Rethinking the crystal oscillator:
Faster startup and
Fully differential operation
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Typical 40 MHz crystal
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Pierce oscillator, the de factor standard for >100 years
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What is wrong with the
Pierce oscillator?
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Slow and inefficient startup

e Starts from noise

* Class-A operation during startup
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Bluetooth-LE: Impact of XTAL-startup

* Non recheargeable batteries

¢ Lifetime Of ma ny yea rs Connection event

Power

XTAL startup =
10% of total Energy

Sleep
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Single-ended circuit = poor CMRR
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CLissplitinto2x2 CL
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Fast start-up
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Optimum startup (1)
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Optimum startup (2)
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Optimum startup (3)
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Optimum startup (4)

VXTAL
™ pp +VDD | o +VDD
oV - VDD = EE——
+ _o7 +2 VDD +6 ¥ DD
\LI ) : - \/\
L s, 200 -
VxtaL ) -4\/DD 8 VDD
— § |§| 10 2
P - L 0 uA
+ /'o “:'O'O — 0 MA
- Vc — L =
! v 7 - +7VDD
c| VDD "
VDD > 0V 0 —~_
= -5 VDD

27 May 2026 Benelux RF&IC Conference 14



Optimum startup (5)
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Optimum startup (6)

* Internal grow-rate: 4 V,;,/period

« 800V =~ 250 periods (6.25 pus)

Conventional:

400us
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748mV
P—— PR Cursor Results 1 I x
.100pus/div o ik

* Block wave need to have the correct phase during 250 periods

>250 periods, << 90° phase-shift 2> Af/f << 0.1%
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How to get the accuracy of the block-wave?

* Periodically synchronize

* Replace by fast-locking PLL
after initial startup

* |Initial phase can be anissue
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Better idea: Self timed energy injection
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On-Resistance compromise
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Drive with short pulses
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Peak detection
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Fully differential operation

eeeeeeeeeeeeeeeeeeeeee



Differential Oscillator ?
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No DC-path
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V(XTAL) = Block + Sine

Start-up
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Swap at Peak
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Swap and Flip at Valley
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Correlated sampling
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Correlated sampling - improved PSRR
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Oscillator topology
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Die micrograph (22nm FD-SOI)
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| 0.25pF > 1.75pF[
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Measured phase noise
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Conclusions

* A century of success shouldn’t stop us from doing better.

e Start-up improved from 400 psto 12 ys
* Energy reduction in duty-cycled systems

* Fully differential oscillator
* Excellent CMRR
* Areareductionin varicap
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Backup slides
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Phase noise due to kT/C

* Two “kT/C” contributions at each peak and valley:
1) A capacitoris sampled to VDD
2) A capacitoris removed

SR = 0.1V/ns/
X Un,rRMS = \/ZkT/Ctotal ~ 35 uV

-l- L = >
- © 2kT/C
L NS p Jitterpys = \/ /Ctota ~ 0.35 ps

SR
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Phase noise due to peak detection

* Switching moment jitter = jitter in DC-level =2 jitter in zero
crossing

dv/dt b

T R 1L
= S
J_ M jitter
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This work Lechevallier [1] Verhoef [2] Megawer [3] Jung [4]
JSSC’19 ISSCC’19 ISSCC’19 ISSCC’22

Technology (nm) 22 22 55 65 28
Supply voltage (V) 0.8 0.8 1.2 1 N/A
Core area (mm?) 0.021 0.129 0.069 ** 2.51 ***
Frequency (MHz) 40 32 54 76.8
Load capacitance (pF) 6 6 6 7
Diff. amplitude (Vpp) 0.8 . 0.75 0.7 1.2
Steady-state power
consu‘llnptionp(,pW) 2 el Rk
Startup time (ps) 12 23 19
Startup energy (nJ) 8 5 5 20.2 34.9

@ 1kHz -115.1 -123 N/A -139.5
Phase-Noise @ 10kHz -142.2 N/A N/A -149.7
(dBc/Hz) @ 100kHz -152.9 N/A N/A -157.8

@ 1MHz -153.2 N/A N/A -163.1

RMS jitter (fs)

[10kHz - 10MHzZ] 374 N/A N/A 103 72

CMRR (dBc/1Vpp) -67.4 N/A N/A N/A N/A

Switched Single-ended

Single-ended Single-ended

Steady-state technique . . .
y 9 Pierce Pierce Pierce

. Single-ended Pierce
capacitor

Fully differential Yes

Precisely
Self-timed injection timed
injection

Self-timed
injection

2-step

Fast start-up technique .. .
injection

2-step injection

27 May 2026 Benelux RF&IC Conference



This work Chang [5] Rajavi [6]

JSSC’12 JSSC’17

Technology (nm) 22 65 28
Supply voltage (V) 0.8 1.8 1
Core area (mm?) 0.021 0.15
Frequency (MHz) 40 48
Load capacitance (pF) 6 8
Diff. amplitude (Vpp) 0.8 1.6
Steady-state power 55
consumption (UW)
Startup time (us) 12
Startup energy (nJ) 8

@ 1kHz -115.1 -114.3
Phase-Noise @ 10kHz -142.2 147.7
(dBc/Hz) @ 100kHz -152.9 -155.8

@ 1MHz -153.2 -158.5

RMS jitter (fs)

[10kHz - 10MHz] 374

168

[10k-5MHZz]

CMRR (dBc/1Vpp) -67.4

N/A N/A

AC- and cross- Active inductor,
coupled gm cross-coupled
stage gm stage

Switched

Steady-state technique .
capacitor

Fully differential Yes

Yes Yes

Self-timed
injection

Fast start-up technique

27 May 2026 Benelux RF&IC Conference 40



Only very few differential crystal oscillators
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Crystal
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How does a pendulum clock keeps ticking?

1. Detect that the pendulum is
at the peak

2. Give the pendulum a pushin
the right direction
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Pierce oscillator
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Pierce oscillator

XTAL current
becomes positive
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Pierce oscillator
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Pierce oscillator

XTAL current
becomes positive
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Pierce oscillator
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Pierce oscillator
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Pierce oscillator
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