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Abstract—A pseudodifferential CMOS operational transcon-
ductance amplifier (OTA) with wide tuning range and large input
voltage swing has been designed for very small ’s (of the order
of a few nanoamperes per volt). The OTA is based on a modified
four-quadrant multiplier architecture with current division.
A common-mode feedback circuit (CMFB) structure has been
proposed and designed using floating-gate transistors to handle
large differential signals. Large on-chip capacitors are emulated
through impedance scaling circuits. The circuits, fabricated in a
1.2- m CMOS process, have been used to design a fourth-order
bandpass filter and a relaxation oscillator. Experimental results
are in good agreement with the theoretical results.

Index Terms—CMFB, current division, floating gate, low-
frequency circuits, OTA, small .

I. INTRODUCTION

FOR BIOMEDICAL electronics, active filters with very low
cutoff frequencies are often found necessary due to the rel-

atively slow electrical activity of the human body [1], [2]. A key
application area for low-frequency signal processing is ramp
generation for testing the static characteristics of analog-to-dig-
ital converters [3], [4]. An on-chip ramp generator allows the
designer to make histogram and monotonic tests. Thus, there
is a strong motivation for creating integrated solutions for cir-
cuits that are capable of operating at very low frequencies. For
an operational transconductance amplifier-capacitor (OTA-C)
filter implementation, such low frequencies imply large capaci-
tors and very low transconductances [5]. There are two indepen-
dent aspects to the problem. One involves OTA design with very
low transconductance and high linearity, while the other is the
realization of very large capacitors (typically of the order of sev-
eral hundred picofarads) on chip. Frequently, OTAs designed for
low-frequency applications operate in weak inversion, reducing
further their linear range and making current mirrors sensitive
to parameter variations. The proposed OTA employs transistors
operating in the triode and saturation regions.

II. PSEUDODIFFERENTIALOTA AND CMFB CIRCUIT

The transconductance amplifier’s topology is based on the
pseudodifferential -type four-quadrant multiplier [6].
The basic idea behind this topology, using n-type devices, is
shown in Fig. 1. Each branch implements a single-quadrant mul-
tiplier. Transistors operate in triode region and operate
in saturation with proper bias voltages and . operates
as a source follower and injects the small-signalinto the drain
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Fig. 1. Basic topology of the four-quadrant multiplier.

of , thus modulating its drain current. The total differential
output current is proportional to the product

. This architecture has been modified to include the current
division scheme [7] in order to reduce the transconductance gain
of the multiplier even further. The complete schematic of the
transconductance multiplier is shown in Fig. 2.1 Basically,
is split into two nonequal halves, and , thus splitting the
current through them in the ratio 1:. The current through ,
which is smaller than the current before splitting by the factor

, is mirrored to the output, thus reducing the transcon-
ductance by the same factor. Transistorsare simple current
mirrors that are used to produce the differential output currents.
The differential output current of the multiplier [6] is

(1)

where is the small-signal differential output current and the
suffix indicates transistor , and is the scaling constant.
If one of the signals or is kept constant, the other is varied,
thus the multiplier can be used as a programmable transconduc-
tance amplifier whose can be varied. For this application,
it is more convenient to choose as the input signal because
the common-mode input voltage can be larger. The nominal
value for our design is 100 mV, is 1 V for a supply of

1.5 V, and nominal is 1 nA/V ( ). The maximum
input swing 2 is 1 V and can be varied in the range

– mV , thus yielding two decades of transconductance
tuning range. There is a tradeoff between signal swingand
tuning range ; larger implies smaller and vice versa.
From (1), the effective differential of the OTA is

(2)

1Note that in Fig. 2 the driving transistorsM ,M , kM are p-type in order
to reduce flicker noise.
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Fig. 2. Multiplier-based OTA.

TABLE I
TRANSISTORSIZES FORMULTIPLIER-BASED OTA

is linearly programmable with the tuning voltage,
which can be theoretically varied from 50 pA/V ( mV)
to 5 nA/V ( mV).

Noise is dominated by the flicker components due to both
the very low-frequency application and the use of large equiv-
alent capacitors. This last fact allows us to increase the overal
OTA small-signal transconductance and to reduce the thermal
noise components. Noise components generated by transistors

and are further reduced by the current divider, there-
fore, noise is dominated by the flicker noise components due to

, , and . Input-referred noise density is approximated
as

(3)

where ( , being the flicker co-
efficient) is the noise contribution of . The overall OTA
transconductance is very small, usually , , and
are greater than . The gate areas (around 1203.6 m )
in (3) and bias current (around 0.5 nA for nA/V)
are optimized to reduce their flicker noise contributions.
Transistor mismatches produce differential and common-mode
offset voltages. While common-mode offsets are reduced by
the common-mode feedback circuitry, differential offsets are
not accumulated by the fourth-order bandpass filter, since

dc signals are inherently reduced by the overall (bandpass)
transfer function. In addition, the most critical transistors are
laid out using known matching techniques. Table I lists the
OTA transistor sizes.

Since this topology is differential, a common-mode feedback
circuit (CMFB) is required to stabilize the common-mode
output levels of both branches. Several CMFB structures
are discussed in [8]. Since the OTA was designed for high
input/output swing (1 V ), it was necessary for the input
stage of the CMFB circuit to have a high input-swing handling
capability. Although the proposed OTA could also be used for
the CMFB, we decided to investigate the floating-gate OTA
as an alternative approach. A simple circuit model used for
simulating floating-gate transistors [9] is shown in Fig. 3. For
SPICE to calculate dc operating points correctly, very large
resistors (of the order of ) are added in parallel to the
capacitors. In practice, these resistors are not required since the
dc voltage is fixed by both CMFB and initial conditions of the
floating gate. If the control-gate capacitors are designed such
that they are sufficiently larger than the parasitic capacitors

, and and assuming that the fixed charge on the
floating gate is very small, then the floating-gate voltage yields

(4)
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Fig. 3. (a) Equivalent circuit model for a two-input floating-gate transistor.
(b) Floating-gate transistor symbol.

Fig. 4. Common-mode feedback circuit. (a) Block diagram. (b) Circuit using
floating gates.

This voltage attenuation factor allows us to apply larger
signals to the control gate. The concept behind CMFB and
the schematic of the CMFB circuit are shown in Fig. 4. The
input stage – performs the task of both common-mode
detection and comparison at the same time. If the common
mode of the input signal equals the desired common-mode

, then the total current through remains constant
at and the output voltage remains fixed. On the
other hand, if is not the same as , then an ac current

flows through which causes
to change accordingly. is injected into the main OTA
at a node in Fig. 2 such that the direction of change
of makes the output common mode come back to the
desired value . The voltage allows us to set the dc level

Fig. 5. Simulated small-signal transconductance for different tuning voltages.

of the floating gate for optimal operation. The bias current
for the CMFB is about 0.1 A, and the nominal value for
is 0.75 V. One attractive feature of the circuit of Fig. 4 is
that it is fairly insensitive to the trapped charge on the floating
gate. This is because all the four input transistors are similar
floating-gate devices, and it is reasonable to assume that the
trapped process charge would be about the same on all devices,
provided they are laid out close to each other. After the voltage
comparison, this leads to cancellation of the effect of trapped
charges due to the nature of the differential-pair-based CMFB.
The various transistor sizes for the CMFB cell are also listed in
Table I. The simulated dc transfer characteristics of the OTA,
including the CMFB, for different tuning voltages is shown
in Fig. 5. The tuning voltage has been varied in the range

mV mV mV mV mV , while
the small-signal transconductance changes by two decades,
0.05–5 nA/V. Additional simulations performed for the OTA
with nA/V show us that the harmonic distortion
component is less than 1% for a differential input signal
of 2 V . Input-referred noise integrated from dc up to 1 Hz is
around 110 V , leading to a signal-to-noise ratio (SNR) of
around 75 dB.

III. FOURTH-ORDER BANDPASSFILTER

A 0.8-Hz fourth-order bandpass filter has been designed
using the proposed OTA. The filter is realized here as a
cascade of two identical second-order blocks. In order to set

rad/s with nA/V, we need capacitors in
the range of 180 pF. Techniques to scale grounded impedances
up or down are discussed in [10]. The basic idea behind scaling
impedance down and the circuit are illustrated in Fig. 6. If the
transconductance of the diode-connected transistor is large
enough, the ac current . This current is gained up by
the factor of transistor sizing and added toto generate the
total ac current . For the case of capacitors, this translates to
an increase in the effective capacitance, which is given by

(5)

For the design of the impedance multipliers, mainly two factors
need to be considered: noise and accuracy. Notice in Fig. 6 that
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Fig. 6. Impedance scaling scheme, simplified circuit implementation.

the noise contributions of the diode-connected transistor and its
bias current source are the most critical ones. The input referred
noise becomes

(6)

Therefore, the transconductance of the transistors used for the
impedance multiplier implementation should be minimized.
Similar to the main OTA, increasing gate areas and limiting
the bias current reduces flicker noise contributions. The bias
current for the multiplier is about 1 nA and the basic unit
transistor size is about 3.6m 300 m. Transistor mismatches
are minimized using replicas of unit transistor size and doing a
careful layout. The two-integrator loop filter is shown in Fig. 7.
The voltage transfer function for the node is given by

(7)

The filter’s , , and peak gain can be set by , , and
, respectively. Since the small-signal OTA transconductance

is linearly dependent on the tuning voltage, the appropriate
tuning voltages can control these parameters. The tuning voltage

was varied from 50 to 500 mV to yield a variation of the
center frequency of the filter from 0.6 to 6 Hz.

IV. RELAXATION OSCILLATOR

The OTA has also been used for the design of the fully differ-
ential relaxation oscillator [11], shown in Fig. 8. The circuit is
essentially an integrator in series with a Schmitt trigger in a pos-
itive feedback loop. The comparator’s outputs and resistors
and fix the threshold levels of the Schmitt trigger. The com-
parator is a two-stage amplifier with an inverter at its output to
boost the output driving capabilities. A differential comparator

Fig. 7. Block diagram of the second-order OTA-C filter.

Fig. 8. Relaxation oscillator.

could be used, but the emphasis here is more on the OTA it-
self with the oscillator being used as a test vehicle. The com-
parator operates at a quiescent current of 0.1A. The voltage
across the capacitors and of Fig. 8 linearly change with
time, and when they cross the threshold voltagesand ,
the comparators trip and the voltage across the capacitors then
changes linearly with time in the opposite direction. Thus, we
have square-wave oscillations at the nodes and and
triangular-wave oscillations at the nodes and . The fre-
quency of the oscillations and the slope of the triangular wave
are given by

(8)

(9)

where is the differential transconductance of the OTA,
is the effective integrating capacitor, and and are the
external Schmitt trigger resistors. The oscillation frequency is
controlled only by the integration constant ( ) while the
slope of the triangular wave depends on the integration constant,
the resistor ratio ( ), and the supply voltages and

.
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Fig. 9. Relaxation oscillator chip microphotograph.

Fig. 10. (a) Measured magnitude response of the fourth-order bandpass filter.
(b) Transient outputs.

V. EXPERIMENTAL MEASUREMENTS

The above-described circuits have all been fabricated in
a 1.2 m CMOS process available through MOSIS. The
total available die area is 1.9 mm 1.9 mm. The chip mi-
crophotograph of the oscillator die is shown in Fig. 9. The

TABLE II
SUMMARY OF MEASUREDRESULTS FOR THEFOURTH-ORDERFILTER

Fig. 11. Square and triangular oscillations at 0.7 Hz.

measured frequency response for the differential output of
the fourth-order bandpass filter is shown in Fig. 10(a). The
integrated output noise within the3 dB passband of the filter
is about 210 V . The single-ended and differential outputs
are depicted in Fig. 10(b). A differential offset of around 20 mV
can be observed in this figure. Notice that the common-mode
offset is of the same order of magnitude, showing that the
common-mode feedback system is properly controlling the dc
output voltages. The measured results for the fourth-order filter
are summarized in Table II.

The transient performance of the relaxation oscillator was
also tested, and Fig. 11 shows the square and triangular oscil-
lations. The power supply is 1.5 V, the power consumption
is 5.57 W, and the total oscillator area is 2.16 mm. The fre-
quency of oscillation is 0.7 Hz and it can be programmed in the
range of 0.2–5 Hz. The measured slope deviation is about 4.5%,
mainly due to process parameter tolerances. The error may also
be attributable to the nonlinearity of the capacitor multiplier and
the finite output impedance of the OTA. Better linearity may be
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possible with the use of cascode stages for the capacitor mul-
tiplier and for the OTA at the cost of signal swing. The mea-
surements shown in Fig. 11 were susceptible to 60-Hz ac noise
components in our measurement equipment which could not be
filtered out completely.

VI. CONCLUSION

This paper has presented a wide-tuning OTA based on a
four-quadrant -type multiplier architecture with the
topology modified to include current division yielding very
small transconductances. The main features of this OTA are the
wide input signal range and wide transconductance gain tuning
range (theoretically, two decades) with nonweak inversion
operation. Practical impedance scaling techniques to emulate
large on-chip capacitors have also been discussed. The OTA
along with the impedance scalers have been used to design
an integrated fourth-order bandpass filter and a relaxation
oscillator. Theoretical and experimentally measured results are
in good agreement.

REFERENCES

[1] L. C. Stotts, “Introduction to implantable biomedical IC design,”IEEE
Circuits Devices Mag., pp. 12–18, Jan. 1989.

[2] J. D. Bronzino,The Biomedical Engineering Handbook. Boca Raton,
FL: IEEE and CRC Press, 1995.

[3] M. R. Dewitt, G. F. Gross, and R. Ramachandran, “Built-in-self-test for
analog to digital converters,” U.S. Patent 5 132 685, Aug. 21, 1992.

[4] B. Provost and E. Sánchez-Sinencio, “Adaptive analog timer for on-chip
testing,” inProc. 3rd Int. Workshop Design of Mixed-Mode Integrated
Circuits and Applications, Puerto Vallarta, 1999, pp. 29–32.

[5] W. H. G. Deguelle, “Limitations on the integration of analog filters
below 10 Hz,” inProc. IEEE ESSCIRC’88, 1988, pp. 131–134.

[6] G. Han and E. Sánchez-Sinencio, “CMOS transconductance mul-
tipliers—A tutorial,” IEEE Trans. Circuits Syst. II, vol. 45, pp.
1550–1562, Dec. 1998.

[7] J. Silva-Martínez and J. Salcedo-Suñer, “IC voltage to current trans-
ducers with very small transconductance,”Analog Integr. Circuits Signal
Process., vol. 13, pp. 285–293, July 1997.

[8] J. F. Duque-Carrillo, “Control of the common-mode component in
CMOS continuous-time fully differential signal processing,”Analog
Integr. Circuits Signal Process., pp. 131–139, 1993.

[9] M. Ismail and T. Fiez,Analog VLSI—Signal and Information Pro-
cessing. Singapore: McGraw Hill, 1994.

[10] J. Silva-Martínez and A. Vázquez-González, “Impedance scalers for IC
active filters,” inProc. IEEE Int. Solid State Circuits Conf. (ISCAS’98),
vol. 1, May 1998, pp. 151–153.

[11] R. L. Geiger, P. E. Allen, and N. R. Strader,VLSI Design Techniques for
Analog and Digital Circuits. New York: McGraw Hill, 1990.

Authorized licensed use limited to: MIT Libraries. Downloaded on July 2, 2009 at 18:46 from IEEE Xplore.  Restrictions apply.


