ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of the European Ceramic Society 27 (2007) 2881-2885

ELRRS

www.elsevier.com/locate/jeurceramsoc

Embedded air cavity backed microstrip antenna on an
LTCC substrate

M. Komulainen®*, J. Mdhonen?, T. Tick?, M. Berg b H. Jantunen?,
M. Henry ¢, C. Free©, E. Salonen b
& University of Oulu, Microelectronics and Materials Physics Laboratories and EMPART Research Group of Infotech Oulu,
P.O. Box 4500, FIN-90014 Oulu, Finland

b University of Oulu, Telecommunication Laboratory, P.O. Box 4500, FIN-90014 Oulu, Finland
¢ University of Surrey, School of Electronics and Physical Sciences, Surrey GU2 7XH, UK

Available online 28 December 2006

Abstract

One of the major challenges for next-generation, highly integrated, wireless system-on-packages (SOPs) is to integrate the antenna into the package.
Due to the inherent narrow bandwidth of planar antennas on LTCC substrates that have moderate relative permittivities in the range 5-20, techniques
for improving the bandwidth have to be considered in order to meet the requirements of wideband telecommunication standards. This paper presents
a study of laser-micromachined air cavities embedded into an LTCC substrate, and their application in improving the bandwidth of an aperture
coupled microstrip patch antenna operating at around 10 GHz. Furthermore, the effects of the air cavity on the size, gain, and radiation efficiency

of the antenna are presented and discussed.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The trend of packaging electronics into ever smaller vol-
umes has lead to three-dimensional (3D) design approaches to
highly integrated system-on-package (SOP) solutions. Multi-
layer, low temperature co-fired ceramic (LTCC) is one very
attractive technology to increase packaging density, RF per-
formance, and provide the functionality needed to fulfil the
demands of next-generation wireless communication systems.
The rapidly growing number of applications operating at
microwave (3—30 GHz) and millimeter-wave (30-300 GHz) fre-
quencies, e.g. anti-collision-radars, personal and local area
networks, highlight the need for cost-efficient, reliable wireless
communication modules. !

The screen printing technology associated with the standard
LTCC process has traditionally been used to integrate various
types of common passive components, such as resistors, capac-
itors, and inductors, into LTCC packages. Critical system-level
microwave components such as power dividers, baluns, filters,
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and antennas, can also be easily integrated into this type of
stucture.’™ The typical way to integrate an antenna is to screen
print a microstrip antenna, or antenna array, onto the topmost
layer of a multilayer LTCC package.®’

Most commercial LTCC green tape systems have a moder-
ate relative permittivity in the range 5-20. Since the substrate
wavelength is proportional to & 05 the use of ceramic sub-
strate material will reduce the antenna size when compared
with implementing the antenna on PCB or air dielectrics. But
it is well known that the radiation properties of microstrip
antennas, such as impedance bandwidth (BW) and radiation
efficiency,® are adversely affected as the permittivity of the sub-
strate increases. However, the effective dielectric constant seen
by an antenna could be reduced by fabricating an embedded
air cavity in the substrate, beneath the radiating element. This
could be a particularly useful solution for antennas operating at
higher microwave and millimeter-wave frequencies, where the
antenna elements will naturally have small size. For such struc-
tures, the bandwidth and radiation efficiency could be traded for
antenna size, which would still retain dimensions of the order of
millimeters.” In this way a multilayer package could still con-
tain integrated passive components, that utilize the moderate
relative permittivity of the ceramic substrate, whilst providing a
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low effective permittivity in the locality of the antenna radiating
elements.

The main purpose of this paper is to introduce a microstrip
antenna on an LTCC substrate that contains an embedded air
cavity prepared by laser-micromachining. An air cavity-backed
rectangular microstrip antenna with an aperture coupled
feed for 10 GHz was designed, fabricated and measured. For
comparison, the results were compared with a similar antenna
without the air cavity.

2. Antenna design

Microstrip antennas screen printed on LTCC packages have
several advantages. In particular, their low vertical profile, and
the possibility to use an arbitrary number of dielectric layers
to control the substrate thickness, make them a very attractive
choice for low cost integrated antennas. Moreover, a feed-
ing technique can be selected to facilitate easy integration of
the antenna with the other microwave circuitry. The major
disadvantages of microstrip antennas are narrow impedance
bandwidth, poor polarization purity, and sensitivity to manu-
facturing tolerances.®

The impedance bandwidth defines a range of frequencies
around the center frequency where a fixed impedance trans-
mission line feeding an antenna is reasonably well matched
to the frequency varying input impedance of the antenna. In
microstrip antennas the impedance match occurs in a nar-
row frequency band. Typical bandwidths of a single resonator
microstrip antenna with a rectangular or circular shaped radi-
ating element are in the order of a few percent. The reflection
coefficient S1; of a single port antenna can be calculated from
the impedance of the feed line (Z7) and the input impedance of
the antenna (Zy).
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The reflection at the impedance discontinuity can also be
expressed in terms of a voltage standing wave ratio (VSWR).
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The total quality factor of a microstrip antenna (Qr) is the sum
of four quality factors that represent power loss mechanisms,
namely dielectric losses (QOpie1) due to the dielectric material,
ohmic losses due to the finite conductivity of the metalliza-
tion (Qcond), radiation losses with power radiated to free space
(ORrad), and losses associated with surface waves (Qsurf).
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The impedance bandwidth is the frequency range over which
voltage standing wave ratio, VSWR, is smaller than a particular

value, say S. Typically, S =2, which corresponds to a return loss
of 9.5dB.
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Fig. 1. (a) Side and (b) top view of a rectangular microstrip patch antenna with
an embedded air cavity.

The radiation efficiency () of an antenna is defined as the ratio of
the power radiated into free space over the input power delivered
to the antenna port. It can also be expressed in terms of quality
factors.
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Thus, in order to improve the BW and radiation efficiency of
microstrip antennas, the amount of power radiated to free space
has to be increased. A possible way to reduce Qraq is to decrease
the relative permittivity, or increase the height, of the substrate.
Unfortunately, in multilayer LTCC packages these methods are
often restricted by the moderate permittivities of the dielectric
materials available, and the need for a low vertical profile to
gain high packaging density. Furthermore, an increased substrate
height creates the possibility of coupling significant amounts of
power to unwanted surface waves.'?

The rectangular microstrip patch antenna studied here, and
which incorporates an air cavity in the substrate, is illustrated in
Fig. 1 The smallest patch size is obtained with the fundamental
resonant mode TMy;, corresponding to a patch length (L) of
about half of the guided wavelength at the resonant frequency

(o)

L=—°_ (2.6)
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where c is the speed of light and ¢ is the effective permittivity
of the antenna. The effective permittivity in Eq. (2.7) is that of
a mixed air-ceramic substrate (ec,y) and can be estimated from
the relative permittivities of the substrate (esyp) and air (gajr),
together with the ratio of the cavity height to the full substrate
thickness® (xAir)-

EAiréSub
EAir + (Esub — £Air)XAir

ECav = 2.7

This equation is based on a quasi-static capacitor model and it
assumes that the cavity is large enough to contain all the fringing
electric fields of the antenna. The effective permittivity for the
antenna length calculation, given in Eq. (2.6), can be estimated
from Eq. (2.7), and using formulae for transmission line models
that also take into account the effects of the fringing fields at the
patch edges.!?
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Fig. 2. Aperture coupled microstrip with an embedded air cavity. Px =10.5,
Py=7, Cx=14, Cy=11, Ax=5, Ay=0.6, Ly=Ly=Ux=Uy=Gx=Gy =30,
U,=L,=1,and My =1.1, all in mm.

2.1. Aperture coupled rectangular microstrip patch
antennas for 10 GHz

An aperture coupled microstrip antenna utilizes three layers
of metallization and two dielectric substrates, making it feasible
for implementation using multilayer technology. A microstrip
transmission line on the bottom of the lower substrate is elec-
tromagnetically coupled, through an aperture in the common
ground plane, to the patch on top of the upper substrate. The
feed line is terminated by a quarter-wavelength open-ended stub
to maximize the amount of power coupled to the antenna. Two
aperture coupled microstrip patch antennas were designed to
operate in the fundamental TMy; mode at 10 GHz. To form a
uniform monolithic structure, a 1 mm (0.031¢) thick DuPont 951
(e:=7.8,tan § =0.006 at 3 GHz) was selected as the material for
both the upper and lower substrates. In the first antenna an air
cavity with a height of 0.5 mm was positioned at the bottom of
the upper substrate.

The antennas were analyzed using an Ansoft HFSS (version
10) electromagnetic simulator. A full-wave analysis performed
with the simulator indicated a slight inaccuracy in the theoretical
calculations based on Eqs. (2.6) and (2.7). The resonant length
L was adjusted downwards to tune the resonant frequency to
10 GHz. The main dimensions of the designed air cavity-backed
antenna are presented in Fig. 2. A second antenna without an air
cavity was designed on a solid ceramic substrate, resulting in
similar dimensions, but with Px=6.5, Py=4.1, Ax=3.5, and
Ay =0.4. The simulated return losses of both antennas (Fig. 3)
showed 10dB bandwidths of 3% and 6.5%, respectively. Fur-
thermore, the simulations indicated 6 dBi gain for the cavity
antenna and 4.5 dBi for the bulk ceramic antenna, respectively.

3. Experimental procedure

The antennas were manufactured from DuPont 951 LTCC
tape. The co-fired inner layer metallization was screen printed
(Ami Presco) on green sheets using DP6142D silver paste.
DP6160 silver paste was used for post-fired surface metal-
lization. The printed sheets were aligned and stacked with
an optical alignment system and isostatic lamination (20 MPa,
70°C, 10 min) applied. After lamination the cavities were laser-
micromachined with a Siemens Microbeam 3200 industrial
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Fig. 3. Simulated return losses of aperture coupled microstrip antennas with and
without an embedded air cavity.

UV laser (A =355nm), followed by sintering in a box furnace
(Nabertherm) at 875 °C for 20 min. An extended burnout time
was used to allow efficient evaporation of all organics and to
avoid blistering or cambering that is likely to happen with a large
ground plane. Finally, the cavity height and substrate thickness
were measured with a micrometer gauge, and the cavity sur-
face roughness was measured with a Dektak 8 profilometer. An
optical profilometer (Veeco) was used to analyze the test struc-
ture’s surface roughness and cavity height when optimizing the
laser-micromachining parameters.

4. Results and discussion

The final cavity antenna was an assembly of two fired mono-
lithic substrates glued together. Altogether, the antenna was
formed of 10 layers of DP951AX tape, and the final thickness
of the assembly was 2060 wm. A cross-section of the antenna is
shown in Fig. 4. The reference antenna without an air cavity was
prepared using the same materials and processes, but in this case
the structure was monolithic, and comprised only one multilayer
substrate. Laser-micromachining was chosen for the air cavity
preparation since it enabled cavity depths to be formed inde-
pendently of the tape thickness. The cavity was laser-machined
after lamination, thus avoiding the complicated processing steps
normally faced when laminating a green body with cavities.! 12
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Fig. 4. A cross-section image of the antenna showing the laser-micromachined
cavity.



2884
)
k=) {
@ {
o /
- i
c |
3 |
) 1
o i
H
]
= Antenna with air cavity H
----- Bulk antenna
_25 1 L 1 L 1 1 L
8 8.5 9 95 10 10.5 11 11.5 12

Frequency [GHz]

Fig. 5. Measured return losses of aperture coupled microstrip antennas with and
without an embedded air cavity.

The laser-micromachining parameters were optimized by
varying the pulse repetition rate between 20 kHz and 80 kHz, the
power between 0.4 W and 3.2 W, and the beam scanning speed
between 50 mm/s and 200 mm/s. Increasing the scan speed and
decreasing the pulse repetition rate and power resulted in better
surface roughness, but it also reduced the depth reached with a
single sweep of the cavity area. Choosing the appropriate laser-
machining parameters is thus a compromise between surface

quality and processing time.
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Fig. 6. (A) Measured E-plane (YZ-plane) and (B) H-plane (XZ-plane) radiation
patterns for antenna with embedded air cavity.
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The Z-direction sintering shrinkage of the LTCC tape in this
design was measured to be 16.7%. To achieve the designed
fired cavity depth of 500 wm, a 600 wm deep cavity had to
be micromachined into the laminate. Alternating the beam
sweep directions was observed to improve the surface qual-
ity, and the laser-machining parameters were optimized to give
a single-sweep depth that would result in the desired cavity
when repeated. The parameters chosen for the pulse repe-
tition rate, power, and scan speed were 20kHz, 3.2'W, and
150 mm/s, respectively. The hatching of the cavity area was
done in 10 wm increments, which was best suited for the
15 wm beam diameter used. These process parameters produced
a cavity with a depth of 100 wm with a single sweep. The
direction of the sweep was altered 90° between each sweep.
A 600 pm deep cavity processed in the aforementioned way
had a surface roughness of 1.5 wm and a fired cavity depth of
500 pm.

The measured return loss of the cavity antenna (Fig. 5)
showed a 10% upward frequency shift. The shift was probably
caused by the somewhat cambered cavity roof on the electri-
cally measured samples. The measured BWs of the cavity and
non-cavity antenna were 6.8% and 3.2%, respectively. More-
over, the far field measurements showed maximum gains at the
center frequency of 5.4 dBi for the cavity antenna and 3.2 dBi
for the bulk ceramic antenna. The measured radiation patterns
for the both antennas are presented in Figs. 6 and 7.
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Fig. 7. (A) Measured E-plane (YZ-plane) and (B) H-plane (XZ-plane) radiation
patterns for bulk ceramic antenna.
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The results proved that the BW of an aperture coupled
microstrip antenna was approximately doubled by fabricating an
embedded air cavity into the substrate, while still maintaining
a reasonable antenna size of 7mm x 10.5 mm for system-on-
package assemblies. The method of fabricating the embedded air
cavity for the antenna structures offers a flexible way to produce
complex cavity shapes and cavity depths that are independent
of tape thickness, while still providing quick turnaround time
between designs. As shown, fairly predictable performance of
the air cavity antenna was also achieved. The results also suggest
that in the second preparation cycle special attention should be
paid to avoiding deformation of the cavity roof. In the future,
the laser-aided micromachining method that has been discussed
could also be used to produce air cavity structures to form true
monolithic packages for microwave applications.

5. Conclusion

This paper has proposed a microwave microstrip antenna
on an LTCC substrate applicable to low cost integrated SOP
packages. A laser-machined embedded air cavity was used to
enhance the impedance bandwidth by reducing the effective per-
mittivity of the substrate around the antenna. Furthermore, a
laser-micromachining method of fabricating the embedded air
cavities was proposed along with detailed machining parame-
ters.
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