Ch1 - Math
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[Definition - differential elements]

1. differential length element dx - a infinitesimal increment in x
2. differential surface element dS = dzdy - differential square where we have a infinitesimal increment in
both x and y

3. differential surface area element dS = dxzdyn - magnitude given by surface area, direction given by the
normal vector of the area

4. differential volume element dV = dxdydz - A differential cube where we have a infinitesimal increment in
X, Y, and z

XEEMERNS Y, REZF EHdifferential X3!

Ch2 - Electrostatics

electron has negative charge, neuron has positive charge

my, = my ~ 1.7e—27kg

me ~ 9.1le—31kg

Q.= —-0Q, =-1.6e—19C

EREERIRA, RINBFHRIEFTER, ERGHBFHRE - XMIKRIUHMtriboelectric effect

Conservation of Charge

The total charge in an isolated system remains the same. We cannot create or destroy charge, but we can
transfer it.

KCL#i @& FConservation of Charge

Quantization of Charge

Charge must be integral multiple of the fundamental charge of electron. (BEIE2 2B, RIEEFAIBER)

Coulomb's Law

Interaction between charges obeys Coulomb's law.

Coulomb's law defines electrostatic forces.

FQq - k%f'Qq = _k%f'qQ



BEZENORIMBEZAEER, ERERNEINDNERRTANSGE

k = 1/4meg ~ 8.99e9Nm?/C?

€ is the permittivity. ¢g = 8.854e—12F'/m is the permittivity of free space(space free of induced charges)
The € we use will change if we change the medium between charges. g2 B £

FETRI B I CoulombEEERE X, 1C of charge is the charge transported by 1A of currentin 1s.
1C=1Ax%1s

Electrostatic force follows the Superposition Principal

Limitations of Coulomb's Law

Coulomb's Law is the Newtonian way of doing physics.
FEeERERE, FRBIUHE, MRENIREL2MET:
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Ch3 - Electric Fields

Electric field is a vector field quantity
A vector field is a function which assigns a vector value (magnitude and direction) to every point in space

[Definition - Electric Field] Electric field due to Q at point P is the force per unit test charge that is very small
(direction is the dir. of force experienced by positive charge)

B(7) = limy-0(Fa/q)
TR
E(f) = Fo/q= 2= IN/C]
i FRBMIEN/C, TR EMBAIRV/m
HIZREINEESuperposition Principle, E—RHBI5EFEBREBIZHNEH
BIHNER - Bi% - B2 EEEE), ZA 8158 (Bt o] MEFLRT)

Convention - The number of lines per unit area at right angles to the lines is proportional to the field
strength
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MRFAMIERERE, WEAMNEBNTFED
Electric diplole

Two charges separated by a small distance with equal value but opposite polarity

BRAF T BEERN, WHr >> di, Ep(F) = kg2i
dipoleEEMHEI7EESERMI S R, TRERIER

Hik, E o 4

E I EA1E X dipole moment § = gd
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Ch4 - Calculation of Electric Fields

R R

1. #charge density(p), &&HABBBRERuniform, MNESEHF (BAEEBEASH, & =Runiform distributed
charge, VERNEHZBITANFIALIR)
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Ch5 - Gauss Law
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Electric Flux

RNFBSHMEBRER—TBITE, KREERIEER, FEENMEIEquantifytlE? FARNKIETE SRR,
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Differential flux of field
dé. = E - dS
ici8differential surface element dtg =dS-n

52 Iflux of electric field

¢e = fsurface E’ ) d_S



Displacement Vector

EMEZHRNTHETE

D = GOE

EIFAYElectric Flux - Integral of the dot product of displacement vector and differential surface area element
€ = fsurface D-dS = Jour ace ek - dS

Electric Flux over closed surface
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Charge outside a closed surface

fR#fEconvention, closed surface dS always points normal to the surface away from the enclosed volume

FRAFESNE B ARNEG—#—HEETRE, ¢ =0

The electric flux due to a charge outside the closed surface will always be 0, no matter how the charge is
placed, no matter what the shape of the charge is, and what the shape of the surface is.

Gauss Law

RINEL4 T —Pclosed surface, BIAREEIEE—EF Esurface, AEIZZRFKsurface, BARXEFEN
volumefIflux AO(RIZRIXEERE BE), RAXNMuxBEZERE. SMEEMsurfaceknERsphere, AIUZEE
IR, EtEETFCharge outside a closed surface will always be 0, 18 7T SiEE:

Total flux through a closed surface is only equal to the total charge enclosed within the volume of the closed
surface, no matter how the charge is distributed, no matter what the shape of the charge is and no matter
what the shape of the surface is provided as long as it is closed.

f-D -dS = §60E -dS = Qenclosed
S ERE—FMHMEclosed surface

Gauss law is nothing but a mathematical restatement of the square law of Electric fields we have seen
before, but provides a new perspective of looking at fields.

SHERFEMET AR, MEXTANEIZLL0—1F
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Calculating Electric Field with Gauss Law

Gauss law on its own can never calculate electric field
We need to find a special symmetry (call it Gaussian symmetry, but it does not have an official name)
EixX N Surface b, E, &4B% Bnormal to the surface, Z&Eelectric fluxZF0(field tangential to the surface)
B FIFEAE-fieldEAnormal, E/tangential
normalfy B, 2404855, tangentiallOE,, 2B RH

N7 HELMBFNZRM, FIBIY A M REsurface L& T Fcharge distribution, charge distribution
NN ER B —H¥

XWHPRE T Agauss lawlt BB RERBERERE S, HETRKIER D

[E&E]Gaussian symmetry ARBEADTLANFIRDES, REERIEMNES T RAZEINBREEREERETF
EENA]

REMAINEE, EAEREMRDPRELR, NRBFEETE-fieldiE D, MAINEBHBIERERZZE, FRD
E, §dS = Qenciosed/ €0

Sphere

Az surface

Charge density p can only be a function of r, not ¢ nor 8 - p = p(r)

XHEZ BEMEI MEKE surface_E &chargef D R #l—4¥

KAERRII I RERAERRYNKR BB X, IKAEfsurface ZSMIER D EEABIDEIE T, SEMIKMLE, AIMARDIE
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Infinite Line

EAEMEH surface

BRI ZS5SBNNENESDLOEE, BEMERREERLEHZELFSIE, normal5EEEHE
SE& LNBEELTIIS D

E= 2

2megr

Infinite Sheet

EAE&Esurface(BRE, BEIUEM, .....)

sheet R EBRFEIIATIS S D10

BREMEEEHMS HITEKRNEHER, normal A EHEHE
NESKALLEBHS HTEEE



E = py/2¢
FE5Srixk, infinite sheet A ES)5RE1H
Ft, ATEMEREBERIRNZ BB ESMES, FHERIRINIBIATEIRHE

Infinite Slab(Thick infinite sheet)

Slab &g /Esheett 5 U IERE(HEslabB RIS Z 1 sheet)

h{ERE%EE#Msurface

BENNRS BT, TRE

Mg REMINESBEENELD - BEsheet aM N ETREBIHEEZERM, EXR=Zinfinite sheet
CERIRMIBRT, ENEMNEEERESHEAE, EBEHAIM Tinfinite sheetl451E, FIINR/EAIE-fieldik|BEL
SLHEER, FTBAMIRD R EEEER LK

Special Case

1. Use superposition when the charge can be broken in to multiple Gaussian symmetry parts
2. When we know a region that E-field = 0

Case 28] LAAFp-n junctions, MOS capacitors, or where anti-symmetry exists(tb IR B4, 1BREBE=/
FERAR)

S FIER AR AR ERIR, BFRIRINEEHIRY, HitsurfaceREREMnormaltgE-field, FTLE
superposition#k R L , EIBFAEREBE = po/eo

Che6 - Electrostatic Potential

Mathematical Definition

Electric potential energy - B AT F I H T K EMAIIN

W;=— 5  qE-dl

pointoo

Electric potential - work | do per unit of positive test charge that is very small

Vp = limgo(Wr/q) = — fpl;ntoo E-di[V]

Electric potentiallE X 2 MAITN, FRAXFBE, FeMnl), FAMUZERpotential
BEEreference@LHF i, FEBERNRAXOATRIBHEE

Electrostatic fields are conservative fields - it does not matter what path we take to reach point P, we will
always have the same potential

ER—TLEBAFAINGIE - \—TREIEEALE, RERRZRRNEBEHZO0



AVy.a=—¢E-dl=0
XFEKVL, TR, X PREMFelectrostatic field, FIAKVLIERISACHEE, Faraday's Law FFI4 & 1E(EF

—RITEBEBN, BIIREBVHFLNERE, FRAT(I—ADFelectric field line#1TiR S
R

g%, dV = —E-dl

DAEB e MR s 27 polar coordinates

iedl = dr', BRATEEBIHARINS, BHEEHS, FIAKBTINEETMscalar
Vp=— [l Edr=— [l 2, =2
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STEMmMBBRAR XS, —Fh2ARE, ERHIRELRY 2GRS
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Electrostatic Potential Energy

Al-]e - qVP

Electric potential can be considered as the ability in the system to gain/loose energy if a new charge is
brought into the system

Potential Energy in a System of Charges

BRIBI—"charge, BHBEHEEINGew View p
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Electric Potential Between Points
Vag=—[LE-dl=—(fPE-dl- [2E-d)=Vz - Va4
Electric Field from Electric Potential
EFE=-VV
*FNabla
When del operator V operates on a scalar and creates a vector -> It's called a gradient operation
V= [L24z, 8%@, I T
When del operator Voperates on a vector, we could either use dot product or cross product

When we use dot product, this is called the divergence operation

1 0A, 04, 0A,
V-A= oz oy 0z

(AREE, XBNA,, Ay, A TZRHSD, MEXEEBTAEBIComponent)
When we use cross product, it is called the curl operation, it+EiiGRINREA A

Vxﬁ

Equipotential Surfaces
*FElectric Potentialfdlevel curve
1Etllevel curve/ZERgradient vector#H, equipotential surface 2 iRe-field lineEH

HEAUSEV 4 = — ff E. Jl, EREmFED, PR Eequipotential surfacefEMIiE, HIZREEETHT
ENAE

Ch7 - Conductors

Ideal Conductors

Materials that have the following properties

There are free electrons that are very weakly bound to the atoms.
There's no resistance to the motion of those free electrons. (no resistance)
There are infinite free electrons available

AN =

Electrons will only move within the conductor, they will not leave the conductor

Conductors inside external Electric fields

1. Electric Field inside a conductor is always 0



2. Conductors are equipotential (}R_E EAI—[EZE)

BFEHMH, ILSAEREAEIZN0, XM FE—RRE/LTMemto(1e-15) secondsHISCE
Xt 2iIBESAARE LS ZEHBEENERERA, SNARNEIDRE BIENBEEEIRE

3. Charges will be induced on the surface of the conductor
4. There is no induced charge in the volume of the conductor

XA BT SEERIER, SHER—TER, MREBEE, BAMFLMELRGZDH, SEOX T BEHRHE
Fr/IR MR SRR

Faraday's Cage

Electric field due to External Electric field inside a cavity will be 0.
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Note BEAMBIFRABAKNL, EAGCEERBRUSOLS, DHBEHA. BHBESSHhRNTHRES
BB RER, o = o(k)
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E{RREAIELF - Surface Conditions

Any External Electric field lines will have to be perpendicular to the conductor surface; there cannot be a
tangential component of the field lines.

Conductors in external electric fields will bend fields so that they hit the conductor (incident on the conductor)
perpendicularly(normally).
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*Uniqueness Theorem and Method of Images

The uniqueness theorem guarantees that there is only one function, V(r), which describes the potential in
that region. Since electric field is gradient of electric potential, this also guarantees there is only one function,
E(r), which describes the electric field in the region.

AMRBAKE T EENEGLA, PesERBRNEEN, mMAK—
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Ch8 - Dielectric Materials

When external electric field is applied to an insulator, the electrons in the atom are displaced towards one side.

The insulator is said to be "polarized". And when we consider the polarizability of the insulator, we refer to
them as Dielectrics

Polarization Vector

FF—"dipole, FHf1Adipole momentsRFXRERFFED = qc?

Polarization Vector @ —m= tvolume density of the electric dipole moment

nAvz

= . b
P = lzmAv%OA—v
Induced Surface charge ps = P-h

Induced Volume charge p, = —div P=-VP



divergenceZR/RHY=Znet outward flux of a point

Derivation of displacement vector

ZBIAYGauss Law

§oE-dS = S

€0

R divergenceRItE D

V-E_ P PfreetpPv pfree_v'ﬁ
o €0 o €0 - €0

V- (60E+}3) = Pfree

—

Hit, HEXD = eoF +
i, BIALERSERE T

oL

—

V-D= P free
$sD-dS = QL
Permittivity

When the dielectric properites of the medium are linear and isotropic(doesn't change with direction), the
polarization vector will be directly proportional to the electrical field intensity.

— =

P =¢€yx.E
Xe is a dimensionless quantity called electric susceptibility

A dielectric medium is linear if . is independent of E, and is homogeneous if chi. is independent of space
co-ordinates

D= GOE +P= eoE + eoer =eo(l+ Xe)E = eOeTE — ¢FE

relative permittivity(dielectric constant): €, = 1 4 x, measures how strongly does the material polarize with
respect to free space

absolute permittivity: € = €ge, Unit: Farads/m,

B4 RE Rt B LAt & Polarization Vector

—

P=D-— E()E' = ege,E — EOE' = eo(er — 1)E

BT BipfERfieldiVtR, TEASTRNZERBRTRNENREX, RENTREAHHE, BT LEEMT
BRI R.

BB S {KHrelative permittivity?

HATFEEBRSRFR, BFpolarizefIFZERERIZL, HElte, — oo
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Boundry Condition

AT T RN RREEDEE
BEETHENAEXE, displacement vectortg[E
Tangential Boundry Condition: Ey; = Ey;
The tangential components of the electric fields have to be equal across the boundry
Normal Boundary Condition: €2 Eo,, = €1 E1,
DopnA — D1pyA=pl™A=0
Dy, = Dy,
NEBHAN, SBEM4HF, Bipi)
NEBHNN, BEEHF, Bk
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Ey = Eo = E1sin(6:)

Ei, = Eicos(6h) = 2 Eay,
RIBLEXFANXRZ DA USEANGTAS RIEAXER
ertan(0;) = eatan(6;)

Ch9 - Capacitance

The capacitance is the electric charge that must be added to the conducting body to increase its electric
potential by 1V.

Q=Cv

Cis defined as Coulomb/Volt, or Farad(F)

Capacitor

The capacitance of a capacitor is a physical property of this system. It only depends on the geometry of the
conductors, distances between them, and the permittivity of teh dielectric medius between them.

There exist negative capacitance, however, in this course we only deal with positive capacitance.

Calculation of Capacitance

Electric field -> Electric potential -> Capacitance

TEFITHREB I AZEIAYIA{L - Field is all confined within the capacitor and the charge is uniformly
distributed.

This is not consistent with boundry conditions and conservative nature of electrostatic fields
ERINEMNBIZZNRRAER, MESPOREINE—B LKVLARIL

RN ESBERITmEEK, TEREERRTEH SR/, ERINEN—EZBEEER] @S
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RIESHTER
D=eE=p
V=Ed=%2d

_Q _ Qe __ €A
C=v=27="7

HEXESIITE

1. BHEBXR
BTRRAL, YIREFEE - £ = E)
Eit EHBRESERDh
IREEHER, D1 — py, Dy = po
E\ =pi/e1 = p2/ea = Ey
2. BEBEXR
p1A1 + p2A2 = Q (BETIB)
ELEEEK 1, p2FIRIER, HMKHERNRAI
SREAC = Q/V = Q/Ed 15F|

_ a4 €24,
C - d + d

HEREFMNTE

TR, EHEABMisplacement vectorif@D; = Do



V= pd1/61 —|—pd2/62

C = pd =1
p(d1/61+d2/62) j_1+
€1

da
Aegy

Energy Stored in Capacitor

Capacitors are used to store electrical energy in terms of electric fields.
TAREEER, capacitor EEEMNBEHZ, FE— 1 HEETNEENAMES, MUEZERRDHER
L@:wvzj;ﬂAwm—-qocdq— L _lov?
Mo A BN, HiRRIRZENR
B AARE, 2% (BIEER, BEAE; THER, BETE)
AEERNEEATVIIN KR, AHITHQ=CV

Energy Density of Electric Field

BEERE = BAIRTRNERE

U.
’U,ezv

ST PITREBSRNES:
C=<%,V=Fd

U = + 4 (Ed)?/Ad = }eE?
EARFHTFHE R ASR M

—

_ 17 2
e_EDE 2€E

HERIER 7T 5 [a)

FERBAFME RN AT, AR £ R
MR ER—TEE, URBTAEMEBEEENEN

Q) ) Ql ?'l . QL

Y b [

S0, RIS, p) > po
MR AE, BEEANGEE, BRI BRI EiEE



Ch10 - Magnetic Fields and Biot Savart Law

New term: Magnetic flux density (Magnetic field) E unit: Webers per square meter (Wb/m?)
If we have charge g moving at velocity « in both Electric field and Magnet field
Lorentz's force equation: F= q(E +u X é)

F,=gqE,F,, = qix B

Magnetostatics: The field is created by charge moving at uniform velocity, which does not change with time ->
the magnetic field does not change with time.

Cross Product[TODO]
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>

A A A "
')(—an — % ?ﬂ(}—g}
xi=h et
N A
3:% 2% Xx3 :-—3 /\
N A A N l'\_._)l\_an
21* '-"-3 AXJ = - o "f

[ AL tREE Cartisian
PRt RLEEENTE, NYNEIXERNIRXkEx
FED AR A, S AN B

T N

FIASuperpositionit®, K§%EB_1, =& EB_2
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R HRETENLITR, GETRNG, 7, B0 86, EE B0 F RS
7'1(£1 = Tl(—f X 2) = —’Fl X Z

rody = —7% X 2

5 5 - Jo [ = — ~ Jo 7 ~

Bp:Bl—BQZ—'quO(Tg—Tl)XZ: 'uozodXZ
_ oJod

Bp = =5—

Gauss Law for Magnetism

According to Dirac, there should exist magnetic monopole, but not that we have seen yet.

§sB-dS=0
Biot Savart Law

o ko Idixd
dB = dr 2

where p is the permeability of free space, o = 4m X 10*7Tm/A, (unit: tesla meter per ampere)

To get the total magnetic field, we can integrate on the whole circuit.

—

B={ s Idlxi
circuit 4w r2?
HEMLBEIBEEDTXEN, MAZRNR
For moving charges

d%:ﬂfjle o (dg/dt)dl x 7 po dg(dl/dt) x 7 _ o BXF
4t 72 4 72 47 72 4 2

1RL% E TEIHR E (FMERAmpere's Law)

MREBRGNAE, BETRERLRK?

BAENRONBEE, REARITERSHENERE
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THHERITERVIER, ERETde Mldr BXR, BE—1BK, BENESE
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B— &f nldh-(2rR)-sinb _ ﬂf nldh-(2wR) R
47 J solonoid r? 4m Jsolonoid  R*+h?  /R2ip2

_ ponI pl R2
B - 2 0 R2+h2)3/2 dh

{EAKRITIRD, h = R - cot(6)

B= 2L [ —sin(0)d0 = 4L (cos(0s) — cos(61)

SE

B= pond l _ NI
2 VRMP2 2v/R2+12

Ch11 Ampere's Law

This Ampere's Law is imcomplete, and work only for DC currents and approximately corrent at low-
frequencies (quasi-static conditions)

Current Density

AT BFRHERS S ERRTR, FAISIAFAIEEIE Current Density - |
fRAR— B TieX SLMaMERE, X MEE EACurrent Density Flux#8 218EA [ = fSJ ds

We define | as a vector where the direction for the vector is along the motion of positive charge

j:nqﬁ



B A/mA2

Ohm's Law (Point form)

—

J=oFE
ol ffflconductivity, unit: Seimens per meter(S/m)

MHRBER, BFEBHRENRF%Z, S -RNEMSERT—X, MSHBEFE-TEANAEERZHDEE,
EXENZEEXTER), WREHGK, MEEMRK, SHESERHIENEKR

conductivity#9F| #2 resistivity(Ohm/m)
Ampere's Law

i IEH & B E R current density flux5 BIENZ EREEIZAIELE

%éjlzﬂoIenC:uo/jd_S
c S

EEEA ZBicurrent densityfIE X, XM IEASHEAN UZEE/ME, REloop CAEHIT
ZIEEENE—542closed loop, REHEEM
BRALRBEERUHE R

NEIBEREER:

BERERKHNSL, BEEZUA/rNERREE, AM—TENERKINUAGERIEM., ANAKESHER, XTE
TR AR, MR D EEEN,

Calculate Magnetic Field with Ampere's Law
BRGauss LawsKEBiH KB/ F
ERk7Eclosed loop LG HIEBIAS, B - dIRRASETF0 (B=035dIEH)
ST 75%: #Eclosed loop REII B MM, NIFEFE I BERFL—H
XA ETREEBIRERITE, BISEBAFEMNREAmpere's LawiEH5 HHIEBIERS AT FEHEH T)



RERREERITENRR

e Infinite Cylinders

e Wires having isotropic current densities(density doesn't vary with ¢)

e [nfinite sheets with uniform current density

e Infinitely long/very long solenoids

e Toroids
BRKNSENUTERAREERE?
BRRERDAR— IR, MBS EXMSEARTFE
FHEMRXFNE, BENREHENUE, SEAURTEREFIHE

Ch12 Faraday's Law

Magnetic Flux

Z BIEBIR B IZMagnetic field X IiMagnetic flux density T, FRAELAZ S
¢m = [sB-dS

Unit: TWeber = 1 Tesla*m

1BFH & ME ERIMagnetic Flux|8R0, ZRETFHEAMNETFE

Faraday's Law

Magnetic FluxZ{ R E T FRIRBRIE

Time varying magnetic flux creates electric field which curls around the magnetic field.

dpm d
E- — B
f dl = = s

varying magnetic field energy -> electric energy
Lenz's Law

EFEARPHNASARNOMESRER
RN R E R RS AFEMNN S EER
Electric field is created in such a way that it opposes the rate of change of magnetic flux

MRMIHZT R, BIROCHRSHASEAER, RN HRNERENEIZ SRS HEER, TERSREF
A7 R E

EWipRs)y, BBROCHRISHZHEER, RN ERNEIZE RS REZEE, WERSGRROEIZ2E



AIMMBEENAEZR, MREE, BARNERTENBZSRTENY, MXTTENESSNEERKNEDS, &
RENERA R R

Electromagnetic Induction
Faraday's Law is non-conservative

PREs F AR, ZAIMKVLERES, E - dl =0
Vioa = fo Bl = ~% — 4 [, B-d5
Types of Induced EMF

Transformer EMF
RN BT, HHESETEWMI7MSENBIREN, FAEEMF
Motional EMF
RN & EET D, T, EFAANEFIMmagnetic flux
B & %% IE/EMotional EMF:
ERTEEFIE N, = (i x B)

T HHITEN TR E —i4xB

;Q|.1jl A

LEMERNEHNRIALN, TL,{{t)\de—ch diskeE

R EREEEE THIZ 0B85

LR ARNEFMERE N, RER—in (RFA7T)

LERY & BEMIR A BE, M SAMinRENRS|NS#IZFENABEEN, XTRFARFE, FEIRSH
HigslE LENRF, WHEEEMIEELMIESFEMF

Flux Linkage

ERARNNEEBERERE—E, MERZE, FIUIAIZEFux LinkageZEBefI140IE 2 [0 £1 4 BlRY 0] =R
There is no specific definition of Flux Linkage

Ving = — 4

A= No,

NIE 2% BBl 19 [0 25

EREERAE, WRAEBABASLRET IR —E, SRt —B%E, IRASHERE, Fluxlinkagett FBER
BHNG,,, BINEOBEAEDH



Ch13 Faraday's Law and KVL, Inductance
B 2R (6]

AR=FiHNon-conservative FielddEEIATESENNER, EBEEEZEEBEOITH

Inductance

Self Inductance
Mutual Inductance

Calculating Inductance
Self Inductance
Mutual Inductance

Calculate Inductance using energy principle

[518R] Inductance of Coxial Cable
FHiE—: AIEEAER
HiE—: BeEEX

MENERSESSESE Y599/
MAREBEEREAL, MERHES, BRBEEPESERE
FLE FERAE, ZRIFRD PIEBREREoERML

SRR, BIEARIHEET0
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