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Abstract— A stub-loaded dual-mode ring resonator is proposed to
design a millimeter-wave bandpass filter using 0.18-um CMOS
Technology. By increasing the length of the open-circuited stub at the
inner corner of the ring resonator, the even-mode resonant frequency
is moved to a lower frequency to separate it from the odd-mode
resonant frequency. Therefore, the center frequency of the passband
has been shifted to a lower frequency to achieve a reduced-size filter
design. At the same time, an additional transmission zero is brought
in at the upper stopband that can be adjusted by the length of the
stub as well. Finally, a 60 GHz bandpass filter is fabricated and
characterized. The filter has achieved an ultra-compact size of 0.092
x 0.56 mm?. The measured results show good passband performance
with two visible transmission poles and three transmission zeros
thereby verifying the design principle.

Index Terms — stub-loaded, dual-mode, ring resonator,
millimeter-wave, bandpass filter.
I. INTRODUCTION

Recently, design of millimeter-wave CMOS-based filters has
become very popular. Several millimeter-wave bandpass filters
have been explored in 0.18-um CMOS Technology using thin film
microstrip (TFMS) structures [1]-[5]. By using TFMS structures,
conventional microstrip theory is still appropriate to analyze the
design structures [6], [7]. In [1], two millimeter-wave bandpass
filters were designed using simple sinuous-shaped TFMS lines.
The measured insertion losses are around 3.7 dB for the 60 GHz
filter and 2.7 dB for the 65 GHz filter. However, the fractional
bandwidths for both filters are more than 50%, which is too wide
for wireless personal area network (WPAN). Two second-order
classical Chebyshev filters using parallel-coupled lines were
designed to operate at 60 and 77 GHz, respectively, which both
have 10% 3-dB fractional bandwidths in [2]. The two filters suffer
from high insertion loss, which is 9.3 dB in both passbands.
Dual-mode ring resonators have been successfully implemented in
millimeter-wave narrow-band bandpass filter designs with low
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Fig. 1. Schematic of the proposed ring resonator with two distinct excitation
structures. (a) By lumped capacitors. (b) By parallel-coupled lines

insertion loss, high filtering selectivity and compact size [3]-[5]. In
[3], the ring filter was measured to have its center frequency at 64
GHz and a minimum in-band insertion loss of 4.9 dB. Its 3-dB
fractional bandwidth is about 18.75%. The chip size is 1.148 x
1.49 mm? The ring filter reported in [4] operates at 70 GHz with a
minimum in-band insertion loss of 3.6 dB. Its 3-dB fractional
bandwith is around 25.71%. By folding the ring structure, the chip
size is reduced to 0.65 x 0.67 mm? However, in both designs,
additional matching networks with high impedance lines and pads
were included, which enlarged the overall size and are also not
practical when integrating with other devices on chip. Recently, a
stepped-impedance dual-mode ring resonator was used to design a
bandpass filter [5]. The stepped-impedance structure was formed
using a pedestal, which was constructed from multiple vertically
stacked finite metal planes connected to the ground plane by via
holes. The designed filter achieves a passband with return loss
better than 16 dB from 59 to 71 GHz. The minimum in-band
insertion loss was measured to be 3.1 dB. The filter has a compact
chip area of 0.30 x 0.24 mm?. For all the filters reported in [3]-[5],
one transmission zero appears at the each side of the desired
passband.

In this paper, a stub loaded dual-mode ring resonator is proposed
to design a 60 GHz narrow-band bandpass filter using a TFMS
structure in 0.18 pm CMOS technology. Besides the transmission
zero at the each side of the desired passband, the main novelty in
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Fig. 2. Layer configuration of the TFMS structure in 0.18 pm CMOS

this design is to bring a third transmission zero at the upper
stopband of the filter and at the same time achieve an even more
compact size by loading an open-circuited stub at the inner corner
of the ring resonator. Finally, a prototype filter is designed and
fabricated to verify design theory.

Il. PRINCIPLE OF THE PROPOSED RING RESONATOR

The proposed dual-mode ring resonators with lumped capacitors
(Cy) and parallel-coupled lines at the two excited ports are shown
in Fig. 1(a) and (b), respectively. w, is the width, and I, and I, are
the lengths of the two paths of the ring. The open-circuited stub is
loaded at the inner corner of the ring resonator with a width of wy
and a length of ;. The two pairs of parallel-coupled lines have a
width of w and a spacing of s. They are coupled to the ring
resonator with lengths of I3 and I, respectively. The layer
configuration of a 0.18 um CMOS technology with six-metal
interconnects on a silicon substrate is shown in Fig. 2. The bottom
metal layer (Metal 1) is used as a ground plane to minimize the
electric field leaking into the silicon region; the top metal layer is
used as a conductor plane to keep a maximum distance from the
ground plane for high quality factor.

The equivalent circuit model of the ring resonator in Fig. 1(a) is
developed as displayed in Fig. 3(a). Its even- and odd-mode
circuits are illustrated in Fig. 3(b) and (c), respectively. Z, and Z;
represent the characteristic impedances of the ring resonator and
the open-circuit stub. &; and &, are the electrical lengths of the two
paths in the ring; &; is the electrical length of the stub. The intrinsic
even- and odd-mode resonant frequencies can be derived as
algebraic equations as follows, respectively:

0 +0
Z, cot(——>

)+2Z cotd =0 Q)

0, +6,
Zr tan(T) =0. (2)

From (1) and (2), we observe that the emergence of the stub only
influences the even-mode resonant frequency. By increasing the
length of the stub, the fundamental even- and odd-mode resonant
frequencies can be separated and make up the desired passhand.
As demonstrated in Fig. 3(d), the passband is stimulated with one
or two poles when I increases from 200 to 400 pm, and the center
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Fig. 3. Proposed ring resonator in Fig. 1(a). (a) The whole equivalent circuit with
perfectly M.W. and E. W. at the diagonal line. (b) Even-mode circuit. (c)
Odd-mode circuit. (d) Frequency responses of S;-magnitudes for various stub
lengths (Is). (C¢=0.05 pf, w,= ws =1.5 pm, 1;=408 pm, and l,=1880 pm)

frequency of the passband moves to a lower frequency.
Meanwhile, two transmission zeros are observed at both sides of
the passband. Moreover, there is one more transmission zero
appearing at 96 GHz when the stub length is 400 um.

The equivalent circuit of the proposed ring resonator in Fig. 1(b)
is shown in Fig. 4(a).6; and 6, are the lower and upper coupling
sections, respectively. Z, = —-2jZoeZoo ! [(ZoetZ0oo) tan(f; +6,)], N
= (ZOe+ZOO) / (ZOE'ZOO) and Z = (ZOe+ZOO)/21 where ZOe and ZOO
represent the even- and odd- mode characteristic impedances of
the parallel-coupled lines, respectively. Fig. 4(b) shows the
influences of the open-circuited stub on the transmission zeros and
poles. For I = 400 um, the third transmission zero appears at 97
GHz. As | increases from 420 to 440 pum, this zero moves from 94
to 91 GHz. With increasing stub length, only the even-mode
resonant frequency moves to a lower frequency and the first two
transmission zeros slightly shift away from the passband. The
open-circuited stub brings in another transmission zero, which can
be properly positioned to further improve the rejection in the upper
stopband.

I1l. RESULTS AND DISCUSSION

Based on the above analysis, a dual-mode bandpass filter was
designed on a 0.18 pum CMOS multi-layered structure. The folding
technique was implemented to further reduce the overall size of the
filter. Fig. 5(a) shows the physical layout of the designed filter.
The microphotograph of the chip is shown in Fig. 5(b). To our
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Fig. 4. Proposed ring resonator in Fig. 1 (b). (a) Equivalent circuit model. (b)
Frequency responses of S-magnitudes under various stub lengths (Is) (wr= ws
=1.5 pm, 1;=408 pm, [,=1880 pm, s =2.99 um, w =1.5 um, I3=164 pm, and
1,=396 pm).

best knowledge, this filter is the smallest reported CMOS 60 GHz
filter, which occupies an area of 0.092x 0.56 mm? The filter was
characterized on wafer after calibration with respect to the
reference planes of the RF probes. The measurement data was
further de-embedded to eliminate pad and feeding line influence,
and other EM parasitic effects [8].

The simulated results from both circuit model and full-wave EM
simulator [9], and the measured results after de-embedding are
plotted together in Fig. 5(c). A reasonably good agreement
between the three sets of results in the frequency range from 20 to
100 GHz is observed. The measured center frequency is at 62 GHz
with a minimum in-band insertion loss of 4.9 dB. This insertion
loss is mainly contributed by the conductor loss and the dielectric
loss. The 3-dB passband is around 24 % with a frequency range
from 55 to 70 GHz. The measured return loss is better than 7 dB in
the passband. The three transmission zeros occur at 44, 77 and 97
GHz as expected. The rejection in the lower stopband is higher
than 25 dB from DC to 47 GHz; the rejection in the upper stopband
is greater than 21 dB from 76 to 100 GHz.

IV. CONCLUSION

In this work, a dual-mode stub-loaded ring resonator has been
successfully implemented to design a 60 GHz bandpass filter using
0.18 um CMOS technology. Conventional microstrip theory has
been applied to develop the equivalent circuit model of the
proposed ring resonator and to predict the filter performances.
Finally, a 60 GHz bandpass filter has been fabricated and
measured. The filter has achieved an ultra-compact size of 0.092 x
0.56 mmZ. Predicted results were verified experimentally, showing
two transmission poles in the desired passband and three zeros in
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Fig. 5. Fabricated filter. (a) Physical layout. (b) Microphotograph. (c) Simulated
and measured S-magnitudes
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