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Abstract—A low-cost, wideband printed circuit boards (PCBs)
manufactured antenna is proposed in this letter for 5G/6G antenna-
in-package (AiP) applications with wideband common-mode cur-
rent (surface-wave) choking characteristics. The antenna is based
on a grounded, wideband, high-efficiency electromagnetic struc-
ture (WHEMS) and a backing cavity, in which a radiating choke is
introduced. By changing the choking condition of a quarter-wave
length, widely applied in traditional low-frequency baluns, wide-
band common-mode current suppression is achieved. The enclosing
wall of the backing cavity is realized by a combination of isolated
grounded vias and connected grounded vias based on current po-
larization on the wall. Finally, a 22 % impedance bandwidth (60-75
GHz) and a relative gain of 8-10 dBi within the band is achieved.

Index Terms—5G, 6G, antenna-in-package (AiP), common-
mode current, printed circuit boards (PCBs), surface wave.
OWADAYS, 5G commercialization has started in quite
N a few countries, and some preliminary 6G research has
already been initiated [1]. Antenna systems are critical compo-
nents for 5G/6G communication systems [2], [3]. The recent
antenna-in-package (AiP), which provides compact antenna
and packaging solutions for 5G/6G communication systems,
is widely used in applications of 60 GHz and above, such
as wireless communications, phased arrays, automotive radar,
and sensors [4]-[7]. Considering the performance, cost, and
volume of antennas, wireless systems are becoming more com-
pact due to AiP, where the physical distance between antennas
and the system becomes unprecedentedly close [8], [9]. The

compactness results in a small form factor, but introduces elec-
tromagnetic interference caused by common-mode currents. The
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common-mode current, i.e., those currents on unintended por-
tions of the conducting structures, can be problematic, which not
only changes the radiating characteristics of the antenna from the
designed characteristics, but also couples noise from the system
when it runs through a noisy part of the system [10], [11]. Due to
the short coupling distance, high material dielectric constant, and
limitations in processing of low-temperature cofired ceramics
(LTCC) and printed circuit boards (PCBs), design with common-
mode current suppression in AiP applications is challenging
[12], [13].

Common-mode currents primarily come from two sources,
which are the residual currents on unintended portions of the
feed or packaging structure caused by unbalanced feeding ar-
rangements, and the surface-wave [14], [15]. Previous work has
been reported for minimizing the common-mode currents in AiP
applications. In [16], the surface-wave between adjacent array
elements was suppressed by LTCC-based metal walls (MWs),
which are higher than the radiating surface to reduce coupling
between elements of the array. In [17], a substrate-integrated
waveguide (SIW) slot antenna was introduced, the shielding wall
of which was realized by plated square grooves arranged discon-
tinuously in a line. However, additional fabrication processes,
which increase the manufacturing complexity, cost, and risk of
structure deformation, were required in these methods. A uni-
planar compact electromagnetic band-gap (UC-EBG) structure
was proposed in [18] to decrease the mutual coupling caused by
the surface-wave in 60 GHz LTCC applications. The UC-EBG
is a periodic electromagnetic structure, which requires large
dimensions to realize a common-mode current suppression,
and is put outside the array with no effect on mutual coupling
between elements. A soft surface was used in [19] to suppress
the common-mode current. The choking structure occupies one
unit of space, but the currents on it give nearly no contribution to
the main radiation, which will decrease the aperture efficiency.
Compared with [19] and [20] proposed a more compact soft sur-
face. However, using an L-probe-fed patch antenna, imbalance
is observed in the simulated current distributions of [20].

In this letter, a wideband directional antenna is proposed with
common-mode current suppression characteristics. The antenna
is evolved from a wideband, high-efficiency electromagnetic
structure (WHEMS), which is widely used in low-frequency
applications for its balanced structure, and wideband, high gain
properties [21]-[24]. Through improvement of a quarter-wave
transformer, a radiating choke is introduced, not only suppress-
ing the common-mode currents, but also having currents that
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Evolution of the proposed antenna. (a) WHEMS with a back plate and metal backing cavity. (b) Ideal model of the proposed antenna. (c) AiP implementation

(d

(a) Simulated current distribution on the antenna at 60 GHz. (b) Currents on the HW. (c) Current distribution on the cross section of the radiating choke.

(d) Equivalent circuit of the radiating choke. (e) E-field distributions of the antenna aperture at 60 GHz.

contribute to the radiation. The antenna is processed on low-cost,
two-layer PCBs. The antenna also is cavity backed, and the
realization of the MW in the PCB processing and its performance
is discussed.

II. ANTENNA EVOLUTION AND PHYSICS

The proposed antenna, shown in Fig. 1, is composed of a
grounded WHEMS [21]-[24], the four edges of which are bent
to the back plate, and a metal backing cavity. In Fig. 1(b), the
grounded WHEMS is fed through two feeding rods connecting
with the coupling aperture. Two bent walls of the WHEMS
parallel to the yz plane are denoted the choking wall (CW).
The walls of the backing cavity are denoted an E-wall (EW)
and an H-wall (HW), where the two opposite walls normal
to the xz plane are specified as the EW and the others HW.
The model in Fig. 1(b) is realized in PCB processes shown
in Fig. 1(c), where the antenna is composed of two, two-layer
boards. One board on the top is the radiating part of the antenna
with the other board realizing a SIW connected with WR12
waveguide for feeding. The dielectric constant of the substrate
within the backing cavity is 1, whichis set to 3.0 in the following
electromagnetic simulations.

Simulated current distributions of the ideal model at 60 GHz
are shown in Fig. 2(a). With a symmetrical structure and a bal-
anced feed, the common-mode current is caused by the surface
wave at the walls of the backing cavity. Current distributions
on the HW are shown in Fig. 2(b), where [, parallel to the xy
plane, is the copolarized current. /1, normal to the xz plane,
is the common-mode current on the HW. Since I~ is the
cross-polarized current, it has limited effect on the radiation. As
compared with I, the choking current /¢, the common-mode

current on the EW, and also copolarized has more effect on the
radiation, and is much more crucial.

To suppress I¢o, a structure composed of the EW, CW, and
ground is introduced, the cross section of which is shown in
Fig. 2(c), also the region A in Fig. 2(a). In the structure, one
end of the EW and CW is short circuited by the ground with the
other end open circuited. The wavelength in the substrate is

Ao
VEL
where Aq is the wavelength in vacuum, ande; is the dielectric
constant of the substrate within the backing cavity. As one end

of the structure is short circuited, following the transmission line
equation Z,, the impedance at the open end, is

A

ey

Z1, = jZytan 5l 2)

where 7 is the characteristic impedance, S is the propagation
constant, [ is the height of the EW, and CW is (1/4)%;. Then,
Zp, is oo calculated from (2), which is the principle choking
mechanism of a current balun. The structure shown in Fig. 2(c)
radiates due to the wide spacing (1/74¢) between EW and
CW and is a radiating choke with both common-mode-current
suppression and radiating functions. The equivalent circuit of the
radiating choke is shown in Fig. 2(d), where R is the radiation
resistance and I is the current flowing in R,. From the circuit,
Z1, and R are in parallel. Thus, the choking condition of the
radiating choke is modified from Z; = oo to

Zr > R,. 3)

The length of the radiating choke is no longer a quarter-
wavelength, and the radiation results in a wide bandwidth choke.
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Fig. 3. Two ways to realize MWs in PCB processes in the proposed design.
(a) Using GV to realize the MW with currents normal to the ground. (b) Using
CGV to achieve the MW with currents parallel to the ground.

Evolved from the WHEMS antenna, which is a wideband
radiating structure, the antenna itself has the potential for wide-
band performance. Shown in Fig. 2(d), an equivalent radiating
resistance is terminated at the end of the radiating choke, which
is a lossy loading for the antenna. The antenna achieves a wide
bandwidth due to the decreasing of the O-factor by the loading
resistance, which is the radiating resistance contributing to the
radiation.

Fig. 2(e) shows the E-field distributions of the antenna at
60 GHz, where the E-field in the aperture are in phase with
almost the same amplitude. From the array theory, a high gain
performance can be achieved by such uniform E-field distribu-
tions. Circled by black dotted lines, the radiating choke makes
the E-field at both ends of the aperture more uniform and less
tapered, which is the crucial point in reaching high gain.

III. ANTENNA CONFIGURATIONS AND PCB PROCESSING
DISCUSSIONS

Electrical connections in PCB processes are achieved through
surface metal etching and plated vias. Thus, for a two-layer PCB,
aMW can be constructed in two ways, as shown in Fig. 3, which
are grounded vias (GV) and connected grounded vias (CGV).
Perpendicular to the ground with one end open, the GV has
good polarization characteristics for the currents perpendicular
to the ground and rejects currents parallel to the ground. While
the CGV supports currents parallel to the ground. As shown in
Fig. 2(a), the polarizations of currents on the EW and HW are
normal and parallel to the ground, respectively.

Shown in Fig. 3, based on the current polarization and the
characteristics of the GV and CGV, an EW and HW are con-
structed using the GV and CGYV, respectively. In Fig. 4(a), the
ground plane of the proposed antenna is set at 20 mm x 20 mm
to facilitate the observation of simulated currents and the later
testing installation, as the diameter of the flange plate is 20 mm.
Eight mechanical holes are set around the radiating part, where
four small holes are for dowel pins and the others are for screws.
The stack-up of the antenna is shown in Fig. 4(b), where the
antenna consists of two PCBs. L1, L2, L3, and L4 are the metal

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 19, NO. 11, NOVEMBER 2020

layers of the PCB. The thickness of the two substrates S1 and
S2 are 0.765 and 0.508 mm, respectively, where the substrate is
realized in a Rogers 3003 material with a dielectric constant of
3.0. The dimension of the main radiator, shown in Fig. 4(c), is
4.60 mm by 4.72 mm, which are both less than a wavelength at
60 GHz. The diameter of the plated vias is 0.2 mm, and the pads
for the GV are 0.5 mm in diameter, and have center-to-center
distances of adjacent vias of 0.7 mm. The CGV does not have
pads, and the center-to-center distances of adjacent vias is 0.3
mm. Thus, in Fig. 4(b), 8 vias and 13 vias comprise the EW
and HW, respectively. The top and bottom views of Board 2, the
SIW, are shown in Fig. 4(c) with the key parameters.

To further validate the design and the analysis mentioned
above, the structure was simulated with different via termination
schemes on the EW and HW. Current distributions on conductors
were reviewed and shown to support the previously described
current physics. Fig. 5 shows the simulated gain performance
of the antenna in different wall cases. The GV and CGV were
chosen to achieve the EW and HW of the proposed antenna,
respectively, the common-mode current suppression of which
was 3 dB or greater than in the other cases. The gain of the
proposed antenna, with the least common-mode currents, at
60 GHz was 1.4-5.3 dB greater than the other three cases.
Compared with large gain fluctuations in the other three cases,
the proposed case realizes a relatively flat gain of 9-10 dBi over
a 22% fractional bandwidth (60-75 GHz).

IV. RESULTS AND DISCUSSION

The proposed antenna was measured in a far-field test system,
with the R&S ZVA-Z90 vector network analyzer covering the
band from 60 to 90 GHz. The prototype of the antenna, shown
in Fig. 6, was manufactured in the PCB process following the
dimensions and stack-up shown in Fig. 4. The two, two-layer
PCBs were assembled through dowel pins and screws. Both the
drilling accuracy of the PCB (£0.025 mm) and the mechanical
accuracy of the dowel pins (+0.01 mm) determined the final
assembly errors. The simulated and measured gains and |Sy1]
are shown in Fig. 6. The simulated |S11| is below —10 dB over
a frequency band from 60 to 79 GHz, where the measured
curve has the same trend as the simulated curve. Discrepancies
between measurement and simulation results result from both
machining uncertainties of the PCB and the assembly errors.
The plated vias near the coupling aperture are critical for the
impedance performance. A +0.025 mm drilling error of PCB
and the assembly error cause the final differences. A 9—10 dBi
simulated gain is realized over 60-75 GHz, where the measured
results are 8—10 dBi. The simulated directivity of the antenna is
9.3 dBi at 60 GHz, where the simulated radiation efficiency is
98%. The corresponding measured radiation efficiency defined
by the measured gain over the simulated directivity is 95%. The
simulated 3 dB beamwidth of both E- and H-planes are 70° and
56°, where the measured results are 50° and 45°, respectively.
The simulated 6 dB beamwidth of both the E- and H-planes
are 90° and 82°, where the measured results are 80° and 80°,
respectively. The radiation pattern results are shown in Fig. 7,
where the simulated results are in good agreement with the
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TABLE I

COMPARISON WITH PUBLISHED AIP

Ref Type Bandwidth Gaip Radiation aperture Whole size ocess
¥ (GHz) (dBi) (mm?) (elements) (mm?) p
[16] waveguide slot array with metal walls 2.0%(59.2-60.4) 20.6 17%22.5(4*8) NA LTCC
[17] waveguide slot array with metal walls 7.7%(94.2-101.8) 17-19 20*10(4*4) 20%30 PCB
[18] patch antenna with UC-EBG 5.4%(57.8-61.0) 17-18 18.5*%18.5(4*4) NA LTCC
[19] differential-fed patch with soft surface 11.7%(56.3-63.3) 18-19 14.5%15(4*4) NA LTCC
This work WHEMS with GV and CGV walls 22.0%(60.0-75.0) 8-10 4.7*4.77(1*1) 20%20 PCB

1971

Configurations of the proposed antenna. (a) Entire view. (b) Stack-up of the proposed antenna. (c) Top view of the radiating part of Board 1. (d) Top view
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Fig. 6. Simulated and measured gain and |S1; | results and photographs of the
prototype.

measured results. The differences between the simulated and
measured results may arise due to fabrication tolerances in the
PCB process and measurement errors. A comparison is listed
in Table I, between the proposed approach in this letter and
other published ones listed in Section I. The proposed antenna
has advantages of cost and bandwidth. The size of the radiation

e Simulated co-polar
@ e Measured co-polar
== == Measured cross-polar

Fig. 7. Simulated and measured patterns at 60 GHz. (a) H-plane patterns.
(b) E-plane patterns.

aperture has the potential to be optimized for various phased
array applications.

V. CONCLUSION

A low-cost PCB manufactured antenna is proposed in this let-
ter for 5G/6G AiP applications. A radiating choke, constructed
through a grounded WHEMS and a backing cavity, is intro-
duced, which not only suppresses the common-mode currents,
but also contributes to the main radiation. Through simulations
providing the currents on the enclosing walls, GV and CGV are
applied to achieve the EW and HW, respectively. Finally, the
antenna realizes a wide 22% gain bandwidth (60-75 GHz), and
a relatively flat gain of 8—10 dBi within the band.
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