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What are components?

Resistances, inductances, capacitances (“Real components” and 3 “Ideal

Components”) Parasitic effects of passive “Real” components (resistors,

capacitors, inductors)

* Interfaces : Wires, cables, tracks, bonding wires, conducting parts in materials (Carbone
nanotubes) Ferromagnetic cores (“Ferrites”)

* Electromechanically components: motors, relays, switches

Semiconductors (IC and packaging)




Different kinds of Components

5.1 Ideal Components

5.2

5.3 Nonideal Components

Resistance

Inductance

Capacitance

Effect of Component Leads
Nonideal Resistor
Nonideal Capacitor

Nonideal Inductor




5.1 Ideal component — our goal 1n this first part:

Impedance of an Ideal Resistance Impedance of an Ideal Capacitance. Impedance of an Ideal Inductance
L= el 558 v
Understands the behavior of
I-V relationship in time domain ? I-V relationship in time domain ? I-V relationship in time domain ? the three basic Ideal
I-V relationship in frequency ? I-V relationship in frequency 2 I-V relationship in frequency 2 components: R, L,andC
domain (only steady AC signals) domain (only steady AC signals) ’ domain (only steady AC signals) ’
In other words,
IRI irLOhm ICI in Farad ILI in‘l;[enry
<. ol o Understand the three “ideal
SIS 2 S . .
=8 ? =8 ? =8 ? relationships” one can
establish between a voltage
» | , . difference V(t) (between the
, f(Hz) , f(Hz) . . fHy) terminals of acomponent) and
Phase(R) in il s Phase(C) in inlogscald | Phase(L) in in log scalg L.
Radian/Degree Radian/Degree Radian/Degree the current / (t) crossing It.
A
? ? 2
f(bz) f(Hz) )
in log scale in log scale in log scale




Ideal components - Intro

In this section we will consider a Circuit with Ideal Components

Iv) | R
\
Some assumptions: i
* Components are electrically small Vi(t) Surface S =l € i
S
A = c/f, with A the % with Contour G \__z_?i___/l

wavelength, c the speed of
light in vacuum and f the
frequency

—————————— \
|
|
|
|
)

e Circuit is electrically small (short
wires, no “interfaces” between Circuit with Ideal Components

components)

* Sinusoidal Steady State




Ideal Components - Intro

In this section we will consider a Circuit with Ideal Components

Surface S

In the coming slides we will explore with Contour ‘G
the definition of each Ideal
components in this circuit:
- The Ideal Resistance,

- The Ideal Capacitance,

- The Ideal Inductance.

Circuit with Ideal Components




Ideal Components - Intro

Between any two adjacent terminal a and b, the Voltage is
defined as: ar

E————

Surface S
with Contour G

b
Vba(t) = —J E(t) -dl assrsaass \l
’ L ',

Circuit with Ideal Components




Ideal Components - Intro

Between any two adjacent terminal a and b, the Voltage is
defined as: »

E————

“a measure (at one point between -
points b and a) of how closely the s(t)

electric field E (t) aligns with the unit
vector d Z in terms of the directions

Surface S
with Contour G

e

A\
they point” | , :|
|
b T Ol )
v (t)=—j (o) - di
be a Circuit with Ideal Components
H_/

“the sum of all contributions along a
line between points b and a”




5.1.1 The 1deal Resistance

Ideal Resistance

An Electric field is pushing electron inside the resistor. p () .\
Resistor are used to reduce current flow. i i
| ) R |
e

Inside a conductive material, density of current: f(t) = gE(t)
with o the electric conductivity of the material and A the area
crossed by the Electric Field.

2
Vyy (£) = —j E@)-dl

1

length /




5.1.2 Inductance

Probably the most misunderstood concept in electrical engineering
— Do not confuse ‘inductance’ with ‘inductors’

Current loop = inductance!

Inductances may be classified as:

e Internal inductance e Selfinductance * Loop inductance
* External inductance e Mutual inductance e Partial inductance

10



 5.11deal Components —— Ideal Inductance
Poll: Do these have inductance?

Ground strap SMT capacitor PCB via

11




The 1deal Inductance

(self-) Inductance is the tendency of an electrical conductor to
oppose a change in the electric current /(t) flowing through it.

( )

i 3L i The flow of electric current creates a magnetic field around the

| : conductor. Any change in magnetic field through a circuit

4 | induces an electromotive force (EMF) (voltage) in the

_______ Surface S’ conductors, a process known as electromagnetic induction.
With Contour ‘G’

Example: Coil . .
with one loop The induced voltage created by the changing current has the

effect of opposing the change in current.

The induced
EMF is

d - dl(t . ; .
Vau(t) = — E(Flus of B(t) through S’) —— g The inductance L is defined as

dt the flux linkage per unit current.

12




The 1deal Inductance

The inductance L is defined as the flux linkage
______ per unit current.

3 ‘.
|
L |
! I
| |
| N — L depends on geometr
4 &— g Jeusy B®-dS"  p(r)s’ ° s
Surface S’ = 1(t) = 1(0) For N superposed turns
With Contour G’ in a coil, total Liota=NL

Example: Coil with one loop

“The Flux is the integral over the surface S’
It sums all contributions
across the surface S””

“a measure (in the Surface S’) of how
closely the magnetic field field B (t)
aligns with dS' (the unit normal

vector to the Surface S’) in terms of
the directions they point”

13



The 1deal Inductance

The inductance L is defined as the flux linkage

PR per unit current.
3 ‘.
|
L |
! I
' I L depends on geometry
I ' 5 -
4 — J e B®-dS" By’
Surface S’ - 1(0) T ® !:or N s.uperposed turns
With Contour G’ in a coil, total Liota=NL

Example: Coil with one loop

di(t)

- - d — —’>
Ssr(cn) cr(sn

14




The 1deal Inductance

- - d - —; di(t) P S Y
V43(t) = — f E(t).dl =E f B(t).dS =L7 :3 :
Sr(Cr) cr(sn) : L :
i |
\:1' ______ J
. . . Surface S’
Time domain Frequency domain Witk Contons T
di(t) . Example: Coil with one loop
V43(t) = /i, dt V4-3 - _](l)Ll

15



Inductance

*Why inductance is important?
Internal and external inductance
Self and Mutual inductances
*Loop and partial inductances

*How to reduce inductance?

16




Why do we care about inductance?

* Why On-chip inductance effects have become increasingly significant?

* Some global signal and clock wires are routed with large widths and thickness to minimize
delays. This decreases the resistance of the wires, making their inductive impedance
comparable to the resistive part.

Z =R+ joLt
* Copper wires (with low resistivity) has less RC delays compared with aluminum wires

(with higher resistivity). This could make the wire inductive reactance larger than the
resistance.

* High-frequency components in electrical signals makes the inductance effects more
significant.

* Many wires are long and run in parallel, which increases the inductive crosstalk and delay.

17




Adverse Effects of the Inductance

* Signal quality
* Inductive discontinuity=> Overshoot/undershoot, ringing
dl
V=L " voltage drop
* Voltage drop on traces and ground/power planes

* Crosstalk

* Distributed mutual inductance in uniform transmission lines and lumped mutual
inductance

* Electromagnetic interference (EMI)
* Generation of common mode noise currents

18



Internal and external inductance

Internal inductance External inductance
s -

. ) Radius R,

Separation R,

Reference Reference

¥ = [. B-ds Webers I=¢Ie=u ()
o M\ R

19



Internal Inductance

Internal Inductance: due to magnetic flux internal to the wire

> (& Per-unit-length internal inductance at low freq.

L = lipc = éH/m (r < 6)

For DC and for low frequencies,
internal inductance is a constant

If u, = 1, internal inductance [;r = 50 nH/m

CEPer-unit-length.intemal Iy = uo _ 1 \[ L lim (r > 6)
inductance at high freq. Amr o \/f

20




Internal inductance (Low Freq vs. High Freq.)

I; (H/m) A

1. HF inductance
decreases at a rate of
10 dB/decade.

Ko _ 05 x 10" H/m
8n

0 dB/decade

r> 0

2.The two asymptotes
meet at point:

> r =20

rwid

P e e - —— — —

Dependence of the wire per-unit-length internal
inductance on frequency

21




[llustration of the dependence of the per-unit-length Internal
Inductance of a wire on frequency (skin effect)

5 Skin-Effect. Internal Inductance of wire r=0.5mm, F: 50Hz-1GHz

10 —
10’
10°
£ -1
T 10
5
10
—| e Copper L 4 =0.05 uH/m
10 | e Steel Ly =50 uH/m
| e GOIdl L, =0.05 UH/M
by N I I
10° 10" 10° 10’ 10° 10° 10° 2

r/depth



Self and Mutual inductances

Self inductance

Mutual inductance

N

Ia.a

b,

R

Reference

H/m

b,

m

Vo

Reference

/

a

H/m

Self inductance = internal inductance
+ external inductance

How much magnetic flux is induced in the
inner loop (loop b and reference) from
current [,?

The magnetic field and mutual inductance
drop off rapidly with increasing the
spacing between the two wires.

23




Mutual Inductance

Two current loops with no common reference

_ Y21

Lyy = — ¥,,: flux inside loop 2 due to current I

Iy



First-order Equation for Mutual Inductance

IE ) ) Radius 7
) D

< d >

common reference

d
s<d  Lyyutal = &{ln(ﬁj}
T

2

uod 2d s s

s<d L = In —l+——] —
mutual . { [ p j y (2d] }

* Notice the change in mutual inductance with rod separation

25



Loop and partial inductances

inductance of a loop
Wire radlus 7,

w
Wire radius 7,
L= 2" 1 2 -0.774 2
Lioop = aploliy [ln _ — 2. O] - n " (1, K w?)
0
Simple Round Loop (7”0 < T') Simple Square Loop

Loop inductance is directly influenced by loop AREA and less influenced by conductor size!




Loop and partial inductances

Poll: inductance of a loop

The inductance of a 5-cm radius loop is

a) about 130 nH

Wire radius 7, = 6.8mm

b) about 13 nH

Lioop = THolty |In (i—a) -2.0|n ¢) undefined

27




Loop and partial inductances

Poll: inductance of a loop

The inductance of a 5-cm radius loop is

a) about 130 nH

Wire radius 7, = 6.8mm

b) about 13 nH

Lioop = THolty |In (i—a) -2.0|n ¢) undefined

8x0.05
0.0068

Lipop = 0.05x4mx1077 [ln( ) — 2.0] ~ 130 nH

28



Low/high inductance decoupling capacitor connection

Cap
, -
| T i
L GND 4 \/}
PC
PCB Gl e M::
-
Fig 1. Low inductance connection with Fig 2. H_lgh inductance conne;tlon with
capacitor mounted on top of board. capacitor mounted on top of board.
”~
+PWR
i oo
PCB _PWR N
g I pcB < i
= - <
— L =T cap

: . . C : :
Fig 3. Low inductance connection with

Fig 4. High inductance connection with
capacitor mounted on bottom of board.

capacitor mounted on top of board. I

29



©5.11deal Components —— Ideal Inductance
Partial inductances

Use partial inductance to find the total inductance

Ly
A

S

In analogy to

Ls

Ltotar = L1 + Ly + L3z + Lyg — 2L13 — 2Ly,

dl dl dl
Ver = 2 Mp; = (Lpl M‘D)Z
dl dl dl
Ve = LpzZ - Mp_ = (Lpz ‘D)Z

. . . . . 30
More reading on partial inductances: https://www.ewh.ieee.org/soc/emcs/acstrial/newsletters/summerl0/PP_Partiallnductance.pdf I



https://www.ewh.ieee.org/soc/emcs/acstrial/newsletters/summer10/PP_PartialInductance.pdf

Inductance

I (D
e Internal inductance
¢ External lnduCtance Reference \ Reference
| Ll L
* Self inductance N : : |
. b : : by
e Mutual inductance k — ﬁ]o fE- ﬁo
. Reference | Reference

* Loop inductance
* Partial inductance

Current loop = inductance!

31




| 5.01deal Components —— Ideal Inductance
How to reduce inductance?

Inductance is everywhere!!!

* Reducing loop area is most importance
o Run the wire close to ground plane or
return wire
* Reducing the length of wire
* Use large surface area of planes

Eg. for round conductors, diameter increase from 1mm to 10mm, but L decreases
from 1.5 uH/m to 1.0 uH /m.

Rule of thump: Inductance of a conductor approximately 1uH /m ~ 1.5uH /m
(1nH/mm ~ 1.5 nH/mm)

1 meter earth wire has about 126 € impedance at 20 MHz compared with less than
1 ohm at 60 Hz.

32




Capacitance C = %farads

> Q(t)=free

_______ . E(t) charge on
' IZ

i Ci I(t) $ plate
o L. ;

Capacitance is the ability of a structure to hold charge (electrons) for a given voltage

Consider a capacitor as a bucket holding lots of electrons!

2TT€E,

In(Z)

For coaxial cables, per unit length C =

33




5.11deal Components —— Ideal Capacitance
3 Capacitance

Q
E=47m’.2 a<r<hb
0
o ("1 o1 1
AV = ,drz—[—-—]
dre, ), r dre,la b
C=Q 47[80

Q: Does an i1solated charged sphere have capacitance?

34




5.11deal Components —— Ideal Capacitance
3 Capacitance

Q
E=za;3 a<r<b
0
o ("1 o1 1
AV = ,dr=—[———]
dre, ), r dre,la b
C= Q 47[80

Q: Does an i1solated charged sphere have capacitance?

Self capacitance a—>R ad b—eo C=4mgR

35



Self and mutual capacitance

d=1 mm, h=infinity d=1 mm, h=2 mm

D=5 mm C12=12 pF/m D=5 mm C12=5 pF/m
D=10 mm C1,=10.3 pF/m D=10 mm C12=2 pF/m
D=20 mm C12=7.5 pF/m D=20 mm C12=0.5 pF/m

Coupling capacitance C,, is reduced with the proximity of reference plane

36



Ideal Components recap

Ve = P N
Impedance of an Ideal Resistance Impedance of an Ideal Capacitance Impedance of an Ideal Inductance
e & - (RE
: dv(t) s . _ 4®
I-V relationship in time domain v(t) = Ri(t) I-V relationship in time domain [(t) = C =T I-Vrelationship in time domain V(t) = L e
I-V relationship in frequency domain I-V relationship in frequency domain il I-V relationship in frequency domain -
(only steady AC signals) vV =RI (only steady AC signals) = ]C_w I (only steady AC signals) V=jwLl
IRl in Ohm ICl in Farad ILl in Henry
- - A
8 53 =3
= = -20 dB/Decade = +20 dB/Decade
f (Hz) N f (Hz) 7 f (Hz)
In log scale In log scale In log scale|
Phase(R) in Phase(C) in Phase(L) in
Radian/Degree Radian/Degree Radian/Degree
A A A
/2
or 90
0 > > >
f [HZ) f (HZ) In log scale f (Hz)
In log scale In log scale In log scale
-n/2
or-90
J \ J

*  We have three circuit
elements: R, L and C.

* These are IDEAL
components: they are
mathematical “perfect things”

*  We will use them as building
blocks to describe REAL
components

37




C52Effectof ComponentLeads
5.2 Effect of Component Leads

©
:> P Ideal Component I-::> A e Ideal Component
+ Parasitic i L/2 =g + Parasitic
. ’
s ‘ N ( . ‘\ ( = : : — ‘\
Real Resistance ideal Resistance Ideal Resistance
o o o
Real Capacitance Ideal Capacitance Ideal Capacitance
L
(55 - [300) - (330)
Real Inductance Ideal Inductance Ideal Inductance
- 5/ \ J

38




Effect of Component Leads
T 1 I"%>
— L 1

oy
-

ﬂ%@ T

le)

- —

Equivalent circuits of component leads

39



C52Effectof ComponentLeads
Effect of Component Leads

SMT: surface-mount technology

From Computer Desktop Encyclopedia
@ 2009 The Computer Language Company Inc.

AR R R R R R REEDE
she»

R R R

s

LR R R

LR R R

LA R B

2 B

"

"

R R R R R R B ERRERERENR,)
AR R R R R R R R EER D)

*2e»
LR R B

LR BB J

28 0»
R R R
*eE»

'R R R R R
‘R R R R
LR B
2r>

LLELL
Ry 1 s

! [ [
.‘ dr A0 d 45 4> 45 an -

Surface mount vs. Thru-Hole Top and bottom view of a BGA (Ball grid array)




5.3 Nonideal R, L, and C Components

Real Resistance

c

Real Capacitance

IEZRSI L

Real Inductance

What we did these
last couple of
slides

Ideal Resistance

o

Ideal Capacitance

[ZYZS?SI L

Ideal Inductance

What we will
investigate now

Ideal Component
+ Parasitic

Ideal Resistance

A -

Ideal Capacitance

[62561 L

Ideal Inductance

41




5.3.1 Nonideal Resistors

Several kinds of lead wires

A lead wire is a metal wire connected
from the electric pole of an electronics

part or an electronic component.

The lead wire is a coated copper wire, a
tinned copper wire or another electrically
conductive wire used to connect two

locations electrically.

CSP (lead-frame)
|Bonding wire|

Lead-frame

|Bonding wire|

Lead-frame

Lead frame of a surface-
mount technology IC package

Cables and multi strand

Back-Side
CopperPlane

PCB trace

42




Skin Depth

High-frequency electric fields and currents
decay exponentially with distance from the
surface of a good conductor.

Ml

___________________________

d a, X _d
I'= fo J(x)dx = fo Joe ddx =J,6(1—e 9)

Skin depth 6

The skin depth § is the distance over
which the amplitude, E,e ~%* of the wave
decreases by 1/e (~37%).

6 =1/«
a 1s the attenuation constant.

For good conductors (a% > 1),

1

S =
fuo

43




Skin Depth

1

—— meters
nfuoc

5 =

//
. 3
- o N o
S Current density in within wire
" o approximated as a uniform current
penetrating one skin depth into the
. surface.
copper o=58x10'S/m
f J S J
50Hz 9.3mm IMHz 2.6mils
1kHZ 2.09 mm 10MHz 0.82 mils
10kHZ 0.66 mm 100MHz 0.26 mils
100kHZ 0.21 mm 1GHz 0.0823 mils "




5.3 Nonideal Components —— Nonideal Resistors
Wire resistance

e =—"> (r,<<0)

Per-unit-length resistance at low freq. Ty i

Per-unit-length resistance at high freq.
1

- olxr. —z(r,—

rhf

2 Reduced cross-section area

1
- oQ2nr,6-n8%)

Increased resistance at high freq.
1 r 1

Influence of skin effect ~ =W . = Ho r >>0
o2nr,d 26 °° 2r, 72'0'\/7 O ) I

45




Wire resistance asymptotic dB plot

1. HF resistance increases
at a rate of 10 dB/decade.

\~\/;‘

10 dB/decade

2.The two asymptotes

v, =20

>
"w

Fl

LS I

Dependence of the wire per-unit-length resistance
on frequency

46




[llustration of the dependence of the per-unit-length resistance of a wire on frequency

(skin effect)
) Skin-Effect. Resistance of wire r=0.5mm, F: 50Hz-1GHz
10 1 ——FHH ———FFHH T 1
- — — —
[ e COppEr Rd c=0.022 Ohm/m
) i .Steel Rd =0.22 Ohm/m
10° L ¢
M o GOld Rdc=0.031 Ohm/m
10'
£
£
S
10°
10"
10-2 2 1 0 1 2 3 4
10 10 10 10 10 10 10 47

r/depth



Resistance per unit length of a coaxial cable

At 60 Hz

1 1

O [nfues  Jm(60)(4mx10-7)(5.8x107)

1 1
Rinner conductor = 7 = (5.8x107)m(0.5x1073)2

= 22.0mQ/m

1 1
Router conductor = oA (5.8x107)2m(5x10-3)(0.1x1073)

=55mQ/m

Rtotal = 22.0+ 5.5 =275 mﬂ/m

48



Resistance per unit length of a cable

At1 GHz

1 1
Jifuoo  Jm(10%)(4rx10-7)(5.8x107)

616Hz -

= 0.0021 mm

1 1
R- = =
tnner conductor = ;4 ™ (5.8%107)2m(0.5x10~3)(2.1x1076)

~ 2.61Q/m

1 1
Router conductor = oA (5.8x107)2m(5x1073)(2.1x1076)

~ 0.2610Q/m

Ripear = 2.61 + 0.261 = 2.871 Q/m

49



Wire resistance

rnr/Tpc for copper and iron wires

Fe, d=20 mm

/

Cu, d = 20 mm|

=

/ Fe, d=2 mm

=
//

/

/

/

Cu,d=2mm

A\

/

Fe,d=02mm

ICu,d=02mm

10°
2
g 10
o
"
X
'
10’
10°
10’

107

10°

104

Frequency (Hz)

o
-
o
o
-
o
~

1 5

Stranded wire

Solid wire

50




Do Resistors Have Capacitance and Inductance?

15 pF

A, YL

10 Mohms

51



The nonideal resistor including the effects of the leads

********

d [ )
bC : ‘ Llead | i 3 ++
i Riega ‘ i ™
i ) | eal Resistance -
| 1 1 + i AY
s ( ) ) —L
/',, |,__ R ‘I R -T'" C
) I ) |
o 1’_ ead! : L eaka, ; y
| e— | [ | 1
{ | { ) | ]
[ e _/I l\7 )

a c Interface

-~ — F= el ed
_ leakagez T
" Leakage
Tpicall Rieaa <R Lumped backward I capaci%ance
TP Croqa Cleakage model of leads
Parasitic capacitance
cpar ‘ Cpar = Clead + Cleakage
Liead | A | ° Total Impedance:
b .
f : s 1 /Liead Cpar — @ + jo/RCpar
. - Z(jw) = Lieaq .
Equivalent circuit jo+ 1/RCpy,

Typical values are C,,,=1~2 pF. L;¢,g = 14nH
lead lengths of 0.5 in., lead separation of 0.25 in., and lead wires (20-gauge with r,, = 16 mils)

52



The nonideal resistor including the effects of the leads

Cpar
Resonate freq.
5 L
|12 A lead
ANV o 1
b R a =
a 0 dB/decade 27[ Llead Cpar
|\ 20 dB/decade /7 A
1 FOF - — - - — ==
1
1
|
| |
| | )
Resistive | Capacitive | Inductive 0
| 1 -
1 L f
2 RC e -0 ———_——
ThCpar 2n/ Lleaacpar Resistive :Capacltive: Inductive
i 1 -

Magnitude bode plot of the impedance 1 _1
variation with frequency 27ACoar 27/LicaaCpar

1/ Liead Cpar — @ + j /RCpay
Jo+ 1/RCpy,

Phase bode plot of the impedance
variation with frequency -

Z(j®) = Liaa




Simplification of the equivalent circuit of a resistor

=R
® o WCpyy
/1
1T
o—= - AN O
? i # o—e— AW o
(a) dc b R a
1
2 char
1
wC =Wl gaq
par
11
4 ————
O——aya"Y Y Y\ -0
b 1 '\M a O o ¢ MA' —O
OLjgag = b A .
‘”Cpar
1 (d) f— oo
(c) f, =

e 2/ Lleadcpar

At various frequencies

54



Nonideal resistor: Example

Example: Measure the impedance of a 1kQ, 1/8W carbon resistor having 0.5in (1 in =
2.54cm) lead lengths, and 0.251n lead separation over a frequency range of 1-500 MHz.

IMPEDANCE (CHMS)

@ §
8 8

i i

@
8

»
8

w
8

1892 OvM CARBON RESIST!

CR

172 INCH

LERDS

] b

~120MHz

P A
as —
s —

S —

a8

C

par

~ 1.23GHz

\ f2

187

FREQUENCY (MHZ)

1
27'[\/ Lieaa Cpar

1 | i |
fi = Liead
27RC AN o

A a
(b)

R=1.05kQ, C,, =1.2pF,and L, =14 nH.
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5.3 Nonideal Components —— Nonideal Resistors
Quiz: RC Bode Plot

Find the values of R and C corresponding to the following asymptotic Z()

20 r 40
Z4g
O - _@C_SIE"_W_Q_ -7 \'?0 b O .
! X8 e
g, — % 2
—IN - R U - N
20 CG.?Q{:\‘\'\VC' qo @
'4‘0 4 T T T T - ‘80
|0 10> Tohd (o' \o% 1%




5.3.2 Nonideal Capacitors

Do Capacitors Have Resistance and Inductance?

Il

Ideal capacitance Interface

Interface with Real Capacitance

57




Nonideal Capacitors ——
121 4 /2 A
Ideal capacitor C
. |
Z( I (1)) = ](U—C --20 dB/decade
l ) -90°
— _90
wC . _
(a) ' (b} !

Nonideal capacitor parameters

Conductive plate

AN

|’ d
T

Rgie: loss in the dielectric, large value

R

olate: Tesistance of the plates, small value

Dielectric

L,..q: 1nductance of the leads attached to the capacitor

Cieaq: capacitance of the leads attached to the capacitor

58



Equivalent model of nonideal capacitors

Small, neglected

Equivalent circuit

Typically

Rlead << Rplate

Absolute value(R;,,) >> Absolute value (Z)
Clead <<C

Lieaa Rs
g.._rvvw\ @ I} g
5 /L, ,C-a + joR,/L,
ZGo)=L,,, / lead : JORs /Ly

jao

Ryjae Teferred to as the
equivalent series resistance Rs.

59




Equivalent model of nonideal capacitors

Llead R s ¢
- O YA\ I}
Z(]CO) =L l/l‘leaarc_a)2 + joRs /L, b W ! ?
lead jo 1. At DC-> open circuit

aa £ 2 As frequency increasc?s, the .

impedance of the capacitor dominates
il — and decreases linearly with frequency
at a rate of - 20 dB/ decade.

—20 dB/decade

Copaciive ____ iauotws —%0 — 3. self-resonant frequency of the
e d = apacitor "
2n./L10adC 2n/L165aC fo _
27:2}14,%;:(]
4. For higher frequencies the magnitude of the /
impedance of the inductor dominates and the
impedance increases at a rate of +20 dB/ decade

For a fixed lead length and spacing, the
larger the capacitance value the lower the
self-resonant frequency 60




Impedance of a 0.01-uF Capacitor

100
" Z
E 10 ZZZL
o -
= \ I,
] . \
| | (Y Y\ g 1
1 g
3
0.011pF 2nH 15 mohms —
0.1
001 1 10 100 1000
Frequency in MHz
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5.3 Nonideal Components —— Nonideal Capacitors
Lead lengths

(MILLIOHMS)

IMPEDANCE

7@ PF CERAMIC CAPACITOR  SHORT LERDS 478 PF CERAMIC CAPACITOR 172 INCH LERDS

AN
— VITZ % L - - s -
N A = S
2 ™ i
Z g
// g iy
;LEQUENCY (MHZ) ' - ;;EOUENCY (MHZ) .

Impedance of a 470-pF ceramic Impedance of a 470-pF ceramic
capacitor with very short lead lengths capacitor with 1/2 in. lead lengths

Q: If one is interested in providing a low impedance to shunt a 200MHz
signal, which one do you choose?

A: Neither. The 470-pF capacitor with either lead length will give an
impedance larger than expected. 62




Noise suppression via shunt capacitance

100MHz Noise To AC Power Grid

/

C

C, =100pF
C,=001uF
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Bold plot of C1 and C2 capacitor with same leads

Same Same C,=100C,
Lieaa A c
iz, 4 o—— P A——]—
[z
/Rx\\cl 1
40dB \\~\ wC, WLy,

+20dB/decade

ES
SV
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5.3 Nonideal Components —— Nonideal Capacitors
Optimum shunt capacitor value C (@ 10MHz

100 S - e a— . ——ry S — e —
5 Liead=¥nll Clead =0.128pF ——C=100pF
' ESRR_ = 1 ohm =0 dB — = Gz 100uF ’
& = s~ - g":wmr:
~N 501 ~
.6 V P
2 \\ -
~2
20}
o 5 B “—‘ & - 7 ] ’ ’
10 10 10 10 10° 10"
£ L1
100 ey ey e — S ——e e
= S0f -
2
N
= OF }
f -S0F -
_100 5 & .-...-:.;; . L ™ " PR
10 10 10° 10"
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|53 Nonideal Components —— Nonideal Inductors
5.3.3 Nonideal Inductors

Do Inductors Have Resistance and Capacitance?

Inductors are an electrical/electronic
component that opposes a change in
current due to its self-inductance.

It consists of a number of turns of
fine wire of copper wound on

a core of some material ( air, iron,
powdered iron, or ferrite) in spiral
form.
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Nonideal Inductors
N £ A
L

o 7YY Y™ o +20 dB/dec
b a

—90°
Ideal conductor: L

v
~ Y

Nonideal inductor parameters " Ricaa :m

. . . . . |
R, Series self-resistance of the inductor’s windings (PR :
Interface

C,ar- Parallel parasitic capacitance

P

L..q: Lumped inductance of the leads, usually much less than L, neglected

Cieaa: Lumped capacitance of the leads, usually much less than C,,, neglected
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Equivalent model of nonideal inductors

Much less than L, Ignored

e |

[
i Typically
LGy Ricad << Rpar
, : Llead <<L
_ ___: Clead <<C
a Much less than C,,, ,
‘ Ignored
L Rpar
b a
Il
"
Coar
. | + jwlL/R
Z1(J®) = Rpar 7— : /' R
| — LCpar +J wRPaf CPaf
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Frequency response of the impedance of a nonideal inductor

L Rpar
OTW AN W o
b a
IL
1
Cpar

24 Zgz%ou

1.DC: Z-R,,,

3. Self-resonant frequency:

1
o fo =

* ¥

P

par |-:
gl ool
Resistivel  inductive l Capacitive Resistive Inductive | Capacitive
. R T
f

Apar ' f Apar 1
2nL 2ny/LCphy, 2nL 2n/LCpqs

R par 2. As frequency increases, when >
S = = f|, the inductor impedance
24 dominates, and and increases at a
rate of 20 dB/decade.,

For a fixed lead length and spacing, the larger
the inductance value the lower the self-resonant
frequency

4. As frequency increases, the impedance of the
capacitor dominates, and decreases linearly with
frequency at a rate of -20 dB/decade.
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Impedance of a 5-puH Inductor

160 pF

——
5Ll

5 uH
1000 - } ‘
g / \
E 100 7
S /
5
3
g //
g‘ //
= 10 //
lo.1 1 10
Frequency in MHz
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Example: Influence of the Parasitic capacitance

1.2 UH INDUCYOR
IS [ N'*\

1.2 UH INDUCTOR 9@

e

i\ — [110MHz

N
T
(Y T — 1

|
w
&l

IMPEDANCE (OHMS)
7/
PMGLE (DEG)

h
&

7 7 -98:g% . @t @7
FREQUENCY (MHZ) FREQUENCY (MHZ3

The measured impedance of a 1.2uH inductor from 1MHz to 500MHz.
The self-resonant frequency of this inductor is about 110 MHz.

Quiz: Find the parallel capacitance for the L=1.2uH inductor

(Cpar = 1.7 pF)
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Example: Conducted Emission: Line Filter Design

Z
Real impedance behavior of the C and L : Ry &=i e
" WWW———s- e P :
. . . 1 ]
L: series insertion ! " d, ! v !
1 E 1 Ziy ! R :
| ! (I : ‘
C: parallel insertion ! ' o I
p " i
) 4 $ 1 IReceiver !
, Generator 1 | [P |
104 T 10? @
Ohm / ‘\‘ LI £ i
\\ \
LIN
/ N \

4 =
10° 10
. 10° Ho 167 - 10° Hz 10%
A : ’ . Figure 3: measure of the high frequency impedance of
Figure 2: of the hi f
s 2 s o B g Ao o capacitors C,, C,and G,
L,=3mH, L,=400uH C,=47nF, C,=220nF and C; = 1puF

“Common mode filter project by means of internal impedance measuygment”,I
IEEE EMC Symposium, 2000



Inductors with Ferromagnetic Cores

N
A  B=uH =y, (H +M ) M: Magnetization vector
e
J / / h{ / ] { * Actual inductance of an inductor can be much less than
T v TN the stated value since measurement at low current and
J low frequency.

Small H

Small M

magnetic saturation 73



Ferrite beads A cylindrical ferrite core formed around a wire.

Mini USB cable
The ferrite bead will add an inductance proportional to
the complex permeability of the ferrite core
Ly,.. = U, (f )K (K: const. dep. on geo.)
Zyas = JOLy g = jooU, [‘ur( j.ur ]K
A L(#)

" . l YN N
= wuou, (f)K + jouou,(f) WA
=R(f)+jX(f) =

‘ 150 z.
----- g
) R
N { ~ i 100 Vol
r ) Z=R+iX
\\ ;/ %0 :
= ™ - °l 10 100 1000 3000

—+ —— e Frequency (MHZ) 74



(c) 2016 - wwaw.cartoontronics.com

Ferrite beads

/‘;es, Siux

we have )

—

— =




|53 Nonideal Components —— Nonideal Inductors
Ferrite beads

‘ SIGNAL h‘\

g &

Ferrite beads are generally used for high frequency EMI noise suppression
Disadvantage: Voltage drop and heat dissipation
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The final objective of a common mode choke is
to block the conduction of the electromagnetic
interferences while the lower frequency range
‘operational signals’ are not affected.

Common mode inductors are wound with two or
three windings of equal numbers of turns. The
number of windings is the same as the number
of phases.

They are made of ferromagnetic materials.

Example: Common mode chokes

Differential mode
currents DM

Common mode
currents CM

Magnetic flux cause by DM
cancels out, and impedance
is not produced

Magnetic flux cause by
CM is accumulated,
producing impedance

A common mode choke is used for its inductive behavior
and also for a transformation of the stored energy into
heat.

The amount of common mode current that is

transformed in heat by the common mode choke and the
frequency range of efficiency is first determined by the
material itself and then by the overall design.
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Example: Common mode chokes Ll T
Review: Differential mode and common mode currents % L 1 I
—_—
- ¥ >
Q= e O O - O
differential-mode ‘T’ o o zcr: o
~ I -1 | '
J. =21 2 | |
D 5 I :
- e, |
common-mode Lt L
I = fl +i2 ‘Z ‘Z
¢ 2 — -
Enct E

relative radiated emission potential of (a) differential-
mode currents and (b) common-mode currents.
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Poll

 Which current mode dominate the radiated emission in the far field
region?

A. Common mode current

B. Differential mode current
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5.3 Nonideal Components —— Nonideal Inductors Example
Common mode chokes

Common Mode Current Rejection

B =u N [, =¥ =BA=u N_A I, —L = & NA _ L, assqme that the windings
I, l are identical

For high 1p12=1p1_>M12=lIII12 =L, =M,
1

V. = joLI, + joMI,

impedance of .. Z, =
one winding

V, _Jjo(Ll+MI,)
B I S Depends on I, and I,
1 1
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5.3 Nonideal Components —— Nonideal Inductors Example
Common mode chokes

Common Mode Current Rejection

Yo = D
ID .L M=0 12 _ —Il
Zy=jo(L-M)
—— YN
ip L—M =0 For ideal case, L=M
2, =0
¥p b
Differential-mode currents
Ve -
Ic L+ M A(f) I =]
O Y™ A AA 2 1
Z, = jo(L+M)
—— YY" Y : _
" L+ M W For ideal case, L=M
I
o Al) " Z, = jw2L

Ve
Common-mode currents

Note: 1. L=M requires p—=>o 2. Since [<<Ip,, saturation rarely occurs for I 8l



Differences Between Ferrite Beads and Common-Mode Chokes

Fedtwre | FemiteBead | Commommode ke

Primary
Purpose

Function

Application

Construction

Suppresses high frequency noise

Acts as a high-frequency resistor,
absorbing high-frequency noise

Used in power supply lines, signal lines,
or specific conductors for high-
frequency filtering

Typically a ferrite core through which a
single conductor passes

Suppresses common-mode noise

Presents high impedance to common-
mode signals and low impedance to
differential-mode signals

Used in power cables, Ethernet, USB,
HDMI for common-mode EMI filtering
Typically a ferrite core with multiple

windings (two or more conductors)
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Summary

All components (when connected to a circuit) have resistance, capacitance, and inductance.

The behavior of a component at high frequencies is usually much different than the normal (low
frequency) behavior

The inductance of a low-inductance device is generally determined by the connection and is not a
property of the device itself.
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Propagation of EMI in ASD

Key parasitic in an ASD. They are installation and frequency dependent.

Frequency Converter (FC) Conducted Emission

Heatsink Heatsink

il
.............. i Motor

; i g ZE: k - k} Shielded Motor cable
] J a1 J —
i \ 1

- (BB
R O O
.. ‘ ______ E : +|:| :

Refegnce ground

vk
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Propagation of EMI in ASD

Simplified overview of CM propagation in an ASD

Frequency Converter (FC) Conducted Emission

fisasssnnsszss - Motor

é g Zg =F Shielded Motor cable
: 4 4 4 — Y'Y\,
Pow 4 onno. o000,

Gnd'—:"zlg % T Jkg Jk} JKB [
| — i

Reference ground




Propagation of EMI in ASD

- = >
3112 < ——
Y e —

PRI S —
314
A2 e —
M4 | —

ke (VO Ze

>

Jn l'Ll ICM,Out g /Q%ZMCPar

QCM’ FC \ lemme

ICM,M

For wavelength /4

Current starts to form standing
waves in the cable.

The cable is radiating.
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