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Global smartphone shipment
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1.4 Bio / y
1.2 Bio / y

1500 Mio.

1000 Mio.



Mobile phone users and penetration worldwide 2015 -20
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Billion users

% of population
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Hanns Guck-in-die-Luft

1858 Hanns Guck-aufs-Phone
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Gigantische Rechenleistung



Topological constraint theory

General theory of relativityPhase advance – group delay

Surface acoustic wave filters

Seismic waves

Coriolis force gyroscope MEMS accelerometer 

Piezoelectricity

Li ion batteries

vph > c

Atomic clocks
etc.  etc. etc. ….

Metamaterials antenna

Hall effect

Selected physics topics

4 times brighter OLEDs – and spin-orbit coupling

Variable capacitance microphone
CCD and CMOS detectors

Light field photography



Coriolis force gyroscope MEMS accelerometer 

Selected physics topics for today

Piezoelectricity

Topological constraint theory

General theory of relativity

Surface acoustic wave filters

Variable capacitance microphone



Coriolis force gyroscope MEMS accelerometer 

Selected physics topics for today

Piezoelectricity

Topological constraint theory

General theory of relativity

Surface acoustic wave filters

Variable capacitance microphone

flashmemoryaudio codec

magnetic sensor

Physics is well “hidden”



Radbrücke Lorüns, Vlbg.

Train Cemetary Salar de Uyuni, Bolivia

… “überall”

Quarz Kristall aus der 
zweiten Strassenröhre 
am Gotthard 

Wien  Mariahilferstrasse



Mikrowellen Filter
Piezoelektrizität
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RF filters



Uplink – downlink frequency bands

Uplink
Downlink

m
icrowave oven



How to build the filters ?
Filters by discrete elements

Solution:
Piezoelectric effect – acoustic filters



Piezoelectricity – SAW filters, quartz clocks …



Piezoelectricity

++ ++ +

++ ++ +



Piezoelectricity : quartz tuning fork resonator

16

32 768 Hz     =    215 per second    

Quartz clock 1927 
Walter Marrison

Bell Labs



Industrial scale quartz crystal growth
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1950  A.C. Walker and Ernie Buehler 
1959  Robert  A. Laudise

(1930 – 1998)
AT&T Bell Labs

Hydrothermal growth
375 – 450 C

1000 – 1500 bar



Basic schematic of a Surface Acoustic Wave filter

λ

Piezoelectric material



SAW filter : highly frequency selective

SAW filter for LTE Band 12 
by Taiyo Yuden, Japan 

v
f0 = v / λ

λ

Surface wave velocity ( ~km/s)

Electrode geometry (~µm)

109 = 103 / 10-6

f0 = v / λ



Frequency - geometry

λ = v / f0

f0 = v / λ

V = 10 km/s    

V = 5 km/s    

V = 4 km/s    

λ

f0
W = λ/4

W



Complex filtering in modern transceivers



SAW filters are SMALL

ca. 1 x 1 x 0.5 mm3





Sensors
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Accelerometer 
Gyroscope 

Magnetometer
Microphone

Ambient light sensor
Fingerprint sensor

Proximity
Barometer 

Therometer 
Air Humidity 

Heart rate sensor
Pedometer 

Blood oxygen sensor
UV sensor

. . .



What are MEMS ?

25

• MEMS is an acronym for Micro Electro Mechanical Systems

• They contain 3-dimensional structures 
realized through “Micro-Machining”

• These mechanical parts are micron-size 
devices that interact with external world 
for sensing and actuation



Etching : isotropic - anisotropic / wet - dry
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openi.nlm.nih.gov

wet anisotropic dry anisotropicisotropic

Etching profiles

MEMS fabrication



Surface Micromachining
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Freestanding structure



Surface Micromachining
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Si device layer, 20 µm thick
buried oxide layer

Si handle wafer

oxide mask layer

silicon
Freestanding structure
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Conventional “explanation” of etching anisotropy
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fcc diamond structure



Sensing Motion
portrait or landscape mode
step counter

Accelerometer
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Sensing motion : rotation - acceleration
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Accelerometer
Basic Operation Principle  : Newton’s Laws

Model : 2nd Order Spring-Damper
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• Fe - Force applied on frame
• xf - Reference frame displacement
• xm - Proof mass displacement

Applying Newton’s 1st and 2nd Laws: 

𝑚
𝜕2𝑥

𝜕𝑡2
+ 𝛾
𝜕𝑥

𝜕𝑡
+ 𝑘𝑥 = 𝐹

Or 

𝑭 = 𝒎
𝝏𝟐𝒙𝒇

𝝏𝒕𝟐
− 𝑭𝒆

proof mass
frame



Accelerometer
Final Product – MEMS Capacitive accelerometer

https://www.youtube.com/watch?
v=p-gKaEkw9CU

[7]
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Accelerometer
Final Product – MEMS 3D Capacitive accelerometer

a) 3D accelerometer structure. It has three different sensors for x-/y-/z- axis 
acceleration and three different electronic circuitry for each axis [8] 

b) 3D structure without electronics. NOTE: all three sensors are linked with 
the same proof mass [5]

Typical numbers
• Mass of proof mass: 0.1𝜇 𝑔
• Capacitance sensitivity: 
20𝑝𝐹

• Gaps between capacitor 
plates: 1.3𝜇 𝑚

• Frequency of signal 𝑉0 ∶
1𝑀𝐻𝑧

• Pairs of plates: 46
• output signal is amplified 

and demodulated. 
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b)



MEMS Accelerometers are getting smaller
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MEMS Size (mm2)

5

1 Production cost
< 0.08 $



Sensing Rotation

Gyroscope
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Gyroscope

getting a gyroscope into a smartphone

[9]

38



… Coriolis effect
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Sept. 4. 2003
between Greenland and Iceland. 

flow around a low-pressure area 
in the Northern Hemisphere

Pressure gradient force

Coriolis acceleration



… Coriolis effect
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between Mozambique, on the left, and 
Madagascar on February 26, 2003. 

Sept. 4. 2003
between Greenland and Iceland. 

N -hemisphere
S -hemisphere



Gyroscope
Fundamentals – Coriolis Force

MEMS gyroscopes use the Coriolis effect

Consider a mass moving in direction v. 
When an angular movement is applied (green arrow), 
the mass experiences a force in the direction of the 
RED arrow as a result of the Coriolis effect

In a MEMS gyroscope, the resulting physical 
displacement is then read using a capacitive sensing 
interface. 

𝑭𝐶𝑜𝑟𝑖𝑜𝑙𝑖𝑠 = −2𝑚𝛀× 𝒗

𝒗

 𝐹

Ω𝑍
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Gyroscope
3 Axis Gyroscope (iPhone)

Yaw: 
The two yaw proof masses oscillate in 
opposed directions v1,v2 (same as for roll)

If yaw is applied (omega), the Coriolis force 
acts on both masses.

The masses are forced parallel to the plane. 

This time the Capacitance is measured by a 
comb structure (yellow circles)  

Thus the these two proof masses are 
influenced by both roll and yaw. 

42[11]



MAGNETIC SENSOR
Magnetic north / Compass
diplay on/off
…

MEMS magnetometer
Hall effect sensor
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MEMS magnetometer

FLorentz I

BzLorentz force Magnetic field B 



Microphones
MEMS capacitive microphones
Electret microphones
Piezoelectric microphones 
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MEMS microphones
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http://www.memsjournal.com/2011/03/overview-of-mems-microphone-technologies-for-consumer-
applications.html

Variable capacitor microphones



Display Glass

Topological network theory
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Display module glass (Gorilla Glass)

Display module glass



Glass , the amazing old yet high-tech material

http://www.wired.com/2012/09/ff-corning-gorilla-glass/

Molten glass cools to become so gummy it 
can be cut with scissors.

Glass starts out as a mixture of very 
fine powders like limestone, sand, and 
sodium borate.



Glass , the amazing old yet high-tech material

12. Jh. Salvino D'Armate fabricates the first reading glasses

Teleskop: Hans Lippershey, Zacharias 
Jansen und Jacob Metius, ca. 1608



Glass : essential to modern communication

Corning develops flexible glass foils

Glass fiber for data transmission
only 0.2 dB attenuation per km (!!) in near-IR



Glass as an atomic network



Glass “ingredients”



Modern theory of glasses

Gorilla Glass  (Corning) 
“First glass designed on computer”     (Mauro) 

J.C. Philips, 1979

Topological constraint theory



Optimal stability of network ?

𝑁𝒄 < 𝑁𝑫𝒐𝑭

Maxwell’s Rule : number of constraints  =  number of degrees of freedom

Phillips, J. C. (1979)

Unstable

Stable

n = 4
DoF = 4 x 2 = 8 
minus  3 collective DoF 8 – 3 = 5

Constraints4

𝑁𝒄 = 𝑁𝑫𝒐𝑭

4 55
=

Counting degrees of freedom ( in 2 dim)
n objects :   n x 2 =2n,    minus 3 collective DoF =   2n - 3    



Optimal stability of network ?
Maxwell’s Rule : number of constraints  =  number of degrees of freedom

Phillips, J. C. (1979)

Unstable

Stable
𝑁𝒄 = 𝑁𝑫𝒐𝑭



Counting constraints
Constraints originate in bonding (“ball-and-stick” model)

Number of constrains depends on atom coordination ”r”

Two body constraint

𝑁𝑐 =
𝑟

2

𝑁𝑐 = 1

Three body rigid constrains – rigid bond 
angles𝑁𝑐 = 2𝑟 − 3

𝑁𝑐 = 1
𝑁𝑐 = 3

𝑁𝑐 =
𝑟

2
+ (2 𝑟 − 3)

J.C. Philips, 1979



Chemical composition and network stability
Define average number of constrains per atom

(mean field approach)

𝑁𝑐 =
𝑟

2
+ (2 𝑟 − 3)𝑟 = 

𝑖

𝑥𝑖𝑟𝑖

chemical composition  xi =   molar fraction of atom type i

Condition for an isostatic network

𝑁𝑐 = 𝑁𝐷 = 3 𝑟 = 2.4

Optimal composition results in optimal network stability

J.C. Philips, 1979



Modern theory of glasses
Gorilla Glass  (Corning) 

“First glass designed on computer”     (Mauro) 

J.C. Philips, 1979



Thin sheet production with fusion draw process

ca. 15 Mio m2 / y

ca. 2000 soccer fields / y



Making glass tough and scratch resistant



Toughening by ion exchange ( K – Na )

K insertion (for Na) produces 
compressive stress near surface



Scratch resistance after ion exchange toughening



Composite car windshield : conventional + Gorilla Glas
1 Gram, 6mm  Projectile hitting windshield at ca. 200 km/h 

Optimized network stability



Navigation GPS
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Where are we on the Lake of Constance (Bodensee) ?

Gedankenexperiment

Navigation with the smartphone :: GGlobalall PPositioningg SSystem



Um genau 12:00:00 h blasen die Nebelhörner in Bregenz und in Lindau
Hören auf dem Boot die Signale später :  
Laufzeit = Ankunftszeit - Sendezeit

Von Lindau um 
12:00:10
10 sec x 1/3 km/sec  
= 3.3 km Entfernung
Von Bregenz um
12:00:14
14 sec x 1/3 km/sec  
= 4.7 km Entfernung

Was braucht’s zur genauen Ortsbestimmung?
Synchronisation der Uhren (12:00:00 ist für alle Uhren gleich, gleich schneller Gang)
Genügend feine Zeitauflösung (1/330 sec für 1m Ortsgenauigkeit) 
Genau Position der Sender
Genauer Wert der Schallgeschwindigkeit

Navigation with the smartphone :
Bregenz und in und in 

: GGlobal
Lindau

all PPositioningg SSystem



Introduction to GPS

24 (31) satellites 

20 000 km above sea level

Orbital period 12 hrs

Velocity 13800 km/h  

3800 m/s



Each satellite broadcasts location and time at transmission

Distance = speed of light  × travel time

Trilateration in 3+1 dimensions :
3 space- und 1 time-coordinate -> min. 4 satellites



Foghorn - GPS location

“foghorn ” : sound GPS :  microwaves (“light”)

Signal propagation speed
Speed of sound 334 m/s             speed of light 299 792 458 m/s 

time for signal to propagate 1 m
1m in 0.003 sec 0.000 000 003 3 s  =  3.3 nanosec

“stopwatch” Atomic clock 1ns/ month
Rubidium and Caesium atomic clocks

106



GPS principle
Navigation in the GPS is based on 

constancy of the speed of electromagnetic signals c

distance = 
“pseudorange”

min. 4 satellites transmit 
location and time stamp 
{tj, rj},   j = 1, 2, 3, 4. 

| r – rj | = c ( t – tj )   
j = 1, 2, 3, 4. 



GPS = rich physics + fascinating engineering
Earth and satellites are moving

Satellites orbit approx. 20 000 km above earth 

Receiver
Smartphone 

Ground control : measure satellite orbits 
and synchronize clocks

Satellites 
+- 0.5 m  RMS



Relativistic effects in GPS
Rust in peace :  train graveyard at the edge of Salar de Uyuni , Bolivia



1 - Moving clocks beat more slowly
“constancy of the speed of light” 

A clock moving relative to a system of synchronized 
clocks in an inertial frame (ECI)  beats more slowly. 

rs radius of the satellite´s orbit ( ca 26 562 km),   
vs ≈  3863 m/sec

Clock at earth’s equator ( radius a1 =6378 km) , 
speed     ωE. a1 464 m/s

Error if uncorrected :         2.13 km/day



2 - Gravitational time dilation

~

Clock in satellite at potential Φ + ∆Φ

Clock at earth surface at potential Φ

∆Φ

Clock in satellite runs faster

Error if uncorrected ≈ 13.7 km/day

GM = 3.986004415 × 1014 m3 /s2



No GPS without Relativistic effects
Gravitation :
clocks in satellite run faster (w.r.t. earth surface) 
Relative motion of clocks
clocks in satellite run more slowly

Atomic clocks
Quartz oscillator clocks

Solution:
Slow down satellite clocks 
BEFORE launch by 4.47 10 -10 = 
by                    0.00457 Hz
to    10 229 999. 99543 Hz

GPS Reference frequency = 
10 230 000 Hz       (10.23 MHz) 

Neil Ashby, Physics Today (2002),    Neil Ashby and Robert A. Nelson (2009)  



Gravitational time dilation
General relativity predicts that clocks 
run more slowly near massive objects.
Students’  experiment in Colorado. 

M. Shane Burns et al.; American Journal of Physics 2017, 85, 757-762. DOI: 10.1119/1.5000802

GPS reference time 
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Colorado College  1845 m

Pikes Peak  4288 m

Pikes Peak Marathon 1985

( 9.4194 ns /day km )



Data transmission
- coding

GPS
Smartphone network
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GPS signal coding (simplified)

Group velocity  ≠ phase velocity

1 – 1.5 GHz 

Pseudo-random code
Particular to each satellite
= spreading waveform 

code division multiple access CDMA



Spread spectrum / CDMA invention
"Secret Communications System." 

Inventors :  Hedy Keisler Markey   and   George Antheil

http://inventionconvention.com/americasinventor/dec97issue/section2.html

actress "The Most Beautiful Girl in The World”               composer "the bad boy of music"

http://www.women-inventors.com/Hedy-Lammar.asp





Hedwig Eva Maria Kiesler



Unofficial Newspaper U.S. Forces





Camera : sensing photons

- CCD CMOS light sensors

- speculation on future trends

Physics :  Photon-detection in semiconductors
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TOUCH SENSOR
Touch screen
Fingerprint sensor
…
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Physik im Smartphone
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Eine Fundgrube voller Physik
Ein Wunderwerk der Technik
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