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บทคัดย่ อ
บทความนี น้ ํ า เสนอวงจรกรองแถบความถี่
ผ่า นที่ มี ค่า Q สูงและวงจรออสซิล เลเตอร์ โดยใช้ ตัว
อินเวอร์ เตอร์ และตัวเก็บประจุต่อร่ วมกัน โดยวงจรที่
นําเสนอมีข้อดี คือ มีโครงสร้ างเรี ยบง่ายที่ปราศจากตัว
ต้ า นทานและใช้ จํ า นวนอุป กรณ์ ใ นแต่ ล ะวงจรน้ อ ย
รวมถึ ง เหมาะกับ การใช้ ง านในระบบที่ มี ไ ฟเลี ย้ งตํ่า
นอกจากนี ้ ยังปรับรู ปแบบของวงจรเป็ นแบบสมดุลได้
ผลการจํ า ลองการทํ า งานของวงจรที่ นํ า เสนอซึ่ง ใช้
เทคโนโลยีชนิดซีมอส 0.18 μm ยังยืนยันความเป็ นไป
ได้ และสมรรถนะของวงจรด้ วย
Abstract
Simple tunable high-Q band-pass filters
and oscillators based on inverter-C are
presented. Advantageous features of the
proposed circuits include circuit simplicity,
resistorless topologies and offer, at present, the
lowest component count. These circuits are
simply obtained by a slight modification of a
conventional inverter-C filter. Owing to simple
structures, the circuits are also suitable for low
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power supply systems. Furthermore, the principle
is extended to include fully balanced versions of
these circuits. Simulation results of the circuit
design on 0.18μm CMOS process are
demonstrated to confirm the validity and circuit
performances.
1. Introduction
Band-pass filters and oscillators find a
wide
range
of
applications
in
telecommunications, control systems, signal
processing and measurement systems. In
designing band-pass filters and sinusoidal
oscillators, varieties of circuitry have been
reported [1 - 2]. However, some of them are
meant to operate neither at high frequencies nor
low-voltage supplies. Recently, several popular
circuits based on gm-C and gyrator-C topologies,
which suitable for high-frequency applications,
are presented [3 - 5]. The digitally used CMOS
inverters realize analog operator, i.e.
transconductors suiting low-voltage operation. In
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particular, the operation reaches the extreme for
the analog part, since there are only two
transistors stacked in between supply rails. The
concept of using CMOS inverters to implement
analog transconductors is given in [6 - 7].
According to the technology available
today, mixed analog and digital circuits are
implemented on the same integrated circuit (IC)
chip. Therefore, a fully balanced architecture is
preferable for analog implementation, as fully
balanced systems are more immune to digital
noise. Besides, fully balanced architecture is
used in high performance analog applications to
enhance the dynamic range, reduce harmonic
distortion, and minimize the effect from coupling
among various blocks [8].
In this work, simple forms of tunable highQ band-pass filters and oscillators employing
inverter-C based on a passive RC filter are
presented. Basic transimpedance (current-tovoltage) RC filter topologies are first described.
Next, an inverter-C filter is generated with CMOS
inverters employed as resistors. With the
feedback technique, the filter can easily be
modified to obtain a tunable band-pass filter and
a tunable oscillator. Then they are further
arranged to be in fully balanced forms. Moreover,
utilizing parasitic capacitances of the inverters as
grounded capacitances, the circuitry possesses
minimum components. Finally to confirm the
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validity and performances of the proposed work,
numerous simulations are demonstrated.
2. Overview of the CMOS Inverters
In this work, as the CMOS inverter is
mainly used as an active cell in transconductance
mode, the related principle is essentially
reviewed. The CMOS inverter is widely used in
digital signal processing. Normally an inverter
reaches an equilibrium (choosing LN = LP) around
WP = (μN / μP)WN, where WN and WP (LN and LP)
are the channel width (channel length) and μN
and μP. are the carrier mobility of NMOS and
PMOS transistors, respectively. Figure 1(a) shows
the typical CMOS inverter and Figure 1(b) its
universal symbol. In digital mode of operation
with node OUT open, these transistors both work
in saturation around this particular operating point
[8 - 9]. In the transconductance mode of
operation, a small signal vin is applied around the
DC common mode voltage (VCM = VDD / 2). In
response to small signal amplitude, the CMOS
inverter develops a transconductor between the
input voltage (vin) and the output current (iout) (see
Figure 1(c)). At low-frequency, the small-signal
output current of the inverter in the
transconductance mode is given by
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where gm = (gmN + gmP). The inverter
transconductance gm is around the common
mode voltage (VCM) and gmN and gmP are,
respectively, the NMOS and PMOS gate-source
transconductances in saturation mode [10].
Because in general both inverting and noninverting transconductance is needed, a suitable
realization and symbolic representation, using the
circuit of Figure 1(a) are shown in Figure 1(d) and
(e).

Fig. 2 (a) Dual power supply inverter,
(b) Tunable inverting transconductor.

Then two-transistor inverter in Figure 2 is
easily modified to obtain a tunable
transconductor, illustrated in Figure 2(b). The
transconductance realized by the circuit is
gm 

Fig. 1 CMOS inverter (a) circuit configuration,
(b) universal symbol, (c) inverting symbol,
(d) non-inverting transconductance operation,
(e) non-inverting symbol.

It is worth noting that when the circuit with
a single power supply as shown in Figure 1(a) is
replaced with having a dual power supply as
shown in Figure 2(a), the common mode voltage
VCM of an inverter can be shifted to the ground
level. Therefore, it is simply more attractive to
employ the dual power supply system and so
does this presented work.
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2k N k P
 2VG   VT 
( k N  k P )2 

(2)

where
k N ,P  0.5[ CoxW / L ]N ,P

(3)

V

T

 VTN 1  VTN 3  VTP 2  VTP 4

(4)

and VTN 1 , VTN 3 , VTP 2 and VTP 4 are the threshold
voltages of the NMOS and PMOS transistors and
Cox is the oxide capacitance in structure of MOS
transistor [11]. The electronic tunability of this
four-transistor inverter is possible by conveniently
adjusting the bias voltage VG.
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3. Configuration and Analysis of the Proposed
Circuits
3.1 Single-ended Band-pass Filter
For classification of what to follow, a
simple RC filter in Figure 3(a) is first described.
Routine analysis yields the current-to-voltage
relationship, i.e. the transimpedance transfer
function as follows
A1 (s ) 

sC3

1
C C
s CT  s( a  b ) 
R1 R1 R1R2

gm 1gm 2CT
gm 1Ca  gm 2Cb

(8)

(5)

2

where CT = C1C3 + C2C3 + C1C2, Ca = C2 + C3,
Cb = C1 + C3. Utilizing transconductors in place
of all resistors, the transfer function in (5)
becomes
A2 (s ) 

Q

sC3
s CT  s (gm 1Ca  gm 2Cb )  gm 1gm 2
2

(6)

where gm1 and gm2 are the transconductances of
the T1 and T1 transconductors, respectively. This
results in another circuit configuration in the form
of the gm-C filter illustrated in Figure 3(b). The
transfer function in (6) is the characteristic of the
band-pass filter (BPF) with a center frequency,
f0 

1
2

gm 1gm 2
CT

and a quality factor,
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Fig. 3 Basic band-pass filters;
(a) RC filter, (b) gm-C filter.

Given a center frequency f0, then it is hard
if not impossible to tune the quality factor Q by
adjusting the filter parameters via iteration
process. To get over this drawback, a slight
modification is made to the BPF in Figure 3(b).
Employing one transconductor to feed the output
back to the input node, as shown in Figure 4,
results in a tunable single-ended transimpedance
BPF.

(7)
Fig. 4 Proposed single-ended transimpedance BPF.
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A simple analysis of Figure 4 gives the
following I-V transfer function
A3 (s ) 

sC3
s CT  s(gm 1Ca  gm 2Cb  gm 3C3 )  gm 1gm 2
2

(9)

voltage-mode, resulting in the circuit
configuration as shown in Figure 5(a) and (b),
respectively.

The center frequency of the filter is given
in (7) and the quality factor of the filter is,
Q

gm 1gm 2CT
gm 1Ca  gm 2Cb  gm 3C3

(10)

Note that, the maximum magnitude of the
transfer function given in (9) is
A0 

C3
gm 1Ca  gm 2Cb  gm 3C3

(11)

Remarkably, the quality factor Q given in
(10) is independent from the center frequency of
the filter f0 given in (7). The former can be freely
varied by adjusting the transconductance gm3.
Moreover, the parasitic capacitors at the input
and output nodes of the proposed BPF can be
lumped in place of C1 and C2, respectively. As a
result, the circuit can be operated at a very high
frequency with the minimum component count.
The circuit construction of the filter in
Figure 4 can be easily converted to a BPF with a
current-mode or voltage-mode transfer function.
It is possible by simply connecting the filter in
Figure 4 with a T4 transconductor at the output
node for the current-mode or input node for the
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Fig. 5 Modified single-ended transimpedance BP
(a) current-mode, (b) voltage-mode.

The current and voltage transfer functions
of the filters in Figure 5(a) and (b) are then found
to be in the same pattern as follows
A4 (s ) 

sgm 4C3
s CT  s (gm 1Ca  gm 2Cb  gm 3C3 )  gm 1gm 2
2

(12)

Note that the simple structure of the
inverter makes it attractive for both very high
frequency and low-voltage operations.
3.2 Fully-balanced Band-pass Filter
There are several methods to implement
the BPF in Figure 4 depending on the type of the
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transconductors. If all transconductors are
implemented by the inverter as shown in Figure
2(a), the fully-balanced BPF can be further
realized quite easily. Such one is shown in Figure
6.

3.3 BPF-based Oscillators
It should be noted that the filter in Figure
4 and Figure 6 can be correspondingly modified
to oscillators very easily. To start the oscillation,
the feedback through the transconductors gm3
should be large enough to place the poles of the
filters at the right half-plane. Therefore, the
minimum requirement for gm3 is given by
gm 3 

(13)

The oscillation frequency is set by the
BPF center frequency in (7). Note that if
capacitors and transconductors are chosen as C1
= C2 and gm1 = gm2 for design convenience, then

Fig. 6 Proposed fully-balanced transimpedance BPF.

From Figure 6, it is noticed that the
balanced BPF in current-mode or voltage-mode
transfer functions can be realized by simply
connecting a transconductor to, respectively, the
output or the input node of the filter. This is carried
out just in the same manner as in the case of the
single-ended BPF in Figure 5.
Last but not least, these proposed filters
can be reconstructed to obtain the electronic
tunability feature. It is carried out by simply
employing the transconductor of Figure 2(b) in
place of the two-transistor inverter. Then the
center frequencies of the filters can be adjusted
through gm1 and gm2 and the quality factors of the
filters can be independently adjusted via gm3.
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gm 1Ca  gm 2Cb
C3

f0 

1
2

gm 1
C1 (2C3  C1 )

(14)

C1
)
C3

(15)

and
gm 3min  2gm 1 (1

The frequency of oscillation can be varied
by adjusting the transconductance gm1.
Therefore, the proposed circuit can also be used
as a voltage-controlled oscillator (VCO) by
utilizing a four-transistor tunable transconductor
(inverter) in Figure 2(b) to replace the traditional
two-transistor inverter.
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4. Simulation Results
The performances of the proposed BPF
and oscillator are verified by the SPICE
simulation. The circuits have been simulated
using BSIM3 version 3.1 SPICE model for a TSMC
0.18μm CMOS process available from MOSIS
with a supply voltage of 1.8V [12].
Consider first the proposed single-ended
and fully-balanced BPFs of Figure 4 and Figure 6
using a two-transistor inverter (Figure 2(a)) as an
inverting transconductor. They were designed for
an ideal center frequency of f0 = 76.92 MHz and
a quality factor of Q = 50. From (7) and (10),
select the filter components as follows: C1 = C2 =
2 pF, C3 = 8 pF, gm1 = gm2 = 2.90 mA/V, and gm3
= 7.20 mA/V. The transcondcutances result from
the transistor dimension as shown in Table 1.
Table 1 Aspect ratios of the MOS transistors.
Transconductors LN and LP WN (μm)
(μm)
T1 and T2
0.36
3.60
T3
0.36
10.08

center frequency of 76.21 MHz. Consistently with
(13), setting transconductance gm3 to 7.89 mA/V
with LN.= LP = 0.36 μm, WN = 10.8 μm and WP =
32.4 μm. The proposed filters are easily modified
to the oscillators. Figure 8 and Figure 9 show the
simulated transient responses of the singleended and fully-balanced oscillators,
respectively. The oscillation frequencies of both
oscillators are the same as the center frequencies
of the proposed BPFs.

WP
(μm)
10.80
30.24

Figure 7 shows the simulated frequency
response of the filters. The dashed and solid lines
represent the response of the single-ended and
fully-balanced BPFs, respectively. The quality
factor of the single-ended BPF was 40 at the
center frequency of 75.62 MHz and the quality
factor of the fully-balanced filter was 42 at the
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Fig. 7 Frequency responses of the proposed BPFs.

Fig. 8 Transient response of the single-ended
oscillator.
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= 0.7 pF, using the transistor dimensions of the
transconductors T1 and T2 as shown in table 1,
setting LN = LP = 0.36 μm, WN = 10.8 μm, and WP
= 32.4 μm for transconductor T3, parasitic input
capacitor C1 = 108 fF, and parasitic output
capacitor C2 = 37 fF [13]. From the figure, the
oscillation frequency of the sinusoidal output
signal was 700 MHz.
Fig. 9 Transient response of the fully-balanced
oscillator.

The spectrum of the sinusoidal output of
Figure 8 is shown in Figure 10. The total harmonic
distortion (THD) is around 0.19 %.

Fig. 11 Transient response of the single-ended
oscillator using parasitic capacitors.

Fig. 10 Spectrum of signal in Figure 8.

Then, the proposed single-ended
oscillator can be operated at very high frequency
by using the parasitic capacitors at the input and
output nodes of the circuit as C1 and C2,
respectively. Figure 11 shows the transient
response of the single-ended oscillator when C3
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In order to demonstrate the electronic
tunability of the proposed BPF and oscillator with
four-transistor transconductor (Figure 2(b)), these
circuit components are selected C1 = C2 = 1 pF,
C3 = 3.5 pF and dimension transistors as LN.= LP
= 0.36 μm for all transistors, WN = 7.2 μm and WP
= 21.6 μm for transconductor T1 and T2 , WN =
21.6 μm and WP = 64.8 μm for transconductor T3
are selected. The quality factor tuning of the
single-ended BPF with center frequency of 72
MHz is shown in Figure 12. The quality factors
were 146.94, 19.73 and 10.56 when the bias
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voltage of the transconductor T3, ±VG3 = 1.68 V,
1.70 V, and 1.72 V, respectively.

Fig. 14 Oscillation frequency of the single-ended
oscillator by adjusting ±VG1.
Fig. 12 Quality factor tuning of the single-ended BPF.

Figure 13 shows the simulated output
waveform of the single-ended oscillator with ±VG1
= ±VG2 = 1.7 V and ±VG3 = 1.8 V. Figure 14
displays the oscillation frequency of the oscillator
versus ±VG1, the oscillation frequency varies from
50 MHz to 75MHz when ±VG1 adjusts from 1 V to
1.7 V.

Finally, Figure 15 shows the oscillation
frequency of the oscillator versus gm1, resulting in
a graph almost identical to a linear relation of both
parameters.

Fig. 15 Oscillation frequency of the single-ended
oscillator versus gm1 tunning.

Fig. 13 Transient response of the single-ended
oscillator with ±VG1 = ±VG2 = 1.7 V , ±VG3 = 1.8 V.
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5. Conclusion
Simple configurations of new tunable
high-Q band-pass filters and oscillators have
been proposed. These circuits are obtained from
the modification of the transimpedance inverter-C
filter with the feedback technique. The attractive
features of the circuit include suitable for low
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power supply, simple structure, and low
component count. Moreover, the electronic
tunability of the quality factor, frequency center,
and oscillation frequency can be obtained by
adjusting the bias voltage of the inverter. The
simulation results have been shown that the
quality factor Q can be as high as 146.94 with
center frequency f0 = 72 MHz for the band-pass
filter and the oscillation frequency of oscillator
can be tuned up to 700 MHz.
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