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Abstract— This work presents a sub-u'W on-chip oscillator for
fully integrated system-on-chip designs. The proposed oscillator
introduces a resistive frequency locked loop topology for accurate
clock generation. In this topology, a switched-capacitor circuit is
controlled by an internal voltage-controlled oscillator (VCO), and
the equivalent resistance of this switched-capacitor is matched to
a temperature-compensated on-chip resistor using an ultra-low
power amplifier. This design yields a temperature-compensated
frequency from the internal VCO. The approach eliminates the
traditional comparator from the oscillation loop; this comparator
typically consumes a significant portion of the total oscillator
power and limits temperature stability in conventional RC
relaxation oscillators due to its temperature-dependent delay.
A test chip is fabricated in 0.18 pum CMOS that exhibits a
temperature coefficient of 34.3 ppm/°C with long-term stability
of less than 7 ppm (12 second integration time) while consuming
110 nW at 70.4 kHz. A radio transmitter circuit that uses the
proposed oscillator as a baseband timing source is also presented
to demonstrate a system-on-chip design using this oscillator.

Index Terms—Low power, oscillators, timer, temperature
compensation, timer, wireless sensor node.

I. INTRODUCTION

STABLE clock source is one of the most important

requirements for integrated circuit designs. Although
recently introduced techniques allow crystal oscillators to pro-
vide a very accurate clock while consuming as little as a few
nanowatts [1]-[2] for applications such as a Bluetooth Low
Energy sleep timer which requires +500 ppm frequency accu-
racy, fully integrated on-chip generation of a clock source has
become more important as system-on-chip designs have prolif-
erated. More specifically, wireless sensor nodes for Internet-of-
Things (IoT) applications have a small form factor and limited
board space, making it difficult to integrate crystal oscillators,
especially for implantable applications. Fig. 1 compares the
physical size of a recently proposed millimeter-sized sensor
system that consists of stacked dies with no board mount-
ing [3] with that of a small-sized off-the-shelf crystal [4]. This
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comparison illustrates the challenge of integrating external
crystal oscillators in millimeter-sized IoT devices.

An on-chip oscillator requires low power consumption and
energy per cycle, frequency stability over varying ambient
temperatures, long-term stability, and low supply voltage
sensitivity. On-chip oscillators that consume little power and
exhibit low energy per cycle are important for wireless sensor
applications such as [5] [6]-[7]. These systems are usually
powered by millimeter-sized batteries, and thus, the total
energy budget is limited. To reduce power and extend their
lifetimes, these systems are highly duty-cycled. They remain
in sleep mode the majority of the time and intermittently wake
up to measure environmental signals, process the measured
data, and wirelessly transmit the data to the outside. As an
example, a millimeter-scale wireless imaging system presented
in [3] consumes 304 nW in its sleep mode, and an electro-
magnetic energy harvesting system introduced in [7] requires
190 nW in its idle mode. Low oscillator power consumption
is important in a system with low activity where the standby
current dominates the total power consumption, as is the case
with a wake-up timer or a sleep mode timer. This type of timer
is turned on even during sleep mode, when most blocks are
power-gated, in order to wake the system periodically, and its
power consumption often dominates the total system power
consumption in sleep mode.

Low energy consumption per cycle is an important require-
ment for wireless sensor nodes when the system performs
frequent activities and an oscillator’s energy consumption can
represent a substantial portion of the total system energy. This
situation can occur in clocks for a processor, a radio baseband
controller, or a power management circuit with switched-
capacitor networks. The proposed oscillator is adopted as a
clock source to a radio baseband controller [8] which con-
sumes 21.7 nJ/bit. One of the state-of-art switched capacitor
DC-DC converters [9] outputs 0.1 nJ/cycle. It implies that the
level of energy/cycle of oscillators should be significantly less
than 0.1 nJ/cycle to be integrated in such power converter
systems. For such applications, the active energy consumption
of an oscillator must be kept low because wireless sensor
nodes have limited energy budgets.

An oscillator must also show good frequency stability.
When implemented in a wake-up timer, an oscillator must
maintain a constant system wake-up period across a wide
range of temperatures. The frequency stability specification
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(a) Photograph of millimeter sized wireless sensor node with no board mounting. (b) Diagram of one of the smallest off-the-shelf crystal components
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becomes very important when synchronizing nodes for radio
transmission. For wireless communication, a transmitter and
a receiver must be synchronized to ensure valid data packet
transfers. If the oscillators employed in wireless nodes have
a high degree of uncertainty and instability, the resulting
time window for synchronization must be extended to com-
pensate. Within a packet, the smaller the Allan deviation
is, the longer a number of consecutive bits can be trans-
mitted without a separate synchronization header. Between
wakeup periods, the frequency drifts due to temperature or
supply voltage variations should be smaller than what the
receiver can tolerate. More details are explained in Section V.
Considering the unstable battery voltage of sensor nodes
during their lifetimes and ambient temperature changes that
sensors can face, low temperature and supply voltage sensi-
tivity is important.

On-chip clock sources can be generated by various meth-
ods such as gate-leakage-based oscillators [10], as well as
mobility-based frequency generation, LC oscillators, RC relax-
ation oscillators, and RC harmonic oscillators as described
in [11]. Among the aforementioned approaches, one of the
most common structures is an RC relaxation oscillator, illus-
trated in Fig. 2(a). This conventional RC relaxation oscillator
is composed of two identical current sources, a resistor, a
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(a) Conventional RC relaxation oscillator circuit. (b) Its unstable frequency caused by comparator delay variation.

capacitor with a reset switch, and a comparator with buffers.
The negative input voltage (Vyy—) of the comparator is set
by the product of the source current (Iggr) and the reference
resistance (Rrer). A source current on the right side charges
the capacitor, and the capacitor is reset when a positive input
voltage, Vin4, exceeds the threshold voltage (Vyy_). The
reset signal is generated by the comparator and then buffered
by a few inverter stages. In this structure, one clock period
is the sum of the RC delay, comparator delay, and buffer
delays. The RC delay can be temperature-compensated to the
first order fairly easily by serially combining a resistor with a
positive temperature coefficient and a resistor with a negative
temperature coefficient and trimming the breakdown between
the two resistors. On-chip capacitors made of MIM capacitors
or traditional metallization layers have negligible temperature
coefficients.

However, reducing comparator and buffer delay variation
across temperature requires complicated design techniques
and remains the main source of temperature instability, as
shown in Fig. 2(b). In this figure, the varying comparator
delay at each cycle is expressed as Af,, and is added to
each cycle period (741). To address this issue, a feed-forward
period control was introduced in [12] to cancel comparator
delay variation by measuring it and removing the effect
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with boost charging. However, the replica circuits to measure
comparator delay nearly double the required area and power.
A comparator offset cancellation technique was proposed that
switches the comparator input polarity every half period to
tackle temperature-dependent comparator offset voltage [13].
However, comparator delay itself remains in the oscillator
period, and thus a significant amount of power is consumed
to render the delay of comparator and buffers to be less
than 0.4% of oscillator period. A current-mode RC relaxation
oscillator [14] eliminates capacitor resetting delay by dual-
phase operation, but still has comparator delay in the oscillator
period. It is important to note that this comparator delay issue
creates a power and temperature stability tradeoff relationship
in traditional RC relaxation oscillators, meaning that power
consumption increases as temperature stability is improved.
Another design [15] achieves 38.2 ppm/°C with a circuit
technique called local supply tracking threshold voltage, but
it relies on a dedicated implant process for a zero temperature
coefficient poly resistor, which is not always available in
other technologies. A constant charge subtraction method was
suggested to address comparator delay variation in [16], but
the output frequency is limited by the low power amplifier,
producing an 11 Hz clock that can only be used in low
frequency applications.

To stabilize comparator delay, a supply-regulated ring oscil-
lator in a temperature compensated loop was introduced
in [17]. However, [17] targets a much faster frequency
of 10 MHz with a correspondingly much higher power con-
sumption (80 xW) than the work presented here, and also
exhibits a relatively high temperature coefficient. An approach
that relies on the use of the RC zero voltage crossing time as a
timing reference and locks a VCO frequency to this reference
time was developed in [18], however the system consumed
substantial energy per cycle (11.3 pJ/cycle).

In this paper, a Resistive Frequency Locked on-chip Oscil-
lator (RFLO) is proposed to solve the problems caused by
the use of a comparator in existing RC relaxation oscillator
structures. This paper is an extension of [19]. This RFLO
is based on the principle that a switched-capacitor circuit
controlled at a certain frequency can function as a resis-
tor [20]-[21]. The RFLO structure replaces a comparator
with an ultra-low power amplifier and uses this amplifier to
match the resistance of a switched-capacitor circuit to that
of a temperature-compensated on-chip resistor. The frequency
of the control signal for the switched-capacitor circuit is
the output frequency of this oscillator, and the frequency is
stabilized by the resistive frequency locked loop. A recent
work [22] embedded a VCO in a feedback loop with a current
comparator and a frequency-to-current converter to generate
a temperature-compensated clock source. However, that work
relies on transistor matchings in a current comparator instead
of the active control of an amplifier, resulting in a relatively
high temperature sensitivity of 90 ppm/°C and supply voltage
sensitivity of 4%/V.

The proposed 70.4 kHz oscillator achieves a tempera-
ture sensitivity of 34.3 ppm/°C, supply voltage sensitivity
of 0.75%/V, and long term stability of 7 ppm after an
integration time of 12 seconds while consuming 110 nW
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Fig. 3. (a) Circuit diagram of proposed Resistive Frequency Locked on-chip

Oscillator. (b) Its conceptual operating waveforms.

at room temperature. This paper is organized as follows.
Section II describes the operating principles of the RFLO and
its design. Section III describes the sources of temperature-
dependent frequency instability and introduces techniques to
address each source. Section IV describes the measurement
results and chip implementation. Section V shows a radio
transmitter circuit integrated with the proposed RFLO as an
example of a fully integrated system-on-chip design. Finally,
Section VI concludes the paper.

II. RESISTIVE FREQUENCY LOCKED OSCILLATOR

An RFLO removes the comparator from the oscilla-
tion loop and adopts a frequency locked loop with an
ultra-low power amplifier. The simplified circuit diagram
and its operating waveforms are illustrated in Fig. 3. The
basic principle is to generate a stable frequency by match-
ing the equivalent resistance of a switched-capacitor cir-
cuit (Csw) to a temperature-compensated on-chip resistor
(Rrer). A first-order analysis is introduced in this sec-
tion, followed by an analysis with second-order effects
in Section III.

A reference current Igrpr is injected into Rgrpp to
develop a reference voltage Viy— = IrRgr X RREF.,
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and this voltage is connected to a negative input of an
amplifier. The amplifier forces this voltage to match the
voltage of positive input node Viyy, where the same
Irgr flows through Cgw. This Viyy, which is the prod-
uct of the current and resistance at the node, can be
expressed as

IREF
Vin+ CowFour (1)
because an equivalent resistance of a switched-capacitor cir-
cuit operating at a frequency of Foyr is 1/(CswFour).
Here, Foyr is the VCO frequency controlled by the
amplifier output, Voyr. By equating Viyy4 and Viy_ as
shown in

Ving = Vin—(= IRgF RREF) (2)

the VCO frequency Foyr is defined by Rrpr and Csw as
derived in

1
RRerCsw

Four = (3)
As the two reference current terms (Irgr) in Viy+ and Viy—
cancel out in the equation, Fpoyr is insensitive to IRgr.
Furthermore, assuming the reference currents are independent
of the supply voltage, Foyr is also insensitive to supply
voltage fluctuation as the supply voltage does not appear in
(3). RREF is temperature compensated in this implementation,
and Csw is a MIM capacitor with very low temperature
dependency, and thus, a highly temperature-stable frequency is
generated.

Fig. 3(b) shows the RFLO locking process in time domain,
starting from a point where the VCO frequency, Four,
is lower than the target frequency. In this condition, the
charge pumped out of Viyy+ by Csw is less than the charge
flowing in from Irgp, and thus, V;y4 rises. When Viy4
matches Vyy_, the VCO frequency can be locked depending
on the damping ratio of the frequency locked loop. As an
example, an overshooting case is shown in this figure. After
Vint equals Viy_, it slightly exceeds V;y_, and the VCO
frequency increases because the VCO is biased at a higher
voltage than before. The VCO resets Csw more frequently, and
thus, the charge pumped out of V;y4 is now greater than the
charge flowing in from IggF. Thus, Vi y decreases and again
approaches Vyy_, and the VCO frequency locks. For more
quantitative analysis, impedance at the node Viyi+ (Zyin+)
and its partial derivative with respect to Foyr can be
expressed as

1 1
ZyINy =
"7 sCing  CswFour
dZyiny —Csw _ —Csw
dFour  (sCiny+ + CswF, 2~ 2
our  (sCin+ + CswFouro) (sC1N+ + )
REF

“)

At steady-state, output frequency settles at Foyro, which is
1/R RerCsw.

2109

Frequency response of the frequency locked loop is derived
in
1
sCout

Four (s) = Ay Kvcolrer
Rour + sCour
Csw
o 2
(SC1N+ + RRIEF)
1
= Kvcolrer

1%
1+sCourRour

Csw

- . (5)
1
(SCIN+ + m)

Ay is an amplifier gain, Royr (0.3GQ from simulation) is
an amplifier output resistance, Coyr (10 pF) is a capacitor
at the node Voyr, and Kyco (1.41 MHz/V from simulation)
is the gain of VCO. This loop has one pole at —m,
and two poles at — +1RREF' The dominant pole is located
at o = 330 rad/s, and two nondominant poles are located at
o =7.5 k rad/s.

The ripples caused by capacitor switching exist on the Vv
node, but their amplitude is small due to the Cgw/Cy+ ratio
of 0.09 (= 0.9 pF/10 pF). The low bandwidth of the ultra-
low power amplifier works as a low pass filter and helps to
further reduce ripples and to stabilize Foyr. The amplifier of
this design has gain of -9 dB at 70.4 kHz from simulation.
Cour (= 10 pF) and an output resistance of the amplifier
(= 0.3GQ) make a first-order low pass filter with cutoff
frequency of 53 Hz, yielding gain of -62 dB at 70.4 kHz.
This combination results in a gain of -71 dB at the ripple
frequency, suppressing voltage ripple at the node Voyr as low
as 4 uV. Two clock signals, ¢1 and ¢2, are non-overlapping
clocks. Changes in Vi and Vyy_ appear at Voyr with some
delays due to the limited bandwidth of the amplifier as shown
in Fig. 3(b). However, in a steady state where the frequency is
stabilized, this low bandwidth of the amplifier does not disturb
accurate clock generation.

The proposed topology has the following key advantages
over a traditional RC relaxation oscillator topology. First,
it removes the traditional comparator from the oscillation
loop, thereby removing the power and temperature stability
tradeoff introduced by the comparator. Second, the amplifier,
which replaces the power consuming comparator and provides
frequency locking, consumes very little power. This is possible
because the amplifier must only track the impact of ambient
temperature changes on the VCO. These temperature changes
are slow, and hence the amplifier can be low-bandwidth and
ultra-low power. Third, this structure shows good long-term
stability. Any slight deviation in frequency in a particular cycle
i results in a slight difference in the charge flowing into and out
of node V4 (the charge is noted as A Q;). Unlike a traditional
relaxation oscillator in which the circuit is reset every cycle,
and hence the charge discrepancy is lost, this topology carries
A Q; over from one cycle to the next and accumulates it on
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capacitor Cyy4, as shown in

N

Va=>"

i=0

A .
Qi , for N cycles.
Cin+

(6)

If most of the frequency error comes from random noise
sources, the sum of A Q; over many cycles approaches zero,
resulting in a Va of nearly OV.

Even with a non-zero V, after N cycles, the amplifier
compensates for the error by adjusting the frequency in
subsequent cycles, providing excellent long-term frequency
stability. The frequency stability after long integration time
is mainly limited by flicker noise. Also, an amplifier offset
varying over time, long-term drifts of resistors and capacitors
can be the sources of the long-term frequency inaccuracy.
Finally, this structure shows low supply voltage sensitivity
because the frequency is only defined by Rrgr and Cgsw,
as shown in (3) in the first order analysis. In the second order,
gain and an offset voltage of the amplifier slightly vary with
the supply voltage. Irprs generated by an internal current
reference circuit change with the supply voltage affecting the
amplifier DC input operating points. These nonidealities affect
how accurately Vyy4 and Vyy_ match which defines the
frequency accuracy. The VCO frequency is controlled by the
amplifier output voltage, and this bias voltage is automatically
adjusted by a frequency locked loop when the supply voltage
changes.

III. SOURCES OF TEMPERATURE
INSTABILITY AND SOLUTIONS

This section discusses possible sources of temperature insta-
bility in the proposed RFLO design and describes solutions
for each source. To begin with, Foyr is only defined by
1/RrerCsw under ideal conditions. While MIM capacitors
have a very low temperature coefficient, on-chip resistors show
a nonzero temperature coefficient. In this work, a negative
temperature coefficient (TC) poly resistor without silicide is
serially combined with a positive TC diffusion resistor without
silicide in order to cancel their temperature dependencies [12].

The ratio between the two resistors is 2-point on-chip trimmed
after fabrication to compensate for chip-to-chip process varia-
tion. Typical values for a poly resistor and a diffusion resistor
are 11.8 and 1.5 MQ, and a typical current value for each
IrRgr 1is 12nA. For the diffusion resistor, leakage current
through a reverse-biased well diode introduces a non-linear
temperature dependency as much as 0.18% of voltage error
across the resistor at 80°C in simulation. This error translates
to 14.6 ppm/°C of frequency inaccuracy. Furthermore, as
this error is nonlinear, it cannot be effectively corrected by
two point on-chip trimming. A segmented N-well technique
shown in Fig. 4 [16] is adopted to address this well leakage
current, increasing the maximum operating temperature from
50°C to 80°C in simulation. Figs. 4(a) and (b) illustrate a
schematic and a cross-section of a physical layout of the
segmented N-well technique, respectively. For a diffusion
resistor, the leakage current of a reverse-biased diode increases
as the voltage difference between P+ diffusion and the N-well
increases. With this technique, the diffusion resistor is divided
into two segments so that the maximum voltage difference
is reduced by half. In addition, the inserted buffers prevent
leakage currents into the N-well from altering the total current
flowing through Terminal A to Terminal B, as shown in Fig. 4.
Power and area overhead for this technique are 0.1% and 3.4%
of the total circuit.

Mismatch between Irgri and Iggpy does not affect tem-
perature stability if the mismatch is constant across tem-
perature; a fixed current mismatch only introduces a fixed
frequency offset. However, if the current mismatch varies over
temperature, it impacts the temperature stability of Foyr.
To address this problem, two current sources, Irgr; and
IREF?2, alternate their connections to each input node of the
amplifier as illustrated in Fig. 5. VCO outputs control this
alternation. Each amplifier input node is connected to IrgF1
for one half of its operating time and to IrgF> for the other
half of its operation. As a result of this chopping scheme,
the effective current at each input is the average of IrgrFi
and Irgpr2, removing frequency errors caused by current
mismatch.
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Switches, shown as SW 1, in Fig. 5, also have minor
impact on temperature stability. If the Vyy or Viy_ levels
change, the switch parasitic capacitance (Cpag), which con-
sists of transistor gate-to-drain and body-to-drain capacitances,
varies non-linearly and alters the total capacitance at Viyy.
To reduce this effect, Cgw is sized so that Cpag is less than
0.02% of Csw. In addition to this parasitic capacitance issue,
the leakage current (I;.qk) of SW 12 should be properly dealt
with. [j.qr increases from sub-pA levels at —20°C to ~2 pA
at 80°C in simulation as shown in Fig. 6 (a), which can create
167 ppm of frequency inaccuracy. The magnitude of [j.4; dif-
fers by switching phases. ;.4 changes the effective current at
Vin+ node and worsens temperature stability. To address this
effect, identical dummy switches are added at the V;y_ node
as shown in Fig. 6(b). The following equations summarize how
the described current-chopping technique and dummy switches
eliminate error sources for frequency accuracy. Equation (7)
describes the effective current flowing at V;y_ node consid-
ering current chopping and switch leakage current as follows:

(IREFI + IREF2
2

The same amount of current flows through V;y4 as described
in

@)

Vin- = — Ileak) RREF.

IREF1 ;IREFz

— 1
leak . (8)

Viny =
* Four x Csw

As a result, two identical effective currents are cancelled in

IrF1+]
F _ REF1 > REF2 __ Ileak
OUT = e+l
(7”“2 REF2 Ileak) X Rrer X Csw
1
=—_— 9)
RrerxCsw

and the first-order errors affecting Foyr are mitigated.

The amplifier used in the proposed design is a 1-stage
folded cascode structure operating in the subthreshold
region [Fig. 7(a)]. This amplifier provides 85 dB DC gain,
1.8 kHz bandwidth, and wide output range of 0.4-0.8 V while
consuming only 3.6 nW at room temperature in simulation.

— ,
-20 0 20 40 60

T 1
80 100

(b)

(a) Simulation results of leakage current of Switches 1 and 2 at different temperatures. (b) A schematic of dummy switches.

An offset voltage of this amplifier (Vpgs) does not affect
temperature stability if Vpg is constant over temperature.
However, Vpgs drift over temperature affects temperature
stability. Average values of Monte Carlo simulation results
of Vps at different temperatures are shown in Fig. 7(b) and
a histogram of the total Vpg drift from —40°C to 80°C
of 5,000 run Monte Carlo simulation is shown in Fig 7(c).
The average Vpg drift is 0.298 mV, which corresponds to
16.7 ppm/°C. An auto-zeroing technique introduced in [19]
can reduce Voy itself and Vg drift, but if the Vpg changes
linearly with temperature, it can be cancelled out by 2-point
on-chip trimming in the first order without overhead of auto-
zeroing. Simulation results in Fig. 7(d) show that 87% of
5,000 Monte Carlo runs have R-squared value greater than
0.99 (the closer R-squared value is to 1, Vps with respect
to temperature is more linear), and the average value of R? is
0.993, which de-emphasizes necessity of auto-zeroing. A finite
gain of the amplifier (Ay) also generates a frequency offset,
and the resulting frequency at steady state is derived in

v, ( rer ) (1 P ) Vin— + Vos
W+ |l==—F>—)= —— ) Vin-
* CswFour Ay Kyco

1
=1+ 7) IrRerRREF + Vos
( Ay Kyco

(10)

F _ 1
o (1 + ;) CswRrEF + 225C .
Av Kvco IREF Sw
(1)

An error from the finite gain decreases as Ay and Kyco

increases, and an error from Vg decreases as Igrgr increases.
Each current source is simplified to Irgr as current non-
idealities are already analyzed in Equation (9).
Fig. 8 describes a bias voltage generation circuit for this
amplifier. The InA current references described in Fig. 8
are implemented on-chip with the resistor-less techniques
introduced in [23].
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Fig. 7. (a) Schematic of a subthreshold mode ultra-low power amplifier.

(b) An average result of Monte Carlo simulation of the amplifier offset voltage
at different temperatures. (c) Histogram of total Vg drift from -40 °C to
80°C of each Monto Carlo runs (total 5,000 runs). (d) Histogram of R-squared
value (offset voltage vs. temperature) of each Monto Carlo runs (total 5,000
runs).

IV. MEASUREMENT RESULTS

Fig. 9 shows a circuit diagram of the VCO used in this
work. This VCO operates rail-to-rail with a wide frequency
range and low power consumption. The VCO frequency is
designed to be highly sensitive to bias voltage Voyr. This
high sensitivity relaxes the required output operating range
of the amplifier. To achieve this high frequency sensitivity to
bias voltage, the delay of the first four stages is designed to
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A bias voltage generation circuit for the ultra-low power amplifier
in Fig. 7.

be exponential with Voyr using high Vr NMOS transistors
operating in their subthreshold region where drain current
is exponential with gate-to-source voltage. The next four
stages are buffers to restore the slew rate with low short-
circuit current. The first stage is a stacked inverter with high
Vr devices, the second stage is an inverter with high Vr
devices, and the last 2 stages are inverters with normal Vr
devices. Using this manner of staged output buffers reduces
VCO power (10.3 nW in simulation) by 67x at a supply
voltage of 1.2V through minimizing the short-circuit current
while reducing the signal transition time. As Foyr is set
by I/RreprCsw and controlled in a closed loop, the RFLO
does not require the VCO to have a linear voltage-frequency
relation, thereby relaxing the VCO specification.
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The proposed design was fabricated in 0.18 gm CMOS with
total area of 0.26 mm?. Fig. 10 shows the die photograph. The
area occupied by transistors can be reduced by porting this
design to advanced technologies. The total area can be further
reduced by adopting a duty-cycled resistor technique [24]
as the temperature compensated on-chip resistor occupies
0.11 mm? (42.3% of the total area) in this design. The duty-
cycled resistor technique increases an equivalent resistance

VDD (V)

Fig. 12. Measured frequency variation with respect to supply voltage.

of a resistor by 1/duty cycle. The clock frequency of this
design is 70.4 kHz and has an average temperature stability
of 34.3 ppm/°C between —40°C and 80°C for five measured
chips as shown in Fig. 11. The ratio of the positive TC on-chip
resistor to negative TC resistor is trimmed on-chip at 2 tem-
peratures to have the lowest TC, and the same single setting
is maintained for the entire temperature range. The measured
frequency is not calibrated off-chip after measurements. This
temperature coefficient is the lowest among the reported
sub-uW on-chip oscillators shown in Table I. The lowest
temperature coefficient measured among the five samples is
14.7 ppm/°C from Chip D, where the first and second order
temperature dependencies are cancelled, and the remaining
higher order temperature dependencies are exhibited. The
clock frequency shows an average supply voltage sensitivity
of 0.75%/V in the range of 1.2-1.8 V for the five chips
measured, as shown in Fig. 12. A typical supply voltage is
1.3 V. In this fabrication process, nominal V1 devices and high
Vr devices in Fig. 9 are 1.8 V devices and 3.3 V 10 devices,
respectively. All transistors in the amplifier, the amplifier
bias generator in Fig. 8, current references, switches for the
switched capacitor resistor are 3.3 V 10 high Vt devices.
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON TABLE

This
worr | 1121 [13] [14] [15] [16] [10]
Process (nm) 180 90 65 180 65 180 130
Frequency (Hz) | 70,400 | 100,000 | 18,500 | 122,000 | 33,000 1 037
TC (ppm/°C) | 343 | 1046 | 385 327 382 45 | 375(31")
Tem('i, g)a“ge 40—80 | -40—90 | -40—90 | -20—100 | -20—90 | -10—90 | -20—60
Line sensitivity
) 0.75 9.4 1 6 0.09 1 490
Power (nW) 110 280 120 14.4 190 5.8 0.66>
Energy/Cycle |, o 2.80 6.49 0.12 576 | 527.27 | 1,783.8
(pJ/Cycle)
Long term <7 | NA | <20 | <40 <4 <15 | NA
stability (ppm)
Number of 5 1 1 1 5 5 1
samples
Start-up time (s) | <2.5m 10p N/A N/A N/A N/A N/A
Area (mm?) 0.26 0.12 | 0032 | 0.03 0.015 0.24 0.015

T'With 10 point calibration using temperature sensor.
% Power consumption of temperature sensor is not included.
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Fig. 13.  Measured Allan Deviation.

A digital controller that generates current chopping signals
and switch control signals from VCO outputs is composed of
only 1.8 V nominal Vt devices. 1.8 V devices are designed
to work up to 1.8 V, but for testing, in the short-term, the
circuit operated up to 3 V without reliability issues. We used
up to 3 V to more extensively verify the circuit techniques for
supply sensitivity. The long-term stability (Allan deviation) is
less than 7 ppm for an integration time of longer than 12
seconds, as shown in Fig. 13. This long-term stability is the
second best among the prior state-of-the-art sub-u'W on-chip
oscillators.

It is important to analyze how each error sources contribute
to absolute frequency inaccuracy. From the measurement
results, a typical commercial temperature range of 70°C
results in an inaccuracy equivalent to 479.5 mV supply voltage
change for the proposed oscillator. Hence, with a typical
supply voltage of 1.3 V of this oscillator, the line sensitivity is
less critical than the temperature coefficient, as 40% of supply
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Fig. 15. Measured start-up response of the proposed oscillator.

voltage fluctuation is not usually expected. The temperature
coefficient and line sensitivity can be directly compared with
each other because both measure instant frequency change due
to short-term changes. Allan deviation measures stability due
to noise processes rather than environmental effects. Given
that, to reduce the line sensitivity further to the level of Allan
deviation, embedding a linear regulator can be one option
at the expense of some power overhead and actually, we
adopted a linear regulator for system integration as described
in Section V. Alternatively, temperature and voltage sensitivity
can be further reduced using more extensive on-chip trimming
as previous works such as [10] executed.

The design consumes 110 nW at room temperature, yielding
the second lowest energy consumed per cycle, 1.56 pJ/cycle,
among the previous works listed in Table I. Power consump-
tion for each part of the oscillator is described in Fig. 14.
A digital controller in the pie chart generates switch control
signals and current chopping control signals from VCO out-
puts. A start-up response is measured as shown in Fig. 15.
From this figure, frequency overshoots multiple times before
it settles. The frequency locked loop is under-damped from the
measurement and the start-up latency is less than 2.5 ms. This
latency can be shortened by increasing the frequency locked
loop bandwidth and a damping ratio of the loop, but it is only
allowed as long as the loop stays stable.

V. SYSTEM INTEGRATION

The proposed RFLO is integrated in a single-chip radio sys-
tem for wireless sensor nodes [8] demonstrating its capability
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Fig. 16. An RFLO combined with a wake-up controller to function as a clock source for radio baseband controller.

to serve as an on-chip clock for a radio baseband controller.
A substantial level of frequency accuracy is required for the
radio baseband timer since the baseband controller determines
the bit rate which needs to match the bit rate of the paired
transceiver so that the data modulation/demodulation does not
fall out of synchronization. The accuracy of the baseband
timer therefore directly impacts the length of the data packet
that can be transmitted. This radio implements pulse position
modulation (PPM) with pulse position resolution (Tpg) of 4us
and separation between bits (Tsp) of 128 us. For M-ary PPM,
a symbol length (Tsya) is M x T pr+Tsp. A jitter for the N
symbol position is N x Tgyy multiplied by Allan deviation
(oy(NxTsym)) at integration time of N x Tgsyp. This jitter
should be less than Tpgr as derived in

Tpr

— (12)
NTsym

< Oy(NTsym).
With higher N or longer Tsy s, this condition becomes harder
to satisfy as the Allan deviation improves only sub-linearly
with increasing integration time. The radio system requires
a packet of 192 bits, and it is able to communicate with
Tsym of 136 us, but bit errors occur with longer Tsyys. This
corresponds to the proposed calculation as Tpr /NTsypy i
153.2 ppm and Allan deviation at integration time of 26.1ms
from Fig. 13 is in the range of 150— 200 ppm. For more
conventional M-PPM modulation, Tpg is Tsyy /2 and Tsp is
0, simplifying (12) to
1

N < Oy(NTsym). (13)

In this prototype, a FPGA-based demodulation code can
tolerate a center frequency drift of £2000 ppm (+500 Hz).
Between wakeup periods, if temperature changes by £58.3°C
or the supply voltage fluctuates by £267 mV, communication
fails. To compare this work with previous generations, the
oscillator with similar power consumption [13] can operate
in the same system within £51.9°C temperature variation
and £200 mV supply voltage change. Allan deviation near

integration time of 26.1 ms (estimated from their figure) is
similar to this work. However the long term Allan deviation
is 2.9x higher than this work, lowering N or Tsyy by the
same ratio.

Unlike conventional radio systems that adopt a crystal
oscillator as a clock source, this work is fully integrated, reduc-
ing the volume of a millimeter-scale system. An important
component required to integrate an RFLO within a wireless
sensor node is a wake-up controller, as the sensor node
periodically sleeps and the wake-up timer will enable the
RFLO during active periods only. The key functions of the
wake-up controller are minimizing RFLO power consumption
during the system sleep mode and ensuring that upon wake-
up the RFLO clock feeds into the system only after it is
stabilized. An RFLO combined with a wake-up controller is
shown in Fig. 16. During the system’s sleep mode, RFLO
leakage current is constrained to 20 pA (simulated value) by
MO, a high threshold voltage PMOS header. The VCO control
voltage (Voyr) is clamped to ground by M1, a high threshold
voltage NMOS.

At the beginning of wake-up mode, a linear regulator is
powered and generates a supply voltage (VDD_RFLO) for
the RFLO from the battery voltage. This takes approximately
300 ms, mostly due to the slow stabilization of the voltage
reference inside the linear regulator; the reference is not
explicitly shown in the figure as it is not the main focus of
interest. Using a linear regulator improves frequency stability
with respect to supply voltage and jitter performance at the
cost of power overhead. A sub-100-pA watchdog timer with a
10-Hz frequency is implemented to measure the VDD_RFLO
stabilization time. After VDD_RFLO is stabilized, the wake-
up controller toggles RST to low, causing the VCO to start
oscillation after which the VCO frequency converges to the
target value by the frequency locked loop. Before the fre-
quency stabilizes at its target frequency, the clock is isolated
from the radio system with a NAND gate. Simulation verified
that a maximum of 600 cycles is required to stabilize the
RFLO. An internal counter connected to the RFLO counts
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Fig. 17. Simulation results a RFLO supply voltage (VDD_RFLO), a VCO control voltage (Voyr), and a frequency of a RFLO during a wake up period.
issue for systems that periodically sleep and wakeup, and it can
be an interesting future work. This radio system was fabricated
in 0.18 ym CMOS technology, and a die photograph is shown
£ in Fig. 18.
E +4+4<
© 13
o bas VI. CONCLUSION
- i
b An RFLO is introduced in this work. The proposed topology
b removes the comparator present in traditional RC relaxation
1.'3 oscillators, which is one of the main sources of temperature
instability. Instead, an ultra-low power amplifier forms a
212 mm frequency locking loop with a switched-capacitor circuit to
Fig. 18. Die photograph of a radio system integrated with a RFLO. generate a temperature-compensated clock signal. This oscil-

to 600, after which the RFLO clock is fed into the baseband
controller of the radio system. Fig. 17 shows simulated results
of VDD_RFLO, Voyr, and RFLO frequency during a wake
up period. In order to meet the required frequency of the radio
system, Csw is reduced by 3.5 times, yielding 250 kHz clock
frequency. A lower VDD_RFLO of 1 V is used as this is the
voltage level the radio system could provide. Simulated power
consumption of the oscillator is 110 nW.

For the 300 ms required for VDD_RFLO stabilization, the
entire system shown in Fig. 16 consumes 35 nJ, while during
the additional 600 cycles needed for RFLO stabilization the
entire system consumes an additional 1.6 nJ, which is only
7.4% of 1 bit transmission. This 36.6 nJ of total energy
consumption during the stabilization period corresponds to
less than 2 equivalent transmitted bits of wake-up overhead as
a transmission energy consumption is 21.7 nJ/bit. However,
reducing the stabilization time for a RFLO is still an important

lator produces a 70.4 kHz clock with an average temperature
coefficient of 34.3 ppm/°C in the —40°C to 80°C range,
an average supply voltage sensitivity of 0.75%/V in the 1.2
V to 1.8 V range for five samples, and long-term stability
of less than 7 ppm after an integration time of 12 s while
consuming 110 nW at room temperature. By avoiding external
components, this oscillator targets fully integrated system-on-
chip designs, and a radio transmitter system integrated with
the oscillator is implemented and characterized.
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