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Abstract—This paper presents a compact system-on-package-
based front-end solution for 60-GHz-band wireless commu-
nication/sensor applications that consists of fully integrated
three-dimensional (3-D) cavity filters/duplexers and antenna.
The presented concept is applied to the design, fabrication, and
testing of V -band (receiver (Rx): 59-61.5 GHz, transmitter (Tx):
61.5-64 GHz) transceiver front-end module using multilayer
low-temperature co-fired ceramic technology. Vertically stacked
3-D low-loss cavity bandpass filters are developed for Rx and Tx
channels to realize a fully integrated compact duplexer. Each
filter exhibits excellent performance (Rx: IL < 2.37 dB, 3-dB
bandwidth BW) ~ 3.5%, Tx: IL < 2.39dB, 3-dBBW ~ 3.33%).
The fabrication tolerances contributing to the resonant frequency
experimental downshift were investigated and taken into account
in the simulations of the rest devices. The developed cavity filters
are utilized to realize the compact duplexers by using microstrip
T-junctions. This integrated duplexer shows Rx/Tx BW of 4.20%
and 2.66% and insertion loss of 2.22 and 2.48 dB, respectively.
The different experimental results of the duplexer compared
to the individual filters above are attributed to the fabrication
tolerance, especially on microstrip T-junctions. The measured
channel-to-channel isolation is better than 35.2 dB across the Rx
band (56-58.4 GHz) and better than 38.4 dB across the Tx band
(59.3-60.9 GHz). The reported fully integrated Rx and Tx filters
and the dual-polarized cross-shaped patch antenna functions
demonstrate a novel 3-D deployment of embedded components
equipped with an air cavity on the top. The excellent overall
performance of the full integrated module is verified through the
10-dB BW of 2.4 GHz (~ 4.18%) at 57.45 and 2.3 GHz (~ 3.84%)
at 59.85 GHz and the measured isolation better than 49 dB across
the Rx band and better than 51.9 dB across the Tx band.

Index Terms—Bandpass filter (BPF), cavity filters, dual-band
antenna, duplexer, front-end module, integrated passives, low-tem-
perature co-fired ceramic (LTCC), millimeter wave, patch
antenna, system-on-package (SOP), three-dimensional (3-D) inte-
gration, transceiver, V -band.

1. INTRODUCTION

ATELY THERE has been a growing interest for broadband
L and high-data rate (>2 Gb/s) wireless services such as a
high-speed Internet, real-time video streaming, high-definition
television (HDTV), wireless gigabit Ethernet, and automotive
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sensor [1]-[3]. The unlicensed spectrum around 60 GHz is very
well suited for such applications, especially for short ranges,
because of its wider bandwidth than other wireless local area
network (WLAN)/wireless personal area network (WPAN)
standards [1]. In the 60-GHz band, wireless communication
systems call upon miniaturization, portability, cost-saving, and
performance improvement to satisfy the specifications of the
next-generation multigigabit per second wireless transmission
[4]. The three-dimensional (3-D) integration approach using
multilayer low-temperature co-fired ceramic (LTCC) technolo-
gies has emerged as an attractive solution for these systems
due to its high level of compactness and mature multilayer
fabrication capability. However, the optimal integration of RF
passives including duplexers and antennas into a 3-D 60-GHz
(V-band) front-end module is significantly challenging since
the electrical performance can be degraded by severe parasitic,
interconnection, and radiation losses. The stringent isolation
requirement between Rx (59-61.5 GHz) and Tx (61.5-64 GHz)
channel signals of 5-GHz-band transceivers also requires the
design of a highly integrated duplexer consisting of on-package
low-loss and narrowband filters. The duplexer not only serves as
a 3-D interconnect between the Rx/Tx monolithic-microwave
integrated-circuit (MMIC) chipsets and the antenna, but also
as an effective means to minimize the level of the interference
between two channels. Fig. 1 shows the simplified block dia-
gram of a V-band front-end system that includes a dual-band
antenna, a duplexer, and integrated RF active devices such as a
power amplifier (PA), low-noise amplifier (LNA), and mixers.
The development of 60-GHz-band modules for stringent system
specifications has been demonstrated in a system-in-package
(SIP) transmitter integrating LTCC patch arrayed antennas [5]
and compact wireless transceiver modules for gigabit data-rate
transmission [6]-[8]. However, the previously reported trans-
mitter and receiver modules could suffer from the spurious
and image signals because only antennas are integrated into
modules without using any band select filters or duplexers in
passive front-ends. Moreover, two separate antennas for the
Tx and Rx channels are used and occupy a large area, which
contradicts the size requirements of compact 60-GHz modules.
In addition, a 60-GHz duplexer based on nonradiative dielectric
(NRD) guide technology was constructed for a wireless broad-
band asymmetric digital subscriber line (ADSL) [9]. Recently,
personal communications systems (PCS) duplexers based on
surface acoustic wave (SAW) [10], [11] and film bulk acoustic
resonator (FBAR) [12] filters combined with an LTCC package
are reported with excellent Tx-to-Rx isolation for L-band
applications. However, the fully integrated 3-D cavity duplexer
and dual-polarized antenna functions have not been reported
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Fig. 1. V-band transceiver block diagram on LTCC multilayer board.

yet as a system-on-package (SOP) compact front-end solution
for the LTCC-based V' -band modules.

In this paper, we present the complete 3-D integration of all
passive building blocks such as the cavity duplexers and the
antennas, enabling the complete passive front-end solution for
compact 3-D 60-GHz-band transceiver front-end modules. In
Section II, a vertically stacked 3-D low-loss cavity bandpass
filter (BPF) [13], [14] for Rx and Tx channels is designed and
easily integrated into a V' -band module as a fundamental com-
ponent of a duplexer. Section III concentrates on the design of
the duplexer consisting of two resonant three-pole cavity filters
similar to those developed in Section II and a microstrip T-junc-
tion, which connects the two filters and the common input re-
served for an antenna. The fully integrated Rx and Tx filters and
the dual-polarized antenna are then demonstrated in Section IV
with a measured Tx-to-Rx isolation better than 49 dB across the
Rx band and better than 51.9 dB across the Tx band.

II. THREE-POLE CAVITY BPF

The proposed vertically stacked cavity BPF is designed in
a way that allows for its easy integration with a V-band mul-
tilayer module due to its compactness and its 3-D intercon-
nect feature as a duplexer between the active devices on the
top of the LTCC board and the antenna integrated on the back
side. A high level of compactness can be achieved by vertically
stacking three identical cavity resonators with the microstrip
feedlines vertically coupled through rectangular slots etched on
the input and output resonators. The proposed devices were fab-
ricated in an LTCC by the Asahi Glass Company, Yokohama,
Japan. The relative permittivity (e,.) of the substrate is 5.4 and
its loss tangent (tan §) is 0.0015. The dielectric layer thickness
per layer is 100 xm, and the metal thickness is 9 pym. The resis-
tivity of metal (silver trace) is determined to be 2.7 x 1078 Q-
m. All designs are optimized with the aid of the finite-element
method (FEM)-based full-wave High Frequency Structure Sim-
ulator (HFSS).

A. Design of Cavity Resonator

The cavity resonator (see Fig. 2) that is the most fundamental
component of the cavity filter is built based on the conven-
tional rectangular cavity resonator approach [15]. The cavity
resonator shown in Fig. 2 consists of one LTCC cavity, two mi-
crostrip lines for input and output, and two vertically coupling
slots etched on the ground planes of the cavity. The resonant
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Fig. 2. 3-D overview of LTCC cavity resonator employing slot excitation with
microstrip feedlines.

frequency of the fundamental TE;9; mode can be determined
by [15]

o mi 2 N 2 Ir\? |

Jren = o (L)+(H)+<W> %
where f,es is the resonant frequency, c is the speed of light, ¢,. is
the dielectric constant, L is the length of cavity, W is the width
of cavity, H is the height of cavity, and m =1 = 1,n = 0
are the indices for the TE;(; mode. The resonant frequency at
60.25 GHz establishes the initial dimensions of the cavity res-
onator enclosed by perfectly conducting walls. For the purpose
of compactness, the height (H ) is determined to be 0.1 mm (one
substrate layer). The vertical conducting walls are then replaced
by double rows of via posts that are sufficient to suppress the
field leakage and to enhance the quality factor (Q) [16]. In ad-
dition, the size and spacing of via posts are properly chosen to
prevent electromagnetic field leakage and to achieve the stop-
band characteristic at the desired resonant frequency according
to the guidelines specified in [16]. In our study, the minimum
value (390 pm = p in Fig. 2) of center-to-center vias spacing
and the minimum value (130 um = d in Fig. 2) of the via diam-
eter of the LTCC design rules are used. The final dimensions of
the via-based cavity are determined by using a tuning analysis of
the HESS full-wave simulator (L = 1.95 mm, W = 1.275 mm,
H = 0.1 mm).

With the cavity size determined, microstrip lines are utilized
as the feeding structure to excite the cavity via coupling slots
that couple energy magnetically from the microstrip lines into
the cavity. For a preliminary testing of the vertical inter-cou-
pling of a three-pole cavity BPF, the input and output feedlines
are placed on metal 1 and metal 4, respectively, as shown in
Fig. 2. The coupling coefficient can be controlled by the loca-
tion and size of the coupling slots etched on metal 2 and metal 3
in Fig. 2. The coupling slots are located a quarter of the cavity
length from the sides and the slot length (“SL” in Fig. 2) is varied
with the fixed slot width (SWa)\, /4 at 60.25 GHz) to achieve
the desired frequency response [17].

To accurately estimate the unloaded quality factor (Q,,), the
weakly coupled cavity resonator [17] with a relatively small
value of the slot length [“SL” in Fig. 3(d)] is implemented in
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the HFSS simulator. The unloaded quality factor (Q,,) can be
extracted from the external quality factor (Qext) and the loaded
quality factor (Q;) using (2)—(4) [18]

Q= Qf 2

Qexe = 1071521 AR @, 3)

Qu = (i S >_1 @)
o Ql cht '

The simulated value of (), was calculated to be 623 at
60.25 GHz.

B. Design of Three-Pole Cavity BPF

A vertically stacked LTCC three-pole cavity BPF is devel-
oped for 3-D integrated 59-64-GHz industrial, scientific, and
medical (ISM) band transceiver front-end modules. The center
frequencies of 60.25 and 62.75 GHz in the band are selected for
the receiver channel (Rx channel) and the transmitter channel
(Tx channel), respectively.

First, the cavity BPF for the Rx channel selection is designed
with a 60.25-GHz center frequency, a <3-dB insertion loss,
a 0.1-dB ripple, and a 4.15% (=~2.5-GHz) fractional band-
width based on a Chebyshev low-pass prototype. The filter
schematic is implemented with ten substrate layers of LTCC
tape. Its 3-D overview, side view, top view of the feeding
structure, and inter-resonator coupling structure are illustrated
in Fig. 3(a)—(d), respectively. The top five substrate layers
[substrate 1-5 in Fig. 3(b)] are occupied by the Rx filters, and
the remaining layers are reserved for the antenna and RF active
devices, which could be integrated into front-end modules. The
microstrip lines on metal 1 and 6 are utilized as the feeding
structure to excite the first and third cavities, respectively. Three
identical cavity resonators [first, second, and third cavities in
Fig. 3(b)] designed in Section II-A are vertically stacked and
coupled through slots to achieve the desired frequency response
with a high level of compactness. This filter is also an effective
solution to connect the active devices on the top of the LTCC
board and the antenna integrated on the back side.

Two external slots [see Fig. 3(b)] on metal layers 2 and 5 are
dedicated to magnetically couple the energy from the I/O mi-
crostrip lines into the first and third cavity resonators, respec-
tively. To maximize magnetic coupling by maximizing the cur-
rent, the microstrip feedlines are terminated with a A\;/4 open
stub beyond the center of each external slot. The fringing field
generated by an open-end discontinuity can be modeled by an
equivalent length of transmission line, which is determined to
be approximately A,/20. Therefore, the optimum length of the
stub is approximately A,/5 [“MS” in Fig. 3(c)] [13], [17]. The
position and size of the external slots are the main design param-
eters to provide the necessary ()ox¢. The external quality factor
(Qext) that controls the insertion loss and ripple over the pass-
band can be defined from the specifications as follows [19]:

ext — BW (5)
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Fig. 3. (a) 3-D overview. (b) Side view of the vertically stacked three-pole
cavity BPF. (c) Top view of the feeding structure. (d) Top view of the inter-
resonator coupling structure.

where g; are the element values of the low-pass prototype, BW
is the bandwidth of the filter, and fs is the resonant frequency.

The calculated Qo is 24.86. The external slot is initially po-
sitioned at /4 from the edge of the cavity, and the width [“SW”
in Fig. 3(c)] of the slot is fixed to A,/4. The length [“SL” in
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Fig. 4. External quality factor (Qex¢) evaluated as a function of external slot
length (SL).

Fig. 3(c)] of the slot is then tuned until the simulated Q) ox¢ con-
verges to the prototype requirement. Fig. 4 shows the relation-
ship between the length variation of the external slots and the
Qext extracted from the simulation using [19]

fres
A fxo00

where A figgo is the frequency difference between the +90°
phase response of S11.

The latter internal slots on metal 3 and 4 [see Fig. 3(b)] are
employed to couple energy from the first and third cavity res-
onators into the second resonator, and their design procedure
is similar to that of the external slots. The internal slots are lo-
cated a quarter of the cavity length from the sides. The desired
inter-resonator coupling coefficients (k12 = ko3 = 0.0381) are
obtained by [19]

Qext = (6)

)

This desired prototype ;41 can be physically realized varying
the slot length [“CL” in Fig. 3(d)] with a fixed slot width
[CW=2)\, /4 in Fig. 3(d)]. Full-wave simulations are employed
to find the two characteristic frequencies (fp1, fp2) that are
the resonant frequencies in the transmission response of the
coupled structure [19] and its plot versus frequency is shown
in Fig. 5(a). These characteristic frequencies are associated to
the inter-resonator coupling between the cavity resonators as
follows [19]:

ki = M 8)
Y 2o+ I

Fig. 5(b) shows the internal coupling as a function of the vari-
ation of the internal slot length [“CL” in Fig. 3(d)]. By adjusting
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Fig. 5. (a) Two characteristic frequencies (f,1, fp2) of the coupled cavities to
calculate the internal coupling coefficients (k; ;11 ). (b) Inter-resonator coupling
coefficient (K, ;1) as a function of internal slot length (CL).

the slot length, the optimal size of an internal slot can be deter-
mined for a given prototype value.

Using the initial dimensions of the external (SW, SL) and in-
ternal slot (CW, CL) size as the design variables, we optimized
the design variables to realize the desired frequency response.
The design can be fine tuned afterwards considering the min-
imum and maximum of the fabrication tolerances. The final
variable values that match the desired frequency response can
then be determined.

To allow on-wafer characterization using coplanar probes,
the input and output probe pads have to be on the same layer,
which requires an embedded microstrip line to CPW vertical
transition at port 2. The vertical transition consists of five
stacked signal vias penetrating through circular apertures [see
Fig. 6(a)] on the ground planes (metals 2-5) and connecting an
embedded microstrip line on metal 6 to a coplanar waveguide
(CPW) measurement pads on metal 1. In order to match to
the 50-(2 feedlines, the diameter of the circular apertures is
optimized to be 0.57 mm for a signal via diameter of 130 pm.
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Fig. 6. (a) 3-D overview of vertically stacked three-pole cavity BPF with CPW
pads and vertical transitions. (b) Cavity BPF fabricated on LTCC. (Color versoin
available online at: http://ieeexplore.ieee.org.)

Eight shielding vias (two of shielding vias: connecting from
metals 1 (CPW ground planes) to 5, six of shielding vias:
connecting from metals 2 to 5) are also positioned around
the apertures to achieve an optimum coaxial effect [20]. The
number of shielding vias is determined with regard to the LTCC
design rules.

The filters including CPW pads and a vertical transition were
fabricated in LTCC by the Asahi Glass Company and measured
on an HP8510C vector network analyzer using short-open-load-
thru (SOLT) calibration. Fig. 6(a) depicts the 3-D overview of
the complete structure that was simulated. The “Wincal” soft-
ware gives us the ability to deembed capacitance effects of CPW
open pads and inductive effects of short pads from the measured
S-parameters so that the loading shift effect could be negligible.
Fig. 6(b) shows the photograph of the fabricated filter with CPW
pads and a transition whose size is 5.60 x 3.17 x 1 mm3. The
cavity size is determined to be 1.95 x 1.284 x 0.1 [L x W x H
in Fig. 3(a)] mm?3.

Fig. 7(a) shows the comparison between the simulated and
measured S-parameters of the three-pole vertically stacked
BPF. The filter exhibits an insertion loss <2.37 dB, which
is higher than the simulated value of <1.87 dB. The main
source of this discrepancy might be caused by the radiation
loss from the “thru” line that could not be deembedded because
of the nature of SOLT calibration. The filter exhibits a 3-dB
bandwidth approximately 3.5% (~2 GHz) comparable to the
simulated 3.82% (=2.3 GHz). The narrower bandwidth in
measurements might be due to the fabrication accuracy of the
slot design that has been optimized for the original resonant
frequencies and not for the shifted frequencies. The center
frequency shift from 60.2 to 57.5 GHz might be attributed to
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Fig. 7. Comparison between measured and simulated S-parameters (S11 and
521) of Rx three-pole cavity band filter. (a) Measurement versus simulation
with €,, = 5.4 and originally designed cavity size (1.95 x 1.284 x 0.1 mm?).
(b) Measurement versus simulation with €, = 5.5 and modified cavity size
(2.048 x 1.348 x 0.1 mm?).

the dielectric-constant variation at these high frequencies and
the fabrication accuracy of vias positioning caused by XY
shrinkage. The HFSS simulation is re-performed in terms of
two aspects, which are as follows. 1) The dielectric constant
of 5.4 was extracted using cavity resonator characterization
techniques [21] at 35 GHz. The dielectric constant is expected
to increase to 5.5 across 55-65 GHz [17]. 2) The tolerance
of XY shrinkage is expected to be +£15%. XY shrinkage
specification was released after design tape out; thus, we could
not have accounted it at the design stage. XY shrinkage can
significantly affect the via positioning that is the major factor
to determine the resonant frequency of a cavity filter. From our
investigation, the averaged relative permittivity was evaluated
to be 5.5 across 55-65 GHz [17], and the cavity size was mod-
ified to 2.048 x 1.348 x 0.1 mm?* with 5% of XY shrinkage
effect. The exact coincidence between the measured center



2930

TABLE 1
DESIGN PARAMETERS OF CAVITY RESONATORS

Design Parameters 1" Channel 2" Channel
cavity length (L) 2.048 2.048
cavity width (W) 1.348 1.266
cavity height (H) 0.100 0.100

external slot width (SW) 0.628 0.621
external slot length (SL) 0.460 0.460

external slot position(SD) 0417 0.417
internal slot width (CW) 0.558 0.551

internal slot length (CL) 0.138 0.138

internal slot position(CD) 0.417 0.417
open stub length (MS) 0.571 0.571

frequency (57.5 GHz) and the simulated frequency (57.5 GHz)
is observed in Fig. 7(b). All design parameters for the modified
Rx filter are summarized in Table I.

The same techniques were then applied to the design of the
cavity BPF for the Tx channel (61.5-64 GHz). The Cheby-
shev prototype filter was designed for a center frequency of
62.75 GHz, a <3-dB insertion loss, a 0.1-dB band ripple, and a
3.98% 3-dB bandwidth. To meet the specified center frequency
specs, the cavity width (W) was decreased. The cavity size was
then determined to be 1.95 x 1.206 x 0.1 [L x W x H in
Fig. 3(a)] mm?®. The external and internal coupling slot sizes
are used as the main design parameters to obtain the desired ex-
ternal quality factors and coupling coefficients, respectively.

The measured results of the Tx filter exhibit an insertion
loss of 2.39 dB with a 3-dB bandwidth of 3.33% (~ 2 GHz)
at the center frequency of 59.9 GHz. The center frequency
is downshifted approximately 2.72 GHz, which is similar to
the Rx filter. A new theoretical simulation was performed
with €, = 5.5 and the 5% increase in the volume of cavity
(2.048 x 1.266 x 0.1 mm?), and the measured and simulated
results are presented in Fig. 8. The simulation showed a min-
imum insertion loss of 1.97 dB with a slightly increased 3-dB
bandwidth of 4% (~2.4 GHz). The center frequency of the
simulated filter was 59.9 GHz. The center frequency shift is
consistent through all devices using this LTCC process because
of the fabrication tolerances mentioned. All design parameters
for the modified Tx filter are summarized in Table I.

III. DUPLEXER (60/62.8 GHZ)

The development of a 3-D fully integrated compact duplexer
is crucial in a 3-D 59-64-GHz ISM band transceiver front-end
module to isolate the power transmit stage from a sensitive re-
ceiving stage sharing a common antenna. A low insertion loss
in the transmitter and receiver paths is the most fundamental
requirement because a low loss enhances the sensitivity of the
receiver and prevents the excessive power consumption in the
transmitter. In addition, the high channel-to-channel isolation
must be accomplished by minimizing the electrical coupling
level between the transmitter and receiver.

We have designed and fabricated one duplexer consisting
of the two resonant three-pole cavity filers developed in Sec-
tion II and one microstrip T-junction, which connects the two
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Fig. 8. Comparison between measured and simulated S-parameters (S11 and
S521) of Tx three-pole cavity band filter (simulation with €,, = 5.5 and modified
cavity size (2.048 x 1.266 x 0.1 mm?) versus measurement).

filters and the common input reserved for an antenna. The
two channels of the duplexer are centered at 60 GHz for the
Rx channel (first channel) and 62.8 GHz for the Tx channel
(second channel). The insertion loss <3 dB and bandwidths
~2.5 GHz are desired for both channels. The 3-D overview and
top view of the duplexer including the vertical transitions and
CPW pads are illustrated in Fig. 9(a) and (b), respectively. The
duplexer that dominates five substrate layers is implemented
into a module with ten layers of LTCC tape. The remaining five
substrate layers are used for burying RF circuitry that includes
the antenna and integrated active devices. The 60-GHz cavity
filter occupies the left portion of the duplexer and 62.8-GHz
cavity filter occupies the right portion, as shown in Fig. 9(a)
and (b). The same configurations of the 3-D cavity filters [see
Fig. 3] developed in Section II are employed to the duplexer
except from a slight modification of the cavity widths (W1 and
W2 in Fig. 9) corresponding to the resonant frequencies of
two channels. The modification was necessary to achieve the
high level of channel-to-channel isolation that is aimed to be
more than 30 dB over operating frequency bands. The cavity
sizes are determined to be 1.95 x 1.29 x 0.1 mm? for the first
channel and 1.95 x 1.201 x 0.1 mm3 for the second channel.
The spacing of two filters is 1.6 mm.

The lengths of the microstrip lines [ 1} and 75 in Fig. 9(b)] con-
necting the T-junction to the Rx and Tx filters are the most impor-
tant design parameters to achieve the good isolation between two
channels. First we set up 77 and 75 to be equal to a half guided
wavelength at the resonant frequencies of the first channel and
second channel filters accordingly. In our case, one guided wave-
length is utilized as the initial value of T} and T since a length
equal to one half guided wavelength would cause an overlap be-
tween two filters. The length of 77 is then optimized to reflect an
open circuit at the resonant frequency of the second channel in
the HFSS simulator. The length 75 is also optimized against the
first channel in the same way as applied to 7: 7} = 2.251 mm
and 75 = 2.135 mm. The optimized lengths are compensated for
the fringing effects of the open stubs.
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Tx filter

(®)

Fig. 9. (a) 3-D overview and (b) top view of the proposed LTCC cavity du-
plexers using microstrip T-junction.

Fig. 10(a) and (b) shows the measured and simulated inser-
tion-loss results of the LTCC duplexer for the first channel and
second channel, respectively. In the simulation, the higher di-
electric constant (e, = 5.5) and 5% increase in the volume of
cavities were taken into account based on the investigation in
Section II. All design parameters depicted in Fig. 9(b) for the
modified duplexer are summarized in Table II.

The Rx filter exhibits an insertion loss <2.22 dB, which is
slightly higher than the simulated value of 2.07 dB, and a 3-dB
bandwidth of approximately 2.4 GHz (~ 4.20%) at the center
frequency of 57.2 GHz compared to a simulated value of a 3-dB
bandwidth of 2.7 GHz (~ 4.71%) at the center frequency of
57.25 GHz, as shown in Fig. 10(a). In Fig. 10(b), the insertion
loss for the second channel is measured to be 2.48 dB, which is
very close to the simulated value of 2.46 dB. The Tx measure-
ment shows a narrower 3-dB bandwidth of 1.6 GHz (~ 2.66%)
at the center frequency of 60.1 GHz than the simulated 3-dB
bandwidth of 2.6 GHz (~ 4.32%) at the center frequency of
60.15 GHz. The discrepancy between the measured and sim-
ulated insertion loss could be attributed to the metal loss from
the roughness of screen printing on LTCC. The fabrication ac-
curacy of the layer alignment could be responsible for the nar-
rower bandwidth in the measurement because it could affect the
external slots position that is a major factor to decide the band-
width. Fig. 11(a) and (b) shows the measured and simulated re-
turn loss and the measured channel-to-channel isolation, respec-
tively. The measured isolation is better than 35.2 dB across the
first band and better than 38.4 dB across the second band. The
summary of cavity duplexer results is presented in Table III.

IV. INTEGRATION (FILTERS AND ANTENNA)

The optimal integration of antennas and filters into a 3-D
59-64 GHz transceiver front-end module is significantly de-
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Fig. 10. (a) S21 response in the first channel of the duplexer [mea-
surement versus simulation with €, = 5.5 and modified cavity size
(2.048 x 1.354 x 0.1 mm?)]. (b) S31 response in the second channel of the
duplexer [measurement versus simulation with €, = 5.5 and modified cavity
size (2.048 x 1.261 x 0.1 mm?)].

TABLE II
DESIGN PARAMETERS OF CAVITY DUPLEXERS
1" Channel 2" Channel

Design Parameters mm Design Parameters mm
cavity length (L)) 2.048 cavity length (L,) 2.048
cavity width (W) 1.354 cavity width (W,) 1.261
each cavity height (H) 0.100 each cavity height (H) 0.100
ex. slot width (SW)) 0.628 ex. slot width (SW,) 0.621
ex. slot length (SL)) 0.460 ex. slot length (SL,) 0.460
ex. slot position(SD,) 0.417 ex. slot position(SD,) 0.417
in. slot width (CW ) 0.558 in. slot width (CW,) 0.551
in. slot length (CL,) 0.138 in. slot length (CL,) 0.138
in. slot position(CD,) 0.417 in. slot position(CD,) 0.417
microstrip length (T,) 2.251 microstrip length (T,) 2.135

sirable since it not only reduces cost, size, and system com-
plexity, but also achieves a high level of band selectivity and
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Fig. 11. (a) 511 response of the duplexer (measurement versus simulation with
€, = 5.5 and modified cavity sizes). (b) Measured S32 response in the isolation
between the first and second channels.

TABLE 11T
PERFORMANCE OF CAVITY DUPLEXERS
. I" Channel 2" Channel
Design Parameters

Sim. Meas. Sim. Meas.

Insertion Loss (dB) >2.07 >2.22 >2.46 >2.48

Bandwidth (%) 4.71 4.20 432 2.66
Return Loss (dB) >16 >9 >20.67 | >11.84

Center Frequency (GHz) 57.25 57.2 60.15 60.1
Isolation (dB) >23.49 | >35.18 | >23.48 | >38.36

spurious suppression. Although cost, electrical performance, in-
tegration density, and packaging capability are often at odds in
RF front-end designs, the performance of the module can be
significantly improved by employing the 3-D integration of fil-
ters and antennas using the flexibility of multilayer architecture
on LTCC. Here, the fully integrated Rx and Tx filters and the
dual-polarized antenna that covers Rx (first) and Tx (second)
channels are proposed employing the presented designs of the
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Fig. 12. (a) 3-D overview and (b) cross-sectional view of the 3-D integration
of the filters and antennas using LTCC multilayer technologies. (Color versoin
available online at: http://ieeexplore.icee.org.)

filters. The filters’ matching (>10 dB) toward the antenna and
the isolation (>45 dB) between Rx and Tx paths comprise the
excellent features of this compact 3-D design. The stringent de-
mand of high isolation between two channels induces the ad-
vanced design of a duplexer and an antenna as a fully integrated
function for the V'-band front-end module.

The 3-D overview and the cross-sectional view of the
topology chosen for the integration are shown in Fig. 12(a)
and (b), respectively. A cross-shaped patch antenna [4] de-
signed to cover two bands between 59-64 GHz (first channel:
59-61.5 GHz, second channel: 61.75-64 GHz) is located at the
most bottom metal layer [M 11 in Fig. 12(b)]. The cross-shaped
geometry was utilized to decrease the cross-polarization, which
contributes to unwanted sidelobes in the radiation pattern [4].
The cross-channel isolation can be improved by receiving and
transmitting signals in two orthogonal polarizations. The feed-
lines and patch are implemented into different vertical metal
layers (M10 and M11, respectively), and then the end-gap
capacitive coupling is realized by overlapping the end of the
embedded microstrip feedlines and the patch. The overlap
distance for the Rx and Tx feedline is approximately 0.029
and 0.03 mm, respectively. The common ground plane for the
feedlines and the patch is placed one layer above the feedlines,
as shown in Fig. 12(b). The two antenna feedlines [Rx feedline
and Tx feedline in Fig. 12(b)] are commonly utilized as the
filters’ feedlines that excite the Rx and Tx filters accordingly
through external slots placed at M9 in Fig. 12(b). The lengths
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Fig. 13. Top view of the integrated function of Rx/Tx cavity filters and cross-
shaped patch antenna with the air cavity top.

of Rx and Tx feedlines [7} and 75 in Fig. 12(a)] connecting
the cross-shaped antenna to the Rx and Tx filters, respectively,
are initially set up to be one guided wavelength at the corre-
sponding center frequency of each channel and are optimized
using the HFSS simulator in the way discussed in Section III
(11:2.745 mm, T5: 2.650 mm). The 3-D Rx and Tx filters (see
Fig. 3) designed in Section II are directly integrated to the
antenna, exploiting the design parameters listed in Table 1. The
integrated filters and antenna function occupies six substrate
layers (S5-S10: 600 pm). The remaining four substrate layers
[S1-S4 in Fig. 12(b)] are dedicated to the air cavities reserved
for burying RF active devices (RF receiver and transmitter
MMICs) that are located beneath the antenna on purpose not
to interfere with the antenna performance and to be highly
integrated with the microstrip (Rx/Tx) feedlines, leading to
significant volume reduction, as shown in Fig. 12. The cavities
are fabricated removing the inner portion of the LTCC material
outlined by the successively punched vias. The deformation
factor of a cavity that is defined to be the physical depth differ-
ence between the designed one and the fabricated one is stable
in the LTCC process when the depth of the cavity is less than
two-thirds of the height of the board. Since we have chosen the
air cavity depth of 400 pm, which is suitable for Rx/Tx MMIC
chipsets, to enable the full integration of MMICs and passive
front-end components, we can limit the fabrication tolerances
effect of an air cavity to the other integrated circuitries. Fig. 13
shows a photograph of the integrated device, which is equipped
with one air cavity at the top layers. The device occupies an
area of 7.94 x 7.82 x 1 mm? including the CPW measurement
pads.

Fig. 14 shows the simulated and measured return losses
(S11/522) of the integrated structure. In the simulation, the
higher dielectric constant (e, = 5.5) and 5% increase in the
volume of cavity were applied. It is observed from the first
channel that the 10-dB return-loss bandwidth is approximately
2.4 GHz (~ 4.18%) at the center frequency of 57.45 GHz that
is slightly wider than the simulation of 2.1 GHz (~ 3.65%) at
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Fig. 14. Comparison between measured and simulated return loss. (a) S11 of
the first channel. (b) 522 of the second channel.

57.5 GHz, as shown in Fig. 14(a). The slightly increased band-
width may be attributed to parasitic radiation from the feedlines
or the measurement pads. In Fig. 14(b), the return-loss measure-
ment from the second channel also exhibits a wider bandwidth
of 2.3 GHz (~ 3.84%) at the center frequency of 59.85 GHz
compared to the simulated value of 2.1 GHz (~ 3.51%) at
that of 59.9 GHz. The measured channel-to-channel isolation
is illustrated in Fig. 15. The measured isolation is better than
49.1 dB across the first band (56.2-58.6 GHz) and better than
51.9 dB across the second band (58.4—60.7 GHz), which is
significantly improved in comparison with the cavity duplexer
using the T-junction presented in Section III.

V. CONCLUSION

We have successfully demonstrated the fully integrated 3-D
cavity filters/duplexers and antennas as a SOP passive front-end
solution of the V'-band LTCC transceiver module. The advanced
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design of high-performance 60-GHz passive building blocks
and their compact 3-D integration using the very mature fabri-
cation capability of LTCC has been reported with high integra-
tion potential. Vertically stacked 3-D low-loss cavity BPFs have
been developed for Rx and Tx channels to realize a compact du-
plexer integrated into a 3-D V' -band transceiver module. Excel-
lent performance for both channels has been observed with low
insertion loss such as < 2.37 and <2.39 dB, respectively. The
resonant frequency downshift about 2.7 GHz has been observed
through all devices fabricated on this LTCC process. The fab-
rication tolerances such as the dielectric constant variation (5.5
versus 5.4) at these high frequencies and the accuracy of vias
positioning caused by XY shrinkage (~ 5%) have been inter-
preted as major factors for theses phenomena and considered
in the simulations of the rest devices. The duplexer consisting
of the developed cavity filters were then demonstrated with the
specific passband characteristics (4.2% at 57.2 GHz, 2.66% at
60.1 GHz), low insertion loss (2.22/2.48 dB), and a high level
of channel-to-channel isolation (35.2/38.4 dB). Finally, the fully
integrated functions of Rx and Tx filters and the dual-polarized
antenna that covers Rx and Tx channels have been proposed em-
ploying a novel 3-D deployment of embedded components with
an air cavity. The excellent overall performance of the integra-
tion has been verified through 10-dB BW of 2.4 GHz (~ 4.18%)
at 57.45 GHz and 2.3 GHz (~ 3.84%) at 59.85 GHz and the
measure isolation better than 49 dB across the Rx band and
better than 51.9 dB across the Tx band. The proposed 3-D inte-
grated functions can be easily integrated with Rx/Tx MMICs to
realize an LTCC V-band transceiver front-end module.
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