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Theory and Design of OTA-C Oscillators with Native
Amplitude Limiting

Kofi M. Odame, Student Member, IEEE, and Paul Hasler, Senior Member, IEEE

Abstract—An analog sinusoidal oscillator usually involves some
form of amplitude-limiting mechanism. We examine operational-
transconductance-amplifier (OTA) nonlinearity as a choice for am-
plitude limiting and develop a general theory for its use in OTA–ca-
pacitor (OTA-C) oscillators. We facilitate our theoretical discus-
sion with an illustrative design example that we fabricated and
tested.

Index Terms—Nonlinear oscillators.

I. OSCILLATOR DESIGN APPROACHES

T HE SINUSOIDAL oscillator is a basic analog-circuit
component in communication and instrumentation

systems. High-quality oscillators usually involve inductor–ca-
pacitor networks and are used in RF systems. However, the
inductance values required for low- and moderate-frequency
oscillators cannot practically be realized in integrated circuits.
Ring oscillators provide much better economy in terms of size,
but they are limited to such uses as clock generation due to their
high harmonic content. Operational transconductance ampli-
fier–capacitor (OTA-C) oscillators, on the other hand, operate
at low to moderate frequencies with fairly high spectral purity
and are compact enough for integration. An OTA-C oscillator
is typically designed as an unstable second-order system that
is regulated by some nonlinear amplitude-limiting circuitry.
Buonomo et al.[1] identified a set of conditions on the nonlin-
earity for the system to exhibit oscillation. The most common
implementations of an amplitude limiter are a piecewise-linear
resistor and an automatic gain control circuit [1]–[4]. A third
possibility is to use the inherent nonlinear behavior of an OTA
as an amplitude limiter.

The success of using OTA nonlinearity, as reported in the
literature, has been mixed. This approach is considered in [3],
but the results are only poorly controlled distorted oscillations.
The approach is also mentioned in [2] but is characterized as
yielding only unpredictable oscillations. On the other hand, the
results in [5], [6], and [7] show success in designing sinusoidal
oscillators based on OTA nonlinearity. However, none of these
papers, nor, to our knowledge, any other sources in the liter-
ature, provide a systematic and analytical presentation of how
exactly to exploit OTA nonlinearity in a general second-order
oscillator structure. This is a relevant lack, as an oscillator that
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Fig. 1. OTA converts a differential voltage input into an output current. A dif-
ferential pair of transistors is at the heart of the voltage–current conversion. An
attenuating stage may exist between the voltage input and the differential pair. A
current-subtraction network combines the drain currents of the differential-pair
transistors into a single output.

properly exploits OTA nonlinearity can easily confer power and
area savings, since no external amplitude-limiting scheme is re-
quired. For instance, a slight redesign of the oscillator in [2]
could have used one of the existing OTAs as an amplitude lim-
iter, precluding the need for the extra piecewise-linear (PWL)
circuit that its authors describe.

This paper provides a rigorous generalized method for ex-
ploiting OTA nonlinearity in oscillator design and is organized
as follows. Section II introduces the OTA and its transfer-func-
tion equations. Section III presents intuitive motivation for
using OTA nonlinearity for oscillator design. Section IV-A
presents a generalized model for a second-order OTA-C circuit.
In Section IV-B, the results developed in the preceding sections
are used to formulate an oscillator synthesis methodology, using
OTA nonlinearity for amplitude limiting. Section V analyzes
the oscillator that would result from our synthesis methodology.
Section VI addresses certain implementation issues that arise
due to our particular synthesis procedure. Section VII illus-
trates our technique with a simple OTA-C second-order section
(SOS), which we fabricated in a 0.5- m CMOS process. This
section compares experimental measurements of our oscillator
with the theoretical predictions. Finally, Sections VIII and IX
are the discussion and conclusion of the paper, respectively.

II. OTA BASICS

A. Output Current

Fig. 1 shows a block-diagram representation of an OTA. The
differential input, , is applied to an attenuating
stage. The output of the attenuating stage is fed into the gate
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voltages of a differential pair, which is normally in saturation.
A current-subtraction network generates the difference of the
differential pair’s drain currents, . The OTA
thus provides a transconductance function from to .

If the differential pair is biased in the subthreshold region,
then the voltage–current function is [8]

(1)

where is the body-effect coefficient and is the thermal
voltage [9]. In addition, is a tunable bias current, and
is the gain of the attenuating stage. If the differential pair is
biased above threshold, then, using the transistor model of [9],
the OTA’s voltage–current function can be found to be

(2)

where is a physical constant that is related to the differential
pair’s geometry and to doping concentrations. Again, is a
tunable bias current, and is the gain of the attenuating stage.

If we define a characteristic voltage as

subthreshold

above threshold
(3)

and the transconductance gain as , then we can
write (1) and (2) as

(4)

where is a sigmoidal function that depends on the region of
operation. In general, it would also depend on the specific OTA
topology. Equation (4) is generic enough to describe any OTA
with a saturating transfer curve, regardless of specific topology
or of region of operation. can be chosen to be any appropriate
voltage. In this paper, we choose such that the coefficient of
the Taylor series linear term of is normalized to one.

B. Linear Versus Nonlinear OTAs

In this paper, we will regard some OTAs as linear elements
and others as nonlinear ones. This section clarifies what the dis-
tinction is. Consider the Maclaurin series expansion of the OTA
output current

(5)

The small-signal transconductance gain is the linear-term coef-
ficient, denoted by in the earlier equations. An OTA is con-
sidered linear if, for the region of operation of , its output cur-
rent can be reasonably modeled—as appropriate to the applica-
tion in question—as . For the nonlinear terms to
be negligible, their coefficients must be sufficiently small. In this
paper, we will make an OTA linear by making small enough.

Fig. 2. Upper panel shows experimental measurements from a nonlinear OTA.
In the lower panel, the nonlinear terms are suppressed enough for a straight line
to be an accurate approximation over a 400-mV range.

For larger values of , the nonlinear terms in (5) become com-
paratively significant to the linear term, and the OTA is consid-
ered nonlinear. In this paper, we will assume that a nonlinear
OTA has a value of . Fig. 2 shows a comparison of the
output current of a nonlinear OTA to that of a linear
one .

III. MOTIVATION FOR USING OTA AS AN AMPLITUDE LIMITER

Oscillator circuits are typically based on implementing Lié-
nard’s equation

(6)

If and satisfy the Liénard’s theorem conditions,
then the circuit will have a unique stable oscillation [11]. No-
tice that the theorem does not guarantee an oscillation that is
sinusoidal, or even near-sinusoidal. For (6) to be relevant to a
discussion of sinusoidal oscillators, where phase noise is low,

must be linear. The damping term, however, is nonlinear.
In practice, it can be obtained by taking the derivative of a
nonlinear negative resistor, whose transfer function is shown in
Fig. 3(a).

It is fairly straightforward to synthesize the nonlinear resistor
with a pair of OTAs, one linear and the other nonlinear. Consider
the OTAs shown in Fig. 4. Assuming that the amplifier that is in
the positive-feedback configuration has an attenuation factor of
one and that the one in the negative-feedback configuration has
an attenuation factor of , we can write the total output current
as

(7)

If , then the negative-feedback OTA is effectively linear,
in which case is approximately

(8)
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Fig. 3. (a) Region of oscillation and (b) dependence on �.

Fig. 4. OTA implementation of nonlinear resistor. The linear range of the nega-
tive-feedback OTA is much greater than that of the positive-feedback OTA. The
bias current of the nonlinear OTA is slightly larger than � .

Now, imagine that the transconductance gain of the nonlinear
OTA is slightly larger than that of the linear one. That is

(9)

where is a small positive number. Then, the general shape of
(8) is of that shown in Fig. 3(a). The attraction of implementing
the nonlinear resistor as such is that it merely depends on ma-
nipulation of OTA linear ranges and bias currents, rather than
on the addition and design of other types of circuit elements.

If we implement the nonlinear resistor as described, then,
after nondimensionalization of (8), (6) becomes

(10)

where we have set .
We can glean some intuition about the system’s oscillatory

behavior by studying Fig. 3(a). Close to the origin, the slope
(i.e., ) is negative, which implies negative damping. There-
fore, energy is pumped into the system of (6) when it is close to
the origin, ensuring a self-starting condition. Farther from the

origin, damping is positive, which limits the amplitude of the
signal.

Once steady-state oscillation is achieved, the movement of
the system’s signal is confined to the dashed region of Fig. 3(a).
The size of this region can be found by calculating the location
of the extrema of . Fig. 3(b) shows a plot of the
region size versus . Note that the oscillation region size is also
dependent on .

Within the region of oscillation, may be approximated
by the following even-order function:

(11)

where is a function of such that . This ap-
proximation is derived from noting that is dominantly
cubic and then fitting a quadratic function to pass through the
point and the roots of . Equation (10) is now
approximately

(12)

We identify a perturbation parameter, , and define
to write

(13)

From Liénard’s theorem, (13) exhibits a stable unique oscil-
lation. Furthermore, since it is just a perturbation of a linear
resonator, we can expect very nearly sinusoidal oscillations for
small enough . The behavior of this oscillator can be analyzed
using multitimescale perturbation or via the method of aver-
aging [14]. Note that Liénard’s theorem is valid only if the non-
linearity is continuously differentiable. Even though most phys-
ical circuits have continuously differentiable transfer functions,
there exists another analysis method, describing functions [3],
that can handle the case of functions with discontinuous deriva-
tives (i.e., piecewise linear functions).

IV. OTA-C OSCILLATOR SYNTHESIS

An OTA-C implementation of the Liénard equation will in-
volve a SOS and some form of nonlinearity. The nonlinearity
may be external to the SOS [1]–[4] or may be an inherent part
of it [5], [6]. We espouse the latter approach and present in this
paper a general method for synthesizing a sinusoidal oscillator
this way.

A. Linear OTA-C SOSs

Fig. 5 shows a general OTA-C SOS [13]. It has two dominant
poles, each of which is produced by a low-conductance/high-ca-
pacitance node. We can derive the governing dynamics of a SOS
by applying Kirchhoff’s current law (KCL) to each of its two
nodes. The only way that current can flow onto a node is either
through a capacitor or through an OTA. Assuming no floating
nodes, there are at most three effective capacitors in an SOS: the
two grounded capacitors at either node and the floating capac-
itor between both nodes. The inputs to any OTA can only be a
linear combination of the node voltages. If all of the OTAs are
operated linearly, then the sum of the OTA currents at a given
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Fig. 5. Generic OTA-C SOS.

node is simply a linear combination of the node voltages. With
all of the earlier constraints, any OTA-C SOS is fully described
by [13]

(14)

where and are the node voltages. The quantities , ,
and are the capacitances of the two grounded capacitors and
of the floating capacitor, respectively. Finally, each is the
effective OTA small-signal transconductance gain of seen by
the th node. We make the following definitions:

(15)

where is some representative transconductance gain; for ex-
ample, . Once we introduce the nonlinear
OTA, will be defined in terms of the corresponding
nonlinearity. The quantities and are state variables that
are scaled according to . Applying the substitutions of (15),
the dimensionless state-space form of (14) is

(16)

The state variables and are differentiated with respect
to the dimensionless independent variable . For most of this
paper, we will assume that there are no floating capacitors in
the SOS. That is, .

B. Conversion From a Linear SOS to an Oscillator

Our oscillator design is essentially a question of converting
(10), (11), (12), (13), (14), (15), and (16). The one caveat is that
this conversion to Liénard’s equation be physically realizable,
using a nonlinear OTA. Note that the OTA’s only possible in-
puts are the state variables , . In addition, the OTA’s output
must be added directly to the dynamics of exactly one or the
other state variable. Therefore, converting (16) to the Liénard
equation can only involve adding a vector of the form

(17)

to the right-hand side of (16). Here, is the nonlinear OTA’s
sigmoidal function, and its argument is a weighted sum of
and . In addition, is a dimensionless representation of
the nonlinear OTA’s small-signal transconductance gain. Suc-
cessful oscillator design depends on choosing the appropriate
values of , , and .

1) Some Special Cases: We introduce our synthesis proce-
dure with the simple SOS shown in Fig. 6(a), where the OTAs
are linear and are their respective transconductance gains.
By applying KCL, we derive the following state-space equation:

(18)

where , , and . Notice that is a lower
skew-triangular matrix in this example. For of this type, we
convert (16) into the Liénard equation by simply adding

to the dynamics. We have picked , , and
, where is to be determined. Adding

to the dynamics of (18) yields

(19)

which, as a single differential equation, is

(20)

As discussed earlier (see (12)), this can be approximated as

(21)

where is a function of such that .
If we define

(22)

and rescale time as

(23)

then (20) becomes

(24)

the van der Pol equation. Note that, for the conversion to make
sense, we must have and . From (19) and (22),
we can infer the required placement of the nonlinear OTA. The
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Fig. 6. Simple van der Pol derivation. (a) Initial SOS circuit, with all linear OTAs. (b) Nonlinear OTA converts SOS into the van der Pol oscillator.

positive input is , the negative input is (a.c.) ground, and the
output current is sourced onto node . In addition, we must bias
the nonlinear OTA such that its small-signal transconductance
gain corresponds to . Fig. 6(b) shows the augmented
SOS circuit, now an oscillator.

If is an upper skew-triangular matrix, then we can obtain
an oscillator by a series of similar steps as earlier. We place a
nonlinear OTA whose output and positive input are connected
to node . In addition, its negative output must be at ground,
and it must be biased to have a small-signal gain corresponding
to . Again, we require and also .

2) General Case: When is not skew triangular, it is a little
trickier to convert (16) into the Liénard system. With the general
form of (16), improper placement of the nonlinearity can cause
unwanted distortion. The issue is that the dynamics of one state
variable will couple into those of the other. Assuming ,
we can reduce the interdependence of the states by changing the
axes of the dynamical system.

Consider a new state vector, , defined as

(25)

Written in terms of , with , (16) becomes

(26)

We convert (26) into the Liénard equation by simply adding
to the dynamics. Again, refers to the small-signal

gain of the nonlinear OTA. After adding the nonlinear OTA to
(26), we arrive at the following second-order ODE

(27)

which is approximately

(28)

where is such that .
Next, we rescale time as and define

(29)

(30)

to get

(31)

as desired. Note from (30) that we require

(32)

(33)

which are the same conditions for to be Hurwitz. That is,
the SOS must be stable1. These inequalities are consistent with
those for when is a skew-triangular matrix.

3) Summary: Any stable linear OTA-C SOS circuit can be
converted into an oscillator via OTA nonlinearity. This is done
by augmenting the linear SOS, (16), with a nonlinear OTA in
the form of the first vector in (17), choosing

(34)

(35)

Notice that we would have arrived at a very similar alternative
solution had we defined as

(36)

V. CHARACTERISTICS OF THE VAN DER POL EQUATION

OTA nonlinearity is an appealing choice for amplitude lim-
iting in oscillators, because it is power- and area-efficient. When
the nonlinearity results in the van der Pol oscillator, we enjoy
the additional benefit of having implemented a well-known and
studied dynamical system. The choices of design parameters for
the oscillator can then be informed by analytical results from the
field of perturbation theory.

1It is possible to convert an unstable SOS into an oscillator, using a procedure
very similar to that which we have so far described. The main difference is that
the nonlinearity involved would be expansive (as encountered, for instance, in a
current feedback operational amplifier), rather than the usual OTA compressive
function.
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The van der Pol equation has no closed-form solution. How-
ever, for small enough , we can use first-order averaging to find
the following approximate solution [14]:

(37)

where depends on initial conditions. Note that, as ,
the solution approaches a sinusoid of amplitude two. Further-
more, this approach is roughly at a rate of . The oscillator’s
start-up time is thus proportional to .

Applying higher order perturbation analysis [14] reveals that,
at steady state, the solution to (31) is

(38)

We would ideally want an oscillator that has no higher order
harmonics. The square-root of the ratio of harmonic power to
fundamental frequency power is a measure of this nonideality
and is referred to as total harmonic distortion (THD). From (38),
we derive the following expression for THD

(39)

According to (29), depends on how much bigger is than
. It is effectively a measure of the strength of the non-

linear OTA relative to the linear ones. That THD increases
with matches our intuition that the oscillator’s nonlinearity
be “weak,” or “soft.”

VI. OTA-C OSCILLATOR ANALYSIS AND

DESIGN CONSIDERATIONS

So far, our treatment has been mostly theoretical. In this
section and Sections VII and VIII, we address the implica-
tions that our design framework has for a practical oscillator
implementation.

A. Frequency of Oscillation

From (37), the system oscillates at a rate of one cycle per
units of . Recalling , and , this
corresponds to an oscillation frequency of

rad (40)

The quantity is some representative transconductance gain of
the linear SOS of (14) (e.g., ). If we maintain
the relative gains of the amplifiers—i.e., , , , and are kept
constant—then increasing will cause a linear increase in the
frequency of oscillation.

B. Amplitude of Oscillation

According to (37), the circuit oscillates at an amplitude of two
units of the quantity. In terms of the variable, the amplitude
of oscillation is (see (30))

(41)

From (25), is the derivative of with respect to . Using this
fact and replacing and with their expressions in and ,
respectively, we find the voltage amplitude of oscillation to be

(42)

Recall that is defined as

(43)

Using the definition of , we can write

(44)

The amplitude of oscillation is thus

(45)

For small , the oscillation-amplitude equation can be simplified
to

(46)

where is the Taylor series cubic term of . The equa-
tion earlier reveals that the oscillation amplitude with respect
to is solely determined by and the topological param-
eters , , , and . It does not depend on the specific OTA,
as long as the dominant nonlinearity is cubic, nor whether it is
biased above or below threshold. However, the specific values
of and may change with OTA bias region and with OTA
topology. Similar observations can be made for OTAs whose
nonlinear function is not dominantly cubic.

C. Inputs to the Nonlinear OTA

We have shown that the input to the nonlinear OTA must be
. Fig. 7 shows a generic circuit for generating the

inputs in question. Notice that, in the circuit diagram, the ar-
gument to the nonlinear OTA is , instead of

. Defining , (27) becomes

(47)

It is then straightfoward to show that the circuit of Fig. 7 meets
all of our conditions for oscillator design and that all of our
previous results still hold, with the slight correction

.

VII. ILLUSTRATIVE EXAMPLE

In this section, we will apply our oscillator-synthesis proce-
dure to the Lyon/Mead SOS [8] shown in Fig. 8. The oscillator
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Fig. 7. Inputs to the nonlinear OTA.

Fig. 8. SOS introduced by Lyon and Mead [8] is normally operated as a low-
pass filter. We can apply our synthesis methodology to convert it into an au-
tonomous oscillator with independently controllable amplitude and frequency
of oscillation.

designer’s choice of SOS topology should normally depend on
such considerations as noise and distortion, as addressed by
Koziel et al.[15]. We chose this particular SOS structure less
for any technical merits of the resulting oscillator than for the
sheer arbitrariness of it. Our major claim in this paper is that any
stable SOS can be converted into a controllable well-behaved si-
nusoidal oscillator. It would not be useful to support this claim
with, for example, the circuit of Fig. 6, since it is a lossy res-
onator, whose conversion to a stable oscillator might seem intu-
itive almost to the point of being trivial. The Lyon/Mead SOS,
however, has traditionally been viewed not as a sinusoidal oscil-
lator but for decades as a simple filter model of the cochlea by
the neuromorphic community. Hence, it is probably unlikely to
be a contrived demonstration of our synthesis procedure.

A. Placement of the Nonlinear OTA

Applying KCL to nodes and of Fig. 8, we get the fol-
lowing set of differential equations:

(48)

where the node voltages are all referenced to and each OTA
is assumed to be linear. We make the following definitions:

(49)

to get the following dimensionless state-space expression:

(50)

The transconductance matrix is Hurwitz for , meaning
that OTA nonlinearity can convert the SOS shown in Fig. 8 into
an oscillator. From our synthesis procedure, we determine that
the nonlinear OTA should have a differential input of ,
with its output current sourced onto node . From (35) and
(50), the small-signal gain of the nonlinear OTA should be

(51)

which, in dimensionalized form, is

(52)

When the nonlinear OTA is added to the original Lyon/Mead
SOS, we obtain the circuit shown in Fig. 9(a). It should start to
oscillate once is larger than .

B. OTA Consolidation

Notice from Fig. 9(a) that the nonlinear OTA shares its inputs
and output with the OTA. The linear term of the nonlinear
OTA renders OTA redundant. We can eliminate this OTA,
which implies that . The small-signal gain of the
nonlinear OTA is now

(53)

Fig. 9(b) shows the consolidated circuit, which comprises two
linear OTAs and a nonlinear one.

C. Circuit Implementation

The linear OTAs shown in Fig. 9(b) were each implemented
as the variable gain OTA of Fig. 10, originally introduced by
DeWeerth et al.[16]. The attenuation stage is highlighted with
a dashed box, where the input voltage is attenuated by the ratio
of the transconductance gains of the nMOS differential pair to
that of their diode-connected pMOS loads. The nMOS differ-
ential pair operates in strong inversion, while the pMOS loads
are sized to operate in subthreshold. This gives an attenuation
factor of [16]

(54)

where is a constant that depends on the physical dimensions
of the nMOS transistors in the attenuation stage and A
is the bias current through this stage.



ODAME AND HASLER: THEORY AND DESIGN OF OTA-C OSCILLATORS WITH NATIVE AMPLITUDE LIMITING 47

Fig. 9. SOS conversion to an oscillator. (a) OTA-C circuit that results from direct application of synthesis methodology. (b) OTA-C circuit after consolidation.
The � and � OTAs are merged into one, since they share the same input and output nodes.

Fig. 10. Variable linear-range OTA. The attenuation stage of the OTA consists
of an above-threshold differential pair that is loaded by subthreshold diode-con-
nected transistors. The disparate gains of the above and subthreshold transistors
result in voltage attenuation between � , � and � , � . The level of attenu-
ation is controlled by the bias current � . The output of the attenuation stage is
fed to a simple nine-transistor OTA. Transistor dimensions, attenuation stage:
nMOS��� � ��m�����m; pMOS��� � ����m���m. Current mirror
OTA: nMOS ��� � �� �m�� �m; pMOS ��� � �� �m�� �m.

The nonlinear OTA was implemented as a current-mirror
nine-transistor OTA, i.e., the circuit shown in Fig. 10, minus
the attenuation stage. The attenuation factor for the nonlinear
OTA is effectively fixed at .

The on-chip capacitors were fabricated as poly–polycapaci-
tors with fF. The parasitic input capacitance of the
attenuators (on the order of 1 pF) add to these poly–polycapac-
itors, making the total effective capacitance hard to predict pre-
cisely. A correction term must therefore be factored into the fre-
quency-of-oscillation equation.

D. Experimental Results

We fabricated the OTA-C circuit shown in Fig. 9(b) in a
0.5- m process available from MOSIS. The die photo is shown
in Fig. 11. We had control of the bias currents through the bias
transistors’ gate voltages. The nodes and were accessible
via on-chip buffers. The OTAs ran on a single-ended supply of
3.3 V and had a bandwidth of a few hundred kilohertz.

Fig. 11. Oscillator die micrograph. The labeled portions correspond to the cir-
cuit components in Fig. 9(b). Total area, including output buffers, is 160.35
�m� 417.60 �m.

For subthreshold operation, the transconductance gains were
defined as

(55)

(56)

where and are the bias currents of the linear and non-
linear OTAs, respectively. According to (40), the frequency of
oscillation should be equal to

in Hz (57)

Fig. 12 is a plot of (57), superimposed on measurement re-
sults. Given the uncertainty of the exact value of , the values

and were chosen to fit the data. The figure
shows a linear tuning range of 2.2–100 kHz. The prototype
OTAs suffered from low bandwidth, relative to oscillating fre-
quency. Thus, to keep amplitude constant across the frequency
range, the ratio was manually varied from 0.44 to 0.37
to offset parasitic effects [3]. The power consumption varies
over this tuning range from 0.19 to 6.27 W. If we opt for
above-threshold operation, we can push the frequency of oscil-
lation into the low 200-kHz range.

Equation (42) predicts that the amplitude of oscillation is
. We defined as the solution to

. For our nonlinear OTAs operated in the
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Fig. 12. Linear frequency control with current � , at 100-�� oscillation
amplitude. Increasing the current increases each transconductance gain � pro-
portionally, causing a linear increase in the oscillation frequency. The dashed
line (� axis on the right) is a plot of the ratio of � �� across this range of
frequencies. Ideally, this ratio should be fixed for a constant amplitude of os-
cillation. However, we manually changed the ratio across frequencies to offset
parasitic capacitances in the OTAs.

Fig. 13. Amplitude control with transconductance � , at 100-kHz oscillation
frequency. The transconductance � is directly proportional to �. From (59),
the amplitude of oscillation is roughly proportional to

�
�.

subthreshold region, . Hence, is found to
be

(58)

and the (subthreshold) amplitude of oscillation is

(59)

We took experimental measurements of oscillation amplitude
versus and compared our results to the analytical expression
of (59). Fig. 13 shows this comparison.

Fig. 14. THD exhibits a linear dependence on transconductance gain � , as
predicted by (39). These THD measurements are for an oscillation frequency of
20 kHz and include harmonics up to the tenth.

Fig. 15. Oscillator output for 90 �� at 146 kHz. (a) Timeseries. (b) Power
spectrum. The even-order harmonics are due to input offset in the linear OTAs.
THD calculated up to the tenth harmonic is 0.47%. Phase noise is��� dBc�Hz
at a 10-kHz offset.

We showed in Section V that the oscillator’s THD depends
on as

Experimental results (see Fig. 14) show a similar trend to that
given by the THD equation. Comparing Figs. 13 and 14, observe
that the analytical predictions based on the van der Pol model
begin to diverge from measured data as becomes too large for
the synthesized nonlinear resistor to be validly approximated
as a simple cubic. In addition, fairly high amounts of THD are
experienced for relatively small oscillation amplitudes. We can
achieve higher oscillation amplitudes with less THD if we op-
erate the OTAs above threshold.

Fig. 15 shows a typical measured output power spectrum for
when the oscillator is operated above threshold. Here,
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A and . The resulting oscillation is at 146 kHz
with a 90- amplitude and a THD of only 0.47% (compare
this to the subthreshold case, where an oscillation amplitude of
90 mV would cause a THD of approximately 3%).

The unexpected feature of Fig. 15 is that the power spec-
trum reveals a second harmonic, despite our theoretical solution
(38), having no even-order harmonics. The second harmonic is
caused by input offset in the OTA differential pair. Input offset
refers to the nonzero differential input voltage at which an OTA
has an output current of 0 A. Consider the differential pair of
Fig. 10 and say it has an offset of . Then the output current
of the OTA can be written as

(60)

where is some function such that and and
are the differential-pair input voltages. In terms of the OTA

inputs, and , we write (60) as

(61)

which shows that the intrinsic offset of the differential pair
has been magnified by . The effect of this magnification
is so detrimental that the second harmonic has a magnitude of

dBc. Because our distortion analysis ignored this effect,
our THD equation is not all that accurate. Still, our experimental
results shown in Fig. 14 are reasonably close to our predicted
values.

The power spectrum of an ideal sinusoid should have a
delta function at its oscillation frequency. As Fig. 15 shows,
a physically derived sinusoid displays some spreading in the
power spectrum, resulting in “skirts” around the oscillation
frequency. This nonideality is normally quantified as phase
noise [17]. For the operating point shown in Fig. 15, the phase
noise is dBc Hz at a 10-kHz offset. Earlier work has
provided analytical expressions for the expected phase noise of
a van der Pol oscillator [18].

VIII. DISCUSSION

Although we focused on input attenuation as a form of OTA
linearization, there are many other schemes that deign to lin-
earize an OTA without an explicit attenuation stage [6], [20].
As we previously showed, one reason to do this is to avoid the
input offset amplification that an attenuation stage creates. Thus,
linear OTAs used in actual oscillators might very well not have
attenuation stages at all. This fact does not make our results
any less valid; all that our analyses assume is the availability
of linear OTAs and of one sigmoidally nonlinear OTA.

For a van der Pol oscillator, the oscillation amplitude with
respect to the characteristic voltage is uniquely determined
by , the specific implementation of , and the relationships
among the SOS topological parameters , , , and . On the
other hand, THD depends only on and not on or on the
SOS topology. Consequently, the only way to increase ampli-
tude while keeping THD (i.e., ) constant is to find a better SOS
topology, to increase the value of , or to change the imple-
mentation of . As the SOS topology may have been opti-

mized according to some other criterion such as low noise, we
will assume that it is fixed. Therefore, the two options left for
increasing oscillation amplitude are to increase (for our ex-
ample OTAs, this can be done by increasing the bias current
when in above threshold) or to change the analytical form of

using, for example, bump linearization [20].
The sigmoidal function of a perfectly bump-linearized

OTA is not cubic but is rather a dominantly fifth-order nonlin-
earity. An oscillator built with such an OTA, or any other OTA
with a noncubic-dominant nonlinearity, would not be a van der
Pol oscillator. However, it would still fall under the general de-
scription of (13), and the methods for its analysis are identical
to that of the van der Pol oscillator.

IX. CONCLUSION

In this paper, we have presented a framework for exploiting
OTA nonlinearity in the design of OTA-C oscillators. Our
method is based on an examination of the OTA transfer func-
tion and on insight into the kind of dynamics that such a transfer
function would yield. The rigor of our method allows us to do
a theoretical analysis of the oscillator’s performance. We have
demonstrated our oscillator synthesis procedure with a simple
three-OTA circuit. The experimental results from this oscillator
circuit support the predictions that our analysis makes.
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