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The world depends on accurate clocks. From the timepiece on
your wrist, to the phone in your pocket, they all have a need
for an accurate way of counting the passing of time.

Without accurate clocks an accurate GPS location would not
be possible. In GPS we even correct for Special and General
Relativity to the tune of about +38.6us/day .

Let’s have a look at the most accurate clocks first.

ATOMIC CLOCKS

Cesium standard

The second is defined by taking the fixed numerical value of
the cesium frequency Cs, the unperturbed ground-state hyper-
fine transition frequency of the cesium 133 atom, to be 9 192
631 770 when expressed in the unit Hz, which is equal to s—1

As a result, by definition, the cesium clocks are exact. That’s
how the second is defined. When we make a real circuit,
however, we never get a perfect, unperturbed system.

Microchip 5071B Cesium Primary Time and Frequency Stan-
dard

One example of a ultra precise time piece can be found in
Microchip 5071B. The bullets in the list below is from the
marketing blurb.

Why would the thing take 30 minutes to start up? Does the
temperature need to settle? Is it the loop bandwidth of the PLL
that is low? Who knows, but 30 minutes is too long for a IC
startup time. And we can’t really pack the big box onto a chip.

e < 5E-13 accuracy high-performance models

o Accuracy levels achieved within 30 minutes of startup
e < 8.5E-13 at 100s high-performance models

o < 1E-14 flicker floor high-performance models

Also, when they say

“Ask for a quote” => The price is really high, and we don’t
want to tell you yet

Rubidium standard

Rubidium standard, use the rubidium hyper-fine transition of
6.8 GHz (6834682610.904 Hz)

and can actually be made quite small. Microsemi’s Minia-
ture Atomic Clock (MAC) is a coin-sized rubidium module.
According to the marketing blurb:

The MAC is a passive atomic clock, incorporating the interro-
gation technique of Coherent Population Trapping (CPT) and
operating upon the DI optical resonance of atomic Rubidium
Isotope 87.

A rubidium clock is basically a crystal oscillator locked to
an atomic reference.

But how do the clocks work? According to Wikipedia, the
picture below, is a common way to operate a rubidium clock.

A light passing through the Rubidium gas will be affected if the
frequency injected is at the hyper-fine energy levels (E = hf).
The change in brightness can be detected by the photo detector,
and we can adjust the frequency of the crystal oscillator, we’ll
see later how that can be done. The crystal oscillator is used
as reference for a PLL (frequency synthesizer ) to generate the
exact frequency needed.

The negative feedback loop ensures that the 5 MHz clock
coming out is proportional to the hyper-fine energy levels in
the Rubidium atoms. Negative feedback is cool! Especially
when we have a pole at DC and infinite gain.
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Figure 1: Block diagram of a rubidium clock, where light
through a Rb-87 gas cell and a photo detector lock a quartz
oscillator to the hyper-fine transition. Image: Pamela L. Corey,
public domain (US federal work), via Wikimedia Commons

CRYSTAL OSCILLATORS

For accuracy’s of parts per million, which is sufficient for
your wrist watch, or most communication, it’s possible to use
crystals.

A quartz crystal can resonate at specific frequencies. If we
apply a electric field across a crystal, we will induce a vibration
in the crystal, which can again affect the electric field. For
some history, see Crystal Oscillators


https://en.wikipedia.org/wiki/Error_analysis_for_the_Global_Positioning_System
https://en.wikipedia.org/wiki/Error_analysis_for_the_Global_Positioning_System
https://en.wikipedia.org/wiki/Caesium_standard
https://www.microchip.com/en-us/products/clock-and-timing/components/atomic-clocks/atomic-system-clocks/cesium-time/5071b
https://en.wikipedia.org/wiki/Rubidium_standard
https://www.microchip.com/en-us/products/clock-and-timing/components/atomic-clocks/embedded-atomic-oscillators/mac
https://www.microchip.com/en-us/products/clock-and-timing/components/atomic-clocks/embedded-atomic-oscillators/mac
https://en.wikipedia.org/wiki/Crystal_oscillator
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Figure 2: A packaged 27 MHz quartz crystal (top), and an

opened package showing the quartz blank (bottom). Image:

Chamblis, CC BY-SA 4.0, via Wikimedia Commons

The vibrations in the crystal lattice can have many modes, as
illustrated by figure below.

Which mode a blank prefers is decided when it is cut, by the
angle of the cut and by the dimensions, and that decision is
what sets the frequency range. A blank cut to shear through
its thickness lands somewhere between one and a couple of

hundred megahertz, which is the crystal you put next to a radio.

A blank etched into two tines lands at 32.768 kHz, which is 21°
Hz, so fifteen flip-flops divide it down to one pulse a second

- that is the crystal in every watch and every real-time clock.

The other modes exist, and are used, but those two are the
ones you will meet.

All we need to do with a crystal is to inject sufficient energy
to sustain the oscillation, and the resonance of the crystal will
ensure we have a correct enough frequency.

A quartz blank can vibrate in any of these. The cut of the blank and the circuit around it pick one,
and that choice, not the quartz, is what sets the frequency

board: a thickness
2.768 kHz real-time cloc

Figure 3: The vibration modes of a quartz blank. Each panel
shows the blank at rest, solid, with one extreme of its motion
dashed on top and red arrows for the direction the material
moves. The mode is not a curiosity: it is what puts a crystal
in the tens of kilohertz or in the tens of megahertz

Impedance
The impedance of a crystal is usually modeled as below. A
RLC circuit with a parallel capacitor.

Our job is to make a circuit that we can connect to the two
pins and provide the energy we will loose due to R,.

R, +sL+ Sép

lo] — Zln

R,

:CF

o

Figure 4: Electrical model of a crystal, a series R, L, Cp
branch in parallel with the package capacitance Cy,

Assuming zero series resistance

s2CpL +1
$3CpLCF + sCp + sCr

Tin =

Notice that at s = 0 the impedance goes to infinity, so a crystal
is high impedance at DC.

Divide top and bottom by s and the shape is easier to see:

1 LCF82+1

Lin = — -
s LCpCps2+Cr+Cp

The 1/s out front is just the capacitive fall-off that any capacitor
has, and it does not change much over the narrow band around
resonance, so the fraction beside it is what matters. It has two
interesting frequencies. The numerator vanishes at

1
VLCr

where the impedance goes to zero: series resonance, the
motional branch turning into a short. The denominator vanishes
a little higher, at

Wg =

wp = ! 1—|—ﬁ
P /ILCk

Cp
where the impedance goes to infinity: parallel resonance, the
motional branch resonating against the package capacitance.
Since CF is thousands of times smaller than C'p, those two
frequencies are only a few hundred parts per million apart, and
everything a crystal oscillator does happens in that narrow gap.
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See Crystal oscillator impedance for a detailed explanation, or
the interactive version where the motional and static elements
are sliders and the pulling is worked out for you.

In the impedance plot below we can clearly see that there are
two “resonance” points. Usually noted by series and parallel
resonance.

I would encourage you to read The Crystal Oscillator [1] for
more details.

Magnitude
3

1.005 x 10* 1.0055 x 10! 1.006 x 10 1.0065 x 10! 1.007 x 10* 1.0075 x 10" 1.008 x 10
Frequency [MHz]

Figure 5: Magnitude and phase of the crystal impedance versus
frequency, showing the series and parallel resonance points

Circuit

Below is a common oscillator circuit, a Pierce Oscillator. The
crystal is below the dotted line, and the two capacitances are
the on-PCB capacitances.

Above the dotted line is what we have inside the IC. Call the
left side of the inverter XC1 and right side XC2. The inverter
is biased by a resistor, R, to keep the XC1 at a reasonable

voltage. The XC1 and XC2 will oscillate in opposite directions.

As XCl1 increases, XC2 will decrease. The Ry is to model the
internal resistance (on-chip wires, bond-wire).

Ry
we
< >
o g Ro
..................................................... e
PCB

Figure 6: Pierce oscillator, a —g.,,, amplifier with bias resistor
Ry and series Ro on the IC, driving the crystal and load
capacitors on the PCB

Negative transconductance compensate crystal series resis-
tance

The transconductance of the inverter must compensate for
the energy loss caused by R, in the crystal model. The
transconductor also need to be large enough for the oscillation
to start, and build up.

I’ve found that sometimes people get confused by the negative
transconductance. There is nothing magical about that. Imagine
the PMOS and the NMOS in the inverter, and that the input
voltage is exactly the voltage we need for the current in the
PMOS and NMOS to be the same. If the current in the PMOS
and NMOS is the same, then there can be no current flowing
in the output.

Imagine we increase the voltage. The PMOS current would
decrease, and the NMOS current would increase. We would
pull current from the output.

Imagine we now decrease the voltage instead. The PMOS
current would increase, and the NMOS current would decrease.
The current in the output would increase.

As such, a negative transconductance is just that as we increase
the input voltage, the current into the output decreases, and
visa versa.

Long startup time caused by high Q

The Q factor has a few definitions, so it’s easy to get confused.
Think of Q like this, if a resonator has high Q, then the
oscillations die out slowly.

Imagine a perfect world without resistance, and an inductor and
capacitor in parallel. Imagine we initially store some voltage
across the capacitor, and we let the circuit go. The inductor
shorts the plates of the capacitor, and the current in the inductor
will build up until the voltage across the capacitor is zero. The


https://github.com/wulffern/aic2027/blob/main/jupyter/xosc.ipynb
https://wulffern.github.io/aic2027/assets/examples/xosc.html
https://en.wikipedia.org/wiki/Q_factor
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inductor still has stored current, and that current does not stop,
so the voltage across the capacitor will become negative, and
continue decreasing until the inductor current is zero. At that
point the negative voltage will flip the current in the inductor,
and we go back again.

The LC circuit will resonate back and forth. If there was no
resistance in the circuit, then the oscillation would never die
out. The system would be infinite Q.

The Q of the crystal oscillator can be described as @@ =
1/(wRsCy), assuming some common values of R, = 50,
Cy =5e 1% and w = 27 x 32 MHz then @ ~ 20 k.

That number may not tell you much, but think of it like this,
it will take 20 000 clock cycles before the amplitude falls by
1/e. For example, if the amplitude of oscillation was 1 V, and
you stop introducing energy into the system, then 20 000 clock
cycles later, or 0.6 ms, the amplitude would be 0.37 V.

The same is roughly true for startup of the oscillator. If the
crystal had almost no amplitude, then an increase of a factor e
would take 20 k cycles. Increasing the amplitude of the crystal
to 1 V could take milliseconds.

Most circuits on-chip have startup times on the order of
microseconds, while crystal oscillators have startup time on the
order of milliseconds. As such, for low power IoT, the startup
time of crystal oscillators, or indeed keeping the oscillator
running at a really low current, are key research topics.

Can fine tune frequency with parasitic capacitance

The resonance frequency of the crystal oscillator can be
modified by the parasitic capacitance from XC1 and XC2
to ground. The tunability of crystals is usually in ppm/pF.
Sometimes micro-controller vendors will include internal
load capacitances to support multiple crystal vendors without
changing the PCB.

Temperature behavior

One of the key reasons for using crystals is their stability over
temperature. Below is a plot of a typical temperature behavior.
The cutting angle of the crystal affect the temperature behavior,
as such, the closer crystals are to “no change in frequency over
temperature”, the more expensive they become.

In communication standards, like Bluetooth Low Energy, it’s
common to specify timing accuracy’s of +- 50 ppm. Have a
look in the Bluetooth Core Specification 5.4 Volume 6, Part
A, Chapter 3.1 (page 2653) for details.

Temperature behaviour for AT cut crystals
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Figure 7: Frequency deviation in ppm versus temperature for
AT-cut crystals with different cutting angles

CONTROLLED OSCILLATORS

On an integrated circuit we may need multiple clocks, and
we can’t have crystal oscillators for all of them. We can use
frequency locked loops, phase locked loops and delay locked
loops to make multiples of the crystal reference frequency.

All phase locked loops contain an oscillator where we control
the frequency of oscillation.

Ring oscillator
The simplest oscillator is a series of inverters biting their own
tail, a ring oscillator.

The delay of each stage can be thought of as a RC time constant,
where the R is the transconductance of the inverter, and the C
is the gate capacitance of the next inverter.

tpa =~ RC

1 1
" 1nCo (VDD — Vi)

2

tpd

oo P

Figure 8: Ring oscillator, a loop of inverters where each stage
adds a delay t,q

One way to change the oscillation frequency is to change the
VDD of the ring oscillator. Based on the delay of a single
inverter we can make an estimate of the oscillator gain. How
large change in frequency do we get for a change in VDD.


https://infocenter.nordicsemi.com/topic/ps_nrf5340/chapters/oscillators/doc/oscillators.html?cp=4_0_0_3_11_0_0#concept_internal_caps
https://www.bluetooth.org/DocMan/handlers/DownloadDoc.ashx?doc_id=556599
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The K., is proportional to mobility, and inversely proportional

to the number of stages and the length of the transistor squared.

In most PLLs we don’t want the K., to be too large. Ideally
we want the ring oscillator to oscillate close to the frequency
we want, i.e 512 MHz, and a small K,., to account for
variation over temperature (mobility of transistors decreases
with increased temperature, the threshold voltage of transistors
decrease with temperature), and changes in VDD.

To reduce the K., of the standard ring oscillator we can
increase the gate length, and increase the number of stages.

I think it’s a good idea to always have a prime number of stages
in the ring oscillator. I have seen some ring oscillators with

21 stages oscillate at 3 times the frequency in measurement.

Since 21 = 7 x 3 it’s possible to have three “waves” traveling
through the ring oscillator at all times, forever. If you use a
prime number of stages, then sustained oscillation at other
frequencies cannot happen.

As such, the number of inverter stages should be €
[3,5,7,11,13,17,19, 23,29, 31]

Capacitive load

The oscillation frequency of the ring oscillator can also be
changed by adding capacitance.

f _ ,U/ncow%(VDD - ‘/th)
2N (20, WL+ C)

271—/"71 Cow %

2N (3C..WL+C)

cho =

Assume that the extra capacitance is much larger than the gate
capacitance, then

,U/nCoa:%(VDD - Vvth)

f= INC

w
QWNnCo:c T

K. =
vco 2NC

And maybe we could make the K., relatively small.

The power consumption of an oscillator, however, will be
similar to a digital circuit of P = C' x f x V DD?, so increasing
capacitance will also increase the power consumption.

Figure 9: Ring oscillator with an added capacitive load C on
each inverter output

Realistic

Assume you wanted to design a phase-locked loop, what type
of oscillator should you try first? If the noise of the clock is
not too important, so you don’t need an LC-oscillator, then
I’d try the oscillator below, although I'd expand the number
of stages to fit the frequency.

The circuit has a capacitance loaded ring oscillator fed by a
current. The I.,p4r01 Will give a coarse control of the frequency,
while the V,on1r01 can give a more precise control of the
frequency.

Since the V101 can only increase the frequency it’s important
that the I.oniror 1S set such that the frequency is below the
target.

Most PLLs will include some form of self calibration at startup.
At startup the PLL will do a coarse calibration to find a sweet-
spot for I ontrol, and then use Viopniror to do fine tuning.

Since PLLs always have a reference frequency, and a phase
and frequency detector, it’s possible to sweep the calibration
word for 1,01 and then check whether the output frequency
is above or below the target based on the phase and frequency
detector output. Although we don’t know exactly what the
oscillator frequency is, we can know the frequency close
enough.

It’s also possible to run a counter on the output frequency of the
VCO, and count the edges between two reference clocks. That
way we can get a precise estimate of the oscillation frequency.

Another advantage with the architecture below is that we have
some immunity towards supply noise. If we decouple both the
current mirror, and the V-0 towards VDD, then any change
to VDD will not affect the current into the ring oscillator.

Maybe a small side track, but inject a signal into an oscillator
from an amplifier, the oscillator will have a tendency to lock
to the injected signal, we call this “injection locking”, and it’s
common to do in ultra high frequency oscillators (60 - 160
GHz). Assume we allow the PLL to find the right V50 that
corresponds to the injected frequency. Assume that the injected
frequency changes, for example frequency shift keying (two
frequencies that mean 1 or 0), as in Bluetooth Low Energy. The
PLL will vary the V_yntr0r Of the PLL to match the frequency
change of the injected signal, as such, the V_.,ntr0 1S now the
demodulated frequency change.
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Still today, there are radio receivers that use a PLLs to directly
demodulate the incoming frequency shift keyed modulated
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Leontrol
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L
I

Figure 10: Current-starved, capacitance loaded ring oscillator
with coarse frequency control from the I.ontro1 mirror and fine
control from the Vi oniror transistors

We can calculate the K., of the oscillator as shown below.
The inverters mostly act as switches, and when the PMOS is
on, then the rise time is controlled by the PMOS current mirror,
the additional V,,,.,; and the capacitor. For the calculation
below we assume that the pull-down of the capacitor by the
NMOS does not affect the frequency much.

The advantage with the above ring-oscillator is that we can
control the frequency of oscillation with I.,,4-0; and have
a independent K,., based on the sizing of the V_.onirorl
transistors.

Teontrol + %,upcox%(VDD — Veontrol — ‘/th)Q

= VDD
CVDDN

of
K’UCO =20

7.ra‘/control
Mpcom% (VDD - ‘/;ontrol - Vvth)

Kyeo = —2m
veo VDD
C*=5=N

Two things about that result. It is negative, because Vi op 1101 18
the gate of a PMOS: raising it turns the device off and slows
the oscillator down. And it is proportional to the overdrive
VDD — Veontrot — Vin, not constant, so this oscillator’s gain
depends on where in its range you are sitting.

That is worth knowing before designing a loop around it. The
linear model in the PLL chapter takes K. as a single number,
and it is only a single number over the small range the loop

actually uses. A quick check on the units catches the mistake
of dropping the overdrive term: 1,C,,W/L is amps per volt
squared, so without a voltage on top the expression is not rad/s
per volt.

Digitally controlled oscillator

We can digitally control the oscillator frequency as shown
below by adding capacitors.

Today there are all digital loops where the oscillator is not
really a “voltage controlled oscillator”, but rather a “digital
control oscillator”. DCOs are common in all-digital PLLs.

Another reason to use digital frequency control is to compensate
for process variation. We know that mobility affects the Ko,
as such, for fast transistors the frequency can go up. We
could measure the free-running frequency in production, and
compensate with a digital control word.

from ring o—— ~|>c
Do H% D, o—| D, H%
IC 20 I4C

Figure 11: Digital frequency control of a ring oscillator stage
with binary weighted capacitors (C, 2C, 4C) switched by bits
Dy to Do

oto ring

Differential

Differential circuits are potentially less sensitive to supply noise

Imagine a single ended ring oscillator. If I inject a voltage
onto the input of one of the inverters that was just about to
flip, I can either delay the flip, or speed up the flip, depending
on whether the voltage pulse increases or decreases the input
voltage for a while. Such voltage pulses will lead to jitter.

Imagine the same scenario on a differential oscillator (think
diff pair). As long as the voltage pulse is the same for both
inputs, then no change will incur. I may change the current
slightly, but that depends on the tail current source.

Another cool thing about differential circuits is that it’s easy
to multiply by -1, just flip the wires, as a result, I can use a 2
stage ring differential ring oscillator.

0 Vg

0 Vot

Figure 12: Differential ring oscillator, where a wire crossing
provides the multiply by -1
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LC oscillator

Most radio’s are based on modulating information on-to a
carrier frequency, for example 2.402 GHz for a Bluetooth Low
Energy Advertiser. One of the key properties of the carrier
waves is that it must be “clean”. We’re adding a modulated
signal on top of the carrier, so if there is noise inherent on the
carrier, then we add noise to our modulation signal, which is
bad.

Most ring oscillators are too high noise for radio’s, we must
use a inductor and capacitor to create the resonator.

Inductors are huge components on a IC. Take a look at the
nRF51822 below, the two round inductors are easily identifiable.
Actually, based on the die image we can guess that there are two
oscillators in the nRF51822. Maybe it’s a multiple conversion
superheterodyne receiver

= EIE]

r} -] e ) el

Figure 13: Die photograph of the nRF51822, where the two
round LC oscillator inductors are easily identifiable. Die
photograph by zeptobars.com, CC BY 3.0

Below is a typical LC oscillator. The main resonance is set
by the L and C, while the tunability is provided by a varactor,
a voltage variable capacitor. Or with less fancy words, the
gate capacitance of a transistor, since the gate capacitance of
a transistor depends on the effective voltage, and is thus a
“varactor”

The NMOS at the bottom provide the “negative transconduc-
tance” to compensate for the loss in the LC tank.

T
i

[

Figure 14: LC oscillator with current mirror bias, LC tank,
varactor tuning (V.nt) and a cross-coupled NMOS pair
providing the negative transconductance

Fo i

VLC

RELAXATION OSCILLATORS

A last common oscillator is the relaxation oscillator, or “RC”
oscillator. By now you should be proficient enough to work
through the equations below, and understand how the circuit
works. If not, ask me.

Vi D @

delay

Figure 15: Relaxation (RC) oscillator, where a comparator
and flip-flop toggle as the capacitor voltage Vo charges to the
threshold Vi = IR


https://en.wikipedia.org/wiki/Superheterodyne_receiver#Multiple_conversion
https://en.wikipedia.org/wiki/Superheterodyne_receiver#Multiple_conversion
https://zeptobars.com/en/read/nRF51822-Bluetooth-LE-SoC-Cortex-M0
https://creativecommons.org/licenses/by/3.0/
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SUMMARY

The one-page version of this chapter:

o The precision ladder: atomic clocks, then crystals (ppm),
then LC (phase-noise kings on chip), then rings, then RC
relaxation - each rung cheaper and noisier

e A crystal is a mechanical resonator with Q in the tens
of thousands; the Pierce circuit keeps it ringing with one
inverter

« Ring oscillators are small, tune over decades, and follow
every millivolt of supply - which is why the PLL supply-
controls one on purpose

o Current starving and capacitive load make the ring
controllable; the varactor does the same for the LC tank

o The relaxation oscillator charges C to IR and resets: the
cheap always-on clock for waking things up

o An oscillator’s frequency stability over temperature and
supply, not its schematic, decides where it may be used

WOULD YOU LIKE TO KNOW MORE?
Crystal oscillators
The Crystal Oscillator - A Circuit for All Seasons [1]

High-performance crystal oscillator circuits: theory and appli-
cation [2]

Ultra-low Power 32kHz Crystal Oscillators: Fundamentals and
Design Techniques [3]

A Sub-nW Single-Supply 32-kHz Sub-Harmonic Pulse Injec-
tion Crystal Oscillator [4]

CMOS oscillators
The Ring Oscillator - A Circuit for All Seasons [5]

A Study of Phase Noise in CMOS Oscillators [6]

An Ultra-Low-Noise Swing-Boosted Differential Relaxation
Oscillator in 0.18-um CMOS [7]

Ultra Low Power Frequency Synthesizer
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