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Chapter 9:
Maxwell’s Equations:
Differential Form Integral Form Remarks
V-D=p, Gauss’s law
D-dS = | p,dv
N v
V-B=0 Nonexistence of isolated magnetic charge*
B-dS=0
$
JB d Faraday’s law
VXE=— %E-dl——JB'dS ’
at L ot Jg
dD oD Ampéres circuit law
VXH=]+ — H-dl:J J+—]-dS P
ot . S at

Time-Harmonic Maxwell’s Equations: (assuming time factor e®*)

Point Form Integral Form

ds = ’ Py AV

VD, = p, %D"
V:B.=0 B.-dS=0

B.-dS

i

-dl = —jo

f
V X E, = —jwB, 43
+

V X H, =], + joD; H,-dl = ’ (J, + joD,) - dS

Faraday’s law: V. = —*d/\ = — 4d
: emf dl’ dt
B
:::sformer V= % E-dl = _J — . dS
: dt
L S

Motional emf:

Vumf = % Em ~dl = % (U. X B) -dl
L L

Stokes’s theorem gives:

VXE,=VX(uXB)

Moving loop in JB
time-varying Veme = jg E-dl = —J ot ds + i# (u X B)-dl
field: : 5 :
oD Displacement current:
Displacement Ja= ar oD
current density: I = J J,-dS = | —-dS
S g dt

Lorentz force
equation:

F=Q(E + u X B)
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_ wJ dv B=V XA Lorenz condition for
Magnetic A = - potentials:
Vector Potential , 4mR E— VvV — JA PRV
(A): ot VA= —pe—r
t

"2 n2

Wave 2 V. _ P 2 "A
V2V — =" | VA - e = —

Equations: ne ot € ® ot 2
V2: vector 2 - -
Eaplacian) V2E = uoa—E+ usa—E VZES — YZES =0 |y = Jjou(o +jwe)

ot ot? (also valid for Hs)
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Chapter 10:
Type of medium c € Tl Condition
Lossy dielectric: #£0 €r€0 Wio | N/A
Lossless dielectric: ~0 €r€o0 Hrilo 0 << WE
Good dielectric: tan6<<1 (<0.2)
Good conductor: =~ oo €0 Mo | tan©>>1
Free space: =0 €0 Mo | N/A
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Lossy Medium Exact Lossless Medium| Free Space Conductor
o= B B 12 0 0 ‘\/Wf?
Np/m e o\

(or m-l) w| — l + (_) - 1

attenuation
constant

B= ] 177 wVpe 0V g, Vrfuo

d £ :

o w% l+(i)+l — = =3x10°
phase wE VHo%o
constant L 1]

J— 3 . = a
M= jop  _ jop _ [n K o T At
0 ' = = |— - — =377 a

o + jwe Y c £ £
® A 2
v = - = —
B B
m/s

I: length of conductor

pvnael IS S ) I W TR A
effect: o aow w s agd - o Rs: resistance of conductor
' with unit length and width

- — 0,: angle of intrinsic impedance

tan 6 = 9 29”’7 0: loss angle, 6 in Prof. Nihad’s notes
Loss tangent
and angle: &

tanf = —

Conductors: Exact:
Skin depth: 6 (in meters) is the distance a wave
(6¢in Prof. 5 = 1 5 = l travels in a medium whereby its
Nihad’s notes) T /7Tf;.LO' T w amplitude decreases by e!
Direction of ag: vector components of E (electric field intensity)
propagation ar X ag = A an: vector components of H (magnetic field intensity)
of TEM: ax: direction of wave propagation

g'=eg=¢gg | " =0/w

o
Complex p . g, = 3{1 —j} = s[l—jtan H]

permittivity: €"/ €' = loss tangent we
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Yy = Jjou(o + jwe) Yy = a+jp v = joue,
B2 —a? = wlpe
Propagation =0, + 0
Constant: 20 = wuo n Y
T
. 0< 9,7 < 2
ny = jou tan6, = — T T
¢ 1=%=3
Good
: . o [u m
dielectric: a=— [— ’3 =W /.Ug _ =
(low-loss) 2\ € n €
Field
intensity: H = —(a; X E) E=-n(a, x H)
Intrinsic _a
impedance: tan e77 -
Poynting’s .
Vector: P =EXH

Time Average

Integral form:

Wave traveling in +z:

Phasor form:

(SWR):

. T 2
Poynting 5 1 p E, _, 1
= — = az P = —Re(E, X H?
Vector: P...(2) Tl P(z,t) dt | Poel2) 27 e *“cosb,a, wel2) 5 e(E, )
Total Time crossing a surface S
Average pave = gpave ) dS
Power: S
Lo Eo m—m —1<T<+1 E.o: Magnitude of reflected E
E, m,+ m, | realorcomplex Eio: Magnitude of incident E
Reflection
Coefficient: rp2 = Preflected Ifn, <my (or g, > g,.4), then Tis negative
Pincident Ifny, > nq (or &4, < €,4), then Tis positive
Transmission T = L = Gl t=1+4T Ewo: Magnitude of Transmitted E
Coefficient: E, 7 +m real or complex o 8
Standin
Wave R§t|0 ‘El |1nax — |H1 |max — 1 + ‘ F ‘
|E1‘min ‘Hl‘min 1 - ‘F‘
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N3+ cos(fy - d) +j -1y - sin (B, - d)

Wave Z=ny" Dt - d

traveling N2+ cos(fy - d) +j -3 - sin (B, - d)

from medium | . _ Evo Z—-m

1lto3: Ew Z+m

(medium 2: Z:Input Impedance

coating) _ N3t j-my-tan(B; - d) | d: thickness of coating

G N, +j-n3-tan (B, - d) | (distance from interface 1-
2 to interface 2-3)
Half-wave section: (n: integer)
r=0-72-= _ _ A

Zero . M n=n & d—n;

reflection Mty — 1an Quart transt (e int

coating: - tan(B, - d) = ﬁ uarter-wave r:;r:s ormer: (n: integer)
d=Q2n+1)- & My =mns

Index of if ny> SWR = "1/,

Refraction: n=.,/& n

(I»lr=1) ifni<ny: SWR = 2/nl

General form
of Plane
Waves:

E(xl y; Z) = (axEOx + ayEOy -|— aZEOZ)e_j(kxx+kyy+kZZ)

E(xJ yr Z) = Eoe_j'k'ak'RzEOe—j.k.R

|EO|= \/EOxZ + EOy2 + EOZ2

Propagation

K=k+k+Kk=oue

k X E=wuH

Vector: k X H= —weE
(Wave k = ka, + ka, + ka, | k= pforlossless B
o Y 7 | media k-H=0
Number E -
Vector) Where k = |k| =0
Reflection: Refraction:
Snell’s Laws: _ . . .
0, =0, n, sin @; = n, sin 6,
Parallel Fresnel’s Equations for Parallel 1+ T =7 (COS 9:)
Polarization: Polarization: cos 6,
(parallel to
the plane of E 1, cos 8, — 7, cos 6 Brewster Angle: 6; when T = 0
. . 1—. — ro — i _
incidence, [ E, m,cos0, + m, cos6, Gin? 0. — 1 — e/ e,
xz-plane will B 1 — (gfe,)?
always be the ; -
¥ E,, 27, cos 0, For non-magnetic media:
plane of ==
incidence) Em T, COS 91 + T €OSs 6,‘ sin @, = &, tan 93 _ E _ E
? g + & or ! & M
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Perpendicular
Polarization:
(Perpendicula
r to the plane
of incidence)

Fresnel’s Equations for Perpendicular Polarization:
= & =
E, m,cos@; + m, cosb,

ro— E, mcosf; —m cosb, 2m, cos 0,
L= —_—=

E

1+1', =71,

M, cos B; + m, cos B,

io

If &, = &;, then the Brewester angle for
perpendicular polarization can be found from:

. _ M [ 2
sinflg, =  + 1 tanf, = E
or

Brewester angle:
1 — p&y/pys

sin? @, =
1 = (/)

Only exists for magnetic media

Incident field
components
based on type
of
polarization:

Parallel Polarization: Perpendicular Polarization:

E; will have components along axand a,,
whose magnitudes are:

Ejox = Ejpcos(6;) (positive x)

Eiy, = Ejosin(60;) (negative z)

E; will only have a component along ay,
whose magnitudes is:
Eio

H; will have components along axand a,,
whose magnitudes are:
Eio

g = Hiox =
o n HiOz =

Hi will only have a component along ay,

whose magnitude is: E: _
T‘O cos(6;) (negative x)

%sin(@i) (positive z)

Critical angle:
(wave

T
Or=5 >0:=0

Ifeg >, 260, >0; VO,
Ifeg <ey;—>0,<6; V6,

i . . & Ny
traveling from Critical angle does not exist. ~ sin(f,) = 8—1 = Tl_1 = tan (0p)
medium 1 to -
medium 2) Ife; > & NG =3
2
F_L=1/\TJ_=2/\F||=—1/\T”=2
M1
tinear Ap = ¢, — ¢, = nm, n=0,1,2,... | Orif either Expor Eyis equal to zero
Polarization:
ircul — _ _ _ _
Clrcu-al‘ . Ap =y~ p,= = (2n + /2, n=012,... E, = Eoy = E,
Polarization: and
Ab=¢,— b, = = 2n + Dm/2, n=20,12,... E_+#E
Elliptical ¢ =9 and ox oy
Polarization: Orif Ap # nz—” V n:integer, tilted ellipse
2
P = |Exol? + |Ey0| + |E4ol?
avg — 2n

Power: Isotropic: power is distibuted evenly over the surface,

p — Ptotal

w9 Amr2
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Chapter 11:
Parameters Coaxial Line Two-Wire Line Planar Line
R (Q/m) 1 {1 1} 1 2
+
2mdo.la b wado, whor,
(6<<a,c—b) (6 < a) (6<xt)
L (H/m) mob Mo  d d
In cosh
21 a T a w
G (S/m) 2o T aw
b ) l 1 d d
In . cosn 2a
C (F/m) 2me mE ew
1
In b cosh™ d (w $> d)
a 2a
5 = . : = skin depth of the conductor; cosh™' d =In d il{ d }_ =>> 1
Vrfuo, 2a a |2a
Phasors:
Voltage for Az dV,
. IV (z, al(z, 0 o ;
increment of a (\(er) = RI(zt) + L (I('z t) dz (R + joL)I,
. dz
T.L: Series impedance per meter: Z =R + jwL
Phasors:
Current for Az dl; _ .
. ) A% —— = (G + joC)V,
incrementofa | —° I(zt) =GV(zt) + C V(z 1) dz J
. 0z dt
T.L: Shunt admittance per meter: Y = G + jwC
Wave ) >
equations for d Vq 3 B d Is B ZI —0
Voltage and Az —yV,=0 dz Y s
Current:
) \/ - - a: attenuation constant
Yy=atjB= (R + ]CUL)(G + ](UC) B: phase constant
Propagation Setting R = 0:
constant: 1
Yy = VJZY . [ G ]2 _ G o
= joVvLC|1—j—| - VLC =.us N —=—
v=1J J wC K wC we
Wavelength 2 w
and Phase A=— u:EZf/\
velocity: B
. Characteristic Admittance:
Characteristic 7 =R ¥ = Z 1
Impedance (in 0= Ro+Jj%o = Y Y, = A
0 0
) Ro: Characteristic Resistance Xo: Characteristic Reactance




EM2 equations:

Compiled by Mohammad Sanad AlTaher

Case Propagation Constant Characteristic Impedance
7 = a + jB Z() = R() + jX()
General V(R + jwL)(G + jwC) / R + jwL
VG + joC
Lossless 0 + joVLC J L.
' 2=+ j0
c -
Distortionless \V/RG + iw\/LC
" -+ j0
Solutions I(z) =1 e + I &~
olutions to
_ — tz —zZ —
wave Viz) = VieF + Vet |
equations: — 7 —z —— vt Vo
I(2) = 22 v — Lo g
Z, Z,
For aT.L. of Reflected voltage vanishes: Reflected Current vanishes:
e e . . _ —vz V+
infinite length Vs(z) Vie IS(Z) _ o oy
ZO
Phase velocity is constant:
. - L 1 1
Lossless Line: Zois pure real/resistive: Z, = - Uy = ﬁ = \/ﬁ
R=G=0 No distortion, no dispersion.
a=20 ﬁ=wLC=wye=wi
Zo
Phase velocity is constant:
Distortionless . L L R 1 1
Zois pure real/resistive: Z, = [= = |- Uy = —= —
Line: olSp / 0 C G P VLC  VUE
R _ G No distortion, no dispersion
Lc a=R\ﬁ=\/R =2 ,[)’=ouL(J=a)/,uf:=a)i
L Ro Zo
Lossless or
. . _ N (b _ Hr o (b b: radius of outer circle
Dlsto.rtlo.nless Zo = ann( /a) =60 < ln( /a) a: radius of inner circle
Coaxial line: r
Atz=0: Atz=1:
1 1
Wave Ve = (V, + Z1,) Vo = (V, + ZI)e"
equations 2 2
continued: 1 1 ¢
v, =5V, = ZlL) Vo =5 (Vi = Zil)e™”
Impedance Lossy: Lossless:
at distance Z; + Zytanh (yz' Z, + jZytan (BZ'
S e 2(z) = 7, L 0 (v ,) 2(z) = 7, L ] 0 B ?
Z’ trom load: Zy + Z tanh (yz') Zy + jZ tanh (Bz")
(2 =1-2)
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line:

.General VS(Z) Zo( V; + V ) 1+ T,
Input Zin = = D — Zin = Zy 1—T.
impedance: I(z) Ve — V; in
Input Lossy Lossless:

impedance Z, + Z,tanh y{ Z, + jZ,tan B¢
of Zin = ZU - ) Zin = Zn . )
transmission Z, + Z, tanh y{ Z, + jZ; tan B¢

Where the electrical length is 1 (in radians)

Voltage

impedances:

V., _7 ,
reflection F(z) = O+ 2yz r(z') = —Z - ZO e—2vz
coefficient: Vs LT =0

2, — Z o , | Ir@)] = Inlem2
I, = = [Ty le/" I(z) =Te % -
Reflection Zy+ Zo e1"(zr) = 91“L — 2Bz
coefficients | For alossless line: Current reflection
atloadand | I'(z') =T,e /27" - |[(2")| = IT,| A Br) = 6, — 282" | coefficient: —T'(z)
| here:
sewhere L, @ IOk
@ =%1"Tw) =70 + Z
Standing ¢ = Vmax o Imax o 1+ |1—‘I‘ ‘F ‘ _ S—1
. . - — L —
Wave Ratio: Vmin Imin 1 B | F!, ‘ S + 1
V inax Vo Z
‘Zin‘max - I - SZ() ‘Zin‘min = I -
min max §
Max & Min g O tonm O+ CntDr
. max — 2,8 min — Zﬁ
input
impedances: N | Vo'l |
max - |V0 I (1 + IFD min (1 - |F|)
|V0+|
Vnin = Vo™ - (1 = IT]) max = ~(1+1])
0
ZL=OO FL=1 HFL=O S = o0
Open- ; _ ;
Circuited V()| = 2[Vo ™| - cos(Bz")] Z(z") = —jZycot (Bz")
line:
2|V0+| = |V, | l1(2)| = | 2 | - |sin(Bz")|
ZL - 0 FL = _1 QFL =TT S = 00
Short- N ,
circuited _ , Z(z') = jZytan(pz")
line: IV(2)| = 11,1Z, - Isin(Bz")| ’
12| = 1| - [cos(Bz")|
Open circuit
& Short 2 Zse
circuit ZocZsc = Zo tan(Bl) = ~7..
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Where n=0, 1, 2,.. Hence, starts at max

7, =1 I,=0 s=1
Matched L ° L v
load: V()| = |Vo*| V(z) = Vyte 1P | I(z) = ZLe—iﬁz Z(z) =17,
0
7, =R, [ is a real number
IfRL>R0: IfRL <R0:
r,>0 Or =0 R, I, <0 0 Ro
= = —_— =T = —
Resistive L It S Ry L It S R,
load: R.2 R.2
(lossless line) Zmax =Ry LZmin = R—O Zmax = R—O Zmin = Ry,
L L
Vmax & Imin O0ccur together when: Vmin & Imax OCcur together at:
ni ni
2PZmax = 2N > Zygy = 7 Zmin = 7

Wheren =0, 1, 2,.. Hence, starts at min

R 60
=1 |s=ow | 6, =2n(2) | V@I =2[V*|-|cos(pz' — 2t
L X, 2
E)za:jc:twe Xy > 0, inductive - 0 < 9rL <T X < 0, capacitive » T < 91“L < 2T
Vmax: Vmin:
2B7" max = Or, + 2nm 2B7" min = Or, + nm
n=0,1,2,.. n=1,3,5,..
A — T
Quarter l=(2n+1)%n=0,12,. Bl=(2n+1)7,n=0,1,2,.
wave Zy? IfZ, = (0.c)> Z;, =0
o . Z -
section: in 7, IfZ, = 0 (s.C) > Zy, = o0
Half wave y) _ ~
section: l=nzn=123,. Bl =nn Zin =1
2 - 2
i =1|V0+| P =1.|V0 |2=1.|V0+| -|F|2=|F|2-P-
Power for a me 20 Z ref T o Zy 2 Z nc
lossless line: | Average power dissipated in the load: V]2 i
P‘d\'e = (1 - |r|u)

(3]

V4

0
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Chapter 12:
Propagation: k = w\ /e _ki — ki i yz )
WG Electric
Field = s : —yz
Dretribution: E.(xy,z) = (A, coskx + A,sinkx)(A;cosky + A sinkyy)e
(z)
WG
Magneti . . s
Fi:ﬁne ic H,(x,y,z) = (B, cos kxx + B, sin k.x)(B; cos k,y + B,sink,y)e””
Distribution:
E _ _l (')EZS . ]wM (')HZS E . l aEZS ]wl'l' aHZS
WG Electric . l’lz 0x hz f'))’ * hz f))’ h2 0x
& Magnetic . . : -
Fields _ JWE aEzs o l des H = _]0)8 aEz:; o l des
Distribution: xs g2 2 - ys 2 2
(interms of E; & h (")y h 0x h 8x h 8}/
Ha mair nir
W=y +k=k+k k== | k=""
Cutoff 3 1 ms 2 7 2 L:u: c
Frequency: Fmn =57 (@) + () Vie T e
Phase A\ £\2
Constant: B=wfue |1- (FC) B=k|1- (FC)
Cutoff: Guide:
u 2 1 = 2_1r _ A
Ao = E B m\?2 n\ 2 7 f 2
(&) + () 1- (&)
Wavelengths:
s.t. A: wavelength in unbounded medium, A = — = %
1 1 N 1
12 2 Agz
W u
U, =—=
Phase P B 5 Ag
Velocity: 1 (%) Up = 5 U
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. (mmx\  (nmyN\ H, =0
E.. = E,sin sin| ——]e” m=123. |n=123,..

mé&n #0

nir T niry
E,=— 'y’ T E, cos mx sin Y e | E,= —1, n E, sin mrx cos mmy e "
- h*\ a a b ’ W\ b a b
jwe T : nir iwe ¢ n
H,, _/ - (m_) E, sin (nmv) cos( y) e ™ | H, = = ; m E, cos e sin ize e
h* b a b ¥ h? a a b

Transverse | Cutoff case: vy=0 or a=0=p
Magnetic mar | nr |*
. kK = w’ue = [} + [] f=r
Mode: TMumn a b Subscript “c”: cutoff
Evanescent case: Y = a, B=0
2 2
mar nir r
kz — wz e << | — + | — _ [m=]? nir 3_ R
N b o =[]+ [] -
Propagating case: = 1 =
pagating ) , Y =iB a
2 = e > | 22| 4 | 2T 2 2
H a b B = \/k2 S L I L
a b
marx nmwy\ _ £, =0
Hy=H,cos{ = = Jcos{ == )e™ | m=1012. | n=012.

m or n can be 0 but not simultaneously

» n iw niw
Transverse Eﬂ_f;'«('ﬂf) H, cos (W) “n (J’) e | g (T e (T o () o
Electric - R \b a b . W\ a @ b

Mode: TEmn
nir nir
H, = %(?) H, sin (m:x) cos (Ty) e’ | Hy= %(%ﬁ) H, cos (m:x) sin (Ty) e
Same cases as for TM but lowest f, mode (dominant) is TE1o (if @ > b) or TEo1 (if a < b)
TMmn: TEmn:
E —-E, B _Ey —-E, wu
T =, T, T we TE=H, T, T B
Wave
Impedances: k m Nre = N
1= B
we £ 1—-|%
f
Nrm - Nrg = N°
Group ow £\ a2
Velocity: Ug = B u- 1= (7) Ug "Up =U




EM2 equations: Compiled by Mohammad Sanad AlTaher

a=a.+ay

2R, 1 b/f\ _ gg'7
i - (B do=— T
Attenuation: 10 , \2 a f £ 2
von f1- (%) 2= (7)
Only valid for TE1o, Rsas defined in chapter 10 Holds for any waveguide mode




