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Integrated Circuit Ceramic Ball Grid Array
Package Antenna

Y. P. Zhang

Abstract—The recent advances in such highly integrated RF
transceivers as radio system-on-chip and radio system-in-package
have called for the parallel development of compact and efficient
antennas. This paper addresses the development of a new type
of dielectric chip antenna known as integrated circuit package
antenna (ICPA) for highly integrated RF transceivers. A compact
ICPA of this type has, for the first time, been designed and fabri-
cated in a ceramic ball grid array (CBGA) package format. The
novel ICPA, except economical advantage of mass production and
automatic assembly, has potential benefit to the system-level board
miniaturization and the system-level manufacturing facilitation.
The simulated and measured antenna performance of the ICPA is
presented. The effects of the different physical parts of the ICPA
on the antenna performance are investigated. Results show that
the ICPA achieved impedance bandwidth of 4.1% and radiation
efficiency of 72%, and gain of 4.8 dBi at 5.715 GHz.

Index Terms—Ceramic ball grid array (CBGA) package, chip
antennas, radio system-in-package (SiP), radio system-on-chip
(SoC).

I. INTRODUCTION

MOTIVATED by huge demand for low-cost low-power
personal wireless communications systems, many semi-

conductor companies have focused their attention to the de-
velopment of highly integrated RF transceivers. Significant
advances have been achieved in highly integrated RF trans-
ceivers through the use of advanced component integration
processes and advanced component packaging technologies.
For example, the single-chip and single-package radios have
been demonstrated recently for Bluetooth and HIPERLAN
applications. In the single-chip radios, the zero- or low-IF
architectures are utilized and all components are integrated
on a single silicon chip in submicron CMOS technology [1],
[2]; while in the single-package radios, the heterodyne or
super-heterodyne architectures are employed and several bare
chips optimized in different semiconductor technologies are
squeezed into a single package [3], [4].

To suit these novel solutions of highly integrated wireless
transceivers, a number of dielectric chip antennas have been de-
veloped in the past few years as the result of a great effort in-
volving the development of new dielectric materials [5], [6], the
application of novel fabrication technologies [7], [8], and the op-
timization of various radiator structures [9], [10]. These dielec-
tric chip antennas are physically small, they are, however, still
discrete. Hence, designs of antennas on multilayer substrates
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in which RFICs can be embedded have been proposed [11],
[12]. In this paper, the development of a new type of dielec-
tric chip antenna known as integrated circuit package antenna
(ICPA) is reported. A compact ICPA of this type has, for the
first time, been designed and fabricated in a ceramic ball grid
array (CBGA) package format. The configuration, the FDTD
simulation, and the experimental validation of the ICPA are pre-
sented in Section II. The effects of the different physical parts
of the ICPA on the antenna performance are investigated in Sec-
tion III. Finally, Section IV summarizes the conclusions.

II. DESIGN OF ICPA

CBGA packages have been widely used to carry highly inte-
grated RF transceivers because of their excellent performance
[3], [13]. Fig. 1(a) shows the configuration of the ICPA in a
CBGA package format. As shown, the ICPA consists of three
laminated ceramic layers with a cavity formed in the middle.
There are two metallic layers in the construction. The bottom
metallic layer provides the metallization for the cavity base and
the signal traces, while the upper metallic layer provides the
metallization for the radiator. It should be noted that only two
of the three laminated ceramic layers are used as the effective
substrate of the ICPA, which is different from the design of con-
ventional multilayer antennas where all layers are used as the
substrates of the antennas [11], [12]. The ICPA has the dimen-
sions of 17 mm 17 mm 2 mm. The package ceramic mate-
rial is alumina with dielectric constant of 9.7 and the package
metallic material is copper with conductivity of S/m.
Fig. 1(b) shows the geometry of the radiator layer. It is seen
that the radiator takes the basic form of a microstrip patch on a
substrate of the high permittivity . Actually, the radi-
ator may take any other form of a printed circuit antenna struc-
ture such as a meander-line or a stacked-patch to meet the de-
sign requirement [9], [11]. The microstrip patch has the size of
14 mm 11 mm. The middle layer has a cavity of dimensions
13 mm 13 mm 0.67 mm. Fig. 1(c) shows the details of the
bottom layer. As shown, there are 48 signal traces. These 48
signal traces follow the current designs of highly integrated RF
transceivers where 48 I/O pads are often adopted [3], [14]. It is
believed that the number of I/O pads will decrease as the level
of integration of RF transceivers increases. The outer ends of
all 48 signal traces are connected to 48 solder balls through 48
vias, while the inner ends of 45 signal traces will be connected
to the bare single-chip radio or the naked single-package radio
through 45 bond wires if the ICPA is used to carry the highly in-
tegrated RF transceiver. There are 3 signal traces directly linked
to the cavity base. The cavity base is also the ICPA ground plane.
This shared ground is more reliable than that of the via-array
realized grounds [11], [12]. The ICPA was fabricated with the
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Fig. 1. Integrated ceramic ball grid array package antenna (ICPA): (a) multilayer structure, (b) radiator layer, and (c) bottom layer.

in-house facility. The fabrication of the ICPA was found to be
compatible to the fabrication of the standard CBGA package.
The ICPA advantage is quite obvious. It offers the possibility to
combine a dielectric chip antenna with a highly integrated RF
transceiver into a standard surface mounted device [15], [16]. As
a result, the system-level board space and the system-level man-
ufacturing can be further reduced and facilitated, respectively.

The development of the ICPA is quite challenging because
it involves the codesign of the antenna and package. The
codesign requires a versatile numerical tool that can simulate
both metallic and dielectric structures. The FDTD method was
chosen because of its applicability to such problems [17]–[19].
To model the ICPA, the spatial step sizes and
have to be properly chosen so that an integral number of
Yee cells can fit the ICPA. Furthermore, the spatial step sizes
should be much less than the smallest guided wavelength
for accuracy. In our simulations the spatial step sizes were
chosen to be mm. Thus, the ICPA
was fitted with 51 51 6 cells and also the spatial step
sizes were much smaller than the smallest guided wavelength

mm, which corresponds to free space
wavelength mm in C band. A via was
three spatial step sizes long. A signal path was three spatial
step sizes long and two spatial step size wide. A solder ball

was approximately represented by 2 2 1 cells. To calculate
the far-field patterns, the additional free space mesh cells were
added in all six sides of the ICPA. The total computational
space was 85 85 45 cells. The outer boundary was second
order stabilized Liao [20]. In our simulation the radiator was
fed through a via of four spatial step sizes long. The via was
located between points G and A as marked in Fig. 1(b) and
(c). A gap of length was realized along the via. The lower
end of the gap is at the ground point G. A Gaussian pulse was
inserted in the gap to energize the ICPA. The time step in our
simulations was fs, which satisfies the Courant
stability criterion. The Gaussian pulse width was 32 time steps.
The source resistance was set to 50 to reduce the time steps
needed for FDTD calculations. It was found that 10 000 time
steps were sufficient for our simulations. In our measurement
the radiator was fed with the probe of an SMA connector. The
probe was soldered at point A on the ICPA radiator though
a small cut at point G on the ICPA ground plane. The ICPA
ground plane were soldered together with the probe ground.
The measurement was conducted with an HP 8510C network
analyzer inside the NTU compact range.

Fig. 2 shows the simulated impedance characteristics of
the ICPA. The impedance characteristics give insight on how
the ICPA must be modified to achieve a specified resonant
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Fig. 2. ICPA input impedance versus frequency.

Fig. 3. ICPA return loss versus frequency.

frequency. Here the resonant frequency is defined as where the
reactance of the input impedance is equal to zero. According to
this definition, there are four resonant frequencies for the ICPA
over the frequency range of interest from 4.5 to 6.5 GHz. At
the first or lowest resonant frequency, the resistance is quite
large, while at the second and the fourth or highest resonant
frequencies the resistance are quite small. It is only at the third
resonant frequency that the resistance is close to 50 . This
is expected as the third resonant frequency is the frequency
at which the ICPA was designed to operate. It is evident that
the impedance characteristics at the frequency of operation
exhibit a small peak in the resistance and a gentle swing in the
reactance from inductive to capacitive.

Fig. 3 compares the simulated and measured return loss of the
ICPA. The return loss indicates how well the ICPA is matched to
a signal source and how wide the impedance bandwidth is. The
impedance bandwidth is the difference between the upper and
lower frequencies for which the return loss is less than or equal
to dB. The percentage bandwidth is defined here as the
difference between the upper and lower frequencies for which
the return loss is less than or equal to dB divided by the
average of the upper and lower frequencies. It is seen that the
simulated return loss agree well with measurements. The return

Fig. 4. ICPA radiation patterns: (a) in the E-plane and (b) in the H-plane.

loss below dB at the frequency of operation indicates ac-
ceptable matching between the ICPA and the 50- signal source
is achieved. The simulated and measured impedance bandwidth
of the ICPA are 200 MHz % and 235 MHz

% , respectively. A slightly wider measured
impedance bandwidth may be caused by a slightly bigger cavity
size due to the fabrication tolerance.

Fig. 4 illustrates the simulated and measured radiation pat-
terns of the ICPA. It can be observed that good agreement for
the upper half plane is obtained. Due to the interaction between
the radiation from the ICPA and the feeding cable, the measured
radiation patterns show fluctuations particularly in the E-plane,
as a result, poor agreement occurs in the lower half plane. The
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Fig. 5. Calculated electric field E on the cavity middle plane at the third
resonant frequency 5.673 GHz.

radiation is stronger in the upper hemisphere, i.e., in the direc-
tion normal to the ICPA. This feature of the radiation patterns
is desirable because it not only helps improve the efficiency of
the ICPA but also reduces the interaction of the ICPA with the
human body. The efficiency of the ICPA was calculated to be
72%. In addition, it should be mentioned that the ICPA has much
shorter distance to the RF output of the wireless transceiver than
a conventional dielectric chip antenna; this implies a smaller
transmission loss, which can be translated as an improvement
to the ICPA efficiency by a few percent. The gain of the ICPA
was found to be 4.8 dBi, which is almost 4 dB higher than gain
of most conventional dielectric chip antennas.

Fig. 5 shows the electric field component on the cavity
middle plane perpendicular to the ICPA at the resonant fre-
quency 5.673 GHz. The plot provides useful information on
the location of the highly integrated RF transceiver. Due to
the unsymmetrical pattern of the signal traces the electric
field distribution lacks symmetry. Novertheless, the electric
field reaches the minimum in the middle of the cavity and the
maximum at the edges of the cavity. Thus the highly integrated
RF transceiver should be located in the middle of the cavity to
reduce the potential undesirable effect between the antenna and
the transceiver. The detrimental effect of the power leakage of
the antenna on the carried transceiver can be further reduced
through shielding techniques. Depending on the semiconductor
technology used for the carried transceiver, the shielding
techniques can be simple or sophisticated. For instance, if the
carried transceiver is in CMOS that has better linearity, an
additional ground plane inserting between the antenna patch
and the cavity ceiling should be sufficient [15]. However, if
the carried transceiver is in Bipolar, the sophisticated shielding
technique developed in [16] can be used.

III. CHARACTERIZATION OF ICPA ON CBGA PACKAGE

With reference to the ICPA studied above, an extensive series
of simulations were conducted to investigate how the different
physical parts of the ICPA affect the antenna performance. The
simulations transformed to the frequency domain had a high
resolution of 1.4 MHz. The removal of solder balls was first

considered and the ICPA was thus in a ceramic pin grid array
(CPGA) package format. The reduction of signal traces to 24
was then followed. It is known that the future highly integrated
RF transceivers will not need many signal traces together with
the associated vias and balls. Next, the variation of the cavity
size was simulated. The cavity size must be large enough to
accommodate a bare single-chip or a naked single-package
radio. Currently, the typical size of the bare single-chip and the
naked single-package radios are approximately 4 mm 4 mm
and 7 mm 7 mm, respectively. It is predicted that their size
will increase as more functions need to be integrated. Finally,
the adjustment of the thickness of the top and bottom layers
was modeled while the thickness of the whole ICPA and
the middle layer remained unchanged. The thinner top layer
allows passive components such as decoupling capacitors to
be embedded in the thicker bottom layer, while the thinner
bottom layer allows a bandpass filter or even a bulun to be
built in the thicker top layer. The results obtained from these
simulations are discussed below. It is hoped that these results
can be used to develop a design methodology for integrated
circuit package antennas.

Fig. 6 shows the input impedance characteristics with re-
spect to various alterations to the ICPA. The input impedance
at the third resonant frequency is scrutinized. Note that the
resonant frequency increases, so does the resonant resistance
when the solder balls are removed or the signal traces are re-
duced. The increase in the resonant frequency from 5.673 GHz
to 5.75 GHz and further to 5.78 GHz and in the resistance
from 65 to 68 and further to 71 are because the removal
of solder balls or the reduction of signal traces lowers the
equivalent capacitance and conductivity of the whole ICPA.
Also note that the resonant frequency moves up to 5.757 GHz
and the resonant resistance drops to 53 when the cavity
size gets bigger 13.33 mm 13.33 mm 0.67 mm and the
resonant frequency moves down to 5.62 GHz and the resonant
resistance rises to 74 when the cavity size gets smaller
12.65 mm 12.65 mm 0.67 mm. The dependance of the
input impedance on the cavity size can be attributed to the
change of the cavity size that modifies the effective permittivity
of the substrate of the ICPA. It is known that the resonant fre-
quency of a microstrip patch antenna is inversely proportional
to the square root of the effective permittivity of the substrate
of the microstrip patch antenna and the resonant resistance of
a microstrip patch antenna generally increases as the effective
permittivity of the substrate of the microstrip antenna increases
[21]. For the ICPA, a bigger cavity size results in a smaller
effective permittivity of the substrate of the ICPA, so the reso-
nant frequency increases and the resonant resistance decreases;
while a smaller cavity size yields a bigger effective permittivity
of the substrate of the ICPA, as a result, the resonant frequency
decreases and the resonant resistance increases. Finally, it is
interesting to note that the input impedance are affected signifi-
cantly when the physical thickness of the top and bottom layers
are adjusted. The resonant frequency increases to 6.31 GHz
and the resonant resistance decreases to 34 when the top
and bottom layers become thin and thick by 0.333 mm, respec-
tively. On the other hand, the resonant frequency decreases to
5.32 GHz and the resonant resistance increase to 104 when
the top and bottom layers become thick and thin by 0.333 mm,
respectively. The dependance of the input impedance on the
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Fig. 6. Impedance versus frequency for various alterations to ICPA.

thickness of the top and bottom layers can be explained as
follows. The adjustment of the physical thickness of the top and
bottom layers changes the electrical thickness of the substrate of
the ICPA. The electrical thickness of the substrate of the ICPA
reduces to 0.019 for the case of the thinner top (0.333 mm)
and thicker bottom (0.999 mm) layers and increases to 0.031
for the case of the thicker top (0.999 mm) and thinner bottom
(0.333 mm) layers, respectively. Also, the adjustment of the
physical thickness of the top and bottom layers changes the
effective permittivity of the substrate of the ICPA. The effective
permittivity of the substrate of the ICPA decreases for the case
of the thinner top and thicker bottom layers and increases for
the case of the thicker top and thinner bottom layers [22]. Both
reduced electrical thickness and effective permittivity of the
substrate of the ICPA make the resonant frequency of the ICPA
increase and the resonant resistance of the ICPA decrease for
the case of the thinner top and thicker bottom layers; while both
increased electrical thickness and effective permittivity of the
substrate of the ICPA make the resonant frequency of the ICPA
decrease and the resonant resistance of the ICPA increase for
the case of the thicker top and thinner bottom layers [21], [22].

Fig. 7 shows the return loss with respect to various alter-
ations to the ICPA. Note the return loss become deteriorated
for most cases. Only for the case of the bigger cavity size is
the return loss improved. This is because the resonant resis-
tance is either too larger than or much smaller than the source

Fig. 7. Return loss versus frequency for various alterations to ICPA.

impedance of 50 for most cases, while it is 53 for the
case of the bigger cavity size that is quite close to the source
impedance of 50 . Moreover, the impedance bandwidth are
affected by these modifications. The impedance bandwidth get
slightly narrower 191 MHz % , 193 MHz

% , and 198 MHz % for
the cases of the smaller cavity size, removal of solder balls, and
reduction of signal traces, respectively. The smaller cavity size
makes the effective permittivity of the substrate of the ICPA
a slightly bigger and so the impedance bandwidth a slightly
narrower. The removal of solder balls or the reduction of signal
traces somewhat decrease slightly the conductor loss, in other
word, increases slightly the quality factor of the ICPA, hence,
causes the impedance bandwidth to be slightly narrower. The
impedance bandwidth become wider for the cases of the bigger
cavity size 219 MHz % and the thinner top
layer 270 MHz % , respectively. It is clear
that the wider impedance bandwidth for the bigger cavity size
is the result of the smaller effective permittivity of the substrate
of the ICPA. However, it was not expected that the impedance
bandwidth is wider for the case of the thinner top and thicker
bottom layers. It is known that for this case both electrical
thickness and effective permittivity of the substrate of the
ICPA are reduced. The thinner electrical thickness reduces the
impedance bandwidth but the lower permittivity enhances the
impedance bandwidth much more effectively. The net effect
results in the wider impedance bandwidth for the case [22]. The
impedance bandwidth for the case of the thicker top and thinner
bottom layers cannot be obtained because the return loss is
above dB. However, it is worthwhile pointing out that
the thicker top layer is beneficial to the impedance bandwidth,
while the resultant higher effective permittivity will narrow the
impedance bandwidth.

Fig. 8 shows the radiation patterns with respect to various
alterations to the ICPA. The radiation patterns do not change
their shapes significantly for the cases of the removal of
the solder balls, the reduction of the signal traces, and the
variation of the cavity size. This is because these alterations
do not significantly change the resonant frequency of the ICPA
and the electromagnetic field distribution under the microstrip
patch. The fundamental electromagnetic mode generates the
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Fig. 8. ICPA radiation patterns with respect to various alterations: (a) co-polarization in the E-plane, (b) cross-polarization in the E-plane, (c) co-polarization in
the H-plane, and (d) cross-polarization in the H-plane.

co-polarization radiation, while the higher mode generates
the cross-polarization radiation. The other modes contribute to
either co- or cross-polarization radiation with less significant
effect. The radiation patterns, however, change their shapes
noticeably for the case of the adjustment of the thickness of
the top and bottom layers. This is expected as the adjustment
considerably affects the resonant frequency of the ICPA. For
the ICPA with the thinner top and thicker bottom layers, the
resonant frequency becomes higher, which makes the ground
plane appear relatively larger, so the nulls in the backlobe in
the co-polarization H-plane go deeper. Similarly, the ground
plane appears relatively smaller for the ICPA with the thicker
top and thinner bottom layers, thus the nulls in the backlobe in
the co-polarization H-plane become shallower. Nevertheless,

except the small asymmetry, the radiation patterns of the ICPA
are similar to those of a conventional microstrip antenna on
a small ground plane, that is, the radiation is stronger in
the upper hemisphere. The small asymmetry in the radiation
patterns is mainly caused by the grounded traces. They are
linked asymmetrically to the ICPA ground plane and make the
electric field distribution under the patch lack symmetry; as a
result, the radiation patterns exhibit the small asymmetry. The
small asymmetry in the radiation patterns disappears when
the grounded traces become the signal traces like others. In
other words, the radiation patterns become symmetrical when
the pattern of the signal traces gets symmetrical. In addition,
the ICPA is linearly polarized. The component dominates
in the E-plane and the component in the H-plane. The
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radiation level differences between and components
in both planes are affected evidently by the alterations. For
example, the larger differences can be observed in the broadside
direction for the cases of the removal of the balls and the
thinner top layer. This implies that the co-polarization radiation
becomes stronger and the cross-polarization radiation becomes
weaker. The efficiency and gain of the ICPA are slightly affected
with respect to various alterations to the ICPA. The highest
efficiency 74% occurs for the case of the removal of the solder
balls and the lowest efficiency 70% occurs for the case of the
thicker top layer. The reasons are because the removal of the
solder balls reduces the conductor loss and the thicker top
layer enhances the surface wave. Since the radiation patterns
are similar, especially in the upper hemisphere, the highest
efficiency yields the highest gain 4.9 dBi for the case of the
removal of the solder balls and the lowest efficiency and a
poor matching account for the lowest gain 4.6 dBi for the
case of the thicker top layer.

IV. CONCLUSION

This paper has focused on the development of novel inte-
grated circuit package antennas for highly integrated RF trans-
ceivers. A compact ICPA has been designed and fabricated in a
CBGA package format for the first time. The effects of the dif-
ferent physical parts of the ICPA on the antenna performance
have been investigated using the FDTD method. Results show
that the ICPA achieved impedance bandwidth of 4.1% and radi-
ation efficiency of 72%, and gain of 4.8 dBi at 5.715 GHz.

The inventive ICPA, except better performance than conven-
tional dielectric chip antennas, enjoys economical advantage
of mass production and automatic assembly and has poten-
tial benefit to the system-level board miniaturization and
the system-level manufacturing facilitation. It is therefore
anticipated that the results and design details on the ICPA
presented here are useful and inspiring for engineers interested
in antenna-package-chip codesign of novel wireless communi-
cations systems.
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