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ABSTRACT

Highly stable clock reference is critical to many applications, including com-
munication, timing, frequency synthesis, and synchronization. This thesis
introduces a practice of utilizing a temperature sensor to compensate for
an RC oscillator based on FLL (frequency-locked loop), on the same die of
the temperature sensor, with the assistance of a frequency counter and a
computer. The TCO (temperature-compensated oscillator) and the temper-
ature sensor are presented by Khashaba et al. (2020). The additional digital
circuitry for compensation can be further integrated on-chip. The achieved
output frequency at 37.5 MHz varies by 875 ppm (parts per million) across

the whole temperature range from -30 °C to +80 °C.
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We live only to discover beauty. All else is a form of waiting.

—Sand and Foam by Kahil Gibran
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CHAPTER 1

INTRODUCTION

1.1  Motivation

Crystal oscillators have long been the most prevalent choice of stable oscil-
lators in many systems. However, crystal oscillators are bulky (from several
mm? to several tens of mm?®) and power-hungry. In addition, crystal oscil-
lators require designer effort to match the resonator to the oscillator. The
demands for crystal-less design are increasingly high in recent years in ap-
plications whose space budget and power budget are tight, like IoT sensor
nodes and biomedical devices. Also, in some wireless networks, whose duty
cycle for operation is low, the power consumption during the long sleep time
is dominated by the sleep timer, so low power but accurate timers are espe-
cially desirable.

Among all the substitutes to crystal oscillators, MEMS (microelectrome-
chanical system) or SAW (surface acoustic wave) oscillators offer the best
frequency stability but still require additional volume and PCB (printed cir-
cuit board) space, not to mention the fact that their prices are probably the
highest. Table 1.1 shows the comparison between different types of oscilla-
tors. As an integrated substitute, stable on-chip oscillators are desirable for
better power efficiency, lower BOM (bill of materials) cost, shorter start-up
time, and higher robustness against mechanical shock. Among all the types

of on-chip oscillators, LC oscillators, using on-chip inductors, have frequency



Table 1.1: Comparison of different types of oscillators

| Type | Crystal [ MEMS | LC | Ring | Relaxation |
Integrability External | In-package | On-chip | On-chip On-chip
Frequency (Hz) 1k-100M | 200k-200M | 1G-100G | 10M-10G 1k-15M
Accuracy(£ppm) 1-100 <50 <200 <50000 <10000
Cost Medium High Low Low Low
Current(A) 100n-50m | 5m-50m ~10m | 10p-100m | 10n-1004

stability comparable to crystal oscillators while requiring reasonable areas
only at the GHz level. Ring oscillators occupy the smallest area but they are
vulnerable to voltage and temperature variation. RC relaxation oscillators or
FLL-based RC oscillators have the advantage of adequate robustness against
voltage variation at the kHz to MHz range.

The biggest challenge for on-chip RC-based oscillators is the temperature
characteristic of the RC product across the whole temperature range. Table
1.2 explains the temperature ranges for different applications. Since the on-
die resistors are much more sensitive to temperature than on-die capacitors,
the frequency instability of the capacitors can be neglected. For example,
at 65 nm technology node, the resistance can vary by more than 20% from
-45 °C to +85 °C. Therefore, the conventional RC-based oscillators, whose
output frequencies are normally proportional to reference resistance, are not
suitable for applications requiring +250 ppm for real-time clock application
or even +40 ppm accuracy for wireless communication standards like Zigbee
or WiFi. Several works published in recent years contributed to improving
the temperature stability of the RC-based oscillators using different tech-
niques and pushed the temperature variation to a smaller and smaller value.
The reported performances are qualified for applications like UART (univer-

sal asynchronous receiver-transmitter) with +£1% requirement or LIN (local



Table 1.2: Comparison of different types of oscillators

’ Standard ‘ Military | Automotive ‘ Industrial ‘ Commercial
Thin (°C) -55 -40 -20/-40(Extended) 0
Thax(°C) | 125 125 85 70

interconnect network) for automotive with £5000 ppm requirement.

1.2  Outline

This thesis is organized as follows. Chapter 2 explains the fundamental op-
eration of the conventional RC-based oscillator, and previous work on the
RC-based oscillators. Chapter 3 introduces the TCO in [1] and the tem-
perature sensor [2] and covers the theory and implementation of using the
temperature sensor to combat the temperature variation for the TCO. The

measurement results and discussions are presented in Chapter 4. Our con-

clusions and future work are summarized in Chapter 5.




CHAPTER 2

BACKGROUND ON RC-BASED
OSCILLATORS

2.1 Relaxation Oscillators

There are two types of conventional relaxation RC oscillators: The first one
in Fig. 2.1a with two comparators and the second one in Fig. 2.1b with only
one comparator. Both oscillators have a reference voltage V..t generated by
a resistor R and a current source Igg. It is reasonable to assume Igg = Ig; =
Iz, = Ig and C; = Cy = C with proper layout.

The circuitry in Fig. 2.1a has two charging branches alternatively charging
the two capacitors, C; and Cs, from 0 V to (Vier — Vos12). Comparators
detect when V; and Vo reach their upper limits. An RS flip-flop takes the
outputs of the comparators to generate ® and its complementary signal @,
controlling the alternation between the two charging branches. ® or ® has

output oscillation period:

1 .RCyI RC,l Vos1C Vos2C
osc,a — 5[ Sail + 2B + tcompl + tcomp2 - Il L 12 2}

]

IBo IBo
(Vosl + VOSQ)C

Ig

1
~ 5 [QRC + tCompl + tcomp2 -

The circuitry in Fig. 2.1b has only one charging branch and the reset
logic block generates its switch control signal. Unlike the previous circuitry
in Fig. 2.1a, where the capacitor discharging time does not contribute to

its oscillation period due to the alternative charging, the second circuitry,
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whose oscillation period is expressed in Eqn. 2.2, has a dependence on teget
to account for the capacitor discharging time and reset logic delay. Compared
to the circuitry in Fig. 2.1a, the circuitry in Fig. 2.1b does not suffer from
the mismatches between the two capacitors, or between the two comparators,

but t.eset contributes extra temperature dependence.

RClg, VosC
Tosc = 5 teomp — —— trese
R a0 (2.2)
Vs C ’

~ RC + tcornp -

IB treset

2.2  FLL-based Oscillators

The architecture of FLL-based oscillators dates back to 1987, when analog
and radio-frequency IC pioneer Prof. Asad A. Abidi proposed an early model
of analog FLL in [3], using a SCR (switched-capacitor resistor) to convert
frequency to voltage. To generalize, analog FLI-based oscillators commonly
use an FVC (frequency-to-voltage converter) to translate frequency informa-
tion into voltage domain. As shown in Fig 2.2a, an integrator integrates the
difference between reference voltage and the voltage representation of the
divided output frequency, and then outputs the control voltage V. for the
VCO (voltage-controlled oscillator). The temperature-dependent offset volt-
age of a integrator can be cancelled by an auto-zeroing circuit or averaged
out by chopping. If the FVC is linear, by defining Kvco (%) as the VCO
gain and Veye(fout) (%) as the FVC function, the s-domain expression can

be written as:

out \ I
fout = (Vref - VFVC<th)) S(\;i(t) (23)



The steady state expression of the output frequency is shown in Eqn. 2.4.

fout = NVE\ljc(vref> (24>

The closed-loop oscillator architecture provides good immunity to sup-
ply voltage variation and relieves the linearity requirement of the VCO. A
digital counterpart is very similar, with a digital integrator, a DCO (digital-
controlled oscillator) and a phase-to-digital converter. Digital FLLs have an
advantage in performing accurate calculations, which is essential for high-

order temperature compensation.

2.3 Prior Art and Proposed Techniques

To date, the best-reported number is £170 ppm from -45 °C to +85 °C in [4].
In this section, several approaches and architectures implemented in previous
works will be introduced.

a) Composite resistor:

Ideally, connecting two resistors with temperature coefficients of opposite
signs with an appropriate ratio can fully cancel the 1st order temperature
dependence of the total resistance, as shown in Fig. 2.3. However, the process
variation of the resistances of Ry and Ry makes the cancellation less effective.
To precisely trim the resistances, large switch matrices are required to tune
the resistance after fabrication. As a result, the ratio between two types
of resistors has limited resolution. Another limitation of this approach is
coming from the switch leakage current, contributing high-order temperature
dependence. This approach, implemented in [5], cannot achieve better than

+ several thousands ppm of frequency stability. When targeting < £1000
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Figure 2.3: Composite resistors

ppm frequency stability, it is wise to rely on composite resistors with switch
matrices for coarse tuning rather than fine tuning.

b) Chopping:

The conventional relaxation RC oscillators suffer from the comparator off-
set voltage Vs, the mismatch between two bias currents and the mismatch
between two capacitors. In addition, these effects vary with temperature
and V4 is the major bottleneck for kHz relaxation RC oscillators. Those
mismatches translate to a temperature-dependent inaccuracy in the period
of the output frequency, shown in Eqn. 2.1 and 2.2. In [6] and [7], chopping
is deployed for a voltage-mode comparator and a current-mode comparator,
respectively. Chopping for the comparators or amplifiers can strongly atten-
uate the impact of offset at their differential input pairs. Chopping can be
also deployed in two charging branches to average out the mismatch between
two bias current sources. More than that, the chopping also kills the low-
frequency flicker noise as long as the chopping frequency is much higher than

the corner frequency of flicker noise.



¢) Comparator delay compensation techniques:

The delay of the comparator teomp 1S sensitive to temperature variation
and is not negligible. Especially for MHz range relaxation RC oscillators,
teomp Variation is often one of the main challenges, because comparators with
higher slew rate are also more power-hungry. Voltage averaging feedback,
proposed in [8] and [9], utilizes an analog integrator to capture the average
voltage of the output waveform and adjusts the threshold voltage at the
input of the comparators correspondingly. V,y, is forced to a stable Vggr
so that teomp variation can be compensated. Another approach, proposed
in [10], is to add a digital delay tqi,, generated by a delay control unit,
to the oscillation period and make (tcomp + taig) @ constant. The value of
taig is calculated by comparing the oscillation period with a reference pulse
width, which are digitized by two TDCs (time-to-digital converters). A third
feedforward technique is presented in [11]: Boost the charging current I,
to 2l for teomp to cancel the influence of the comparator delay. A period
controller, containing replica comparators and RS flip-flop, measures teomp
and generates a pulse with duration of teomp to trigger the boost current
at the beginning of each charging cycle. Figure 2.4 further illustrates these
three techniques.

d) Temperature sensing and compensation:

It is not a new technology in industry to use a bipolar-based or thermistor-
based temperature sensor to compensate a crystal oscillator. The same idea
can be applied to on-chip RC-based oscillators. In [4], [12], [13], and [14],
temperature sensors contribute to the temperature compensation of the os-
cillators. The oscillator system in [11] uses a slow gate leakage powered RO,
whose output frequency changes linearly with temperature, to measure the

frequency of the faster main oscillator; based on the measurement, the tem-
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perature range is cut into two regions for different tuning setups of the resistor
bank and the capacitor bank. The phase information of electrothermal filter
and Wien bridge filter, fed with divided output CLK, is digitized through
phase-domain AY. modulators as the indication of temperature in [4] and
[13], respectively; digital FLLs and DCOs are implemented in both works to
generate compensated output frequencies. In [14], two frequency counters
measure the frequencies of a PTAT (proportional to absolute temperature)
thermometer relaxation oscillator and of a reference relaxation oscillator;
the ratio between the two frequencies contains the temperature information,
which is fed to a digital FLL. An additional feature in [14] is the addition of
an on-chip heater to implement on-chip calibration.

Figure 2.5 shows the block diagram of a typical TCO with a temperature
sensor. S(T) is the output of the temperature sensor and K(T) is the control
signal of the controlled oscillator. Lower resolution and smaller error of the
temperature sensor let S(T) reflect the temperature more accurately. Higher
polynomial order used in the polynomial function helps mitigate the tem-
perature variation of higher orders but also increases the complexity of the
computation of the coefficients. The resolution of K(T) and the sensitivity
of fous to K(T) define how fine the controlled oscillator can be tuned.

e) FLL Implementation:

FLLs in [3], [15] and [16] are implemented in analog domain, with SCR-
based FVCs. The temperature dependences of the oscillators in [15] and
[16] are limited by the reference composite resistor to over £3000 ppm. One
notable technique implemented in [16] is to add dummy switches in the V
generation circuitry to compensate for the leakage current of the SCR. The
FLLs in [4], [13] and [14] are digital and their signal paths are in phase

domain with phase-domain AY modulators.
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CHAPTER 3

TEMPERATURE COMPENSATION

3.1 TCO Architecture

Khashaba et al. presented a FLL-based oscillator with £530 ppm frequency
variation in [1] and Fig. 3.1 shows its architecture. This FLL-based os-
cillator has a voltage-controlled RO (Ring Oscillator) to generate CLKour,
whose frequency is frco. Shown in Eqn. 3.1, a temperature-independent
voltage Vggr is generated by a resistor divider of two same-type resistors,

with resistances of Rp and xRp.

zRp(T) o
2Rp(T) + Rp(T) P~ z+1

Vb (3.1)

VREF =

The output frequency, after being divided by N is translated to resistance

through a SCR with resistance ch% Pulse-density-modulated Ry, Ry and
Rs are in parallel and are controlled by the DCU (digital compensation unit).
The control words for the three resistors o, g, and a3 are quantized by three

1-bit AX modulators. Their equivalent resistance is Rgrgr:

aq Oy a3, _q
Rppr = (—— + —2 + —2 2
REF (Rl Ro Rg) (32)

The voltage divider between Rgcr and Rrgr gives Vg. Vg is compared to

Vger and their difference is the error signal of this FLL. This error signal is

12
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Figure 3.1: Architecture of the TCO used in this work

integrated to be V¢, the control voltage of the voltage-controlled RO. When

the FLL is locked, Vrgr = VF and this oscillator’s output frequency frco

is shown in Eqn. 3.3, where f;23 = Rll\;mgc‘ Eqgn. 3.4 shows the s-domain

expression of this FLL, where G,, and C;,; are the design parameters of the

Gm-C integrator and Kyco is the VCO gain.

f B Nz
TCO = RuprC
(651 (%) a3
=N 3.3
"Rt Rc TR (3:3)
=a1fi +toafotasfs
Gm
fTCO - VerrorFKVCO
int
( T 1 W G K (3.4)
= - S > o DD VCO
r+1 1+chNoc(R—i+R—§+#3> 5Cint
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Figure 3.2: Architecture of the temperature sensor used in this work

3.2 Temperature Sensor Architecture

The temperature sensor in [2] is resistor-based, so it offers better conversion
energy FoM compared to bipolar-based or MOS-based sensors. Temperature
sensors based on Wheatstone bridge or Wien bridge need AXADCs (delta-
sigma analog-to-digital converter), which are normally large and power-hungry,
to digitize the temperature information. Instead, this sensor operates in
voltage-domain and a FLL generates the output as frequency, so the noisy
charge pumps needed in phase-domain FLLs are eliminated.

Block diagram and waveforms are shown in Fig. 3.2. There are three
stages of operation. During the first reset stage, Vp is charged to Vpp and
Vy is discharged to OV. In the second charging stage, Vp discharges while
Vx charges; the resulting error signal is shown in Eqn. 3.5. The third stage
lets the integrator accumulate Vg and output Vergry, the control voltage of

the VCO. The FLL locks when the VCO output period equals (—In(0.5)RC),



which is approximately 0.7RC. The VCO output is fed to a frequency booster
to make the output frequency 10 times higher so that the temperature sen-
sitivity becomes higher. This temperature sensor achieves +0.5°C accuracy

with 1-point trimming and £0.25°C accuracy with 2-point trimming.

Vi = Vp — Vxlg, = Vop(2e™ 6% — 1) (3.5)

3.3 Compensation Theory

The temperature compensation scheme of an oscillator needs two key ele-
ments: The first is a sensitive knob to control the output frequency of the
oscillator; the second is an accurate measure of temperature. Both elements
will be discussed in this section.

In our system, the TCO in [1] acts like a DCO with a very fine tuning step.
As shown in Eqn. 3.3, among all the variables in the expression of the TCO
output frequency, only aq, g, a3 can be adjusted with a 15-bit resolution.
Which knob should be tuned in order to achieve the optimal resolution of
control needs to be carefully analyzed because half of LSB of the knob is the
largest deviation from the best control word. By taking a partial derivative,
Eqn. 3.6 indicates that larger R,, and lower N both lead to a smaller change

in the TCO output frequency if the control word changes by one LSB.

Ofrco 1 fu  No 1
o, ﬁ_ﬁ_moﬁ_h%

(3.6)

Another observation from Eqn. 3.3 is that for a given target frequency,
the larger the >, &=, the smaller the N. Among these three resistors, Ry has

an’

the largest resistance. Therefore, the best resolution can be achieved under

15
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this condition: «; and a3 are set to be 1, and s is tuned to combat the
temperature variation. Instead of using 100% pulse density modulation for
R; and Rgs, the switch MOSFETSs (metal-oxide-semiconductor field-effect
transistors) can be forced to be on if SEL; = SEL,; = 1 and for each resistor
the forcing signal is chosen to be 1. The sensitivity is found to be less than
10 ppm per LSB of a5 in simulation. Including the contribution of aw, the
TCO output frequency is expressed in Eqn 3.7, where Aas is the change of

ay compared to the ay giving fiarget at To.

frco(AT, a2) = frcoo(l + TCircoAT + TCorcoAT?) + A f15B.as

(3.7)

At each temperature, there exists an optimal Ry control word oy oy which
can compensate for the temperature drift of the TCO with an ideal maximum
inaccuracy of 0.5 fL.sB.as-

The next step is to find T from the output CLK of the temperature sensor.
In this work, the indication of the temperature information is the frequency
ratio FR(T) between frco(T) and fiensor(T), as shown in Fig. 3.3a. On
chip, FR(T) can be easily measured through a simple counter to use the
faster CLKensor to count the slower CLKtco. Compared to other works,
this implementation does not need a power-hungry ADC to digitize the tem-
perature sensor output. Although frco(T) is also a function of temperature,
the temperature dependence of feensor(T) is much stronger. Across the whole
temperature range, fensor(T) changes by about +12.5%, while frco only
varies by approximately £0.75%. From simulations, TClgeneor is of the order
of 1073, and TClyco is of the order of 107°, and TC2pco is of the order

of 1077, The temperature dependency of FR(T) can be approximated as a

17



function of form ﬁ:
8FR<T) —~ fTC0,0 TCl,sensor
OAT f,O (2Tcl,sensor)AT + 1

_ Jrco 1
fsensor,O 2AT + 1/Tcl,sensor

(3.8)

Figure 3.3b illustrates the overall compensation scheme, where FR equals
FR(Ty) and ag is the ag opt at To. With the information of temperature, the
optimal Ry control word versus FR(T) can be extracted through trimming. A
3-point trimming at three temperatures can extract a 2nd-order polynomial

function as o (FR(T)) by solving this matrix:

FR,Q(Tl) FR(Tl) 1 CQ Q32 opt@T,
FR2(T,) FR(Ty) 1| | Ci | = | cseptar, (3.9)
FR2(T;) FR(Ts;) 1| | Co 02, 0pt @

az,0pt (T) = atz,0pt (FR(T))
(3.10)

= C,FR*(T) + C,FR(T) 4 Cq
Eqn. 3.10 shows how to calculate the optimal as. Finally, compensated

Jfroo(AT, agopt) is very robust against the temperature variation with up to

2nd-order temperature variation suppressed.

3.4 Control Loop

The control loop, shown in Fig. 3.4, takes the difference between the target
control word ap ot and the current control word g ey as the error signal.
This negative feedback loop can settle the control word to the closest point

near the current best control word. The tolerance of the as error signal is

18
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Figure 3.4: Block diagram of the control loop

0.5 in decimal since the digital control word cannot possibly get any closer
to an arbitrary non-integer number. The loop period, about several seconds,
is defined by the summation of the time for serial communication through
the MCU (microcontroller unit), the time for the acquisition of frequency
ratio from the frequency counter and the time for control word calculation
in Matlab. If the system is moved to fully on-chip, the loop period can be
decreased based on the need of user.

When the control loop starts, the default asopt i8S @20pt(To). At a given

temperature, if |ag e | > 0.5, the z-domain expression of @ ¢y is shown in

19



Eqgn. 3.11 and Eqn. 3.12.

a?,curr<zy T) - AO@,curr + a2,opt(T0)

G rev ) T
- 0 (PRI 200

T11(C 1)z Foomon (T) (3.11)
_ AAGS Gy, + BAag ez + C2°
- z[z 4+ (G = 1)]
A — CQQfESB,ag
SenSOr(T)
20 fisB.as frco(T)  Cifisa
B = ’ 2 3.12
e Fromen(T) (312)

Cafco(T) | Cifrco(T)
C =
SQensor (T) - fsensor (T>

The region of convergence in z-plane is |z| > (G — 1), so as long as G<1

+ Gy

and |z| > 0, the convergence of ag .y is guaranteed. In this work, G is chosen

to be 0.5.

3.5 Limitations and Sources of Error

There are several nonidealities inside this system that limit the temperature
stability of the oscillator.

Firstly, the compensation mechanism is designed to combat the 1st-order
and the 2nd-order temperature variation. The compensation scheme cannot
compensate for higher order temperature dependence of the on-chip resis-

tors. The SCR cannot be simply characterized by — & because the leakage

frco
current of the switches introduces nonlinearity of higher orders. The pulse-
density-modulation switches also have leakage currents that can deteriorate
the frequency stability of this system.

Secondly, the measured frco and fsensor have error and so does FR(T). The

finite resolution and non-linearity of the temperature sensor cause FR(T) to
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be less accurate and undermine the overall temperature compensation effect.
The noise at the output frequencies of the TCO and the sensor also cause
error. In [2], the reported slope % is 0.22%/°C, so the maximum 0.5 °C
error leads to 1100 ppm error in fiensor- Lhe noise of feensor and the noise of
frco are only on the order of 10 ppm, which can be neglected. Including
these aforementioned error sources, the frequency ratio can be approximately
expressed as:

) fTCO + fTCO,noise
FR'(T) = FR(T) + FRen(T) = F i | T ~
sensor sensor,res sensor,noise (3 1 3)

f TCO

~
~
fsensor .} sensor,res

The error in FR(T) also affects all three coefficients in Eqn. 3.9. Therefore,
the maximum error in the compensated frco is expressed in Eqn. 3.14 and
part of this maximum can be compensated by the 2nd-order temperature

compensation.

fTCO,FRerrorMax(T) - C2,errFR2(T) + (CQ + C2,err)(FR2err<T) + FR<T)FRerr(T))
+ ClFRerr<T) + Cl,err(FR(T) + FRerr(T)) + CO,err

(3.14)

21



CHAPTER 4

EXPERIMENT SETUP AND RESULTS

4.1 Hardware Setup

Figure 4.1 shows the setup of the whole system. Two supply boards, each
consisting of 5 LDOs, regulate the 3.3 V supply from the Keithly 2220 DC
power supply to either 1.0 V or 1.2 V for the chip. The outputs of the
TCO and the temperature sensor are connected to the Keysignt 53230A
frequency counter with 50 €2 channel impedance. The computer reads the
measured frequencies and the frequency ratio through an IVI-C driver. The
computation during the trimming process and the calculation to find o opt
are done in Matlab. The control words are sent to the registers inside the
chip through Microchip ATXMEGAA3BU MCU. The TestEquity model 107

temperature chamber is used to adjust the ambient temperature of the chip.

4.2 Trimming Process

The goal of the trimming is to find the relationship between the control word
Q2. opt and the frequency ratio FR(T). Given that the target frequency is 37.5
MHz, the trimming process can be broken down into 4 steps.

1) Adjust the 6-bits control word for the MOM capacitor bank at the out-
put of the ring oscillator to align the 37.5 MHz in the middle of the tunable

range of the ring oscillator.
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Figure 4.1: Hardware connections
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Figure 4.2: SAR algorithm used during trimming process
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2) Sweep the 15-bit control word of Ry and plot the TCO output frequency
to make sure the proximity of 37.5 MHz is within the range of linear control.

3) At the three trimming temperatures: -30 °C, 25 °C, and 80 °C, run the
SAR algorithm in Fig. 4.2 to find ag opt(FR(-30 °C)), ag opt (FR(25 °C)) and
a2.0pt (FR(80 °C)), respectively.

4) Apply the 2nd-order polyfit (polynomial curve fitting) function in Mat-
lab to find the expression of @ opt(FR(T))

4.3 Testing Results

All frequency measurements are taken with 1 s gate time. Figure 4.3 shows
the frco result of sweeping s at the proximity of 37.5 MHz. Between 35.9
MHz and 38.9 MHz there are 15387 LSBs out of 32768 (219), so each LSB of ay
corresponds to 173.5 Hz change in frco, which is 4.64 pmm out of 37.5 MHz.
With the agopt at To = 25 °C, frco at different temperatures are measured
from —30 °C to —80 °C with a step size of 10 °C. From the measured data,
a 4th-order polynomial fitting with Ty at +25 °C is conducted from -40 °C
to +90 °C and the results are in Fig. 4.4. Figure 4.5 shows the measurement
of feensor from -40 °C to 490 °C. Due to the unstable serial communication
between the MCU and the chip finsor at negative temperature, the data
points from —20 °C to —35 °C are discarded. The results of a 4th-order
polyfit function shows the frequency deviation of each order in Fig. 4.6. If
the Ist-order and 2nd-order temperature variation can be fully cancelled, the
total residue temperature variation is at least 129 ppm. The result of a 2nd-
order polyfit is shown in Fig. 4.7. With the information of as o (FR(T)),
the compensated TCO runs stably around 37.5 MHz and the residue error

across the whole temperature range is 855 ppm, as shown in Fig. 4.8.
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Figure 4.3: TCO frequency versus ay at 25 °C
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%10° fsensor versus Temperature

2.8 ] 1 ] ] ] ]

2 1 1 1 1 1 1
-40 =20 0 20 40 60 80 100
Temperature (DC)
Figure 4.5: Sensor frequency versus temperature
1st-order Temp. Variation(ppm)
1 0000 T . T 1 1 ] T
5000 | Total varation: -5100 ppm to 5100 ppm
0 = -
_5000 1 1 1 1 1 1
-40 -20 0 20 40 60 80
5 2nd-order Temp. Variation(ppm)
] T T 1 ]
-1000 maration: -1551 ppm to 0 ppm\
-2000 .
_3000 1 1 1 1 1 1
-40 =20 0 20 40 60 80
3rd-order Temp. Variation(ppm)
100 T [ T T T T
0 = -
-100 | Total varation: -54 ppm to 54 ppm -
-200 | 1 1 1 1 1 1 .
-40 -20 0 20 40 60 80
4th-order Temp. Variation(ppm)
100 T 0 T T T T
50 |- Total varation: 0 ppm to 21 ppm .
-40 =20 0 20 40 60 80

Figure 4.6: TCO frequency temperature variation by order
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CHAPTER 5

SUMMARY

5.1 Remaining Challenges

Results of this work demonstrate good stability across a wide temperature
range, while there are still two factors not discussed: mechanical stress and
aging

The piezoresistive effect of semiconductors makes the on-chip resistor vul-
narable to mechanical shocks. To the best of the author’s knowledge, only
in [8] is the mechanical influence on RC-based oscillator evaluated, and the
temperature stability deteriorates from 3.2 ppm/°C to 14.2 ppm/°C.

The aging of analog ICs is well explained in [17]. Effects like time-dependent
dielectric breakdown (TDDB), bias temperature instability (BTI) and hot
carrier degradation (HCD) can cause aged MOSFETS to behave differently.
The aging effect is especially pronounced in advanced technology nodes. The
aging for analog blocks can be alleviated by auto-zeroing or chopping, because
the major aging effect on analog circuitry is the change in offset voltage. A
bigger issue for RC-based on-chip oscillators is the aging of on-chip resistors.
Unfortunately, the aging of on-chip resistors is not well explained or modelled
to the accuracy of interest of several hundreds of ppm. In a recent research by
NXP Semiconductor [18], there is no clear evidence whether the resistances
of the aged on-chip resistors will increase or decrease. There are researches

on self-healing electronics systems, mainly RF transceiver systems, that can
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counteract aging of components, but these systems require large computation

units and sophisticated algorithms which are beyond the scope of this work.

5.2 Conclusion

This work shows the effectiveness of using a temperature sensor to compen-
sate an on-chip RC-based oscillator. For one oscillator chip, in total 855 ppm
is observed across the whole temperature range, even when the MCU com-
munication has bugs at low temperature. Better results should be expected
if the communication problem can be solved. Furthermore, it will be promis-
ing to implement this work as one chip without the computer and frequency

counter.
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