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Abstract—We propose a 1.81 kHz on-chip relaxation oscillator
implemented in 0.18 ym CMOS technology without trimming.
The first order temperature coefficient (TC) is compensated by
leakage current. The stability is further enhanced by a forward
bias comparator that suppresses offset variation. The oscillator
consumes 11.69 nW from a 0.8 V power supply and the TC is
49.3 ppm/°C for a temperature range from -20°C to 80°C . The
simulated line sensitivity is 1.8% with voltage supply ranging
from 0.5 V to 2.0 V.

Index Terms—Internet-of-things, low power, temperature com-
pensation, line sensitivity, relaxation oscillator

I. INTRODUCTION

For granular and long-term environmental monitoring using
wireless sensor networks [1] or activity monitoring using RF
tags [2], the sensory systems have to operate powered by the
harvested energy [3]. The biomedical implants have the similar
power requirements [4]. Common to these devices is that they
are conventionally implemented as an ultra-low power system-
on-chip (SoC) that relies on a portable and stable timer or
clock generator.

In a typical wireless sensor node, crystal oscillator with
frequency in kHz range provides both high accuracy and low
power with power consumption on the order of nWs [5].
However, the external component results in a larger board
area and higher cost, motivating the requirement for a fully-
integrated clock source. Compared with ring oscillator (RO)
[6], relaxation oscillator has better temperature and supply
voltage stability and is a promising candidate to realize a low-
cost and low-power on-chip clock signal.

The conventional design of the on-chip relaxation oscillator
integrates a voltage reference and a comparator. The appli-
cation limits on the TC and line sensitivity of the oscillator
pose stringent requirements on the implementation of resistors
and capacitors, the delay and offset voltage of comparator
and logic circuit delay. In the most circuit implementations,
the composite resistors are generally employed to realize a
resistance with zero TC to remove frequency variation from
the timing resistor. The metal-insulator-metal (MIM) capacitor
is used for temperature tolerance and the variance is negligible.

In the relaxation oscillator design with the frequency in the
kHz range, the delay and offset voltage (V,s) of comparator

are typically the main sources of the frequency uncertainty.
The propagation delay due to limited comparator bandwidth
is a parameter strongly dependent on the temperature and
the supply voltage. Due to the low supply voltage in SoC
design (0.6 V to 1.1 V) in 0.18 pm CMOS process, all
circuits operate in subthreshold or near-threshold region. The
propagation delay increases as the temperature drops. Offset of
the comparator causes frequency instability. The offset voltage
component that stems from the process variations results in
a frequency shift, while the temperature dependence of the
offset voltage leads to a residual temperature coefficient of
the oscillator. The process variations can be removed by a
one-time calibration, but the temperature variance pertains.
Additionally, the variations in the supply voltage and the aging
effects impact the offset voltage.

A range of different architectures, as well as compara-
tor designs have been proposed in the literature to address
these issues. An integrated error feedback that includes extra
two capacitors and an op-amp is employed to cancel the
comparator delay variation caused by temperature [7]. Two
integrator-comparator technique measures and cancels the
comparator delay by an opposite-phase replica comparator
[8]. Different approaches have been utilized for removing
the nonidealities of the comparator with the cost of extra
power consumption. The comparator designed with constant-
gm biasing, two matched capacitors and switched RC scheme
in order to achieve constant comparator delay operates with
higher voltage headroom [9]. With the increased design com-
plexity, the comparator delay can be removed with two digital
compensation loops [10].

We present a 1.81 kHz relaxation oscillator design with
a TC of 49.3 ppm/°C tailored for a low power Internet-of-
things (IoT) device. The proportional-to-absolute-temperature
(PTAT) comparator delay is counteracted by a nonzero starting
voltage for timing capacitor via a leakage current. A novel
forward bias comparator reduces the frequency variance by
stabilizing the input voltage offset with near zero power
consumption.

The paper is organized as follows. Section II contains the
circuit implementation. Section III presents the simulation
results followed by the conclusion in Section IV.
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Fig. 1. Architecture of the proposed oscillator and the model of oscillator period due to limited bandwidth and offset of the common gate amplifier.
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Fig. 2. Logic circuitry and timing waveform.

II. CIRCUIT IMPLEMENTATION

A. System Overview

Fig. 1 shows the system diagram of the proposed oscillator
that contains a CTAT bias current /g supplied by a reference
voltage generator, a time constant RC core, a forward bias
comparator and a leakage current based compensation (LCBC)
block.

The oscillator clock period is determined by the time
constant RC core, which comprises resistors R, and R_
and the time defining MIM capacitor Cy. C; is charged by
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Fig. 3. Simulated drifted AV with temperature variation from -20 °C to
80 °C.

the replica bias current Ip and triggers the output of the
comparator when capacitor voltage V1 exceeds the reference
voltage V... The following inverter chain outputs the clock
signal through a D flip-flop and generates the sufficiently long
reset pulse for switch Mg to discharge the C; immediately
and avoids a residual charge on C;. During the charging and
reset phase, the compensation capacitor Cy is charged to a
voltage that increases with temperature and is used to reduce
the TC of oscillator. At the end of reset phase, a simple digital
circuitry opens switch SW and connects C; and C to transfer
the charge from C5 to C. A nonzero starting point V47" is
provided for C}.

The period T,s. of the relaxation oscillator is expressed as

Tose = TRC + TBW + Tsw (1)
This is graphically illustrated in Fig. 1, where Tpc = Vrligcl is
the time determined by the capacitor charging and discharging
period. Taking into account the limited bandwidth of the
common gate transistor M7, V;, does not follow the ramp
input Vo1 and 7w is the additional time for V;, to exceed
Viias- Tsw 18 the remaining time resulting from the input offset
of the comparator. The additional part of 7,4, comes from the
digital and reset circuit which has a little impact on the overall
temperature stability. The detailed design will be addressed in
the following sections.



B. Reference Generation

The bias current generator is the most crucial building
block for the RC oscillator that defines the overall temperature
behavior. The beta-multiplier circuit is commonly used to
generate PTAT current source, with additional 34% power
consumption from feedback amplifier [11].

A voltage reference that composes NMOS transistors with
the different gate-oxide thicknesses [12] is utilized, and the
structure is shown in the Fig. 1. Transistor M5 is a nominal
1.8 V NMOS transistor, whereas the transistor M/ has a thick
gate oxide. The reference voltage Vp, that depends on the
threshold voltage difference and size ratio, is insensitive to
supply voltage, has good linearity of temperature and is given
as
SOX Mo Wari /L

t
Ve = (Vra,m, — Vrwa) + nVrin(
tOX, M, Whrz/Lara

2)

where the first term has a negative TC and the second term
has a positive TC. By properly sizing the transistors, a CTAT
reference voltage Vp is implementated. The bias current
source Ip is realized by Vp through resistors. A 9.95 M)
P-type poly resistor without salicide R_ with a negative first-
order TC and a 5.12 M N-type poly resistor with salicide
R, with a positive first-order TC are combined to achieve a
low TC resistor that is used to reduce TC of Ig. Although I
and V.. are CTAT, the first-order TC of T7rc can be removed.

C. Leakage Current Based Compensation Circuit (LCBC)

The finite bandwidth of M~ introduces a temperature de-
pendent time constant Ty into the oscillator period, and is
given as [11]

_Tosc

Tw = (1 —e ™M7)Tary 3)

As shown in the model in Fig. 1, Vo1 further increases from
Vief 10 V1 pias, Where AV can be expressed as

AVer = tawlp/Ch. €]

Tpw depends on the output resistance and load capacitance
at the drain of M; and exhibits a PTAT dependence on
temperature. Ip is a CTAT bias current and when multiplied
by the PTAT 73y results in a CTAT AV, as shown in Fig.3.

We propose a method to compensate T7py with a PTAT
leakage current source as illustrated in Fig. 2. The gate of
transistor My is connected to ground, and the transistor’s drain
current Ip, as transistor operates in weak inversion, is given
as

Ip = W

 Llyeap(YespYrim)[1 — exp(—=722))(5)

where Iy = puC,, - V2 - (n — 1), p is the carrier mobility,
C, is the gate-oxide capacitance, Vr is the thermal voltage,
Vry is the threshold voltage of the NMOS transistor, and 7 is
the subthreshold slope factor. M7, operates in cutoff region in
order to keep Vpg, vs much larger than Vp and the transistor
Mg in saturation.
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Fig. 4. (a) Proposed forward bias comparator, (b) Simulated results of the
offset voltage versus temperature and supply voltage.

Fig. 2 shows the schematic of LCBC and related timing
waveforms. The LCBC is composed of a storage capacitor
Cs, a pass transistor and digital control circuit.

Consider one-clock operation of LCBC as an example.
When the V;,, reaches V;, 5., the Clock signal changes. Two
inverters are used to generate a long enough reset signal. Vi
is discharged immediately, whereas Voo keeps charging during
the reset phase. When the falling edge of Rst is sensed, SW is
pulled up. The pulse length depends on the time delay between
Rst and Rstgeiqy and is 465 ns at 25 °C. Subsequently, C' is
connected to Cy. CY is discharged to V&A{'Y and Vi rapidly
rises to non-zero starting point for the next charging phase.
The V&ef depends on the ratio of C; and C', that is

&

Ch+ Cy

The Vii'y is designed to cancel the first-order temperature
dependence of AVi.

Vcr'lle,lg = : TBWIleakage/C2 (6)

D. Forward Bias Comparator

The input offset voltage V,s = Vi — Viias Oof comparator
varies +37% for temperature increasing from -20 °C to
80 °C and leads to 74, variation. In order to realize a
constant 7,,., comparator is improved with implementation
of forward bias technique.

In a conventional scheme, an inverter follows the compara-
tor and the switching voltage is written as

1 K
Vswiino ~ 5[Vop — ”VTZ”(ITZ) — Vinpl + Vi) (D

Vsw,inv depends on the supply voltage, NMOS threshold
voltage Vi, , and PMOS threshold voltage V;y, ,,. Simulation
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results show that Vg ;. has a PTAT dependence. A condition
for the inverter to reach the switching threshold is given by

Gm SVianw = Cinv VSW,inv
C’in'u AVSW,inv (8)
Gstw

where G, is the transconductance of comparator, Sy, is the
slope of input voltage and Cj,, is the input capacitance of
inverter. V. exhibits a PTAT dependence and supply voltage
sensitivity caused by AVsw iny, as shown in Fig. 4(b).

A forward bias technique is adopted in Fig. 4(a) to suppress
the 75, variation. The gate of top PMOS M5 is connected
with V;,, rather than the output of comparator. When V4
approaches Vi piqs, M2 turns off first and activates the later
inverter before turning on M. As the temperature increases,
the leading time between M5 and M;; keeps and relaxes the
V,s variation.

As illustrated in Fig. 4(a), the offset voltage rapidly in-
creases with the temperature without using the forward bias
stage. In contrast, when employing the forward bias, the
drifting offset voltage can be mitigated at around 200 pV
by dynamically adjusting the switching point of the M;; and
Mi5. 200 times Monte Carlo simulations were conducted to
check the V,,; variation under different temperature and supply
voltage. In summary, the forward bias technique improves the
Vos 20 times compared to the conventional comparator with
additional 3% of power consumption.

Vos =

III. SIMULATION RESULTS

The proposed relaxation oscillator is designed and imple-
mented in 180 nm CMOS process. Operating at 0.8 V, the
output frequency is 1.81 kHz with 11.57 nW power con-
sumption at room temperature (25 °C). 35.76% of power is
consumed by the reference generator and 34.84% is consumed
by the comparator. The forward bias and leakage compensation
circuits consume less than 1.5% power of the whole design.
Fig. 6 shows the simulated digital control signal and voltage
of capacitors at 80°C. (7 is fully discharged to ground from
50 mV, 1 ps after Rst signal is pulled up and stays at 0 V
for 6 ps until the reset phase is done. A delay reset signal
Rstgeiqy forms compensation SW control signal to provide a
non-zero starting voltage for V1. At the end of compensation
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Fig. 6. Simulated waveforms for proposed oscillator at 80 °C
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Fig. 7. (a) Simulated frequency of oscillator versus the temperature at 0.8V.
(b) Simulated frequency of oscillator versus the supply voltage at 25°C.

phase, Vo1 and Vo are both balanced at around 6 mV. Then
a replicated clock cycle runs.

A. Temperature Variation

The simulated frequency stability against temperature is
shown in Fig.7(a) for the proposed relaxation oscillator
without compensation and without forward bias circuits
in temperature range from -20°C to 80°C. Respectively,
the temperature coefficients are shown as 4+49.3 ppm/°C,
+208.2 ppm/°C and £70.0 ppm/°C. The improvement is
achieved with 1.40% additional power. The residual frequency
shifting comes from the digital control circuitry and current



TABLE I
SUMMARY AND COMPARISON WITH LITERATURE

Year Tech Frequency = Power  Supply Temperature Line Sensitivity FOM Result
(nm) (kHz) (nW) V) Coefficient (ppm/°C) (%/V) (nW/kHz)
Paidimarri, JSSC [9] 2016 65 18.5 130 1 20 @-40 ~ 90 5 7.02 Measured
Yao, ISNE [13] 2019 180 29.59 253.27 1 450 @-20 ~ 80 8.55 Simulated
Asano, ISCAS [14] 2017 65 32.5 271 1.1 138 @-40 ~ 80 1.39 @1.1 ~ 1.3 8.33 Simulated
Ma, ISCAS [15] 2017 65 64.2 8960 1.2 14.69 @-20 ~ 120 0.188 @1.2 ~ 2.3 139.56 Simulated
Zheng, TCAS-II [16] 2018 180 364 1360 1.2 70 @-20 ~ 90 3.74 Measured
Sun, ASICON [17] 2019 180 190 2400 1.8 197 @0 ~ 125 0.84 @1.7 ~ 1.9 12.63 Simulated
Chiang, TCAS-II [12] 2014 180 28 40 1.2 95.5 @-20 ~ 80 1.48 @1.0 ~ 2.0 1.42 Measured
Denier, TCAS-I [18] 2010 350 33 11 1 >1000 @-20 ~ 80 35 @1.0 ~ 4.0 3.36 Measured
Dai, CICC [19] 2015 180 122 14.4 0.6 327 @-20 ~ 100 6 @0.6 ~ 1.8 0.12 Measured
Jiang, JSSC [11] 2018 180 (SOI) 1.22 1.44 0.4 94 @-20 ~ 70 1.18 Measured
This work 2021 180 1.81 11.57 0.8 49.3 @-20 ~ 80 1.8 @ 0.5 ~ 2.0 6.36 Simulated
reference, which usually contributes second order temperature REFERENCES

effects.

B. Line Sensitivity

The measured frequency variation against the supply voltage
is plotted in Fig. 7(b). The proposed design indicates a 1.8%
frequency variation as the supply changes from 0.5 V to 2 V. In
the conventional relaxation oscillator, the low line sensitivity
is realized with bandgap voltage reference, which adds extra
power consumption and higher supply headroom. The forward
bias technique improve the line sensitivity 22% with 125 pW
power.

C. Performance Comparison

Tablel summarizes the performance of our proposed struc-
ture and compares it with the state-of-the-art kHz-range relax-
ation oscillator designs. The figure of merit energy per cycle

is defined as p
FOM = —

osc

€))

where P is the power consumption and f,s. is the oscillation
frequency. A lower energy per cycle signifies higher power
efficiency. The FOM value is 6.36 nW/kHz. The proposed de-
sign demonstrates the comparable efficiency without trimming
and external components. The proposed oscillator provides a
good trade-off between temperature coefficient, line sensitivity
and power consumption.

IV. CONCLUSION

1.81 kHz relaxation oscillator is designed in 180 nm
CMOS process without the off-chip components and trimming.
49.3 ppm/°C temperature stability is realized by leakage cur-
rent compensation. Forward bias technique further improves
the line sensitivity and temperature dependence of comparator
offset. Simulation results validate the proposed relaxation os-
cillator and indicate a promising fully integrated clock source
for IoT SoCs.

ACKNOWLEDGMENT

This research is supported by the National Science Founda-
tion (NSF) under grant number CNS-1901182.

[1] I. Tomi¢ and J. A. McCann, “A survey of potential security issues in
existing wireless sensor network protocols,” IEEE Internet of Things
Journal, vol. 4, no. 6, pp. 1910-1923, 2017.

A. Ahmad, Y. Huang, X. Sha, A. Athalye, M. Stanacevié, S. R.
Das, and P. M. Djuri¢, “On measuring doppler shifts between tags
in a backscattering tag-to-tag network with applications in tracking,”
in ICASSP 2020 - 2020 IEEE International Conference on Acoustics,
Speech and Signal Processing (ICASSP), 2020, pp. 9055-9059.

Y. Huang, A. Athalye, S. Das, P. Djuri¢, and M. Stanacevié, “Rf energy
harvesting and management for near-zero power passive devices,” in
2021 IEEE International Symposium on Circuits and Systems (ISCAS),
2021, pp. 1-5.

X. Sha, Y. Karimi, S. R. Das, P. Djuri¢, and M. Stanacevi¢, “Study
of mm-sized coil to coil backscatter based communication link,” in
2019 IEEE 10th Annual Ubiquitous Computing, Electronics Mobile
Communication Conference (UEMCON), 2019, pp. 1124-1129.

D. Yoon, D. Sylvester, and D. Blaauw, “A 5.58nw 32.768khz dll-assisted
xo for real-time clocks in wireless sensing applications,” in 2012 IEEE
International Solid-State Circuits Conference, 2012, pp. 366-368.

C. Q. Liu, Y. Cao, and C. H. Chang, “Acro-puf: A low-power, reliable
and aging-resilient current starved inverter-based ring oscillator physical
unclonable function,” IEEE Transactions on Circuits and Systems I:
Regular Papers, vol. 64, no. 12, pp. 3138-3149, 2017.

Y. Tsai and L. Lu, “A 51.3-mhz 21.8-ppm/°c cmos relaxation oscillator
with temperature compensation,” IEEE Transactions on Circuits and
Systems II: Express Briefs, vol. 64, no. 5, pp. 490494, 2017.

J. Mikuli¢, G. Schatzberger, and A. Bari¢, “A 1-mhz relaxation oscillator
core employing a self-compensating chopped comparator pair,” IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 66, no. 5,
pp. 1728-1736, 2019.

A. Paidimarri, D. Griffith, A. Wang, G. Burra, and A. P. Chandrakasan,
“An rc oscillator with comparator offset cancellation,” IEEE Journal of
Solid-State Circuits, vol. 51, no. 8, pp. 1866-1877, 2016.

Y.-A. Chang, T. Adiono, A. Hamidah, and S.-I. Liu, “An on-chip
relaxation oscillator with comparator delay compensation,” IEEE Trans-
actions on Very Large Scale Integration (VLSI) Systems, vol. 27, no. 4,
pp. 969-973, 2019.

H. Jiang, P-H. P. Wang, P. P. Mercier, and D. A. Hall, “A 0.4-v
0.93-nw/khz relaxation oscillator exploiting comparator temperature-
dependent delay to achieve 94-ppm/°c stability,” IEEE Journal of Solid-
State Circuits, vol. 53, no. 10, pp. 3004-3011, 2018.

Y.-H. Chiang and S.-I. Liu, “Nanopower cmos relaxation oscillators
with sub-100 ppm/°C temperature coefficient,” IEEE Transactions on
Circuits and Systems II: Express Briefs, vol. 61, no. 9, pp. 661-665,
2014.

M. Yao, Y. Wang, Z. Wu, and J. J. Liou, “A low power trimming-
free relaxation oscillator with process and temperature compensation,”
in 2019 8th International Symposium on Next Generation Electronics
(ISNE), 2019, pp. 1-3.

H. Asano, T. Hirose, T. Ozaki, N. Kuroki, and M. Numa, “An area-
efficient, 0.022-mm2, fully integrated resistor-less relaxation oscillator

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]



[15]

[16]

(17]

(18]

(19]

for ultra-low power real-time clock applications,” in 2017 IEEE Inter-
national Symposium on Circuits and Systems (ISCAS), 2017, pp. 1-4.
L. Ma, K. C. Koay, and P. K. Chan, “A merged window comparator
based relaxation oscillator with low temperature coefficient,” in 2017
IEEE International Symposium on Circuits and Systems (ISCAS), 2017,
pp. 1-4.

J. Zheng, L. Cheng, J. Jiang, and W.-H. Ki, “Relaxation oscillator with
dynamic comparator and slope-boosting technique,” IEEE Transactions
on Circuits and Systems II: Express Briefs, vol. 65, no. 10, pp. 1330-
1334, 2018.

Y. Sun, Y. Ma, K. Cui, and X. Fan, “A low-power comparator-less
relaxation oscillator,” in 2019 IEEE 13th International Conference on
ASIC (ASICON), 2019, pp. 1-4.

U. Denier, “Analysis and design of an ultralow-power cmos relaxation
oscillator,” IEEE Transactions on Circuits and Systems I: Regular
Papers, vol. 57, no. 8, pp. 1973-1982, 2010.

S. Dai and J. K. Rosenstein, “A 14.4nw 122khz dual-phase current-mode
relaxation oscillator for near-zero-power sensors,” in 2015 IEEE Custom
Integrated Circuits Conference (CICC), 2015, pp. 1-4.



