FORMULA SHEET FOR
M.S. COMPREHENSIVE EXAMINATION IN PHYSICAL ELECTRONICS

IA. Electromagnetic Fields and Transmission Lines|

Summary of Important Definitions and Results
(Notation and symbols follow the convention in Engineering Electromagnetics, 7" ed.,
W. H. Hyatt and J. A. Buck)

1.1 Vector Algebra Dot Product A.B = ‘ A | ‘ B | cos Oap = A«By+AyBy+A,B,
Cross product A x B = |A]|B] sin ®xp an

a, a, a,
AxB=|A A, B,
B, B, B,
D, dD
1.2. Vector Calculus Divergence V.D = D, +—L+ b,
OX oy 0z
Gradient \AY =ﬁaX +%ay jLﬁaZ
OX oy oy

Curl
oH H oH H
vxH =| e yax+a . O, a, + y—&az
oy 0z 0z OX OX oy
o oV oV
+ +
OX oy oz

Vector Laplacian V*F =V(VF)-VxVxF
1.3 Integral theorems Divergence Theorem §D.dS = I V.D dv
S

Laplacian V¥V =

vol

Stokes’ Theorem f‘;H.dL = I(V x H).dS
S

2.1  Coulomb’s law F,=-F = Q1Q22 L-h .
4re, R |r2—r1|

where €0 = 8.854x10™"? F/m = (1/36m) 10° F/m

Electric Field Definition E = Fiest / Qtest
Due to Point Charge E= Q -a,
dre,r
p,(rHav' r—r'

Due to Volume distribution E(r) = 5 :
w1 47E,|r = 1| r—r]

2.2 Gauss’ law ffD.dS =Q. = J. w P av
S

2.3 Potential Difference V,; = —J: E.dl or E—grad V



2.4  Electric Flux Density D=¢ E
2.5  Electrostatic Energy W, =1 ID.E dv=1 IgEzdv

vol vol

3.1  Biot-Savart law Currrent Element dH = IE:LTiR
| dLxa,
Integral Form H=
s § 47R*
Surface Current Form H = j KLRZCIS
s 4R
Bulk Current Form H = j JLRZdV
v 4R
3.2  Ampere’s Law fi;H'dL =1
33 Magnetic Flux densityB = p H where, for free space, o, = 47 x 10”7 H/m
3.4  Gauss’ law for magnetic Field i‘;B.dS =0
S
4.1 Magnetic Potential Scalar Viag.an = I H.dL
| dL K dS
Vector Azﬁ'uo— or A=[HD%
47R
J~ HyJd dv
vol

5.1 Lorentz Force Law ~ On Charge F=Q(E+vxB)

On Current Element dF=JxB dv or dF=K x B dS or
dF=1dL xB

Torque dT=1dSxB

5.2 Magnetic Energy W, =1 IB.H dv=1 I,uH *dv

vol vol

5.3 Inductance L= it
6.1 Maxwell’s Equations
Differential Form Integral Form
vxE=-B §EdL_—j— ds
ot
vxH=3+P fH.dL=1+ j— ds
ot
V.D=p, §Dds = [, p, dv
S
V.B=0 fBdS =0
S




7.1 Plane Waves

E, __ |u
Ho_”_\E

1
V =
N7
S=ExH
For Lossy Media, Permittivity &= g and e=¢g-je"=¢,(¢,'-]&,")
@

o

Loss Tangent tan@ =——
ws'

Propagation constant

2
azgwfﬁ and P = o\ uc' 1+l(ij
2V¢&' 8\ we'

7.2 Transmission Lines
, d2VS N
Telegraphers’ Eqns. e =yV
YA

7 =yJ(R+ joL)(G + jaC)
(R+ jol)
Z,= |-——1—~
(G+ jaC)
z. -2, Z, +Z,tanh
Z,+Z tanhp

7 _7 Z, +jZ,tan gl
"7z, 4 jZ, tan g

S

Z, -2,
©Z,+2Z,
7.3 Waveguides Coaxial C= _2mE and L= iln(r0 /)
In(r, /1) 2r
Open-Wire
C :—_71[8 zﬁ[l+cosh1(d /2r)}
cosh™ (d /2r) 414
Microstrip v, = ¢ where ¢ . =0.&, +(1-0q).1
gr,eff

Parallel Plate

2
B =21/5r"/1—(&j where @, _hr ¢
C 0 d ,/gr'



Rectangular  For TE,, mode
c \/( mz jz ( nz j ’
Do = —_— | |
’ &, ! a b
7.4 Dipole Antenna For a short current filament along z axis

| dy 2 (1 A
E, =——cosfexp(—]—) —+
"~ or Pl )(rz j27zf3j
1

I, dn . 2m (.27 A
E,=—"—sinfexp(—-j—)| j—+—+
0 =gy ORI )(J/lr r’ j27zr3]

| d 2a (.27 1
H, =% sinGexp(=j 2| j25 +—
'~ an P15 )(er rzj

B. Electrical properties of Semiconductors

. p=mv=#hk=h/A4
2. E=hv=low
3. E=1mv? =1p’/m=nr’k?*/2m*

2
4. m*=h2/d E
dk?
1

fep =
1+exp[(E—-E;)/KT]
6. fBE =

~exp[(E. —E)/KT] if E>>EF

7. n, = ;jo f(E)N, (E)dE =N, exp{%}

22m KT T/z

o0
=
o
Il
)
TN
=
[

10. po = Nv[l_ f(Ev)]= Nvexp[_(EF - Ev)/kT]
11. n; =N exp[-(E, —E;)/KT]
12. p, =N, exp[-(E, —E,)/KT]

3/2
13. n, =./N_N, exp[—Eg/ZkT]:2(2|:ﬂ§Tj (m,m;)*"* exp[-E, /2KT]
14. n, =n, exp[(Er —E,)/KT]
15. p, =n,exp[(E; —E,)/KT]
16. n,p, =n’



17. n=N_exp[-(E; —F,)/kT]=n, exp[(F, — E;)/KT]
18. p=N,exp[-(F, —E,)/kT]=n; exp[(E; —F,)/KT]
19. np=n,"exp[(F, - F,)/KT]
20. &E(x)=—-dV(x)/dx =(1/q)dE, /dx
21, d&(X)/dx=—-d*V(x)/dx* = p(X)/e=(q/e)[p—n+N; —N_
22. pw=qr/m*
23, v, dxéc = —HE
T+u&ivg,
24, (1) gin = AJ, = Ad[nu, + puy)E = Ao &,
25 (1) g = AJ, = Ad[nu, + puy)E = Ao &,
dn(x
26. J,() =) grin + )iy = eN(X)E, + 0D, %)
dp(x
27, 3,00 =, D + 3 Doy = Gt POV, — 4D, 22
28. Jit =Jeona T iy =J, +J, +edE/dt=J +J +CdV/dt
by PO _0p_ 18, &
G ot q ox r,
30 on(x,t) _oon _ 10, o
' 8t ot qox t,
31. L=
steady—state I-n
33( ) v b
steady—state PTP Lp
34, D_KT
a4 q
Physical Constants
Avogadro’s Number Navo 6.022x10* m’
Boltzmann’s Constant k 1.38x10 J/K
=8.617x10” eV/K
Magnitude of Electronic Charge Q 1.602x10™"° Coul
Electron rest Mass m, 9.109x10™" Kg
Permittivity of Free Space & 8.854x10"? F/m
Planck’s Constant h 6.626x10°* J sec.
Speed of Light c 2.998x10° m/sec
Thermal Voltage at 300 K kT/q 0.02586 Volts




Material Properties

Property Si Ge GaAs
Bandgap E, (eV) 1.12 0.66 1.42
Relative Permittivity, &, 11.9 16.2 12.4
Electron Mobility, p, (m*/Vsec) 1450 3900 9200
Hole Mobility, p, (m*/Vsec) 505 1900 320
Effective Mass of Electron, m,*/m, 0.26 0.0063
Effective Mass of Hole, m,*/m, 0.69 0.57
Density, d (Kg/m’) 2.329 5.317
Lattice constant (A) 5.431 5.646 5.653

Effective density of states — conduction band, N, (cm™)

Effective density of states — valence band, Ny (cm™)

IC. Electro-Optic

Notations are adopted from the textbook, “Optoelectronics and Photonics, Principles and

Practices,” Prentice Hall, S. O. Kasap, (2001).

E(r,t)=E, cos (ot—K - r+ o)
V=VA=(& & uo)'o‘s

n=c/Vv

vV, =do / dk

l=ve e ES/2

tan Op =1,/ n

R=(ny-n)*/ (ny+n;)’
T:4Il21’11/(l’12+1’11)2
L=mA/2,m=1,2,3--—--
Av-At=1

sinf=122A/D
dsin0=mA, m=0, £1, £2, ----

(4nnja cos Oy) /A — o = mmn
m<1+Q2V-¢)/=n

V =2ma (n> - nY) >/ A
At/L=(n;—ny)/c

ags = 10 log (Pin/ Pou) / L

TNexternal = Pout(OptiCal) / IV
Nint = [Pogint/ hv] /[l /€]

N2 / N1 = exp[- (E2 — El) / kBT]
Avy, =2 v, (1.386 kgT / Mc?) *~
Onh=1 - 0.5 ln(Rle) /L
L=mAn,/2n,m=1,2,3 ----




n=[lpn/e]/[Po/ hv]

R=1p /P,

Ac = eAn (Ue + Un)

in=[2e(lg + lpn) B] *°

SNR = Signal Power / Noise Power

I =-lpn + Io [exp(eV / nksT) — 1]
FF = Ime / ISCVOC

Ne(8) 2 = cos® () / Ny’ + sin” (8) / ne’
¢ =2nL (ne—n,) /A
I =1, sin® (0.5 7V /V )



