Electronics for Pedestrians

— Passive Components —
Ralph J. Steinhagen, CERN

“In theory, theory' and 'praxis’ are the same, in praxis they aren't”
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Introduction

=  Why bother with electronics when dealing with accelerator physics?

Who doesn't want to be like MacGyver*?
... he's physicist, and he has a firm grasp of electronics.

*also: Farraday, Ampere, many Nobel prize winners (1956, 1964, 1973, 2000, 2009), Rontgen, Marconi, Braun, ...
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Introduction — more serious

= Why bother with electronics when dealing with accelerator physics?
— Most physics effects are invisible to naked eye

— Electronics is not a fundamental element in our understanding of universe, but an
essential tool in many experiments as are: problem-solving, scientific reasoning, math,
computer science, ...

= Most beam instrumentation/experiments “boil down” to electro-magnetic
and optical signals that need to be pre-conditioned before they can be
accurately measured, need to be able to distinguish between

a) Model uncertainty (theory, particle tracking codes, ...)
b) Machine uncertainties (multiple effects may contribute to your observations), and
c) Beam measurement uncertainties — needs basic electronics knowledge

= As a physicist, (non-electronics) engineers or scientist, need to be able to:
— distinguish between physics and instrumentation effects
— interpret and communicate (simple) electronics schematics

— communicate ideas to electronics engineer to guide & improve instrumentation
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Examples

= Most beam properties can be easily converted into electric quantities:

— Beam intensity
« Faraday-cup — charges/very small currents
 current transformer — small alternating voltages
— Beam loss
« Diodes or gas ionisation chamber — charges/very small currents
- fibres/scintillators — photo-detector/multiplier — charges/very small currents
— Beam position
« Electro-magnetic fields — high alternating voltages
« X-Ray BPMs — small photo-currents
— Beam Profile
« wire-scanner — scintilator — small charge pulses/current

« Synchrotron-light monitor/OTR screens — photo-detector — small charge pulses/current
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Tools, Literature and References

= QUCS - Quite universal circuit simulator: Ques %
http://qucs.sourceforge.net/ Quite Universal Circut Simulator

— similar to Spice™ & derivatives but open-source

— DC, AC, S-parameter, harmonic balance analysis,
noise analysis, RF structures, etc.

= Paul Horowitz & Windfield Hill:
“The Art of Electronics”, Cambridge Uni.-Press

— The de-facto “electronics bible”

=« Brian C. Wadell:
“Transmission Line Design Handbook”,

— specialised RF structures
microwave design

Transmission Line
Design Handbook

= Tutorial is inspired by K. Wille's lecture series
“Elektronik 2013”, TU-Dortmund:

http://www.delta.tu-dortmund.de/cms/de/Studium/Homepage Wille/ELEKTRONIK/index.html Brian C. Wadell
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Voltage and Current Sources

= |deal voltage source: = |deal current source

'& D w3y

dU dU
—=R.= —— =R .=
o7 R.=0 R
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Ideal Passive Components

ohmscher
Widerstand R 4:|7 U(t) =R I(1)

Kondensator C

U(t)= %j I(t)dt

Spule L. LYY YL U(t) = LM
dt
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Kirchhoff's Circuit Laws

= Kirchhoff's current law (KCL) = Kirchhoff's voltage law (KVL)

— conservation of charge — conservation of energy

a R, b
@ Sy,
Vi
@ v, R, < v,
d R, C
¢ &
Vs, R5
Vs
Z V=0
k
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Fixed Frequency Oscillation & Phasor

= Steady-state frequency solution can be decomposed:
A cos(wt — @) = A cos(wt)cos(p) + A sin(wt)sin()

— can be interpreted as the projection on the real axis
of a circular motion in the complex plane.

R|Alcos(d)+ jsin(o)

= The complex amplitude is called “phasor’;

Jwt
e

A=A|cos(d)+jsin(¢)

A\

* i)
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Calculus with Phasors

= Why this seeming “complication™?:

— Because things become easier!

« Using d/dt = jw, one may now forget
about the rotation with w and the
projection on the real axis, and do
the complete analysis making use
of complex algebra!

» |mportantly, using Fourier theorem:
Any arbitrary signal can be decomposed
into sum of sine and cosine waves

— You'll hear more of this in the RF lectures
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Phasors — Example 1: RLC Series Resonator

= Applying Kirchhoff's voltage law (KVL):

UR UL UC

Upc=|R+ +jwLl |1 > g ’
j o | F—T—
- =7 — e >

= We are interested in magnitude only

] 1 A
Zserzes ‘ (DC+J(DL R+.] L U)C ‘
- | C
:) @)
.. some arithmetic and beer
\J
:\/(1—(m/m0)2)2+(2§w/m0)2 Vg U |
e .

with : ng\/g AN w,=1/VLC
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Phasors — Example 2: RLC Parallel Resonator

= Applying Kirchhoff's current law (KCL):

1 1 = ‘ T

[pc=V =+ joC+
RLC R J oL
= j] - < o T—_ —
=i
| | | Y y | v
= We are interested in magnitude only
|l ® ®
/ —R—L+’ooL—R+ ' (JoL—L
series (DC ] - ] U)C
A
... some arithmetic and more beer 1=
. 2\2 2
—\/(1—(00/000) ) +2CTw/w,| |
\9\\,0
. 1 L
with : Czﬁ E AN w,=1/VLC 5 - V>
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Bode Plot: Magnitude/Phase vs. log. Frequency

= Definition of 'quality factor Q — very important for cavities

— ability to store energy, transient response, ...

11 BERRIES )
0.8+ 2
TR 5 T
o -Wy° 1-C
5 0.6+ o
= T
£ 041 °
02+ -0
0 I
100 1e3  fed . 1e5 . 1eB = 1e7 . 1e8 . 1e9 . 1el0

frequency
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Quick getting started with Qucs I/l

1) Project — New Project — <type and confirm project name>

— This creates a new projects and switches to 'Content’ tab

& Fle Edit Postionng Insert Project Tool
JxmBAAO2d 1N RAKRKXBIEDLRIETFAREBL -G L Bt

Sir
= : 1==RA3O 2 & 10 x
d untitled @ T
—m-sa i
=) : m |
5 [ew 8] Delete L lumped components -
£ (ASl5p L B nned components
— | Balancec L =
E Coupler L R | probes
< Filter L .‘LCJ transmission lines
o Kemod P3 N . L - £ nonlingar component:
pultibandinstabilityt/JONgor S verilog-a devices
£ fyTestProjects —  digital component;
g pLEPM £ file component
=1 L simulations
= g diagrams
=l . | £ paintings
[ R Create new project ol s 2 - o
..... N L o=
2) ” D Ground Subcircuit Part
Project name: |ASAPT4 | .
. | y 5
v open new proect | ) =%
_____ Transformer  symmetric Tra...
Create Cancel | f .. . .
[ 8 4 k= el -
( ) dc Block dc Feed L.
W gs 0:0 7 .

2) Now you can start editing your schematic. The available

components can be found in the '‘components’ tab.

— there is a sub-menu for different categories of components
— feel free and encouraged to browse

— more precise parts and pre-configured elements can be found in:
Tools — 'Component Library' (or via 'Ctrl + 4')
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Quick getting started with Qucs

Design and simulate a simple voltage divider:

= Place two resistors (i.e. drag-and drop) onto the schematic:
Components — lumped components — resistor

— N.B. You can rotate the components via 'Ctrl+R'

= Place a dc voltage onto the schematic:
Components — sources — dc Voltage Source

I o - Ques 0.0.17 - Project: ASAP'14

File Edit Positioning Insert Project Tools Simulation “iew Help

@AM d DALY ARAAXREHILIEF /AR L-OY

¢ X | & FirstTestsch @

Bl | simuations W A
8 <11 |
B o o . . .........................
5 Transient simu... N I
1= o o . o
al W |+ v B e 1L
— s 57] =14 =50 Ghrn
w Ay By = - . S
T - T
o ac simuation Sperametersi. | |f 0 o o o o o . o
e il e . . . . S e e
== w o B
3 F=50 Chm
2 N T T
Harmonic bala.. Parametersw.. ||| . L I
.................................
digital simulation  optimization |
................................. o
L ) >

nowarnings 0:0
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Quick getting started with Qucs

= Wire the parts either using the 'wire' button, or 'Ctrl+E’)

s Place a simulation block — in our case 'DC':
Components — simulations — dc simulation

= Label wires to calculate voltages of give nodes:
Insert — Wire Label (or 'Ctrl+L’) — <type/confirm name>

= N.B. if you haven't already — save the schematic:
File — Save (as) (or 'Ctrl+S')— <type descriptive name>

® Guecs 0.0.17 - Project: ASAP4

File Edit Positioning Insert Project Tools Simulation “iew Help

@AM d DALY ARAAXREHILIEF /AR L-OY

¢ X | & FirstTestsch @

= e ——
= | simulations v —
L £ B
DE_, [ Be] Tra) 1 - | de simulation | .........................
= Transient simu.. N I
o
= O
= :
i ........... LS IR [ .
w Ay BB b =2 U
[
2 | acsimulation Sparametersi. | T T T T T kT
8 ......................
T L s P L
o
L O U Ittt
| [swe]]
Harmonic bala.. Parametersw.. || . . . . . . . . . L1 . [
Opt] L
digital simulation  optimization |
................................. o
L ) >

nowarnings 0:0
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Quick getting started with Qucs

= |ssue a Simulation: Simulation — Simulate (or 'F2')

— This opens a new panel (<name>.dpl) which can house the results and opens
the 'Components—diagrams' sub-panel on the left (you can switch back and forth with 'F4')
(you may change this via 'File — Document Settings — 'open data display ...' check-box)

= You can add e.g. a table and select (double-click) the nodes for which the
currents and voltages have been calculated (here: 'V1.I' & 'midpoint.V')

.
® Guecs 0.0.17 - Project: ASAP4

File Edit Positioning Insert Project Tools Simulation “iew Help

Jed@mAPOCd 1A YAAAANITEDLAISTTF/ 2EL0Y

© * | & FirstTestsch €3 < FirstTestdpl @

| | diagrams v 2
|
o 7 1 i T
=4 number | V1.1 | midpointyV
o= =
— Tﬁ) @ 1 001l 05
‘g Cartesian Paolar
1= ;
o
[
— ]
&
g Smith Chart
g
=
o
: &
Admittance Sm... Palar-Smith Co.. I
Smith-Palar Co..  30-Cartesian |
4
Locus Curve  Timing Diagram
v

v
[

] >
Warnings in last simulation! Press F5 0:0
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Quick getting started with Qucs

Available dataset items

= Depending on the type of simulation performed you find the following
types of items in the dataset:

— node.V — DC voltage at node node

— name.l — DC current through component name

— node.v — AC voltage at node node

— name.i — AC current through component name

— node.vn — AC noise voltage at node node

— name.in — AC noise current through component name
— node.Vt - transient voltage at node node

— name.lt - transient current through component name

— S[1,1] - S-parameter value

= N.B. Please note that all voltages and currents are peak values and all
noise voltages are RMS values at 1Hz bandwidth
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Simple RC/RL High- and Low-Pass Filter I/l

|BC_lowpass - . - . . . . . .|BC_highpass.
AR I

C1

C=1nF - L=TnR b R= 100 Okm

Type=lin- - -~ - - - - S S S _I_ S
Stat=0 . . . . . . S . e

stop=3us . -

F’DiﬂtSHDD] o
Lo T pulse.

simulation R2

traﬁﬂS'iEﬁ"tﬁl] B -

- |BL lowpass

- |EL_highpass -
L=10wH B R
100 ORm F=100 Chrm

2
L=10 uH
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Simple RC/RL High- and Low-Pass Filter Il/Il

‘I__
.. 05+
=5
Elﬁla
O
'D.E“
_‘|-—
0 7e7 de7 FGBe7 fHe7 leb 12eF 1deb 1.6eF 1.8ef Zef 27eF Zdeb 7Gef Z8e6 Jef
time
‘I-_
B 0.5H
==
S9a=
£|:|!1
el ia
'D.E"
_‘| 1
“! l l | | | | | l l l | | l l r'
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time
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Qucs — Resonant Circuit

LAY

transient
simulation
TR1 g
. L1
Type=lin- - pulse|. . .. e T T /Luut
=top=3uws L=
Points=1001 + C1
ST S ey el
D octv e TR
- T1=T us
CTé=2 us. —l
‘I.__
=
. ®.05
=
=N
| 001
‘0 - - Se7 - - 1ef - - 15ef- - 2eB - - 25eF-

time
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Qucs — AC Simulation

= ... going to be used more frequently during RF tutorial

N.B. Noise simulation needs to be manually enabled:
ac simulations — 'Properties' tab — Noise = <yes/no> (optional: 'display in schematic')

ves  ves
yes

MName: AC v
Marne ‘alue display - Descri Molse
calcule calculate noise voltages [yes, no

~

Edit || Browse

+ display in schematic

(< > | Add

Remove

OK Ay

Cancel
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L
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T
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S-Parameter Simulation

= This will be more discussed during the RF tutorial

S parameter

simulation
sP1 . B o o B
g:aogi-llgﬂGl_ll_lzz ' é_']) Num=1- L=22uH == C=5nF - f[L]) Num=2- -
Points=20001 ) Z=50 Ohm . ] Z=50 Ohm.
| Equation | |
Egqn1 =~ L 1
magnitude=35[2,1] - = =
transmission=dB(3[2,1]) - -
phase=phase(S[2,1])°
1100
' - 50
= .
.o
J: o
= -0 B
Ly w
& ki
. __50
{ ! | | | | | T-100
100 1e3 1ed 1eb le6  1e7 1e8 1e9 1el10
- S - frequency -~ - - - - -
Electronic_ _. e e e e T e T T —————————

| Equation
Eagnz
'R=1000
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Between Theory and Reality I/l

« Real resistances, capacitors and coils deviate from their nominal
behaviour in particularly for high frequencies due to parasitic ohmic
losses, parasitic capacities and inductances.

— Often doesn't matter — i.e. for many low-frequency

— ... but can become <pain in the neck> for high-frequency & accuracy
applications — identify early if your measurement might be affected by this
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Between Theory and Reality Il/II

what you design... ... what you get
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Voltage and Current Sources

= real voltage source = real current source
 videal . | (real .
e W RV : 5.
T T P S | ideal | memcaent 4
L VJdeal  Regoomm | pkoadt =1oma R T [ Loadz

p
| | R=1kOhm"
IdealCurrent - | - | - - -

R=RLoad

/7( .

+—. &

0.01

0.008 —

0.006 dU

Vreal.V
Videal.V
RealCurrent.|
IdealCurrent.|

U _p>o | 2 dU_p o5

1=
dl g T

| | | | 0.004 | | | |

0 200 ° 400 600 800  1ed 0 200 400 600 ~ 800 = 1e3

load resistance [Ohm] S SR - load resistance [Ohm]

— reproduce plots in tutorials
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Real Resistance

= technical realisation

— ‘historic™: part-through-hole (PTH) | =~~~ [ 7 1. \3 .

not common these days:

Helical cut to reach the

Color codin : ;
& desired resistance value

A

End caps

; ; Z . ; . with leads
Protective coating Thin metal film Ceramic Carrier

— Surface-mount-style:

END CAP

TRIM NOTCH
END CAP

TOP CONDUCTOR

SUBSTRATE

\ BACK CONDUCTOR

BOTTOM CONDUCTOR

.|:|__ | | .
“1ef - - - 1e7- - - 1eB - - 1ed - - detd
. ) frequency. .
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Capacitance — A glimpse on Pandora's Box

TABLE 1 -PARAMETERS FOR DIFFERENT (@)
CASE SIZES UTILIZED T ) ==
RESISTOR | MODEL INTERNAL o
CASE LE-NGTH V\{lDTH AREA COEFFICIENTS . ﬁ;;:\.Edga Sense
SIZE (inch/ (inch/ (inch?/ c L :
mm) mm) mm2) _
(pF) (nH) .
0.02/ | 0.01/ | 0.00004/ 5 0.6 N Nscut
0201 0.51 0.95 0.02581 0.0206 | 1.73x 10 % L \ J
0.04/ | 0.02/ | 0.000352/ 3 S (b)
0402 | Jo2 | 051 | 022710 | 00262 1.89x10 = Wi e
}:'*“-f:{:;;‘_\_ Edge Sense
0402 0.04/ 0.02/ | 0.000352/ 0.0392 0.1209 | RN,
(wrap) 1.02 0.51 0.22710 ™ \
0.064/ | 0.032/ | 0.000816/ ) N\
0803 | 1626 | 0.813 | 052645 | 0-0403 | 0.0267 | Lt N/
- o S-cut
2 @ 0603-\_§7 (b) iy S ;
= | 0402‘.;‘7./ 0.1 1 10
; == o ~-0201 Frequency (GHz)
0.8 - \&}, (a)
0402 —3
08 i 0603
0.4
e o2
§ ]
- 1219 (©
1.0 .—-___“_..‘__‘:.3:‘\:‘:1“\\ ——ﬁ—\“\
0.8 - ‘\__:‘--\_ 0201 -
0.6 0603—"\\ '\,
. 0402 //‘\
0.2
0.1 | ‘; I I10 0.1
Frequency (GHz) .
SOU rce: VIShay Fig. 11 - Trim methods: (a) balanced edge sense,

(b) L-cut, and (c) S-cut
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Real Capacitance

= Zoo of implementations: L e
negative B B = ‘ - ' . R=5Chm = o
charge —_—r : C e e
connection N R R

sois . " - T C1r1F.
positive -4! =1t nﬂl RT —r
charge al O] Gl @hes [Jrom T
|IIHHIH]IIHMHUIH[HH‘\ R
L=200 nH
dielectric =L
D 1 2, - ==
metal plate A
aluminum
plastic - 0.1+
insulation = .
O>
IS5
g O
@
°
s Most common — SMD: - 0011
1e3 | | |
- 71e6 - fe7 - fe8 1e9 - 1el0

frequency.
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Real Inductor

= technical realisation

internal external
— ool i/ elecirode

10 £

0.17

0.01 1

| | fuy

o3 B— L | | ;
e 1e7 . 1e8 . 1e9  1ei0

Non-magnetic . frequency
ceramic
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Ideal vs. Real RC Low-Pass Filter I/l

- Jpulse. _IRC_jdeal.

+ Ve R=1 kOhm Ci RProbe1

U=1V. C=1nF. = . | [R=1MOhm .
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Ideal vs. Real RC Low-Pass Filter I/l

P
|

"RC _realv
‘RC _ideal.v

0.011

Sy 1 T A il Il |G
o %00 1e3 . 1e4d 1e5. 1eB  1e7. . 1e8 . 1e9 el
D frequency
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Ideal vs. Real Voltage Measurements /Il

“How” you measure may affect what you measure — circuit loading:

— Application dependent: R typ. 50Q (HF-RF), 10kQ) (cheapo), 1 MQ
(multimeter/mid-range oscilloscopes), up to few GQ (specialised HW)

SCOPE INPUT

.

= Cin Rin
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Ideal vs. Real Voltage Measurements ll/II

= \/oltage probes — a full more detailed story:
— Joe Weber,’Oscilloscope Probe Circuits”, 062-1146-00, Nov'69, Tektronix Inc.

— Doug Ford: “The secret World of Oscilloscope Probes”,
Silicon Chip, Oct'09 (www.siliconchip.com.au)

Ct 15pF SCOP PU
LOW IMPEDANCE e EINPUT
SIGNAL SOURCE
Rip R, OMDY 1.2m CABLE @
Ot 1'1:'1' 1'1'1'5' = W— — — — — —W\— — — *
500 R
Vi 500 lossy fransmission line, 680 Cin . <= Rin
1000Hz GROUND CLP 71pF/m, 177nH/m & 115Q/m ]5| Fm = 1MO
P
200nH / INDUCTANCE li.e., 85pF ir.atull capacifance g‘;’"‘;
’U—(T & 1380 total resistance) P
c - ——
N PROBE COMPONENTS / '
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Questions?
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Quick getting started with Qucs

= Parameter sweeps — can be also cascaded

dc simulation" :

Der
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