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Abstract 

A low-voltage operational transconductance amplifier(OTA) and a bandpass Gm-C 
filter built with the OTA are described in this paper. The OTA has effectively only 
two MOS transistors in saturation region between V00 and GND- suitable for low 
voltage operation, and there are no internal nodes in the OT A - suitable for high 
frequency operation. With this OT A, a prototype bandpass Gm-C filter was 
implemented in 0.8~m CMOS process. The center frequency can be controlled 
from 15.0MHz to 33.0MHz. The filter consumes only 0.43mW per pole when the 
center frequency is 15.0MHz. 
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1 INTRODUCTION 

Gm-C filters have been widely used for high frequency application because its 
open loop architecture provides high frequency capability (Stefanelli, 1993), 
(Khoury, 1991). However, as the supply voltage is scaled down for low-power 
consumption, high-frequency operation becomes difficult to be achieved due to the 
rapid performance degradation of OTA's. 
MOS transistors in the linear operation region can be used in OTA's for low
voltage operation, but it generally requires bipolar transistors to keep the drain-to
source voltage of the MOS transistors constant (Rezzi, 1995). As an alternative, B. 
Nauta used CMOS inverter as OTA and achieved 22.0MHz cut-off frequency with 
2.5V single power supply. This is due to the fact that CMOS inverters do not have 
internal nodes limiting the operation frequency. However, the supply voltage 
should be controlled to tune the frequency characteristics of the filter (Nauta, 
1992). 
In this paper, a differential low-voltage OTA is described which is designed to be 
simple for low power and high frequency operation. The common mode feedback 
is achieved with no additional power consumption, aiding low power operation. 
With the OTA, a prototype bandpass Gm-C filter is implemented in a 0.8J.11D 
CMOS process whose center frequency can be controlled from 15.0MHz to 
33.0MHz with 3.0V single power supply. 

2 LOW-VOLTAGE OPERATIONAL TRANSCONDUCTANCE 
AMPLIFIER 

In Figure 1, the low-voltage OTA is shown with its bias circuit. The transistors 
M1-M4 are in the saturation region, and the transistors Ms and M6 are in the linear 
operation region. The basic voltage-to-current conversion is done by the transistors 
M1 and M2, and the transistors M3 and M4 act as the load. The common mode 
feedback is performed by the transistors Ms and M6• This common mode feedback 
loop requires no additional current consumption, aiding low power operation. 
Except for the source node of the transistors M3 and M4, there are no internal nodes 
in the OTA. So, the filter built with this OTA can achieve high-frequency 
operation. And because there are only two transistors in saturation region between 
VDD and GND, the OTA can operate at low power supply voltage. 
The output current of the OTA is given as follows; 
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(a) 

(b) 

Figure 1 (a) Low-voltage, low-power operational transconductance amplifier. Mt. 
M2, M 3 and M4 are in the saturation region, and M5 and M6 which constitute 
common mode feedback loop are in the linear operation region. (b) Replica bias 
circuit for the OT A generating V p such that the output is CMREF when input is 
CMREF. 
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Figure 2 Linearity error as a function of differential input. 

(1) 

where {31 = JlnCox (WI L)1 • From the equation (1), the transconductance of the 

OTAis; 

(2) 

As can be seen in the equation (2), the transconductance of the OTA is determined 
by the size of the transistor M1 and the common mode level of the input. Thus, in 
order to get a linearized transconductor, we must have stabilized common mode 
level of the input. Within a filter, this is acqieved by the bias circuit shown in 
Figure 1-(b) and the common mode feedback loop consisting of the transistors M5 

and M6, assuming that the input to the filter has stabilized common mode level. 
The replica bias circuit shown in Figure 1-(b) generates the bias voltage Vp such 
that when the input voltage is CMREF, the output voltage is also CMREF. The 
value of CMREF is V vcJ2. 
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Figure 3 Second-order biquad circuit. The variable capacitors are to tune the 
frequency characteristic to the desired one when there are temperature variation 
and process drift. The variable capacitors are built with binary weighted capacitor 
array. 

The size of the transistors of the replica bias circuit in Figure 1-(b) is same as that 
of the same numbered transistor of the OTA in Figure 1-(a). 
Figure 2 shows the linearity error as a function of differential input. As can be 
seen, the error is smaller than 2.0% for -l.OV < V;n < l.OV at DC. The linearity 
error is defined as; 

(3) 

where V;n is the differential input, i0w(0) and 8m(O) are the output current and 
transconductance when V;n= OV, respectively, and i0w is the output current. 

3 SIXTH-ORDER BANDPASS GM-C FILTER 

In order to verify the usefulness of the low-voltage, low-power OTA described in 
previous section, a sixth-order bandpass Gm-C filter is implemented by cascading 
three biquadratic sections shown in Figure 3. 
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Figure 4 Binary weighted capacitor array. The capacitance is controlled with the 
digital control signal 0[2:0]. 

The center frequency of the filter is controlled by the variable load capacitors 
instead of the transconductance of the OT A. This is because the transconductance 
of the OTA cannot be changed if the size of the transistors and the common mode 
level of the input are determined once. The tunability of the frequency 
characteristic of Gm-C filter is a must because the frequency characteristics of 
continuous-time filters can change as much as ±50% due to process drift, 
temperature variation, aging, and etc (Yoo, 1996), (Gopinathan, 1990), 
(Khorramabadi, 1996). 
The variable capacitors are built with the binary-weighted capacitor array shown in 
Figure 4. The capacitance is controlled by the digital signal 0[2:0]. The control 
range can be extended easily if desired. 
Although the capacitance has to be controlled manually in the present 
implementation, it can also be controlled automatically by monitoring the 
frequency characteristic of the filter as in conventional master-slave tuning scheme 
(Yoo, 1996), (Gopinathan, 1990). There are several works related to this issue, and 
they can be applied to this filter without any difficulties (Khorramabadi, 1996). 

4 EXPERIMENTAL RESULTS 

A prototype sixth-order bandpass Gm-C filter was implemented in 0.8J.UD double
metal CMOS process, and occupies 1.0mmx0.4mm of silicon area. 
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Table 1 Performance comparison with other CMOS continuous-time filters. 

Reference fcut·llff [kHz] N Power[mW] FM 
Khoury, 1991 15,000 5 96 2.89 
Kaiser, 1989 0.945 3 0.0126 2.35 
Huang, 1995 560 2 2.5 2.65 
This work 15,000 6 2.58 4.54 

The center frequency can be controlled from 15.0MHz to 33.0MHz by varying the 
size of capacitors with digital control signal D[2:0]. The filter consumes only 
2.6mW with 3.0V single power supply. Peak-to-peak differential input can be 
applied upto 0.85V for 1.0% total harmonic distortion when the center frequency is 
15.0MHz. 
The frequency characteristic of the filter is shown in Figure 5. The passband gain 
appears to become smaller as the center frequency gets higher because the output 
buffer and test set-ups have lowpass characteristic. But the filter itself has constant 
passband gain regardless of its center frequency. 
The transient response of the filter is measured and the spectrum of the filtered 
output is observed with the center frequency controlled to be 15.0MHz. 
When the input of l.OMHz sinusoid(in stopband) added to 15.0MHz sinusoid(in 
passband) is applied, the filtered output is shown in the bottom trace of Figure 5-
(a) with the input in the top trace. Figure 6-(b) is the spectrum of the filtered 
output. Only the 15.0MHz component in the passband can be seen. 
Figure 7-(a) and (b) are the waveforms of input and output and the spectrum of the 
output respectively with the input of 14.0MHz sinusoid added to 16.0MHz 
sinusoid(both of them are in the passband). Both of 14.0MHz and 16.0MHz 
components can be seen in the filtered output. 
The power consumption of the filter is compared with those of ones presented 
elsewhere based on the figure of merit defined as; 

FM =log( fcut-off ) 
Power/ N 

(4) 

where leur-off is the center or cut-off frequency of filter in kHz and Power/N is the 
power per pole in mW. The figure of merits of some works are summarized in 
Table 1. We can see that the prototype filter has the advantage of low power 
consumption. 
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Figure 5 Frequency characteristic of sixth-order bandpass Gm-C filter. (a) When 
D[2:0] is 000-011, (b) When D[2:0] is 100-111. Center frequency can be 
controlled from 15.0MHz to 33.0MHz. The passband gain gets smaller as the 
center frequency becomes larger due to the lowpass characteristic of test set-ups 
and output buffer. 
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Figure 6 (a) Transient response when D[2:0] = 000, that is, cut-off frequency = 
15.0MHz. Top trace= input, sum of l.OMHz and 15.0MHz sinusoid. Bottom trace 
= filtered output. (b) Spectrum of the output in (a). It can be seen l.OMHz 
component is attenuated. 
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Figure 7 (a) Transient response when 0[2:0] = 000, that is, cut-off frequency = 
15.0MHz. Top trace = input, sum of 14.0MHz and 16.0MHz sinusoid. Bottom 
trace = filtered output. (b) Spectrum of the output in (a). Both of 14.0MHz and 
16.0MHz component can be seen. 
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5 CONCLUSION 

A low-voltage OTA is described and it is applied to a bandpass Gm-C filter. The 
OTA can achieve high frequency operation with lowered power supply. A 
prototype sixth-order bandpass filter was implemented in 0.8Jlm CMOS process 
and the center frequency can be controlled from 15.0MHz to 33.0MHz. The filter 
consumes 0.43mW per pole with 3.0V single power supply. 
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