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Abstract—This paper presents a fully monolithic transmis-
sion-line-based active bandpass filter (BPF) fabricated in a
0.18-um standard complementary metal-oxide—semiconductor
(CMOS) technology. The half-wavelength resonators are realized
by synthetic quasi-TEM complementary conducting-strip trans-
mission lines (CCS TLs). To lower the insertion loss of the BPF,
the differential nMOS cross-coupled pairs are combined with
the parallel resonators. Besides, the active devices and CCS TLs
are vertically integrated on the standard CMOS substrate. The
Q-enhanced resonator, which is comprised of a CCS TL and an
nMOS cross-coupled pair, is theoretically investigated. Simulation
results indicate that the Q factor of the resonator can be increased
from 3.4 to 84.0 at 6.53 GHz. Additionally, the prototype of the
second-order BPF occupies an area of 1230 pmXx 880 pm, and
the measured results demonstrate that the center frequency is
6.02 GHz with a bandwidth of 1.14 GHz. The P;45 and inser-
tion loss are —15.2 dBm and 2.2 dB, respectively, when the BPF
consumes 3.0 mA from a 1.8-V supply. A two-port noisy network
is also reported to examine the noise figure (NF) of the proposed
BPF. Theoretical results reveal that the NF is 11.38 dB at 6.0 GHz,
with a difference of less than 7.2% among the measured data.

Index Terms—Active bandpass filter (BPF), C-band, CMOS,
transmission line (TL).

I. INTRODUCTION

N-CHIP radio or RF systems-on-chip (RF SOCs) incor-

porating monolithic complementary metal-oxide—semi-
conductor (CMOS) bandpass filters (BPFs) have become
increasingly attractive in the world of a congested frequency
spectrum for personal communications service (PCS) band [1],
wideband code-division multiple-access (WCDMA) receivers
[2], and time-division-duplex (TDD) systems [3]. Elimina-
tion of off-chip filters often means adding RF performance,
improving selectivity requirements, reducing noise pick-up,
and lowering overall RF power consumption [2], [3]. On-chip
CMOS passive resonators formed of transmission lines (TLs)
typically have quality factors () factors) proportional to the
square root of the operating frequency. A carefully designed
CMOS BPF at millimeter-wave frequency generally provides
an adequate () factor. Therefore, a passive BPF at 30 and
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40 GHz have been found to perform reasonably well [4], [5].
However, most wireless applications operate below C-band
(4-8 GHz) where the CMOS on-chip spiral inductor necessary
for carrying out the resonator design has a fairly low @ factor,
of typically 5 or below [6, Table I]. This paper presents the
recent advance in the state-of-the-art CMOS active BPF design
achieving a small size, low passband loss, high outband rejec-
tion, low power consumption, low noise figure (NF), and high
input 1-dB compression point. The literature survey indicates
that most active CMOS BPFs below the C-band incorporate
inductors for resonator designs, e.g., actively -enhanced
coupled inductors [2], [7], emulated coupled inductors [6],
energy-recovered spiral inductors [8], and ()-enhanced LC
bandpass biquads [9].

This paper presents a novel approach based on a microwave
filter design procedure incorporating low-() half-wavelength
resonators loaded by active circuits to compensate losses [10].
In contrast to the recently reported C-band passive lumped-el-
ement filter [11], which was fabricated in a highly resistive
silicon substrate with a resistivity 100 times that of a typical
CMOS foundry wafer, the proposed design methodology adopts
synthetic quasi-TEM TLs on a standard CMOS substrate, ren-
dering a high-performance miniaturized active BPF design. The
previously published research briefly reported the measurement
results of the proposed active BPF [10]. However, this paper
explores in detail the design of the active TL resonator based
on a complementary conducting-strip transmission line (CCS
TL) followed by the differential- and common-mode analyses
on the active resonator in Section II. Section III then presents a
practical example with the design parameters and experimental
characterizations. Section IV then investigates the NF of the
presented active BPF with a two-port noisy network. Conclu-
sions are finally drawn in Section V.

II. CMOS TL-BASED RESONATORS

A. CMOS CCSTL

Recently the synthetic quasi-TEM TL so-called CCS TL
had experimentally demonstrated its application in [10], [12],
[13]. The CCS TL is made of a unit cell, which has dimen-
sions much smaller than the operating wavelength, typically
one-thousandth. The unit cell consists of a mesh ground and a
four-arm signal trace. The guiding characteristics of the CCS
TL had been investigated intensively, showing the following
features [12]-[14]. First, the characteristic impedance and
propagation constant of the CCS TL can be controlled by the
varying geometric parameters such as the width of the signal
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TZUANG et al.: CMOS ACTIVE BPF USING COMPACTED SYNTHETIC QUASI-TEM LINES AT C-BAND

IMD _=—

Si-substrate -

Fig. 1. Monolithic CCS TL of 7 X 5 unit cells integrating above the active de-
vices.

trace and the mesh area of the mesh ground plane. Second, the
real estate of the CCS TL-based passive circuit is proportional
to the period of unit cell, which is scalable with advance in
photolithography. Third, the mesh ground plane can provide
good electromagnetic (EM) shields to avoid cross coupling of
circuits integrated by the CCS TL. Fig. 1 reports for the first
time that the CCS TL is right on top of transistor region. The
inset of Fig. 1 shows the cross-sectional view of the CCS TL
adopted in this paper, in which top metal forms a meandered
signal path. M2 is applied to realize the mesh ground plane,
which is sandwiched between the CCS TL and the first metal
layer (M1) for interconnections between active devices. Such
connections also include the biasing paths for the terminals
(source, drain, and gate) in a MOS transistor backbone buses
for paralleling the MOS transistors.

The guiding characteristics of the CCS TL on the silicon sub-
strate shown in Fig. 1 were investigated by performing full-wave
EM simulations using Ansoft’s finite-element-based High-Fre-
quency Structure Simulator (HFSS). The following material and
structural parameters, which were defined in the EM simula-
tions, were specified based on a typical 0.18-um CMOS 1P6M
process. The thicknesses of M6 and M2 metal layers are 2.0 and
0.55 pm, respectively. The relative dielectric constant and the
thickness of inter-media-dielectric (IMD) sandwiched between
M6 and M2 are 4.0 and 5.88 pum, respectively. The thickness and
conductivity of the silicon substrate are 482.6 ym and 11 S/m,
respectively. The linewidth (W) of the CCS TL is 30.0 pm, the
period (P) of the unit cell is 44 ;sm and the mesh area (H,, x H,)
is 40 pm X 40 pm.

The TL parameters, including complex characteristic imped-
ances and propagation constants, were extracted from the two-
port scattering analyses [12]. Fig. 2 shows the extracted results
of the typical CCS TL design example of Fig. 1 based on the
above-mentioned parameters.

From 1.0 to 8.0 GHz, the real part of the characteristics
impedance (Z.), which is the solid line plotted in Fig. 2(a),
nearly keeps at a constant value of 34.2 . The imaginary
part of Z,. is capacitive, ranging from —11.7 to —2.04 2. The
normalized phase constant shown in solid line in Fig. 2(b)
illustrates the value of 1.86 at the desired operating frequency.
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Fig. 2. Guiding characteristics of the meandered compacted CMOS-based
CCS TL of Fig. 1. (a) Complex characteristic impedance. (b) Normalized
complex propagation constant. (c) ¢} factor.

Therefore, we can estimate the physical length of a half-wave-
length CCS TL at 6.0 GHz to be 13 210-um long and such TL
can be compacted in the area of 792 ym x 792 pum by using the
meandered CCS unit cells with a period of 44.0 pm.

The normalized attenuation constant, which is plotted by the
dotted symbol in Fig. 2(b), however, shows a relatively high
loss aspect of the TL. In the low frequency limit (1 GHz), the
metal thickness employed in the CCS TL is smaller than the
skin depth, thus we observe larger attenuation losses. Fig. 2(c)
plots the @ factor of the CCS TL against frequency, showing
2.19, 2.94, and 3.40 at 3.0, 5.0, and 6.53 GHz, respectively.
The @ factors employed in our design of an active resonator
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Fig. 3. @-enhanced CCS half-wavelength resonator incorporating an nMOS
cross-coupled pair.

are comparable, but smaller than those of inductor-based design
[11-31, [6]-[9].

Since the @ factor of the CCS TL suffers from the process
limitation, the losses of CCS-TL-based resonators need to be
compensated. In Section II-B, a MOS-based active network is
reported for elevating the () factor of the CCS half-wavelength
resonator.

B. Q-Enhanced Monolithic Half-Wavelength Resonator

Fig. 3 shows the concept of a (J-enhanced complemen-
tary conducting-strip (CCS) half-wavelength resonator. A
cross-coupled pair, which consists of two identical nMOS
transistors, is integrated into a half-wavelength resonator. The
drain terminal of N1 is directly connected to the gate terminal
of N2 and vise versa. Two transistors are biased at the same dc
potential (Vz), and the drain terminals of both N1 and N2 are
directly loaded with a CCS half-wavelength resonator forming
a new composite resonator.

Since the active resonator will be excited single endedly, not
differentially, both common- and differential-mode signals will
exit in the active resonator structure. Fig. 4(a) and (b) illustrates
the equivalent circuits for differential- and common-mode exci-
tations, respectively.

When a differential-mode signal transmits into a cross-cou-
pled nMOS transistors pair and establishes a positive feedback,
a virtual ground is formed at the symmetric plane rendering a
negative differential resistance — R, in Fig. 4(a) with magni-
tude approximately equal to the inverse of transconductance of
the cross-coupled pair [15]. On the other hand, the capacitance
across the resonator is approximately half of the combined ca-
pacitance (Cgs + Cga).

Since the potentials on the drain and gate terminals of the
nMOS are equal under a common-mode excitation, the nMOS
acts as a gate—drain-connected diode. Therefore, two parallel RC
networks are loaded with both sides of the half-wavelength res-
onator. The shunt resistance R. shown in Fig. 4(b) represents
the small-signal resistive loss of the transistor operated in the
saturation region. To make proper operation of the active BPF,
the differential mode must prevail over the common mode in the
passband. Since the cross-coupled pair can amplify the differen-
tial-mode signal and attenuate the common-mode signal, such a
circuit characteristic can increase the common-mode rejection
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Fig. 4. Small-signal analyses of the ()-enhanced half-wavelength resonator.
(a) Differential-mode analysis. (b) Common-mode analysis.

of the proposed (Q-enhanced resonator, and relax the issue on
symmetrical layout of the resonator during the filter integration.

The complex input impedance under differential-mode
excitation was theoretically investigated by using Agilent’s
ADS2004A software. Through the analysis, the length and
width of the two transistors were set at 0.18 and 80 pm, respec-
tively. Vo was isolated from the differential RF signal by an RF
choke. The results illustrate that the value of Cy and — R, were
nearly constant from 1.0 to 8.0 GHz, revealing a broadband
characteristic of the equivalent active RC circuit. The total
equivalent resistance ([.qu) of the differentially driven active
resonator can be expressed by

—R4-Rp

S M)
where Ry represents the loss of the CCS half-wavelength
resonator. Since the value of the frequency-dependent Ry,
increases with increasing frequency, the active resonator tends
to become more stable at frequency higher than the resonant
frequency. Furthermore, the value of — R, is inversely propor-
tional to the drain current of the nMOS transistors [15]. Thus,
as shown in Fig. 5, Vi; can be applied to adjust proper negative
resistance for realizing a stable half-wavelength resonator.

The inset in Fig. 6 depicts the schematic for extracting the
unloaded @ factor of the active half-wavelength resonator
shown in Fig. 3. Two tiny capacitors of 0.01 fF formed the
EM coupling between the resonator and loads. Clearly the
excitation was single ended. The size of the nMOS transistor
was the same as that reported in Fig. 5, and the half-wave-
length resonator was realized by using the meandered CCS
TL reported in Section II-A. The value of Ry of the CCS
half-wavelength resonator and — Ry of the cross-coupled pair
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Fig. 5. Differential input impedance of a 0.18-pm nMOS cross-coupled pair
with length of 0.18 xm and width of 80.0 pm.
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Fig. 6. Unloaded () factor of (-enhanced half-wavelength resonator incorpo-
rating a 0.18-um nMOS cross-coupled pair.

biased at 557 mV are 298.4 and —301.34 Q at 6.53 GHz,
respectively. Therefore, according to (1), Fig. 6 illustrates a
stable active half-wavelength resonator.

The extracted () factors shown in Fig. 6 follow the definition
of the unloaded @) factor in [16]. Moreover, the magnitudes of
the transducer gain of the weakly coupled active resonator are
also illustrated in Fig. 6. The ) factor was only 3.40 for the
passive CCS half-wavelength resonator. With the active -en-
hanced circuit biased at 525, 538, 549, and 557 mV, the en-
hanced () factors were 9, 15, 39, and 84, respectively. Notably,
the resonant frequency of the -enhanced resonator was slightly
shifted from 6.633 to 6.531 GHz when V was increased. Such
frequency drift was caused by the increase of C,; shown in Fig. 5.

III. CMOS TL-BASED ACTIVE BPF

Fig. 7 shows the complete schematic of a second-order BPF
incorporating the (Q-enhanced half-wavelength resonators [10].
The J-inverters were realized by series capacitors Cy, Co, and
Cj3. The design procedure of the BPF is well documented in
[16]. In this practical example, f. of the BPF was located at
6.02 GHz, and bandwidth (BW) was 1.0 GHz with a ripple of
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Fig. 7. Second-order CMOS TL-based BPF.

Fig. 8. Chip photograph of the prototype BPF in Fig. 7.

0.2 dB. The order of the BPF was two and the reference im-
pedances of two terminals (P; and P») were 50 2. The biasing
and tuning networks controlled by V;,, provided biasing cur-
rents for the nMOS cross-coupled pairs. These networks were
isolated from the CCS TL resonators by the on-chip spiral in-
ductors, as shown at the top of Fig. 8. Fig. 8 also illustrates the
chip photograph of the prototype filter in Fig. 7.

The entire active BPF, including the CCS TLs, capacitors, in-
ductors, active networks, and pads were fully integrated in a chip
area of 1230 um X 880 pm. The capacitor was realized with the
so-called interdigital metal-oxide-metal (MoM) capacitors of
top-three metal layers. In the realizations, C; was 380 fF with
anarea of45.9 um x 79.8 pum, and C was 220 fF with an area of
41.9 pm x 52.8 pm, respectively. Additionally, the inductance
of the on-chip spiral inductors was approximately 3.0 nH and
occupied an area of 251 pum x 247 pm.

The small-signal experiments were performed after the
on-wafer short-open-load-thru (SOLT) procedures had been
conducted by the vector network analyzer (VNA) Agilent
E5091A. In the measurements, the prototype shown in Fig. 7
was biased by a supplying voltage (Voc) of 1.8 V with a
current consumption of 3.0 mA. The value of Vi, and the
power level of input signals were set at 1.0 V and —20 dBm,
respectively. Additionally, the measured result was compared
with simulations performed by Agilent’s ADS2004A. Before
the simulation, all the passive components including capacitors,
inductors, and CCS TL were characterized by Ansoft’s HFSS.
The BSIM3 V3.2.4-based RF models used for active devices
were provided by the foundry. Fig. 9(a) shows the comparisons
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Fig. 9. Transmission and reflection characteristics of the active BPF in Fig. 8.
(a) Comparison of measured and simulated data over 5-GHz narrow BW.
(b) Measured responses across 20-GHz broad BW for investigating spurious
responses.

from 3.0 to 8.0 GHz, revealing good agreement between the
simulated and measured data, except for the return loss at
passband. The slight mismatch shows that the capacitive cou-
pling between the two (Q-enhanced half-wavelength resonators
were well controlled through the .J-inverter C5, and parasitic
coupling through the lossy substrate was not serious owing to
the good EM shield from the meshed ground plane of the CCS
TL. In other words, the CCS TL can effectively confine the
EM propagations and eliminate the unwanted coupling of the
adjacent signal lines in the compact layout.

The measured results of two-port scattering parameters based
on the 50-(2 system lead the following observations. The center
frequency of the second-order BPF is 6.02 GHz, and the inser-
tion loss is approximately 2.2 dB from 5.38 to 6.65 GHz. The
BW is approximately 1.14 GHz (5.26—6.40 GHz) with a return
loss of 7.64 dB. Two reflection zeros are identified at 5.47 and
6.20 GHz. Additionally, the prototype can reject the low-side
signal approximately 28.18 dB at 4.0 GHz and the high-side
signal approximately 18.33 dB at 8.0 GHz. The spurious re-
sponse of the prototype, which is observed in Fig. 9(b), is sup-
pressed approximately 16.67 dB at 15.25 GHz.

The nonlinear characteristics of the prototype had also been
investigated by measuring the input third-order intermodulation
intercept point (ITP3) and the 1-dB compression point (P;4p).
For the measurement of P 4p, the signal generator Agilent
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Fig. 10. Nonlinear characteristics of the active BPF in Fig. 8. (a) Input 1-dB
compression point (P45 ). (b) Input third-order intermodulation intercept point
IIP3).

E8267D provided an input continuous wave (CW) at 6.02 GHz,
and the spectrum analyzer Agilent E4440A was applied to ob-
serve the output signals of the prototype. For the measurement
of I1P3, two signal generators were applied to generate two
fundamental frequencies centered at 5.8 GHz with a separation
of 10 MHz. The testing system, which includes the connectors
and cables, were calibrated before the experiments. Addition-
ally, the biasing conditions of the prototype were kept the same
as those in the S-parameter experiments. The measured results,
as shown in Fig. 10, indicate the input power levels for Piqp
and ITP3 are —15.2 dBm and —9.6 dBm, respectively.

IV. NOISE ANALYSES OF TL-BASED ACTIVE BPF

Experimental results in Fig. 9(a) indicate that the prototype
is a passive filter with an insertion loss of 2.2 dB in the pass-
band. According to the textbook definition, the NF of a pas-
sive two-port network is equivalent to the inverse of its avail-
able power gain [17]. However, the proposed BPF, as depicted
in Fig. 7, is comprised of a CCS TL and differential nMOS
cross-coupled pairs. The cross-coupled pairs not only provide
negative resistance to elevate the () factor of the resonators, but
also produce the noise simultaneously. Therefore, the noise con-
tributions from the transistors need to be incorporated into the
NF of the proposed BPF. Therefore, a noisy network is pre-
sented here to investigate the NF of the proposed BPF shown
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Fig. 11. Equivalent noisy two-port network of the prototype BPF in Fig. 7.

in Fig. 7. Fig. 11 illustrates the two-port network consists of an
ideal amplifier and a noise current source. The gain of the ideal
amplifier indicates the transmission coefficient of the BPF, and
the noise current source at the output of the ideal amplifier repre-
sents the total noise current generated by the nMOS cross-cou-
pled pairs.

The noise characteristics of an nMOS cross-coupled pair had
been well documented in [18] and [19]. The differential output
noise current spectral density of an nMOS cross-coupled pair
is equivalent to the summation of thermal noise generated in
the channels of two nMOS transistors [19]. Furthermore, the
channel noise of an nMOS transistor operating in saturation can
be quantified by an equivalent noise current between the drain
and source terminals

in = 4kTygm @)

where g, and -y are the transconductance and channel noise
coefficient of an nMOS transistor, respectively [20], [21].

To demonstrate the feasibility of the proposed noisy network,
the theoretical analyses were conducted with the two-port net-
work illustrated in Fig. 11 and the transistor parameters reported
in Section II-B. The value of g,,, derived according to the def-
inition in [21] was 8.872 mS. The  value extracted from the
small-signal noise analysis of the nMOS transistor was 1.012
at 6.0 GHz [21]. Thus, the total noise current spectrum den-
sity of the nMOS cross-couple pairs was 6.436e — 22 A” /Hz
at 298.15 K. The calculated NF of the proposed BPF after fol-
lowing the procedures described in [22] was 11.38 dB. Addi-
tionally, the calculation results from 5.5 to 6.0 GHz were com-
pared with those of the simulations and experiments, as illus-
trated in Fig. 12, revealing a difference of less than 7.2% on
the noise analyses. The measurements, which were undertaken
using the Agilent NF analyzer N8974A, reveal that the NF of the
prototype was approximately 12.36 dB at 5.5 GHz, which was
slight decreased to 10.92 dB at 5.8 GHz. Simulation results in-
dicate that the NF of the proposed bandpass filer was 12.30 and
11.40 dB at 5.5 and 6.0 GHz, respectively. These good agree-
ments indicate that the proposed noisy network is valid for pre-
dicting the NF of the BPF shown in Fig. 7.

Furthermore, the NF of the proposed BPF with different
transistor width was also theoretically analyzed by following
the same above-mentioned analytical procedures. Through the
analyses, the characteristics of the BPF, including the insertion
loss, reflection coefficient, and BW, were identical to those
reported in Fig. 9(a).
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Fig. 13. Theoretical predictions of noise performances for the proposed BPFs
with different transistor widths. (a) g,,, and . (b) NFs of the BPFs.

Fig. 13(a) and (b) plots the statistical results from which the
following observations can be drawn. The value of -, denoted
by the curve with square symbols in Fig. 13(a), is highest at
1.63 with the smallest transistor width of 10.0 xm. However,
can be reduced and kept with a constant value of 1.10 when the
width is larger than 80 pm. Conversely, g, is increased from
5.52 to 11.12 mS, corresponding to the increase of transistor
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width from 10 to 160 pm. Since the equivalent small-signal re-
sistor between the drain and source terminals increases due to
the nonquasi-static (NQS) effect [23], the higher value of g,,
is required to reduce the ohmic loss from the CCS TLs and the
resistive loss in the channels of transistors. As revealed in (2),
the noise current of the transistor is proportional to the product
of g,, and . Consequently, the NF, denoted by the curve with
triangular symbols in Fig. 13(b), is 11.38 dB, corresponding to
the transistor width of 10 pm. Increasing the width of the tran-
sistor from 10 to 20 pum causes the NF linearly reduced to its
minimum value of 9.82 dB. However, using the transistor width
larger than 20 pm in the BPF increases the resultant NF. These
observations demonstrate the design tradeoff for minimizing the
NF of the proposed BPF.

V. CONCLUSION

A TL-based active BPF was realized by using standard
0.18-um CMOS 1P6M technology. The active BPF was con-
structed using the (-enhanced half-wavelength resonators,
which consisted of a differential nMOS cross-coupled pair
and synthetic quasi-TEM CCS TL. In the CMOS process, the
top metal (M6) and bottom metal (M1) formed the meandered
traces and interconnections of the CCS TL and active devices.
A mesh ground plane, located at M2, was sandwiched between
M6 and M1, completing a vertical integrations for the proposed
active BPF. The on-chip guiding characteristics of the CCS
TL were theoretically extracted as the basic parameters for
designing the (Q-enhanced resonator. The circuit behaviors of
the (Q-enhanced resonator were theoretically investigated by
conducting the differential- and common-mode analyses. The
(-enhanced resonator acted as a stable parallel resonator with
Q-enhancement when the nMOS cross-coupled pair provided
a negative resistance with an absolute value larger than that of
a parallel resonator at the resonant frequency. The theoretical
results indicate that the () factor of the resonator was elevated
from 3.4 to 84 at 6.53 GHz. This resonator was applied in
designing a prototype of a second-order BPF at C-band with
a chip area of 1230 ymx 880 pum. The comparisons between
the on-wafer measurements and simulations reveal that the
proposed active TL-based BPF is feasible. Drawing 3.0 mA
from a 1.8-V supply, the prototype achieved 2.2-dB insertion
loss and 7.64-dB return loss when operating with a 1.14-GHz
BW at 6.02 GHz. The suppressions of spurious responses were
24 and 16.67 dB at 12.0 and 15.25 GHz, respectively. The
high- and low-side rejections were 18.33 and 28.18 dB at 8.0
and 4.0 GHz, respectively. The input 1-dB compression point
(P1qB) and third-order intermodulation intercept point (IIP3)
were —15.2 dBm and —9.6 dBm, respectively.

Additionally, a noisy two-port network was constructed to
examine the NF of the proposed BPF. In the network, the
total noise of the BPF consists of its transmission loss and
the noise current produced by the nMOS cross-coupled pairs.
The results of the analysis were compared with those of the
simulations and experiments, revealing a difference among
them of less than 7.2%. Such agreements validate the feasibility
of the proposed noisy network. Furthermore, the NF of the
active TL-based BPFs designed with different transistor widths
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were theoretical analyzed using the proposed noisy network. A
design curve demonstrating the tradeoff on minimizing the NF
of the proposed active BPF was also reported.
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