
proposed to cover all three 5G bands from 24.25 to 40 GHz. To
miniaturize the size, the antenna element structure is modified
to simplify the feeding network while removing the requirement
for the balun. For the Yagi element design, instead of the dipole-
type radiator, the monopole-type radiator is used to further
reduce the size. Both a single antenna element and a two-by-one
array are demonstrated. The low-cost good-scalability glass
packaging technology [7]–[9], which offers great surface rough-
ness, coefficient of thermal expansion match to silicon dies,
and fine-pitch lines, spaces [10], and vias [11] for high-speed
high-I/O computation, is adopted for the fabrication. Broadband
characteristics and excellent endfire radiation capability are
confirmed with the measured return losses, gain values, and
radiation patterns.

II. ANTENNA ELEMENT AND ARRAY DESIGN

A. Glass Packaging Stack-Up

The stack-up for the proposed broadband and miniaturized
AiP design is shown in Fig. 2. The material and the thickness
of each layer are also included. The core substrate is a 100 µm
EN-A1 glass from Asahi Glass Company (AGC). The dielectric
constant is 5.41 and the loss tangent is 0.006 at 35 GHz. Two
15µm layers of low-loss polymer developed by JSR Corporation
are coated on the top of the glass to reduce the overall loss
tangent. This new-developed material has large elongation factor
and is softer, which can be used to effectively prevent warpage
in multilayer packaging realization and is applied to the glass
packaging process for the first time. Measuring at 32 GHz, the
dielectric constant and loss tangent for this low-loss polymer are
2.8 and 0.0045 [12], respectively. Two layers of metal denoted
by M1 and M2 are realized with copper. Finally, a 30 µm layer
of polymer is coated on the bottom of the glass to balance the
weight and prevent the warpage.

B. Element and Array Design

The geometry of the proposed broadband and miniaturized
AiP element design is demonstrated in Fig. 3. The physical
dimensions in millimeters are: CPW_w = 0.62, CPW_ gap =
0.06, rad_w1 = 2.8, rad_w2 = 2.29, ref_gap1 = 1.2, ref_gap2
= 0.78, dir_l = 2.2, dir_gap = 0.12, dir_w = 0.4, ant_w =
5.56, and ant_l = 3.05. All structures are realized only at metal
layer M1 shown in Fig. 2. The other metal layer M2 is only
used in the array design. As shown in Fig. 3, compared with the
conventional quasi-Yagi antenna, which utilized dipole as the
radiator [13], the proposed antenna element used monopole as

Fig. 3. Geometry of the proposed broadband and miniaturized AiP element
design.

Fig. 4. Geometry of the two-by-one AiP array design.

the radiator featuring two major advantages. One is the reduction
of size by half and the other is the removal of the requirement of
the differential feeding or the balun, which can further reduce
the size and simplify the feeding network design. Thus, a simple
coplanar waveguide (CPW) can be used as the feeding network
and alleviate the difficulties in broadband feeding network de-
sign. A 90◦ bend on the radiator is introduced so that the ground
plane of the CPW can be directly used as the reflector for the Yagi
antenna and the layout for the antenna array can be simplified.
The square radiator with a tapered shaped near the feeding point
is used to broaden the operational bandwidth.

The structure of the two-by-one array design is shown in
Fig. 4. The interelement spacing is 9.6 mm. Additional ground
planes at the M2 layer and via arrays connecting M1 and M2 with
235 µm pitches and 35 µm diameters are used to ensure that all
ground planes are connected together. A two-stage quarter-wave
transformer is used for impedance matching at the feeding
network and the respective CPW widths, gaps, and lengths are
shown in Fig. 4.

III. FABRICATION PROCESS

The semiadditive patterning (SAP) process was employed
for the fabrication of broadband and miniaturized Yagi an-
tenna. SAP enables precise patterning and fine features, such
as sub-5 µm copper traces because of dimensional stability
and surface planarity of the glass panel and the capability to
accurately control the thickness of the dielectric that is spin-
coated onto the glass core. The whole process with side-view
images is illustrated in Fig. 5. The glass panels are treated with
silane to promote adhesion between dielectric and them and
prevent delamination during the whole fabrication process. The
dielectric is spin-coated on both sides of the glass panel and
cured. Thin titanium, which acted as a barrier to prevent copper
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Fig. 5. Fabrication process of the AiP glass packaging technology.

Fig. 6. Prototypes of the proposed broadband and miniaturized Yagi AiP.
(a) Element design. (b) Array design.

from migrating into the substrate, and the copper seed layer are
deposited with the sputtering process after dry etching, which
cleans the surface of the dielectric. Although the electroless
plating provides an anchor effect with a rough surface and, thus,
high adhesion strength between the seed layer and dielectric,
the combination of the sputtered seed layer and the optimized
liquid dielectric also lead to high adhesion strength mitigating
surface roughness and conductive loss [12]. Next, the panel is
laminated with a dry-film negative photoresist. The panel with
photoresist is patterned with optimized ultraviolet (UV) dose
time. Then, the panel is treated with oxygen plasma to remove
the photoresist beneath the pattern for copper plating. The metal
patterning for M2 is performed through the SAP process with a
controlled metal thickness of 5–8 µm.

Afterward, the second dielectric layer is spin-coated following
the same process as the first layer. Microvias were formed using
a UV laser tool. The laser condition, such as power density and
the number of repetitions, is optimized to drill 35 µm vias in
the dielectric. After the microvia formation, dry desmear is used
to clean the surface and remove residual polymer, followed by
seed layer deposition sequentially. Finally, the metal patterning
for M1 is performed again through the SAP process. The same
process can be used to pattern metal on both sides of the glass
if needed.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Antenna Element

The fabricated proof-of-concept prototype of the proposed
broadband and miniaturized Yagi AiP element is shown in
Fig. 6(a) and the measured S11 as well as gain are shown in
Fig. 7. The full-wave simulated results are obtained using Ansys
HFSS. Since at mm-wave range, the parasitics and effects of the
subminiature version A (SMA) connector cannot be ignored, the
module of the SMA connector is also included in simulation for

Fig. 7. Measured and simulated (a)S11 and (b) gain of the proposed broadband
and miniaturized Yagi AiP element design.

Fig. 8. Measured and simulated normalized radiation patterns for Yagi AiP
element design at (a) 24.25 GHz E-plane, (b) 24.25 GHz H-plane, (c) 40 GHz
E-plane, and (d) 40 GHz H-plane.

codesign, as shown in Fig. 3. As shown in Fig. 7(a), the measured
S11 is lower than −10 dB from 13.58 to 40 GHz. Thus, the three
5G bands from 24.25 to 40 GHz are fully covered. Moreover, as
shown in Fig. 7(b), the measured gain is higher than 4 dBi within
the entire 5G bands. The measured gains are slightly higher than
the simulated ones since when simulating the designs, the loss
tangent values of the core glass and JSR polymer are set to the
largest values within the band rather than frequency dependent
to obtain the lower bound results.

The measured and simulated normalized radiation patterns are
lowest at 24.25 GHz and highest at 40 GHz operating frequencies
as shown in Fig. 8. Besides, both E-plane and H-plane patterns
are included. The 0◦ direction is the endfire, positive x in Fig. 3,
direction. Although the main-beam directions are not always at
0◦, they are very close to it within the entire operating band.
The simulated cross-polarization results are also included and
are less than −15 dB at main-beam directions.

B. Antenna Array

The fabricated prototype of two-by-one Yagi array is shown in
Fig. 6(b), whereas the measured and simulated S11 and gain are
demonstrated in Fig. 9. The measured S11 is lower than −9 dB
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TABLE I
COMPARISON BETWEEN THIS WORK AND PREVIOUS RELATED WORKS

Fig. 9. Measured and simulated (a)S11 and (b) gain of the proposed broadband
and miniaturized Yagi two-by-one array design.

Fig. 10. Measured and simulated normalized radiation patterns for Yagi AiP
two-by-one array design at (a) 24.25 GHz E-plane, (b) 24.25 GHz H-plane, (c)
40 GHz E-plane, and (d) 40 GHz H-plane.

from 18.87 to 40 GHz. The minor degradation compared to the
single element design is due to the insertion of the two-stage
quarter-wave transformer at the feeding network for matching.
However, good performances within the entire 5G bands can be
observed. The measured gain is higher than 6.2 dBi within the
entire band.

The measured normalized radiation patterns at the 24.25
and 40 GHz operating frequencies are shown in Fig. 10. The
simulated results are also included for comparison and a good

agreement can be observed. The grating lobes in Fig. 10(c)
are because of the relatively long element separation distance
at 40 GHz and can be improved by reducing the separation
distance. The simulated cross-polarization results are also in-
cluded and they are all lower than −19 dB in the main-beam
direction. The main-beam beamwidths at E-plane are narrower
than the respective H-plane results. The reason is that the array
is arranged alone y-direction, as shown in Fig. 4.

C. Comparison

The comparisons between the proposed work and previous
work are summarized in Table I. All parameters are based on
a single antenna element. Numerous designs operating at 5G
frequency bands using either printed circuit board (PCB) or
AiP topologies are included for comparison. λ0 in the size is
the wavelength at the lowest operating frequency. The simple
transmission line parts of the feeding networks are excluded
while calculating the sizes. As shown in Table I, the proposed
work achieves the largest fractional bandwidth (FBW) and is the
only one that can fully cover all three 5G NR operating bands.
Moreover, the size of the proposed works is smaller than all
other works except the one in [16]. Although the proposed work
is about 2.3 times larger than it, the proposed work can offer
8.75 times larger bandwidth compared with it.

V. CONCLUSION

This letter reports the first broadband and miniaturized planar
Yagi AiP design, which can cover all three major 5G NR
operating bands from 24.25 to 40 GHz simultaneously while
maintaining a small form factor. The FBW is 49% and the size for
the antenna element is 3.05 mm × 5.56 mm, which equals 0.25
λ0 × 0.45 λ0 where λ0 is the wavelength at 24.25 GHz. Both the
single element and the two-by-one array design are simulated,
fabricated, and measured. The glass multilayered packaging
with a new polymer material is used to realize the designs. The
element gain is higher than 4 dBi and the array gain is higher
than 6.2 dBi within the entire operating band. The normalized
radiation patterns at E-plane and H-plane are demonstrated and
the main-beam directions are consistent within the entire band.
The cross-polarized patterns at the main-beam direction are
smaller than −15 dB. The comparison between this letter and
prior works is summarized. This letter demonstrates the largest
bandwidth with a comparable size.
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