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Abstract: We propose a miniaturized wideband metasurface antenna for 60-GHz antenna-in-package applications. With the glass
integrated passive device manufacturing technology, we introduce a coplanar-waveguide-fed (CPW-fed) ring resonator to characterize the material properties of the glass substrate. The proposed antenna is designed on a high dielectric constant glass substrate
to achieve antenna miniaturization. Because of the existence of gaps between patch units compared with the conventional rectangular patch in the TM10 mode, the radiation aperture of this proposed antenna is reduced. Located right above the center feeding
CPW-fed bow-tie slot, the metasurface patch is realized, supporting the TM10 mode and antiphase TM20 mode simultaneously to
improve the bandwidth performance. Using a probe-based antenna measurement setup, the antenna prototype is measured,
demonstrating a 10-dB impedance bandwidth from 53.3 to 67 GHz. At 60 GHz, the antenna gain measured is about
5 dBi in the boresight direction with a compact radiation aperture of 0.31λ0×0.31λ0 and a thickness of 0.06λ0.
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1 Introduction
Nowadays, many wireless applications such as
virtual reality, augmented reality, wireless local area
networks, and backhaul must use millimeter-wave
(mm-Wave) systems to achieve high data rate and low
latency (Ghasempour et al., 2017; da Silva et al.,
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2018). Accordingly, on top of IEEE 802.11ad, the
IEEE 802.11ay standard was defined with new features. Moreover, in mm-Wave bands, the antenna can
be integrated into a package using the antenna-inpackage (AiP) solution, achieving attractive advantages of high integration levels and small form
factors (Zhang and Liu, 2009). Given the current
packaging technologies, as the operating frequency
and bandwidth of the 60-GHz band are high, it is still
challenging to realize low-cost, compact, and highperformance 60-GHz AiP.
Typically, because of their features of low profile,
light weight, low cost, and simple planar structure,
patch antennas have been widely used in AiP solutions (Wong, 2004). The metasurface technique has
been introduced to support the dual modes simultaneously to solve the narrow impedance bandwidth
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limitations of the conventional microstrip antenna. In
principle, the resonant frequencies of these two
modes, which are located on the right-handed (RH)
dispersion branch, are close to each other, thereby
achieving wide bandwidth (Liu et al., 2015, 2017).
For consumer electronics applications, antenna
miniaturization is needed for the mm-Wave system
integration. Specifically, for phased-array antennas,
with the miniaturized antenna elements, a low mutual
coupling can be achieved. A higher-permittivity substrate is preferred to realize antenna miniaturization.
Chang et al. (2015) used the glass substrate based on
the glass integrated passive device (GIPD) technology to improve the reliability and reduce antenna
aperture, fabrication complexity, and cost.
For mm-Wave applications, up to now, several
broadside radiation antennas have been realized using
the integrated passive device (IPD) technology. Hosono et al. (2016) proposed a 4×4 corporate-feed
70-GHz array antenna with multilayered glass substrate, showing a relative bandwidth of 4% with a gain
of 13.5 dBi. Cheng et al. (2018) showed a 2×2
60-GHz circular-polarization antenna array with
13.3% relative bandwidth. A 60-GHz 2×1 array of
microstrip-coupled slot antenna was designed on highresistivity-silicon (HR-silicon) by Biglarbegian et al.
(2011), and it achieved a gain higher than 4.95 dBi
with more than 11.7% relative bandwidth. A 60-GHz
folded dipole antenna and a 60-GHz 1×2 array were
designed with a deep cavity, showing relative bandwidths of 12.5% and 5%, respectively (Lantéri et al.,
2010). Calvez et al. (2011) introduced a patch antenna
with an air cavity, which was excited by a coupling
slot in the bipolar complementary metallic-oxide
semiconductor (BiCMOS) process. This antenna
demonstrated a relative bandwidth of 5% and a simulated gain of 6 dBi. Unfortunately, these antennas
suffer from poor performance, large size, and complex structure.
In this study, with the GIPD manufacturing
technology, a broadband miniaturized metasurface
patch antenna is realized for 60-GHz AiP solutions. A
coplanar-waveguide-fed (CPW-fed) ring resonator is
implemented to characterize the glass substrate material properties. Because of the high dielectric constant of the glass substrate, the metasurface patch
antenna aperture can be reduced. Compared with the
conventional rectangular patch in the TM10 mode, the

existence gaps between the patch units reduce the
radiation aperture of this proposed antenna. To expand bandwidth, the metasurface patch supports the
TM10 mode and antiphase TM20 mode simultaneously.
With a probe-based antenna measurement setup, the
proposed antenna shows an impedance bandwidth
from 53.3 to 67 GHz and a gain of about 5 dBi at
60 GHz.
2 AiP prototype topology
Fig. 1 shows the simplified cross-sectional view
of the proposed antenna layers. In this design, the
main substrate is the D263T thin glass produced by
Downdraw Technology, and its thickness is h1=
300 μm, which is 0.06λ0 (λ0 is the wavelength in free
space at 60 GHz). In this way, the proposed antenna
can achieve the best trade-off between bandwidth and
radiation efficiency performances. Two conductive
layers M1 and M2, with 5-μm thick electroplated
copper, are realized on the substrate surfaces to form
the radiation element and its feeding network, respectively. To prevent metal oxidation, both M1 and
M2 layers are covered with a PI (polyimide) layer
with a dielectric constant of 3.2, a loss tangent of
0.001, and a thickness of h2=10 μm. With this GIPD
process, measurements show that the insertion loss of
a 50-Ω CPW line is 0.27 dB/mm at 60 GHz.

h2
h1
h2

PI

M1 layer

Glass substrate

PI

M2 layer

Fig. 1 Simplified cross-sectional view of the antenna layers

Fig. 2 shows the proposed integration scheme of
the AiP solution. In this solution, the whole glass
substrate can be viewed as an interposer, and both the
complementary metallic oxide semiconductor radio
frequency (CMOS RF) front-end chip and the main
printed circuit board (PCB) are integrated into it. To
be specific, the RF chip is soldered on the bottom of
the glass substrate with solder balls, while the glass
substrate integrated with the RF chip is assembled on
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the main PCB using a ball grid array. In this study, to
evaluate the antenna performance first, only the
proposed antenna is fabricated and verified.
Antenna

Glass

more accurately. With this method, the permittivity of
the glass substrate can be found, matching the measured transmission coefficient well in the end. Fig. 5
summarizes the dielectric constant of the glass substrate. At the 60-GHz band, the extracted substrate
effective dielectric constant is 6.47. Note that due to
measurement errors and fabrication tolerance, the
precision of the extracted permittivity is about ±0.05.

Chip
Wr

PCB
Solder ball

BGA

Fig. 2 Proposed integration scheme of the AiP solution
(BGA: ball grid array)

R

Wg
Sr

φ
g
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3 Electrical properties of materials
For mm-Wave applications, the substrate material property is crucial for accurate antenna design and
performance. Typically, most material manufacturers
provide only material properties at low frequency,
which will decrease the mm-Wave antenna simulation
accuracy.
In this work, a ring resonator method is used to
extract the material properties of the glass substrate.
Fig. 3a shows the top view of the CPW-fed ring resonators layout on the glass substrate (Zou et al., 2002;
Thompson et al., 2004). For measurement purposes,
the CPW line is used to feed the ring resonator,
making it possible to measure the substrate with a
100-μm pitch RF probe. To increase the coupling
between the CPW feeding line and the resonator at a
lower frequency, a coupler is introduced. At the end
of the CPW feeding line, the coupler is a conformal
microstrip line, and its corresponding angle φ is 30°.
A suitable coupling for the resonators feeding,
therefore, can be achieved, balancing the transmission
coefficient amplitude at each frequency. With the
high-frequency electromagnetic field simulation
software (HFSS), the optimized parameters defined in
Fig. 3a are shown in Table 1.
Fig. 3b shows the photograph of the fabricated
CPW-fed ring resonator on the glass substrate. Fig. 4
shows the measured transmission coefficient of this
resonator. The measured data are compared with the
simulation results to extract the dielectric constant

(a)

(b)

Fig. 3 Layout of the CPW-fed ring resonator on the glass
substrate for ground-signal-ground (GSG) probe testing
(a) and photograph of the fabricated CPW-fed ring resonator (b)
Table 1 Optimized parameters of the CPW-fed ring
resonator
Parameter
Wg
g
R

Value (mm)
0.07
0.025
1.535

Parameter
Sr
Wc
Wr

Value (mm)
0.10
0.05
0.07

4 Antenna design
Fig. 6 shows the geometry of the proposed
metasurface antenna. The antenna aperture is on the
M1 layer and consists of 2×2 square patch units. With
the benefit of the glass substrate high dielectric constant feature, a miniaturized size (0.31λ0×0.31λ0) of
the antenna can be achieved. Compared with the
free-space wavelength, the pitch of the square patch
unit p is small, and the 2×2 square patch unit can be
regarded as a two-dimensional finite periodic structure. The M2 layer acts as a ground plane, and a
CPW-fed bow-tie slot is implemented on it. For the
antenna’s proper excitation, the slot is located at the
upper metasurface center. The slot length (sl) determines the resonant frequency; with a narrower slot
width and a wider extended angle θ, the bandwidth
performance can be improved (Huang and Kuo, 1998;
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field, the patch antenna’s electrical dimension is
greater than its physical dimension. The extended
length ΔL at each patch end can be given by (Balanis,
2016)
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Fig. 4 Measured S21 of the CPW-fed ring resonator
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The antenna’s effective dielectric constant εreff
and width Wp are defined as follows:
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where s is the spacing of the square patch unit. Note
that the physical size of the patch unit pw equals p−s.
In the effectively extended region with a length of ΔL
at each end, the propagation constant along the resonant direction is given by
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Fig. 5 Dielectric constant of the glass substrate
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where f is the operating frequency, c the light speed in
the vacuum, and βeff the propagation constant in the
fringing field.
Fig. 7 shows the patch unit simulation model for
the dispersion relation extraction. With the simulated
S-parameters, the propagation constant of the patch
unit βu is extracted with the following function:

x

(a)

(b)

Fig. 6 Geometry of the proposed metasurface antenna:
(a) top view; (b) bottom view

Tavakol et al., 2010). To achieve broadband impedance matching, both an open stub and a high impedance line are added, providing capacitance and inductance effects, respectively.
In this design, with the low profile of the glass
substrate, a transmission line model is used to analyze
the proposed metasurface antenna. Due to the fringing

 1 − S11 S 22 + S12 S 21 
,
2 S 21



β u = arccos 

(5)

where S11 is the input reflection coefficient, S21 the
forward transmission coefficient, S22 the output reflection coefficient, and S12 the reverse transmission
coefficient.
In this design, the TM10 mode and antiphase
TM20 mode are introduced in the metasurface antenna.
These two resonant modes are close to each other in
the RH dispersion branch to improve the impedance
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bandwidth. To illustrate the operation principle of the
TM10 resonant mode, Fig. 8 shows the simulated
electric field distribution of the TM10 mode. In this
mode, the E-field distribution of the 2×2 square patch
units is similar to the mode of the rectangular microstrip patch. It is found that compared to the traditional patch antenna, given the existence gaps between patch units, the overall physical size of this
proposed antenna is reduced.

TM20 modes, the broadside radiation pattern can be
achieved.
To meet the antiphase TM20 mode resonant
conditions, the sum of the single patch unit pitch p
and its extended length ΔL is about half the wavelength. Based on this field distribution, the function of
the antiphase mode is given by

β u p + 2β eff ∆L = p.
E-field (V/m)

PML

1.6247E+005
1.5164E+005
1.4081E+005
1.2998E+005
1.1915E+005
1.0832E+005
9.7486E+004
8.6654E+004
7.5823E+004
6.4991E+004
5.4160E+004
4.3328E+004
3.2497E+004
2.1665E+004
1.0834E+004
2.5259E+000

PMC
PEC

Fig. 7 Patch unit simulation model for the dispersion
relation extraction
PMC: perfect magnetic conductor; PML: perfectly matched layer;
PEC: perfect electrical conductor

Patch

With the simulation model in Fig. 7, the dispersion relation of the patch unit is plotted (Fig. 10).
Notably, the resonant frequencies of these two modes
are 59.5 and 63.0 GHz, corresponding to the TM10
and antiphase TM20 modes, respectively. With HFSS,
the optimized values of the proposed metasurface
antenna parameters defined in Fig. 6 are shown in
Table 2.
120

(6)

Fig. 9 shows the simulated electric field distribution of the antiphase TM20 mode. In this mode, the
gap between the patch units is also used to change the
E-field distribution. Notably, the directions of the
E-field at the opposite sides of the central gap region
are antiparallel. Hence, with the help of the TM10 and

Phase shift (°)

To meet the TM10 mode resonant conditions, the
sum of the twice-patch unit pitch 2p and the extended
length ΔL at the antenna end equals half the wavelength of the operating frequency. It follows that

Ground

Antiphase TM20 mode

Fig. 9 Simulated electric field distribution of the antiphase TM20 mode (aa′ plane, x=0.445 mm, 63 GHz)

Fig. 8 Simulated electric field distribution of the TM10
mode (aa′ plane, x=0.445 mm, 59.5 GHz)

2β u p + 2β eff ∆L = p.

(7)

βu·p
(π−2βeff·ΔL)/2
π−2βeff·ΔL
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Fig. 10 Dispersion diagram of the patch unit model

5 Measurement results
Fabricated with GIPD technology, Fig. 11 shows
the photograph of the proposed antenna prototype.
The on-wafer measurement is undertaken by Cascade
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Microtech 67-GHz GSG RF probes with a 100-μm
pitch.
The antenna S-parameters are measured with the
probe station. The proposed antenna is fixed on the
foam above the metal carrier, and the foam material
has a height of about 10 mm, which is twice the
wavelength at 60 GHz. Fig. 12 shows the simulated
and measured return loss of the metasurface patch
antenna. Notably, the 10-dB impedance bandwidth is
between 53.3 and 67 GHz (limited by the measurement instruments). The discrepancy between the
Table 2 Optimized parameters of the proposed antenna
Parameter
W
L
p
pw
s
ls
lc

Value (mm)
5.00
5.00
0.89
0.64
0.25
0.65
0.15

Parameter
lt
sl
sw
Wl
Wg
g

Value (mm)
0.40
0.65
0.30
0.03
0.06
0.025

measured and simulated results is attributed to the
fabrication tolerance, measurement error, and other
uncertainties. Furthermore, for the S-parameter
measurement, due to the energy reflected by the metal
carrier, a resonant mode is introduced around 58 GHz.
For the far-field performance measurement, a
probe-based antenna measurement setup in an anechoic chamber is used (Fig. 13). In this measurement,
to relax the effect of the RF probe on the antenna
radiation pattern, the RF probe is covered with an
absorbing material. With the probe station, the test
sample is fixed on a foam material AUT (antenna
under test) sample holder, which has a similar permittivity to the air. Fig. 14 presents the simulated and
measured gains of the metasurface patch antenna in
the broadside direction. Notably, the measurement

Anechoic chamber

RX horn
RF source
AUT

RF probe

Z

AUT
AUT sample
holder

Y
Foam

(a)

(b)

Fig. 11 Fabricated antenna prototype: (a) top view;
(b) bottom view

Fig. 13 Probe-based antenna measurement setup in an
anechoic chamber for far-field performance measurement
8
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Fig. 12 Simulated and measured reflection coefficients of
the proposed antenna
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Fig. 14 Simulated and measured gains of the proposed
antenna
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results agree well with the simulation results. In particular, the gain is higher than 4.5 dBi from 57 to
66 GHz, with a peak gain of 5.5 dBi at 59 GHz.
For performance comparison, Table 3 summarizes the performance of the proposed antenna and
those in previous works. As indicated, with the GIPD
process, the proposed metasurface antenna structure
has a compact radiation aperture size and achieves
wide bandwidth performance.
Figs. 15 and 16 present the E- and H-plane radiation patterns at 60 GHz, respectively. Note that the
E-plane cannot be measured within the whole angular
range, as it is blocked by some parts of the measurement assembly. The 3-dB beam widths in the Eand H-plane are 43° and 64°, respectively. Good
simulation to measurement correlation is achieved in
both the E- and H-plane. Due to reflections by the
probe station, there exist some ripples in the radiation
pattern. In the E-plane, because of the metal cable
reflections, the measured back lobe is greater than the
simulation results.

6 Conclusions
In this paper, a miniaturized wideband metasurface antenna has been proposed for 60 GHz applications. With GIPD manufacturing technology, the antenna was designed on a high dielectric constant glass
substrate, and the 0.31λ0×0.31λ0 radiation aperture
has been realized. To expand bandwidth, with a CPWfed bow-tie slot on the ground plane, the metasurface
patch supported the TM10 mode and antiphase TM20
mode simultaneously. Based on the probe-based antenna measurement setup, the proposed antenna
showed a wide impedance bandwidth from 53.3 to
67 GHz. The measured gain of the antenna was above
4.5 dBi from 57 to 66 GHz with a low profile of
0.06λ0 at 60 GHz.
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Table 3 Comparison between the proposed antenna and those in previous works
Reference
Hosono et al.
(2016)
Cheng et al.
(2018)
Biglarbegian
et al. (2011)
Lantéri et al.
(2010)
Calvez et al.
(2011)
This work

4×4 corporate-feed array
antenna
2×2 circular-polarization
antenna array
2×1 array of microstripcoupled slot antenna
Folded dipole antenna 1×2
folded dipole array
Patch antenna
Metasurface patch antenna

Gain Radiation aperture
(dBi)
(width×length)

Thickness

Technology
Multi-layered GIPD

70/4%

13.5

N/A

0.187λ0

60/>13.3%

N/A

N/A

N/A

60/11.7%

4.95

0.4λ0×0.9λ0

0.056λ0

HR-silicon IPD

60/12.5%
60/5%

7
8

N/A

N/A

GIPD with deep
cavity

60/5%

5*

0.33λ0×0.33λ0

0.06λ0

GIPD with air cavity

60/>22.8%

5.5

0.31λ0×0.31λ0

0.06λ0

GIPD

GIPD

Simulation results. FBW: fractional bandwidth. N/A: not applicable
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