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Abstract—This work presents a novel relaxation oscillator core
architecture using a replica integrator and a chopped comparator,
suitable for advanced technology nodes. The oscillator core receives two reference voltages and three reference currents, based
on which the output clock is generated having the frequency
invariant to delay and offset of the comparators. The oscillator
core prototype is designed in 110 nm technology, having an area
of 0.045 mm2 and typically consuming 33 µA at 2 MHz. The
frequency variation is ±0.5% in the temperature range from
−40 to 125◦ C and ±0.33% in the power supply range from 1.08
to 1.32 V. The core starts up after a single half-cycle.

I. I NTRODUCTION
Relaxation oscillators may offer a good compromise of fast
start-up, low power consumption, compact area, low price, and
other critical parameters for modern consumer applications
[1]–[3]. However, the stability of the output frequency of
such solutions may be limited by non-ideal characteristics of
the comparator, specifically the offset voltage and propagation
delay. Furthermore, such detrimental effects due to the nonideal characteristics of the comparators may become more
pronounced at relatively low-voltage technology nodes, e.g.
1.2 V or less, as may typically be found in CMOS technology
nodes at and below approximately 100 nanometers [3]–[8]. It
is therefore desirable to provide a relaxation oscillator circuit
wherein performance is optimized by canceling or at least
limiting any offset voltage and propagation delay incurred by
the comparator stage, and that such circuit is suitable for reuse
in relatively low-voltage circuits.
One such solution is presented in this work in a form of a
relaxation oscillator core having three integrators and three
chopped comparator circuits (Fig. 1). While the reference
integration for clock generation is performed within the first
two integrator blocks, the third integrator block is a replica
integrator that measures and compensates the comparator
propagation delay of the integration cycles. For the operation
of clock generation and delay measurement circuitry within the
logic block, the integration cycles are continuously compared
with two reference voltages (second one having 50% value of
the first one). The influence of the offset voltage of the comparators is completely negated by chopper implementation.
This work is organized as follows. The oscillator core
architecture is presented in Section II. Section III shows the
simulation results together with the performance comparison
with other low voltage relaxation oscillators. The final conclusions are presented in Section IV.
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II. O SCILLATOR C ORE A RCHITECTURE
The schematic of the proposed relaxation oscillator core is
presented in Fig 1. The oscillator core consists of three integrator blocks, a chopped comparator block, and a logic block.
The first and second integrator blocks are identical and include
two currents sources having the reference current IREF , three
switches controlled by the output signals of the logic block,
and the capacitor having the capacitance value CREF . The
third integrator block, namely the replica integrator, includes
a current source having the reference current IREF , two
switches controlled by the output signals of the logic block,
and the capacitor having the capacitance value CREF . The
chopped comparator block includes three identical switching
blocks and three comparators. The operation of the switching
blocks is described by the signal mappings shown in Fig. 1,
defining the two states for each chopped comparator depending
on the corresponding control signals C1, C2, and C3. Finally,
the logic block processes the propagated signals into the
control signals, feeding them back to the integrator blocks and
chopped comparator block, maintaining the oscillation in this
way. The reference current (IREF ) and two reference voltages
(VREF and VREF /2) are presumed to be generated within the
reference generator, not shown in the schematics.
The operation of the relaxation oscillator core from Fig. 1
is described with reference to the signal waveforms of Fig. 2.
At an initial time (t = t0 ), it is presumed that all the signals
are forced to the initial state by a start-up circuit (not shown in
the schematic). Initially, the integration takes place within the
first integrator in the time interval from t0 to t2 . As such, the
integrating signal V C1 rises linearly, having the nominal slope
∆V /∆t = IREF /CREF . Due to the initial configuration of
the first switching block and the second switching block, while
C1 and C2 are low, the integrating signal V C1 is present at the
switch outputs A1 and A3 (V C1 7→ A1 7→ A3). Meanwhile,
the second and third integrator blocks remain idle as the
integration nodes V C2 and V C3 are shorted to the ground
reference node VSS by the switches S22 and S32 , respectively.
At a subsequent time t = t1 the integrating signal V C1 which
is present at the switch output A3 (V C1 7→ A3) becomes
equal to the second reference voltage VREF /2 also present
at the switch output A4 (VREF /2 7→ A4). Nevertheless, the
output of the second comparator B2 changes state to high
at t = t2 as a result of the non-ideal characteristics of the
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Fig. 1. The schematic of the proposed relaxation oscillator, consisting of three integrator blocks, chopped comparator block, and logic block.

second comparator, namely a propagation delay td2 and the
offset voltage VOF F 2 . The timing can be expressed as:
t2 =

(0.5VREF + VOF F 2 )CREF
+ td2 .
IREF

(1)

Following the change of the of the second comparator
output B2 and control signal C2 from low to high, after
t = t2 , the second switching block changes state, such that
the second reference voltage VREF /2 is present at the switch
output A3 (VREF /2 7→ A3) and the integrating signal V C2
is present at the switch output A4 (V C2 7→ A4). Meanwhile,
the integrating signal V C1 which is also present at the switch
output A1 (V C1 7→ A1) continues to rise linearly having
the same slope as prior to t = t2 . Also, at the time t = t2
the control signal C4 transitions from low to high, starting
the integration within the third integrator block such that the
integrating voltage V C3 which is present at the switch output
A5 (V C3 7→ A5) also rises linearly having the nominal slope
∆V /∆t = IREF /CREF . Specifically, from the time t = t2
the third integrator block replicates the integration behavior
of the first integrator block, with a phase delay corresponding
to t2 . At a subsequent time t = t3 , the integrating voltage
V C1 which is present at the switch output A1 (V C1 7→ A1)
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becomes equal to the reference voltage VREF that is present
at the switch output A2 (VREF 7→ A2). Nevertheless, the
output of the first comparator B1 changes state to high at
t = t4 as a result of the non-ideal characteristics of the first
comparator, namely the propagation delay td1 and the offset
voltage VOF F 1 . Therefore, the following expression is valid:
t4 =

(VREF + VOF F 1 )CREF
+ td1 .
IREF

(2)

After the change of the comparator output B1 and control
signal C1 from low to high, the first switching block changes
state, resulting in the reference voltage VREF being present at
the switch output A1 (VREF 7→ A1) and the integrating signal
V C2 being present at the switch output A2 (V C2 7→ A2).
As a result, the integration starts to take place within the
second integrator block. Due to the state of the first comparator
output signal B1 and the third comparator output B3, the
measurement signal D1 is set to high. As such, the integrating
signal V C2 also present as the switch output A2 (V C2 7→ A2)
rises linearly having the slope ∆V /∆t = 2IREF /CREF .
Meanwhile, at t = t04 , the integrating signal V C3 which is
present at the switch output A5 (V C3 7→ A5) becomes equal
to the second reference voltage VREF /2 which is present
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at the switch output A6 (VREF /2 7→ A6). Note that the
time instance t04 is same as t4 in the case that the first
comparator, the second comparator and the third comparator
are presumed identical. However, a timing of the first, second
and third comparators may differ slightly due to variations in
properties of the comparators. Due to the offset voltage and
the propagation delay of the third comparator (VOF F 3 and
td3 ), the third comparator output B3 changes state to high at
t = t5 . Therefore, the following is valid:
t5 − t2 =

(0.5VREF + VOF F 3 )CREF
+ td3 .
IREF

from high to low, meaning that the integration node V C3 is
shorted to ground and the third integrator block is idle. At
this stage, the measurement signal D1 transitions from high
to low, making the duration of the measurement signal equal
to:
tD1 = t5 − t4 = (t5 − t2 ) + (t2 − t0 ) − (t4 − t0 ).
Therefore, tD1 can be represented as follows:
tD1 =

(3)

Following the change of the comparator output B3 and
control signal C3 from low to high, the third switching
block changes state, such that the integrating signal V C3 is
present at the switch output A6 (V C3 7→ A6) and the second
reference voltage VREF /2 is present at the switch output A5
(VREF /2 7→ A5). Also, the control signal C4 transitions

(4)

(−VOF F 1 + VOF F 2 + VOF F 3 )CREF
−
IREF
− td1 + td2 + td3 .

(5)

The integration node voltage V C2 at the time t = t5 ,
hereafter denoted V C2(t5 ), can be calculated as a function
of the slope of the integrating signal and the duration of the
measurement signal D1, and can be represented as follows:
2IREF (−td1 + td2 + td3 )
+
CREF
(6)
+ 2(−VOF F 1 + VOF F 2 + VOF F 3 ).

V C2(t5 ) =∆V /∆t · tD1 =

Also, after the time t = t5 , the integrating signal V C2 which
is present at the switch output A2 (V C2 7→ A2) continues
to rise having the nominal slope ∆V /∆t = IREF /CREF .
At a subsequent time t = t6 , the integrating signal V C2
present at the switch output A4 (V C2 7→ A4) becomes equal
to the second reference voltage VREF /2 which is present at
the switch output A3 (VREF /2 7→ A3). At a subsequent time
t = t7 , the second comparator output B2 changes state to
low as a result of the non-ideal characteristics of the second
comparator, namely a propagation delay td2 and the offset
voltage VOF F 2 . The timing can be expressed as
(0.5VREF − VOF F 2 − V C2(t5 ))CREF
+ td2 . (7)
IREF
Following the change of the second comparator output B2
and control signal C2 from high to low, after t = t7 the
second switching block changes the state, such that the second
reference voltage VREF /2 is present at the switch output
A4 (VREF /2 7→ A4) and the integrating signal V C1 is
present at the switch output A3 (V C1 7→ A3). Meanwhile,
the integrating signal V C2 which is present at the switch
output A2 (V C2 7→ A2) continues to rise linearly having
the same slope as prior to t = t7 . Also, the control signal
C4 transitions from low to high, starting the integration on
the third integrator block, such that the integrating signal
V C3 present at the switch output A6 (V C3 7→ A6) rises
linearly having the nominal slope ∆V /∆t = IREF /CREF . At
a subsequent time t = t8 , the integrating signal V C2 which
is present at the switch output A2 (V C2 7→ A2) becomes
equal to the reference voltage VREF which is present at the
switch output A1 (VREF 7→ A1). As such, the first comparator
output B1 transitions to low at t = t9 as a result of the
non-ideal characteristics of the first comparator, namely a
propagation delay td1 and the offset voltage VOF F 1 . Therefore,
the following expression is valid:
t7 − t5 =

Fig. 2. The signal waveforms of the proposed relaxation oscillator core.
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t9 − t5 =

(VREF − VOF F 1 − V C2(t5 ))CREF
+ td1 .
IREF

(8)
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After the transition of the first comparator output B1 and
control signal C1 from high to low, the first switching block
changes state, such that the reference voltage VREF is present
at the switch output A2 (VREF 7→ A2) and the integrating
signal V C1 is present at the switch output A1 (V C1 7→ A1).
As such, the integration starts to take place within the first
integrator. As a result of the state of the first comparator output
B1 and the third comparator output B3, the measurement
signal D2 is set to high. As such, the integrating signal V C1
present at the switch output A1 (V C1 7→ A1) rises linearly
having the slope ∆V /∆t = 2IREF /CREF . Meanwhile, at
the time t = t09 , the integrating signal V C3 which is present
at the switch output A6 (V C3 7→ A6) becomes equal to the
second reference voltage VREF /2 present at the switch output
A5 (VREF /2 7→ A5). Again, note that time t09 is same as t9
in case all comparators are presumed identical, but may in
practice slightly differ due to variations in properties of the
comparators. Due to the offset voltage and propagation delay
of the third comparator (td3 and VOF F 3 ), the third comparator
output B3 changes state to low at the time t = t10 . Therefore,
the following is valid:
(0.5VREF − VOF F 3 )CREF
+ td3 .
(9)
IREF
Following the transition of the third comparator output B3
and control signal C3 from high to low, the third switching
block changes the state. As such, the integrating signal V C3 is
present at the switch output A5 (V C3 7→ A5) and the second
reference voltage VREF /2 is present at the switch output A6
(VREF /2 7→ A6). Also, the fourth input clock signal C4
transitions from high to low, meaning the third integration
node V C3 is shorted to ground and the third integrator is
idle. With this, the measurement signal D2 transitions from
high to low, making the duration of the measurement signal
equal to:
t10 − t7 =

tD2 = t10 − t9 = (t10 − t7 ) + (t7 − t5 ) − (t9 − t5 ).

(10)

Therefore, tD2 can be represented as follows.
tD2 =

(VOF F 1 − VOF F 2 − VOF F 3 )CREF
−
IREF
− td1 + td2 + td3 .

(11)

The integration node voltage V C1 at the time t = t10 ,
hereafter denoted V C1(t10 ), can be calculated as a function
of the slope of the integrating signal and the duration of the
measurement signal, and can be represented as follows:
V C1(t10 ) =∆V /∆t · tD2 = 2(VOF F 1 − VOF F 2 − VOF F 3 )+
2IREF (−td1 + td2 + td3 )
.
+
CREF
(12)
Also, after the time t = t10 , the integrating signal V C1
present at the switch output A1 (V C1 7→ A1) continues to
rise having the nominal slope ∆V /∆t = IREF /CREF . At a
subsequent time t = t13 , the integrating signal V C1 present
at the switch output A1 (V C1 7→ A1) becomes equal to
the reference voltage VREF present at the switch output A2
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(VREF 7→ A2). Nevertheless, the first comparator output B1
transitions from low to high at t = t14 as a result of the
non-ideal characteristics of the first comparator, namely the
propagation delay td1 and the offset voltage VOF F 1 . Therefore,
the following expression is valid:
(VREF + VOF F 1 − V C1(t10 ))CREF
+ td1 .
t14 − t10 =
IREF
(13)
With this, a complete oscillation cycle is described from t4
to t14 . The oscillation period duration can be calculated by
adding previously calculated time segments as follows:
Tosc = (t5 − t4 ) + (t9 − t5 ) + (t10 − t9 ) + (t14 − t10 ), (14)
resulting in
2VREF · CREF
+ 4td1 − 2td2 − 2td3 .
(15)
IREF
According to (15), the stability of the oscillation period
is dependent on the stability of the reference values (VREF ,
IREF , CREF ), together with the relative matching of the three
comparator delays (td1 , td2 , td3 ), while the contribution of the
comparator offset voltage is completely negated. Moreover,
it is also important to provide sufficient relative matching
between the reference currents and the reference voltages.
Additionally, the auxiliary clock signal C0 has the average
frequency twice as high compared to the other signals usable
as a clock reference (C1, C2, and C3), having the average
period of
VREF · CREF
+ 2td1 − td2 − td3 .
(16)
Tosc,C0 =
IREF
Note that the auxiliary clock signal C0 has a relatively big
discrepancy between the two consecutive cycles, determined
by the mismatch of the integrator-comparator units. As such,
while not usable in applications that require low cycle-to-cycle
jitter, using the clock signal C0 as a clock source in other
types of applications where only the long term jitter is relevant
(e.g. timekeeping) would result in 2 times improvement of the
energy efficiency.
Tosc =

A. Reference Circuitry
A typical implementation of the proposed oscillator core
within a self-sustaining clock generator is shown in Fig. 3.
The core requires two reference voltages VREF and VREF /2,
the second one having half the value of the first one, generated
within the reference generator. The required reference currents
IREF may be generated within a voltage-to-current converter
block as a ratio of reference voltage VREF and reference resistance RREF . Note that the core requires only three instances
of the mirrored current IREF since the two input currents from
the first and second integrator block can be shared as they are
active during mutually exclusive time segments.
Finally, considering
IREF = VREF /RREF

(17)

the expression for the period of the proposed core becomes
Tosc = 2RREF · CREF + 4td1 − 2td2 − 2td3 .

(18)
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Fig. 3. Typical self-sustaining clock generator implementation with relaxation
oscillator core and reference circuitry (VREF generator and V2I).

III. S IMULATION R ESULTS
In order to verify the proposed oscillator core architecture,
the core prototype was designed in 110 nm CMOS technology.
The layout of the prototype is shown in Fig. 4, having the
total area of 255 µm × 175 µm (0.045 mm2 ). The oscillator

consumes 33 µA at the nominal supply voltage of 1.2 V,
having the average nominal frequency 2 MHz (4 MHz in 2×
frequency mode) and the process sensitivity of σ = 0.6%.
The core starts up after the settling of the references with a
half-cycle delay (0.25 µs). For the simulation purposes, the
external reference voltage of VREF = 0.3 V and the reference
current IREF = 2 µA are assumed.
The simulated frequency variation versus the temperature
and supply voltage change is shown in Fig. 5 and Fig. 6,
respectively. The figures show that the frequency variation
versus temperature is −0.55% to +0.45% in the temperature
range from −40 to 125◦ C, while the frequency variation versus
supply voltage is from −0.41% to +0.24% in the supply range
from 1.08 to 1.32 V.
In the end, the performance comparison between the other
reported relaxation oscillators in advanced technology nodes
is shown in Table I. As seen from the table, the proposed core
provides relatively stable reference clock in wide temperature
range. Also featured with compact area, the core has a very
short start-up time, and it is comparable in power efficiency
with other designs in 2× frequency mode.
IV. C ONCLUSION

Fig. 4. Layout of the proposed oscillator core having the size of
255 µm × 175 µm.

Fig. 5. Frequency error vs. temperature, simulated in the temperature range
from −40 to 125◦ C with 100 Monte Carlo points.
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This work presents a novel delay and offset compensated
relaxation oscillator core with replica integrator. Typically
operating at 2 MHz and consuming 33 µA, the core has the
temperature drift of ±0.5% in the range from −40 to 125◦ C
and the supply drift ±0.33% in the range from 1.08 to 1.32 V.
The core also provides the output having a double frequency
compared to the native core frequency, significantly improving
the power efficiency at the expense of increasing cycle-to-cycle
jitter. Since the architecture is compatible with low voltage
reference values, specifically in the region of 300 mV or
less, the device may be fabricated in an advanced CMOS
technology node configured to operate with a relatively low
voltage supply, e.g. 1.2 V, 1.0 V, 0.8 V or even less.

Fig. 6. Frequency error vs. supply voltage, simulated in the supply voltage
range from 1.08 to 1.32 V with 100 Monte Carlo points.
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TABLE I
P ERFORMANCE C OMPARISON OF R ELAXATION O SCILLATORS IN A DVANCED T ECHNOLOGY N ODES

Year
Cao [3]

2013

Process

Area

Freq.

Power

Supply

Temperature

Line sensitivity

Energy/cycle

Start-up

[nm]

[mm2 ]

[MHz]

[µW]

[V]

variation [%]

[%]

[µW/MHz]

time

@0∼80◦ C

±0.18 @1.1∼1.5V

7.81

NA

@−40∼90◦ C

65

0.01

12.6

98.4

1.2

±0.82

Paidimarri [4]

2016

65

0.032

0.185

0.13

1.0

±0.55

±0.25 @0.95∼1.05V

7.03

4 cyc.

Sebastiano [5]

2009

65

0.11

0.1

41

1.2

±1.1a @−22∼85◦ C

±0.1 @1.12∼1.39V

410

10 ms

Tokairin [6]

2012

90

0.12

0.1

0.28

0.8

±0.68 @−40∼90◦ C

±0.82 @0.725∼0.9V

2.80

1 cycle

@−20∼60◦ C

Yang [7]

2020

130

0.022

8

2.8

1.15

Wang [8]

2019

65

0.12

1.5

6

1.0

This work

2022

110

0.045

2/4

33

1.2

±0.62

±0.45 @0∼90◦ C
±0.5a

@−40∼125◦ C

NA

0.35

NA

±0.15 @1.0∼1.3V

4.0

NA

±0.33 @1.08∼1.32V

16.5/8.25

0.25 µs

a External references.
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