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ABSTRACT In this work, 60-GHz wideband, compact vertically polarized end-fire monopole-based Yagi
antenna-in-package is proposed for mobile devices. The antenna was arranged like a monopole array, and
the size was minimized by utilizing the image effect. Advantages of the proposed antenna structure include
reduction of bond-wire loss by inserting a cavity to make the antenna and chip the same height and size
reduction due to image effect. For practical use, a proposed antenna is interconnected with CMOS chip via a
bond-wire interconnect. The measured results show 4.99dBi peak gain with 3.5dB fluctuation within 60GHz
unlicensed band. S1; bandwidth is 10.6GHz(57.6-67GHz) which corresponds to 16% fractional bandwidth.
The total volume of the antenna is 0.74 x 1.14 x 0.15)%.

INDEX TERMS Monopole antenna, Yagi-Uda antenna, 60GHz, wideband, antenna-in-package, mobile

devices, LTCC.

I. INTRODUCTION
In 2001, the FCC allotted a continuous section of spec-
trum (57-66 GHz) for wireless communication in unlicensed
usage [1]. Since the 60GHz unlicensed band has the widest
frequency spectrum up to the 100GHz frequency band, high-
speed communication using the wideband is possible. In fact,
a communication link up to several tens of Gbps is realized in
[2], [3], [4], and [5]. To cover the wide industrial, scientific,
and medical (ISM) band of the 60-GHz unlicensed band
spectrum, a radio is required to have a wideband antenna
which covers from 57 GHz to 66 GHz. In order to apply
the above frequency to mobile communication, a wideband
antenna in package that radiates toward 3-axis(x-, y- and z-)
is presented in [6], [7], and [8].

In case of the antenna in package for 3-axis radiation,
the end-fire antenna must also be designed. The end-fire
antennas for mobile devices are mainly realized in dipole
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[9], [10], [11], [12], Yagi-Uda [13], [14], [15] and tapered
[16], [17], [18] type, which polarization is horizontal. Not
only horizontal polarization but also vertical polarization
must be used at the same time for practical use, so an
end-fire antenna with vertical polarization must also be
used.

In [19], [20], [21], [22], and [23], a wideband vertically
polarized end-fire antenna is presented. The multi-
beam end-fire magneto-electric dipole antenna array for
millimeter-wave applications is presented in [19], and
H-plane sectoral post-wall horn antenna is presented in [20].
In [21], the antenna package provides the end-fire radiation
from the open-ended post-wall waveguide built into the side
of the package. The phase corrected H-plane horn antenna in
gap SIW technology in [22].

Since the feeding network of these antennas is based on
SIW(Substrate Integrated Waveguide), the overall size of
the antenna is very bulky, so it is difficult to use directly
in mobile devices. Therefore, compact antenna in package
solution interconnecting RFIC is required.

111077


https://orcid.org/0000-0002-7004-3423
https://orcid.org/0000-0002-5942-4807

IEEE Access

H. Kim et al.: 60-GHz Compact Vertically Polarized End-Fire Monopole-Based Yagi Antenna-in-Package

Reflector Driver Directors

(a)
Flipped

™

oo LLLL

Printed-Circuit Board

Top Metal
Ground

Wire-bonding
v

Substrate

=z Directors
Reflector  Driver (MetalVias)
(Metal Via) (Metal Via)

QFN mount

(b)

FIGURE 1. Proposed antenna design concept; (a) vertically polarized
end-fire Antenna-in-Package integrated with CMOS RFIC and (b) QFN
package with PCB base board.

In [23], vertically polarized end-fire planar folded slot
antenna is proposed. Although microstrip line feeding is
adopted to this antenna to reduce the size of the antenna, the
fractional bandwidth is as low as 9.7%.

In [24], via-monopole based quasi Yagi-Uda antenna is
proposed for W-band application. Although it has a monopole
structure, since the antenna radiator is exposed to the air, there
is a possibility that the radiation pattern is easily distorted by
the components outside the antenna. In addition, the surface
wave is severe by using a glass substrate with a dielectric
constant of 4.6, but the antenna substrate and width are not
optimized, so the radiation pattern is uneven even in the
boresight direction. Moreover, the antenna is not designed
considering the connection with the actual RFIC.

In [25], low-cost Yagi—-Uda monopole array is presented.
This antenna is implemented in the general cellular frequency
band. It is expected that the radiation pattern will not be good
due to the surface wave characteristics due to the dielectric
constant of the substrate itself when it is implemented in the
millimeter wave band.

In this work, vertically polarized monopole-based Yagi
type antenna in package is proposed for mobile devices. Fig. 1
shows the proposed antenna design concept. A monopole
driver is used as a radiator instead of a dipole driver to
radiate the vertically polarized wave. The monopole driver
is operated by an image effect as inserting a ground structure.
Compared to the dipole antenna which requires an additional
balun which is a single to differential converter, extra space
for the balun isn’t required so the antenna can be configured
with a small area in case of monopole antenna.

The process of packaging the antenna with RFIC using
wire-bonding is described. RFIC is placed on the metal
ground plane to reduce interference with the inside of the
substrate and secure the bottom ground of the CMOS IC in
case of bond-wire packaging. As shown in Fig. 1 (b), a verti-
cal Yagi-Uda antenna can be realized using QFN packaging
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FIGURE 2. Proposed compact vertically polarized end-fire
monopole-based Yagi antenna. (a) side view, (b) top view, (c) sectional

view.

TABLE 1. Dimensions for proposed antenna.

Parameter Value (mm) Parameter Value (mm)
Lsutb 24 hgirt 0.5
33 hgira 0.35
Wb 3.7 Brer 0.65
Lopw 0.3 Sari 0.7

trad 0.65 Sar2 1.1
har 0.6 Sai 0.6
D 0.1 S 0.3
Wins 0.15 ms 0.1
Ly 0.2 Se 0.1
Grer 0.3 tag 0.01
Sae 2.9

method by flipping and attaching the antenna to the base
PCB after connecting RFIC with bond wires to the antenna.
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FIGURE 3. Geometry of the proposed antenna (a) with single reflector
post and (b) with reflector post array.
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proposed antenna at 63GHz for the single reflector post and reflector
array case.
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FIGURE 5. Simulated directivity toward end-fire direction (a) single
reflector post and (b) reflector post array.

Therefore, it is possible to implement an antenna that is
compact and does not interfere with RFIC.

The paper is described below. In section II, the proposed
antenna is described. In section III, the simulated and mea-
sured performance of the proposed antenna is presented, and
this paper is concluded in section I'V.

Il. ANTENNA DESIGN

A. ANTENNA GEOMETRY

Fig. 2 shows the proposed compact vertically polarized
end-fire monopole-based Yagi antenna. The ground-signal-
ground(G-S-G) pad is placed at the antenna feeding to
make contact from G-S-G probe for antenna measurement.
A reflector array and director are arranged to increase the
directivity of the antenna. A ground plane is placed on the
upper surface of the monopole antenna to reduce the substrate
thickness by using the image effect of the monopole.
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FIGURE 6. Simulated current distribution when sweeping ‘Sde’ at 63GHz.
(a) 2.3mm (b) 2.9mm and (c) 3.5mm case.
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FIGURE 7. Simulated (a) E- and (b) H- normalized radiation pattern at
63GHz when sweeping ‘Sde’.

8

7 e —
S5/ TR .
=4 ~
o3 \
S 2/ S¢=2.3mm . /

1l S¢e=2.9mm V/

—4— §4.=3.5mm
0 : :
58 60 62 64 66
Frequency(GHz)

FIGURE 8. Simulated directivity toward end-fire direction when sweeping
value ‘Sde’.

In order to minimize the length of bond-wire between the
antenna and RFIC, a cavity was formed in the upper part of
the LTCC so that the RFIC could be inserted into the cavity.
Due to the ground plane located under RFIC, the antenna with
a monopole radiator does not require a balun, resulting in less
loss due to a short feeding line.

The driver, director, and reflector array of the pro-
posed antenna are constructed by placing metal vias of the
laminated substrate vertically. The advantage of an antenna
structure is that 1) signal loss is minimized due to short
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FIGURE 9. Simulated (a) E- and (b) H- normalized radiation pattern of the
proposed antenna at 63GHz when sweeping Wsub.
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FIGURE 10. Simulated directivity toward end-fire direction when
sweeping value ‘Wsub',

bond-wire length and 2) a compact AiP can be realized by
minimizing the volume of the antenna.

Unlike the conventional Yagi antenna, the proposed
monopole-based Yagi-Uda antenna has a ground on the upper
surface of the monopole and is not exposed to the air, so the
distortion of the radiation pattern is relatively low due to the
electrical component placed around the antenna.

The proposed antenna was designed with a LTCC process
built-in 16-layer stack up, which comprises 50-pum thick
substrates and a 10-pum thick silver layer. The dielectric
permittivity (e;) of the LTCC substrate is 5.9, and the loss
tangent is 0.0035 at 60GHz. The overall size of the proposed
antenna is designed to be 3.7 x 5.7 x 0.65 mm?3. The proposed
antenna is simulated using a 3-D full-wave simulator Ansys
HFSS. Table 1 shows the dimension for the proposed antenna.

The proposed antenna is designed with the following elec-
trical length. The length of the driver of the antenna is 0.21eff
which is slightly smaller than 0.25Aeff. The reflector is
slightly longer than the driver, which is 0.22Aeff. The director
is used 0.17xeff, which is slightly shorter than the driver.

Considering the upper part of the LTCC considering RFIC
packaging, the overall thickness corresponds to 0.95mm.

B. REFLECTOR DESIGN
Since the proposed antenna is basically realized in LTCC
substrate which dielectric constant is as high as 5.9, this
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FIGURE 12. Simulated S11 when sweeping value ‘Sde".

greatly affects the radiation performance. The reflector of the
proposed antenna is very important to have end-fire radiation
to the front of the antenna by blocking backside radiation with
an inductive component. However, in the case of the proposed
antenna implemented in the dielectric, it is difficult to prevent
backside radiation distributed throughout the dielectric with a
single reflector because energy is confined into the dielectric.
Fig. 3 shows the geometry of the proposed antenna with
single reflector post and with reflector post array. Fig. 4 shows
the simulated E- and H- normalized radiation pattern of the
proposed antenna at 63GHz for the single reflector post and
reflector array case. In case of the single reflector post case,
a lot of side lobes are formed due to the surface current, but
the radiation pattern radiates evenly toward end-fire direction
in the presence of the reflector post array. When reflector post
array is placed, the side-lobe and cross-polarization become
lower than that of single post case.

Fig. 5 shows the simulated directivity toward end-fire
direction in case of single reflector post and reflector post
array. In case of the single reflector post, it is shown that
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FIGURE 13. Simulated S11 when sweeping value ‘Wsub’.

overall directivity is lower than that of the reflector post array.
That’s because, the directivity of the antenna is decreased due
to the multiple side lobes caused by the surface wave. In this
work, the directivity is increased by adding reflector post
array which suppress the surface wave as much as possible
and minimize the side-lobe of the antenna. The front to back
ratio of the proposed antenna is increased as well.

C. EFFECT OF THE SUBSTRATE AND GROUND STRUCTURE
Fig. 6 shows the simulated current distribution when sweep-
ing ‘Sqe” at 63GHz. It is shown that the length is equivalent to
1Aesf Wwhen ‘Sqe” is set to 2.9mm from the current distribution.
In this case, the current generated in the x-direction is mini-
mized because the current resonates in the y-direction. In the
case of other frequencies, it is seen that the x-direction current
is formed as well since they resonate in the diagonal direction.

Fig. 7 shows the simulated E- and H- normalized radiation
pattern when sweeping ‘Sqe” at 63GHz. In case ‘Sge’ is set
to 2.9mm, even radiation pattern for the end-fire direction is
achieved because the current distribution for the x- compo-
nent is minimized. However, in case ‘Sge’ is set to 2.3mm
or 3.5mm, the radiation pattern is distorted since the current
distribution for x-direction is formed. When ‘Sge’ is 2.9mm,
the side-lobe is the lowest in E-plane and H-plane and cross-
polarization is low compared to other conditions.

Fig. 8 shows simulated directivity toward the end-fire
direction when sweeping value ‘Sg.’. In fact, the radiation
pattern is distorted except that ‘Sqe’ is selected to 2.9mm
due to these resonant components in the x-direction, and the
directivity in the end-fire direction in a given bandwidth also
tends to decrease remarkably at a specific frequency. In this
work, ‘Sge’ is set to 2.9mm to obtain a consistent radiation
pattern within a given bandwidth.

Fig. 9 shows the simulated E- and H- normalized radiation
pattern of the proposed antenna at 63GHz when sweeping
Wub. Assuming that 2.9mm is a length equivalent to 1Ay,
3.1mm, 3.7mm and 4.3mm length corresponds to 1.06 Aeft,
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FIGURE 15. Fabricated vertical Yagi-Uda antenna. The proposed antenna
is connected with CMOS pad via bond-wire.

1.27xetr and 1.48 ey, respectively. Therefore, in the case of
3.1mm and 4.3mm, resonance toward x-direction occurs and
the radiation pattern is also distorted due to the excessive for-
mation of the side-lobes. On the other hand, when the “Wgp’
is set to 3.7mm, it can be confirmed that the x-direction reso-
nance is minimized and most of the radiation is concentrated
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FIGURE 16. Radiation pattern measurement setup for proposed antenna.

in the end-fire direction. Fig. 10 shows the simulated directiv-
ity toward the end-fire direction when sweeping value “Wp’.
If the ‘W’ is not 3.7mm, it is shown that the directivity is
remarkably reduced at a certain frequency. Therefore, “Wyp’
was determined to be 3.7mm to allow constant radiation in
the end-fire direction over the entire band(57-66GHz).

D. IMPEDANCE ANALYSIS FOR THE PROPOSED ANTENNA
In order to match the input impedance to 50-ohm, it is nec-
essary to make an imaginary impedance to zero. Therefore,
it is necessary to find the variables that control the imagi-
nary impedance. When ‘W’ is 3.7mm, the side-lobe is the
lowest in E-plane and H-plane and cross-polarization is low
compared to other conditions.

Fig. 11 shows the simulated S;; when sweeping value
‘hgry’. From the graph, it is seen that the overall resonant
frequency decreases as ‘hgry’ increases. The length of the
driver(=0.6mm) is designed at approximately 0.2 A for the
60-GHz frequency. Considering the fringing effect and image
effect, it can be confirmed that it corresponds to the half-wave
resonance.

Fig. 12 shows the simulated S;; when sweeping value
‘Sqe’. Since the dielectric constant of the dielectric is as high
as 5.9, the resonance characteristic of the dielectric also plays
an important role in matching the antenna impedance.

From the graph, it is seen that the overall resonant fre-
quency decreases as ‘Sg.’ increases. In this work, ‘Sge’ is
designed to be 2.9mm corresponding to 1Acft.

Fig. 13 shows the simulated S;; when sweeping value
‘Wgup’- It is shown that the second resonance frequency is
increased by lowering the width of the substrate.

Therefore, it is concluded that the overall resonance fre-
quency is determined by the length of the driver and the
space between the driver to the edge of the substrate, and
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the second resonance point can be controlled by the size of
the ground plane. Using this phenomenon, the antenna was
designed by adjusting the second resonant frequency to obtain
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the broadband characteristics and adjusting the remaining
parameters to match the center frequency. Fig. 14 shows the
antenna performance comparison with and without cavity and
with and without bond-wire.

In case of actual use for antenna-in-package, a connection
with an RFIC must be considered, and it is interconnected
primarily using bond-wire. In a general case, the matching is
significantly distorted due to the inductance of the bond-wire.
In this work, a cavity was added as much as the height of the
RFIC chip to reduce the added inductance by reducing the
length of the bond-wire.

In the case with cavity, the length of the bond-wire corre-
spond to 200um, and the length of the bond-wire is as long as
500um in the case without cavity due to the mismatch of the
height of the antenna and the RFIC.

Since the inductance by the bond-wire is about 1 nH/mm,
the impedance deterioration is caused by the additional bond-
wire. The Sy; only covers from 57GHz to 61.1GHz in case
without cavity, and the realized efficiency is degraded up to
—7.2dB (=19%) in the absence of the cavity for the 60-GHz
ISM band. In addition, since radiation occurs in the bond-
wire, the antenna radiation characteristic is also severely
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TABLE 2. Summary of simulated and measured antenna specifications.

Simulated Measured
I(’gz;kG(I}?Zl;l w Probe 557.25d]§113 f wo Probe 4.83 dBi
Rl R e
B T 50° (65°.115°
e

deteriorated. A cavity was added to prevent deterioration of
the radiation pattern by the bond-wire. In fact, in the absence
of a cavity, the E-plane radiates in a direction deviating from
the boresight direction, and a symmetrical radiation pattern
cannot be obtained. In addition, it was confirmed that the 4dB
back radiation was improved in the H-plane compared to the
case without a cavity.

Ill. ANTENNA MEASUREMENT

Fig.15 shows the fabricated proposed antenna using LTCC
process. The antenna is connected using CMOS GSG pad and
bond wires for measurement using the probe.

The thickness of CMOS chip including GSG pad is 0.3mm.
In order to reduce the signal insertion loss, the height of the
GSG pad of chip is lowered by placing the cavity inside the
antenna to make that the top layer of the antenna and the pad is
placed in the same height. Fig. 16 shows an radiation pattern
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TABLE 3. Comparison with reported vertical polarized end-fire antennas.

Ref Freq. S BW |Peak Gain| Antenna | Package
) (GHz) | (GHz) (dBi) | Size () | (RFIC)
25.6 0.57 x
()
[19] 00 | (=3040) | © 071x043 | VA
7 0.96 x wire-
(1)
[21] 0 | cnen| © 1.28x0.2 | bonding
7 23x
m
[22] 39 (=20%) 1 amo1r | NA
3.8 0.88 x
(1)
(23] 39 | =079 | 2% |oooxoas| NA
This work 60 9.6 6.6 10.74x1.14| wire-
(=16%) | 4.999 | ©0.15% | bonding

(1) w/o bond-wires, (2) w/ bond-wires, (3) include RFIC, (4) core height

measurement setup for proposed antenna. The signal from
the signal generator is used to generate a 60 GHz frequency
signal using OML mixer, and this signal flows through a
GSG probe for feeding. A compact microscope is installed
for the probing connection, and the antenna radiation pattern
is measured using a reference horn antenna while maintaining
a constant distance and changing the angle. The signal power
value received by the horn antenna can be read through the
power sensor and meter. In order to precise measurement,
the proposed antenna needs a space for radiation toward
downward direction. To secure radiation space, measurement
is performed using Rohacell’s HF71 dielectric foam with
a permittivity equal to one as air [20]. All measurement
results are measured through GSG probing after connecting
the CMOS pad with bond wires. Fig. 17(a) shows the result of
the simulated and measured input impedance of the proposed
antenna connecting CMOS pad by bond-wires. The —10dB
impedance bandwidth covers from 57.4 GHz to 67 GHz for
the measured case, and it can be seen that the simulation result
agrees with the measured result.

It is shown that the first simulated resonance agree well
with the measured result at 59 GHz, but the measured second

111084

TRAP
Module

FIGURE 21. Demonstration for real time video-transmission using AiP
module.

resonance shifts down to near 63 GHz from the simulated
second resonance near 65 GHz. This is minor difference since
the simulated and measured Si; level is below —10dB. It is
presumed that the cause is a manufacturing error of the cavity
or the real value of the dielectric constant of the RFIC inserted
into the cavity is different to that of simulated one. Fig. 17(b)
shows the peak realized gain of the proposed antenna. The
simulation result considering only antenna excluding the
probing effect is indicated by a dotted line. The result shows
the peak gain of 4.99dBi with 3.5dB fluctuation within the
range of the 57-66GHz frequency band. However, the gain
fluctuation of the simulated and measured results considering
the probe is increased compared to the case without the probe.
That’s because the probe is located nearby antenna, and
resulting in distortion of the radiation pattern. Since the simu-
lated and the measured results considering both the probe and
CMOS pad agree well, it can be predicted that the simulated
and measured results excluding the probe effect are similar.
Fig. 17(c) shows the simulated radiation efficiency of the
proposed antenna. The radiation efficiency applied only to the
antenna shows more than 90% in the 57 - 66 GHz band, and
the radiation efficiency is decreased to 60% when the antenna
is connected to CMOS pad using a bond-wire interconnect.
As shown in Fig. 18, when a signal is excited to the antenna,
1.5dB insertion loss occurs due to bond-wire and CMOS pad.
Therefore, it is concluded that the radiation efficiency includ-
ing the corresponding loss value has 20- 30% lower than the
result of considering only the antenna. The radiation pattern is
measured for the fabricated antenna using the measurement
setup. All radiation pattern results are shown in Fig. 19 as
including CMOS pads and bond wires. The measured radi-
ation pattern results are distorted and uneven due to the
influence of the probe. However, since the simulation results
including the probe and the measurement results are almost
identical, it is predicted that a even radiation pattern result
can be obtained if the probe is removed. The simulated and
measured radiation pattern results are summarized in Table 2.

The radiation pattern measurement results indicate that the
radiation pattern is severely distorted, especially in E-plane.
This is because the probe tip, which is inevitably inserted
for antenna radiation measurement, is made of metal and
affects radiation. The polarization of the proposed antenna
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is formed in the vertical direction of the antenna, so that the
direction in which E-field is strongly formed and the direction
in which the probe is located coincide, resulting in more
severe distortion. In addition, due to characteristics of small
height aperture which is in a thin substrate, the beam width
is formed wide in the vertical direction, so the effect of the
probe is more affected.

Fig. 20 shows the distribution of the simulated E-field in
a vertical cross-section. As mentioned above, because the
probe is located in the E-plane direction, so E-plane radiation
pattern is distorted by reflected from the G-S-G probe. Since
the probe located in the vertical direction of the antenna is
not used for actual use, it is predicted that a uniform radiation
pattern without fluctuation is obtained from the proposed
antenna without the G-S-G probe.

Table 3 shows a comparison table of the reported vertically
polarized end-fire antenna for the mm-Wave frequency band.
Although bond-wire effect interconnection isn’t considered
for the reported antenna and only presents the performance
of the antenna itself, peak gain with and without bond-wire
interconnection is presented for the proposed antenna in this
work.

Compared to the reported work, the proposed antenna has
the lowest thickness thanks to the image effect applied to the
monopole antenna. In addition, since all radiating elements
are inserted in the dielectric, the proposed AiP has a small
area compared to that of other antennas. Therefore, the pro-
posed AiP considered integration with RFIC is suitable for
mobile devices due to its compact size.

IV. DEMONSTRATION FOR REAL-TIME VIDEO
TRANSMISSION USING AiP MODULE

Fig. 21 shows the demonstration for real time video-
transmission using AiP module. The 10801 HD video signal
which corresponds to 1.5Gbps is transmitted by Tx and
Rx AiP module. Thanks to the compact size of the proposed
AiP, overall size of the Tx and Rx AiP module is as small as
15.7 x 32mm? and 17 x 32mm?, respectively. Tx and Rx
module is realized using transceiver reported in [2], and real-
time video transmission is successfully demonstrated using
OOK modulation with the transmission distance of 40cm.

V. CONCLUSION

In this work, wideband, compact vertically polarized end-
fire monopole-based Yagi antenna-in-package is proposed for
60GHz band. The size of the antenna is reduced thanks to
the image effect by placing the antenna as a monopole struc-
ture. The proposed antenna is interconnected with CMOS
chip via a bond-wire interconnect. The realized peak gain
of the proposed antenna is 4.99dBi and S;; bandwidth is
9.6GHz (57.4GHz-67GHz) which corresponds to 16% frac-
tional bandwidth. The total volume of the antenna is as small
as 0.74 x 1.14 x 0.1543.
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