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waveform (VOTAL1). An integrator (14, C1)
integrates a second current signal (I2) to
provide a ramp output waveform (VOTA?2).
A comparator (16) compares the integrator
output waveform (VOTAZ) with a threshold
set by the amplifier output waveform
(VOTALI) to generate an alternating oscillat-
or output (VOUT) used for switching the
polarities of the first and second current sig-
nals (I1, 12).
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IMPROVED RELAXATION OSCILLATOR WITH LOW DRIFT
AND NATIVE OFFSET CANCELLATION

BACKGROUND

[0001] Relaxation oscillator circuits are used for providing clock signals in applications that
specify a precise output signal frequency. Many relaxation oscillators operate by charging and
discharging reactive components and comparing the charged state variable with a preset threshold
to provide for state switching of a bi-stable output defining a clock cycle. Such circuitry, however,
is subject to long-term drift in the output frequency caused by drift of a bandgap or other reference
circuit providing the threshold for comparator switching. Moreover, such circuits often suffer from
output frequency drift caused by amplifier gain degradation over time and temperature, as well as
comparator offset drift effects and power supply variation.

SUMMARY

[0002] In described examples, relaxation oscillator circuitry has low drift and native offset
cancellation. An amplifier amplifies a first current signal to provide a pulse amplifier output
waveform. An integrator integrates a second current signal to provide a ramp output waveform. A
comparator compares the integrator output waveform with a threshold set by the amplifier output
waveform to generate an alternating oscillator output used for switching the polarities of the first
and second current signals. The current signals are generated based on a single input current for
matching, with the first and second signals being of generally equal amplitudes and alternating
polarities to facilitate native offset cancellation to mitigate oscillator output frequency drift over
time and/or supply voltage variations. Moreover, the amplifier and integrator circuits are
connected to the same bias node, with the alternate polarity switching of the current signals and
current source matching providing native cancellation of offsets using the oscillator’s own
switching without introduction of additional oscillators or other circuitry. The oscillator circuit
configuration facilitates the use of resistive divider or other bias voltage circuitry without the cost
of high accuracy bandgap circuits and the like. The use of current mirror circuitry in certain
embodiments facilitates generation of the switched current signals based on a single input current

signal, with the current matching being provided by ratiometric circuit design independent of
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power supply levels for improved power supply rejection ratio (PSRR). Also, the output frequency
is determined using passive resistive and capacitive components without amplifier offset voltage
drift or other active component drift effects. Thus, the ratiometric scaling cancels offset voltage
and amplifier gain degradation effects over time while maintaining low power consumption and
small die size ideal for fully integrated precision oscillators.

[0003] In further described examples, oscillator circuitry includes a first amplifier with a
feedback resistance for amplifying a first current signal, as well as an integrator circuit with a
second amplifier and a feedback capacitance for integrating a second current signal, along with a
comparator providing an oscillator output signal alternating between first and second levels based
on comparison of the amplifier and integrator outputs. The first and second amplifiers have inputs
coupled to a single bias voltage, with input offset effects of the individual amplifier circuits being
canceled by the switching operation of the oscillator circuit. A switchable current source circuit
provides the first and second current signals of generally equal amplitudes or levels, and alternates
the polarities of the current signals based on transitions of the oscillator output signal from the
comparator for self-oscillation. The switchable current source circuit may include first and second
current sources provided by current mirror circuitry to source first and second currents of a first
current value to the first and second amplifiers, as well as further current mirror circuitry to
provide third and fourth current sources sinking third and fourth currents of twice the first current
value, with switching circuitry configured to selectively connect the third and fourth current
sources to the inputs of the first and second amplifiers to effectively reverse the polarity of the
currents provided to the amplifier and integrator circuits. This creates a pulse output waveform
from the amplifier circuit and a ramp waveform output from the integrator circuit for comparison
by the comparator to toggle the oscillator output signal and alternate the state of the switching
circuitry.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a schematic diagram of a relaxation oscillator circuit embodiment with
amplifier, integrator and comparator circuits using operational transconductance amplifiers,
matched current sources and a switching circuit for generating an alternating oscillator output
signal.

[0005] FIG. 2 is a schematic diagram of the oscillator circuit of FIG. 1 showing input offset

voltages of the transconductance amplifiers.
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[0006] FIG. 3 is a schematic diagram showing operation of the oscillator circuit of FIGS. 1 and 2
in a first state with the current sources and switching circuit sourcing equal positive current signals
to the amplifier and integrator to charge an integrator capacitor to provide a decreasing ramp signal
and a low threshold signal as inputs to the comparator.

[0007] FIG. 4 is a schematic diagram showing operation of the oscillator circuit of FIGS. 1-3 in
a second state with the current sources and switching circuit sinking equal negative current signals
from the amplifier and integrator to discharge the capacitor to provide an increasing ramp signal
and a high threshold signal as comparator inputs.

[0008] FIG. 5 is a waveform diagram of alternating output waveforms of the amplifier,
integrator and comparator in the oscillator circuit of FIGS. 1-4.

[0009] FIG. 6 is a schematic diagram of a switchable current source circuit embodiment
providing matched first and second current signals of alternating polarity according to the
oscillator output signal using current mirror circuitry based on a single input current signal.
[0010] FIG. 7 is a schematic diagram showing a relaxation oscillator circuit using a precision
reference voltage.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0011] Referring initially to FIG. 7, a relaxation oscillator circuit 100 is shown for generating an
oscillating output voltage VOUT. The oscillator 100 includes a pair of operational
transconductance amplifier (OTA) comparators 101 and 102 comparing charging voltages of
corresponding first and second capacitors C1 and C2 with a precision reference voltage threshold
(VREF) from a precision reference source 106, such as a bandgap voltage reference circuit, in
order to provide reset (RST) and set (SET) inputs to an RS flip-flop 104. FIG. 7 further shows
input offset voltages 111 and 112 associated with the comparators 101 and 102, respectively. The
Q output of the flip-flop 104 provides the oscillator output voltage VOUT, and the primary and
inverse flip-flop outputs Q and Q’ are used for operating a set of switches S1, S2, S3 and S4 to
control the charging and discharging of the capacitors C1 and C2 by selective connection of
current sources 11, 12, I3 and 14 in order to provide a closed loop self-oscillating circuit. In this
circuit 100, the non-inverting comparator inputs are offset from the precision reference voltage
VREEF by the respective voltage offsets 111 and 112. The inverting input of the first comparator
101 is alternately connected to current source I1 or 13 by alternating operation of switches S1 and

S3, and the inverting input of the second comparator 102 is alternately connected to either 12 or 14
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via switches S2 and S4. Moreover, the switches S1 and S4 are operated concurrently by the Q’
output from the flip-flop 104, and switches S2 and S3 are operated according to the Q output. In
this manner, a self-oscillating circuit is provided with an operating frequency determined
according to the values of the current sources (I in this example), the capacitances of C1 and C2, as
well as the supply voltage VCC, the reference voltage VREF and the offset voltages 111 and 112.
In particular, the duration Tosc of each cycle of the oscillator circuit 100 is described by the
following equation (1):
(1) Tosc=C/T*[2(VCC - VREF) + Voffsetl + Voffset2]

[0012] As shown in the above equation (1), the oscillator circuit 100 is sensitive with respect to
both the supply voltage level VCC, as well as to the reference voltage VREF and the offset
voltages 111 and 112. Moreover, the oscillator 100 is susceptible to oscillator frequency variation
caused by long-term drift in various components of the circuit. For example, both the offset
voltages 111 and 112 and the reference voltage 106 will tend to drift over time due to various aging
mechanisms, where these drift effects are generally random. In this regard, standalone bandgap
reference circuits 106 may drift by as much a 0.5% in the initial six weeks of operation. Thus, the
precision threshold reference provided by the bandgap circuit 106 to the inverting inputs of the
comparators 101 and 102 will drift or vary with time, and therefore the circuit 100 of FIG. 7 is
subject to potentially significant oscillator frequency variation or drift over time. Also, drift effects
in the comparator offset voltages 111 and 112 will also affect the charging and discharging of the
capacitors C1 and C2, potentially causing asymmetry in the output waveform. While the drift
effects on the accuracy and stability of the oscillator 100 of FIG. 7 can be addressed in some
measure by the use of a precision reference 106, this increases product cost and does not immunize
the circuit from long-term drift effects. This long-term frequency drift posts a challenge for using
this type of relaxation oscillator design in applications such as inductive-coupled power and signal
transmission circuits for implanted electronic devices, due to their expected long service time and
high risk of replacement once in service.

[0013] Referring now to FIGS. 1 and 2, FIG. 1 shows a relaxation oscillator circuit embodiment
10 using operational transconductance amplifiers 12, 14 and 16 (OTAs), and FIG. 2 further
schematically shows the internal offset voltages 44, 46 and 48 of the OTA components of the
oscillator 10. Although shown in certain embodiments using OTAs, other forms of amplifiers can

be used for one, some or all of the components 12, 14 and 16, such as voltage amplifiers, voltage
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comparators, etc. The example oscillator circuit embodiment 10 includes a first amplifier circuit
formed by the first amplifier 12 (OTA1) and a resistor R1 connected in a feedback path of the
amplifier 12 to form an inverting amplifier configuration. This first amplifier circuit 12, R1
receives and amplifies a first current signal I1 received at the inverting input (-) of the first
amplifier 12 via a first circuit node 22 to provide a first amplifier output signal VOTAI at the
amplifier output node 24. The resistance R1 can be a single resistor component, such as formed in
an integrated circuit implementing the oscillator 10, or two or more resistors can be connected in
any suitable series and/or parallel configuration to provide a resistance R1 coupled directly or
indirectly between the amplifier output node 24 and the first node 22. Moreover, the resistance R1
may be trimmable or otherwise adjustable in certain embodiments. The non-inverting (+) input of
the first amplifier 12 is coupled with (e.g., connected to) a bias node 20 whose voltage is
established by a bias voltage source 30 (VCM) coupled between the bias node 20 and a ground or
other constant voltage node 32.

[0014] The oscillator circuit 10 further includes an integrator circuit formed by a second
amplifier 14 (e.g., OTA 2) with a non-inverting input coupled with the bias node 20 and an
inverting input coupled with a second circuit node 26, along with a feedback capacitance CI
coupled between the second node 26 and a second amplifier output node 28 to form an inverting
integrator circuit. The capacitance C1 can be any suitable configuration of one or more capacitors
in suitable series and/or parallel interconnections to provide the capacitance C1. Also, the
capacitance C1 can be trimmable or adjustable in certain embodiments. In operation, the integrator
circuit 14, C1 receives and integrates a second current signal 12 received at the second node 26 to
provide an integrator output signal VOTA?2 as a ramp waveform at the output node 28.

[0015] The third amplifier 16 (OTA3) is used as a comparator having a first (+) input receiving
the first amplifier output signal VOTAL at the node 24, as well as a second (-) input coupled to the
node 28 to receive the second amplifier output signal VOTA2. The comparator 16 includes an
output coupled with an output node 18 providing an oscillator output signal VOUT. In particular,
the oscillator output signal at node 18 is at a first level (e.g., low in this example) when the first
amplifier output at node 24 is less than the second amplifier output at node 28, and the output
signal VOUT is at a different second level (e.g., high) when the output of the first amplifier at node
24 is greater than the second amplifier output at node 28.

[0016] The oscillator output signal VOUT 1is provided as a switching control signal to a
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switching circuit 31 including transistors MN1, MN2, MN3 and MN4 which operates in a first
state when the oscillator output signal VOUT at node 18 is the first level (e.g., low), and in a
second state when VOUT is at the second level (e.g., high). While shown as using N-channel
MOSFET switches MN1, MN2, MN3 and MN4, other types and configurations of switches can be
used in different embodiments. The switching circuit 31 and four matched current sources CSI,
CS2, CS3 and CS4 together provide a switchable current source circuit operative in the first state
to source a positive first current signal I1 to the first circuit node 22 having a first current value
indicated in the drawings as "I", and to also source a positive second current signal 12 of the same
value I to the second node 26. When the switching circuit 31 is instead in the second state
according to the output signal VOUT (e.g., when VOUT is high in this example), the switchable
current source circuit sinks a negative first current signal I1 having a value I from the node 22 and
also sinks a negative second current signal 12 having a value I from the second node 26.

[0017] As discussed further below, the first and second current sources CS1 and CS2 are
matched to one another to provide substantially equal currents of value I to the first and second
nodes 22 and 26, respectively, and likewise the third and fourth current sources CS3 and CS4 are
matched to one another to sink generally equal currents of value 21 from the respective first and
second nodes 22 and 26 when connected by the switching circuit 31 in the second state. Moreover,
operation of the switching circuit 31 according to the state of the output signal VOUT causes the
oscillator circuit 10 to be self-oscillating. As a result, the first amplifier 12 amplifies the
alternatively sourcing and sinking current signal I1 from the first node 22 to provide the first
amplifier output signal VOTALI as a pulse waveform having alternating first and second levels as
the voltage across the resistance R1 transitions above and below the bias voltage level VCM at the
bias node 20. Moreover, the integrator amplifier 14 integrates the second current signal 12 to
provide the second amplifier output signal VOTA2 as a ramp waveform having alternating
negative and positive slopes. This, in turn, causes the comparator amplifier 16 to provide an
alternating output having a low level when the ramp waveform from the integrator amplifier 14 is
greater than the pulse waveform from the first amplifier 12 and vice versa.

[0018] As the integrator signal waveform VOTAZ2 has a rise time and fall time dictated largely
by the amplitude of the current signal 12 and the capacitance of C1, and since the pulse waveform
VOTAI has an amplitude dictated primarily by the current signal 11 and the resistance R1, the

oscillating frequency of the circuit 10 is primarily determined by the passive components R1 and
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C1. Moreover, since the current sources CS1-CS4 are matched with respect to one another, the
operating frequency of the oscillator circuit 10 is largely independent of the supply voltage VCC.
Furthermore, unlike the oscillator 100 of FIG. 7, the oscillator 10 in FIGS. 1 and 2 has an operating
oscillator frequency independent of the offset voltages 44, 46 and 48 of the amplifiers 12, 14 and
16, and is largely immune to offset-based drift and OTA gain drift effects over time. In particular,
as shown in FIG. 2, the offset voltages 44 (VOFF1), 46 (VOFF2) and 48 (VOFF3) associated with
the OTAs 12, 14 and 16 do not affect the oscillating frequency at the output node 18. Also,
introducing a local reference voltage which is generated from a copy of the charging and
discharging currents of CI1, the geometric matching of the current signals 11 and 12 yields an
operating frequency primarily determined by the physical dimensions of the passive components
R1 and C1, thereby mitigating or avoiding any frequency drift due to performance (e.g., gain
“gm”) degeneration or drift of the amplifiers 12, 14 and 16.

[0019] Moreover, this drift immunity advantageously allows the use of a low-cost bias voltage
source 30, which can be implemented in certain embodiments as a simple resistive divider circuit
providing the voltage VCM to the bias node 20 based on the supply voltage VCC, as shown in FIG.
6 below. Thus, the cost and complexity of a bandgap or other precision reference voltage can be
avoided without sacrificing stable and accurate oscillator circuit performance. Moreover, the
oscillator circuitry 10 can be fabricated in any suitable CMOS process and can be easily integrated
with other circuits in an IC with minimal cost and complexity, and provides enhanced frequency
stability over supply voltage variation (good power supply rejection ratio PSRR) for long-term
frequency stability. In one non-limiting example, for instance, the passive components R1 and C1
can be fabricated using low temperature coefficient fabrication processing steps, with the resistor
R1 being formed for a designed value of 21.8 kQ, and the capacitance C1 is provided as a
trimmable capacitor bank with an untrimmed value of 92 pF for a ratio 1/4R1CI to yield an
oscillating frequency of approximately 1.25 MHz, which can be trimmed to 1 MHz. Moreover, in
one embodiment, the value for the current "I" is 10 uA as a designed value. However, by the
matching of the current sources CS1-CS4 and the offset canceling circuit configuration, the
oscillator frequency will be independent of the absolute value of the current "I".

[0020] Referring also to FIGS. 3-6, the switching circuit 31 can be fabricated using any suitable
form of switching devices, where the example circuit transistors MN1-MN4 are N-channel

MOSFET transistors. As shown in FIGS. 3 and 4, the transistors MN1 and MN3 are used for
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selectively coupling the current source CS3 with the first circuit node 22 or with the supply voltage
node 34 (VCC), and the transistors MN2 and MN4 operate to selectively couple the current source
CS4 with the second circuit node 26 or with the supply node 34. The switching transistors MN1
and MN2 in this example are operated according to the signal VOUT from the node 18, while the
transistors MN3 and MN4 are operated according to the inverse of VOUT provided on a circuit
node 42 from the output of an inverter 40 (FIGS. 1 and 2). In this manner, the switches MN1 and
MN3 effectively provide a single pole double throw switch, as do the transistors MN2 and MN4 as
schematically shown in FIGS. 3 and 4.

[0021] FIGS. 3 and 4 illustrate operation of the oscillator circuit 10 in the two output states,
where FIG. 3 shows the switching circuit 31 in the first state for a low output voltage VOUT at the
node 18. In this condition, a positive first current signal 11 = I is provided from the source CS1 to
the first node 22 (left to right in the drawing), and the lower current source CS3 conducts its
current of a value 21 from VCC through a third circuit node 36 to the constant voltage node 32
(e.g., ground). The inverting amplifier 12 amplifies the first current signal 11 to provide a low
output voltage at the node 24 as a first input to the comparator 16. The switching circuit 31 in this
state also connects CS2 to provide a positive second current signal 12 = I (left to right in the
drawing) to the second node 26 to charge the capacitance C1 while connecting the fourth current
source CS4 to conduct its current (2I) from VCC through a fourth circuit node 38 to ground 32. In
this first state, the integrator circuit 14, C1 (inverting integrator configuration) integrates the
current signal 12 from CS2 in order to provide a downward-sloped ramp signal to the second input
of the comparator 16 at node 28. The comparator 16 in the example first state provides a low
voltage VOUT at the output node 18 until the downward ramp signal VOTA2 decreases below the
low output level of VOTAL.

[0022] As shown in FIG. 4, when that transition occurs, the output voltage at node 18 goes high
causing the switching circuit 31 to enter the second state. In this condition, the switching circuit 31
connects the third node 36 with the first node 22, with CS3 conducting 21 from the node 22 to the
ground node 32 while CS1 conducts I from the supply node 34 to the first node 22, yielding a
sinking first current signal I1 = -I (right to left in the drawing). Also, the fourth node 38 is
connected to the second node 26 to connect CS4 so that CS2 and CS4 interact in aggregate to sink
current from the second node 26 such that the second current signal 12 is equal to -I (right to left in

the drawing). In this second switching state, the first amplifier 12 provides a high output signal to
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the node 24 due to its inverting amplifier configuration, while the integrator circuit 14, C1
integrates the sinking current signal which discharges C1 to provide an upward ramp signal output
waveform at node 28. The comparator 16 in this situation provides a high oscillator output voltage
VOUT at the node 18 until the rising ramp signal VOTAZ2 exceeds the high pulse signal output on
the node 24. Thus, the circuit configuration of the amplifier 12, R1, the integrator 14, C1 and the
comparator 16 provides an alternating pulse signal at the node 24 as a threshold for comparison by
the comparator 16 with the triangular integrator output signal at the node 28.

[0023] FIG. 5 shows graphs 50 and 60, in which the graph 50 shows the first amplifier output
signal VOTA1 as waveform 52 having a generally square pulse waveform shape, as well as the
integrator output waveform VOTA2 shown as a triangular waveform 54. Also, the graph 60 shows
the oscillator output voltage waveform 62 (VOUT) having an alternating pulse waveform shape
providing the output of the oscillator circuit 10. FIG. 5 also shows one example bias voltage level
VCM provided by the bias voltage source 30, in this case approximately midway between the high
and low states of the first amplifier output pulse waveform 52 (VOTA1).

[0024] FIG. 6 shows one embodiment of the switchable current source circuit which provides
matched first and second current signals I1 and 12 of alternating polarity according to the oscillator
output signal VOUT using current mirror circuitry based on a single input current signal having a
value I in this example from a current source CS5. The current from CS5 conducts through an
NMOS transistor MN5 forming a current mirror circuit with NMOS transistors MN6, MN7, MNS
and MNO. In this case, the transistors MN8 and MNO are twice the size of MNS5 to provide the
current sources CS3 and CS4 conducting generally equal currents of a value 21 respectively
between the corresponding third and fourth nodes 36, 38 and the constant voltage ground node 32.
The currents through MN6 and MN7 in this case, as well as MP1 have a value of "I" due to the
matched sizing of these transistors with MNS5. The current I is mirrored through MN7 to a low
voltage cascaded current source MP2 and MP3, which is subsequently mirrored to current sources
formed by MP4 and MP5, MP6 and MP7. As shown in FIG. 6, the first current source CS1 is
formed by PMOS transistors MP4 and MP5, and the second current source CS2 is formed by
PMOS transistors MP6 and MP7. Also, the transistors MN1-MN4 of the switching circuit 31 are
also shown, with the inverter 40 providing the control signals for operating MN3 and MN4 via
node 42.

[0025] By this configuration, the current signals 11 and 12 are provided to the first and second
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circuit nodes 22 and 26, respectively, having generally equal values of alternating polarities, where
the actual absolute values of these currents "I" can vary without changing the oscillator output
frequency. Thus, the matching between the current sources CS1 and CS2 is set by the relative sizes
of the constituent transistors in the current mirror circuitry, and the same is true of the matching of
the transistors forming CS3 and CS4. Moreover, this matching is easily achieved through
fabrication processing by controlling the sizes and areas of the various circuit components, and the
matching will not significantly change or drift over time or temperature or power supply level.
Thus, regardless of the absolute value of the current "I" provided by the input source CS5, the
matching of the first and second current signals 11 and 12 will not drift over time, and thus will not
cause any oscillator circuit output frequency drift. Also, the matching of the current signals 11 and
12 is largely independent of supply voltage, whereby the oscillator output frequency has good
power supply rejection and will not drift or change over time or at different supply levels. Thus,
the oscillator circuit 10 is a significant advance over the design 100 of FIG. 7, with significantly
improved oscillator frequency stability over time.

[0026] As further shown in FIG. 6, the bias voltage supply 30 provides a common mode output
signal VCM on the bias node 20 using a resistive voltage divider formed by resistors R2 and R3
connected between VCC and ground to derive the common mode bias voltage VCM from the
supply voltage VCC. Connection of the bias voltage source 30 to both the non-inverting inputs of
the first amplifier 12 and the integrator amplifier 14 provides unitary biasing of the OTAs 12 and
14, with the native or built-in offset voltage cancellation aspects of the design making the
oscillator output frequency largely independent of the biasing voltage level VCM and of any
changes in the OTA bias voltages 44, 46 and 48 of OTA1-OTA3. As a result, the circuit frequency
stability is not dictated by the exact level VCM provided at the bias node 20 or offset drift effects
associated with the active circuits 12, 14 and 16, and a low-cost (e.g., resistive divider) circuit 30
can be used since the circuit stability does not necessitate the use of a higher cost precision voltage
source (e.g., bandgap circuit) as in the case of FIG. 7.

By using the intrinsic clock cycle of the oscillator 10, the relaxation oscillator 10 thus provides
native or built-in in offset voltage cancellation, and mitigates or avoids the need for an internal
voltage reference to enhance its immunity with respect to degradation of the active amplifier
components 12, 14 and 16 over time, and also provides immunity with respect to power supply

voltage variations. By using the intrinsic charging and discharging cycle of C1, the offset voltages

10
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of the OTAs are naturally cancelled during switching operation of the oscillator without external
offset cancellation using self-switching operation of the oscillator circuit without external offset
cancellation clocks or circuits as detailed further below.
[0027] Both the oscillating frequency and the precision offset cancellation are determined in
practice by the draw sizes of the components, to facilitate controllability as well as drift-immunity.
The oscillator circuit 10 can be implemented on a commercial CMOS process and a PSRR of this
circuit is expected to be 0.25%/V. Also, the relaxation oscillator 10 is expected to have a frequency
drift less than 0.5% over a 100-year operating time at body core temperature.
[0028] Referring again to FIGS. 2-5, the relaxation oscillator 10 employs OTAs 12, 14 and 16,
although voltage amplifiers and comparators (e.g., op amps) can be used in other embodiments. In
the example embodiments, OTA1 12 is used for generating the square waveform by multiplying
either current 11 or 13-11 with the resistance of R1, and the resulting square pulse waveform 52
(FIG. 5) serves as the threshold voltage for the output comparator OTA3 16. OTA2 14 is used for
generating the triangular waveform 54 (for comparison to the pulse threshold) by integrating a
fixed current from either current source 12 or 14-12 over the capacitance C1. The non-inverting
inputs of both OTA1 and OTA2 are connected together to the common mode bias voltage
generator 30 at node 20 to ensure that the OTAs 12 and 14 each have the sufficient headroom for
their output swings. The current sources CS1 and CS2 as well as CS3 and CS4 are matched with
each other respectively, with CS3 and CS4 individually providing twice the currents of I1 and 12.
[0029] In the first switching state of the switching circuit 31 (VOUT low in FIG. 3), 11 and 12
flow into OTA1 and OTA2, with 12 charging the capacitance C1, where the charging time Ton of
cach cycle is given by the following equations (2) and (3):

(2) (I, Ton)/C,; + VOFF2 =211 R1 + VOFF1 + VOFF3, and

(3) Ton=CI1(2I1 R1 + VOFF1 + VOFF3 - VOFF2)/ 12.
[0030] In the second switching circuit state (e.g., FIG. 4), I1 = -l and 12 = -I and these currents
flow out of OTA1 and OTA2 and 12 discharges C1, where the discharging time Toff of each cycle
is given by the following equations (4) and (5):

(4) (((21-DToff)/C1) - VOFF2 =221 - ) R1 - VOFF1 - VOFF3, and

(5) Toff=[2(2I -1) R1 - VOFF1 - VOFF3 + VOFF2]C1)/ (21 - I).
[0031] OTAS3 16 operates as a comparator which compares the triangular waveform 54 with the

square wave 52 and changes the state of the switching circuit 31 accordingly. The oscillator period
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of the each cycle is given by the following equation (6):

(6) Ton + Toff=4R1 C1,
and the oscillator frequency "f" is given by the following equation (7):

(7) f=1/(4R1C1).
[0032] As previously noted, the oscillator frequency f is primarily determined by the draw sizes
of R1 and C1 and is independent of the supply voltage VCC as well as the model parameters of the
active components 12, 14 and 16. The above equations (3) and (5)-(7) show the native cancellation
of the OTA offset voltages 44, 46 and 48 based on the matching of the current sources CS1-CS4
through ratiometric sizing in the current mirror circuitry (e.g., FIG. 6). Since the draw sizes of the
components do not change over time, this matching is therefore naturally drift-resistant. As shown
in the example of FIG. 6, a low-voltage cascode current mirror architecture may be employed in
certain embodiments to achieve a less than 0.5% frequency drift over approximately 100 years
operating lifetime. The initial accuracy of the oscillating frequency can be further improved by
adjusting the sizes of the resistor R1 and/or capacitor C1 at the final test stage to compensate for
any process variations, ¢.g., by fabricating one or both of R1 and/or C1 as trimmable or adjustable
components or groups of components in a fabricated integrated circuit. Also, providing OTAs
having total delay times of more than approximately 5 orders of magnitude less than the clock
cycle time Ton + Toff can effectively ensure that and variation of the OTA total delay time does
not significantly impact the accuracy of the relaxation oscillator 10. Also, any temperature drift
can be controlled primarily by fabrication of low thermal coefficient passive components R1 and
Cl.
[0033] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. An oscillator circuit, comprising;:

an amplifier circuit including: a first amplifier including a first input coupled with a bias
node, a second input coupled with a first node, and a first amplifier output providing a first
amplifier output signal; and a resistance coupled between the first node and the first amplifier
output;

an integrator circuit including: a second amplifier including a first input coupled with the
bias node, a second input coupled with a second node, and a second amplifier output providing a
second amplifier output signal; and a capacitance coupled between the second node and the second
amplifier output;

a comparator including: a first comparator input coupled with the first amplifier output to
receive the first amplifier output signal, a second comparator input coupled with the second
amplifier output to receive the second amplifier output signal, and a comparator output providing
an oscillator output signal alternating between a first level and a different second level,

a first current source providing a first current signal of a first current value to the first node;

a second current source providing a second current signal of the first current value to the
second node;

a third current source providing a third current signal of twice the first current value from a
third node to a constant voltage node;

a fourth current source providing a fourth current signal of twice the first current value
from a fourth node to the constant voltage node; and

a switching circuit operative according to the oscillator output signal to disconnect the third
node from the first node and to disconnect the fourth node from the second node when the
oscillator output signal is at the first level, and to couple the third node with the first node and to
couple the fourth node with the second node when the oscillator output signal is at the second
level.

2. The oscillator circuit of claim 1, wherein the first and second amplifiers are
transconductance amplifiers.
3. The oscillator circuit of claim 2, wherein the comparator is a transconductance amplifier.

4, The oscillator circuit of claim 2, wherein the first and second current sources are matched

13
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to one another, and wherein the third and fourth current sources are matched to one another.
5. The oscillator circuit of claim 2, comprising:

a fifth current source providing a fifth current signal; and

a current mirror circuit including the first, second, third and fourth current sources
providing the first, second, third and fourth current signals based on the fifth current signal.
6. The oscillator circuit of claim 2, comprising a bias voltage source providing a constant
non-zero voltage signal to the bias node.
7. The oscillator of claim 1, wherein offset voltages of the first and second and amplifiers and
an offset voltage of the comparator are naturally cancelled out during switching operation of the
oscillator without external offset cancellation.
8. The oscillator circuit of claim 7, wherein the offset cancellation uses the self-switching
operation of the oscillator circuit without external offset cancellation clocks or circuits.
9. The oscillator circuit of claim 10, wherein the first and second current sources are matched
to one another, and wherein the third and fourth current sources are matched to one another.
10. The oscillator circuit of claim 9, comprising:

a fifth current source providing a fifth current signal; and

a current mirror circuit including the first, second, third and fourth current sources
providing the first, second, third and fourth current signals based on the fifth current signal.
11. The oscillator circuit of claim 9, comprising a bias voltage source providing a constant
non-zero voltage signal to the bias node.
12. The oscillator circuit of claim 1, comprising:

a fifth current source providing a fifth current signal; and

a current mirror circuit including the first, second, third and fourth current sources
providing the first, second, third and fourth current signals based on the fifth current signal.
13.  The oscillator circuit of claim 1, comprising a bias voltage source providing a constant
non-zero voltage signal to the bias node.
14. A relaxation oscillator, comprising:

a current mirror circuit providing: a first current of a first current value to a first node, a
second current of the first current value to a second node, a third current of twice the first current
value from a third node to a constant voltage node, and a fourth current of twice the first current

value from a fourth node to the constant voltage node;
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a switching circuit operative in a first state to disconnect the third node from the first node
and to disconnect the fourth node from the second node to individually provide positive first and
second current signals of the first current value to the first and second nodes, respectively, the
switching circuit operative in a second state to couple the third node with the first node and to
couple the fourth node with the second node to individually provide negative first and second
current signals of the first current value to the first and second nodes, respectively;

a first amplifier circuit receiving and amplifying the first current signal from the first node
to provide a first output signal as a pulse waveform having alternating first and second levels;

a second amplifier circuit receiving and integrating the second current signal from the
second node to provide a second output signal as a ramp waveform having alternating negative and
positive slopes; and

a comparator comparing the first and second output signals to provide an oscillating
comparator output signal to alternatively place the switching circuit in the first state when the
oscillator output signal is at a first level or in the second state when the oscillator output signal is at
a different second level.

15.  The relaxation oscillator of claim 14:

wherein the first amplifier circuit includes: a first transconductance amplifier including a
first input coupled with a non-zero bias voltage, a second input coupled with the first node, and a
first amplifier output providing the first output signal; and a resistance coupled between the first
node and the first amplifier output; and

wherein the second amplifier circuit includes: a second transconductance amplifier
including a first input coupled with the bias voltage, a second input coupled with the second node,
and a second amplifier output providing the second output signal; and a capacitance coupled
between the second node and the second amplifier output.

16.  The relaxation oscillator of claim 14, comprising a current source providing an input
current signal to the current mirror circuit, wherein the current mirror circuit provides the first,
second, third and fourth currents based on the input current signal.

17.  The relaxation oscillator of claim 14, wherein the comparator includes a third
transconductance amplifier including: a first comparator input receiving the first amplifier output
signal, a second comparator input receiving the second amplifier output signal, and a comparator

output providing the comparator output signal.
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18. An oscillator, comprising:

a first amplifier including a first input coupled with a bias node, a second input coupled
with a first node, and a first amplifier output providing a first output signal;

a resistance coupled between the first node and the first amplifier output;

a second amplifier including a first input coupled with the bias node, a second input
coupled with a second node, and a second amplifier output providing a second output signal;

a capacitance coupled between the second node and the second amplifier output;

a switchable current source circuit operative in a first state to source a positive first current
signal of a first current value to the first node and to source a positive second current signal of the
first current value to the second node, the switchable current source circuit operative in a second
state to sink a negative first current signal of the first current value from the first node and to sink a
negative second current signal of the first current value from the second node; and

an output circuit providing an oscillator output signal at a first level to place the switchable
current source circuit in the first state when the second output signal exceeds the first output signal,
the output circuit providing the oscillator output signal at a second level to place the switchable
current source circuit in the second state when the first output signal exceeds the second output
signal.

19.  The oscillator of claim 18, comprising a bias voltage source providing a constant non-zero
voltage signal to the bias node.
20. The oscillator of claim 18, wherein the first and second amplifiers are transconductance

amplifiers.
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