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14.4: Basic Equations for Electromagnetics and Applications

14.4.1: Fundamentals

%
VeB=0-¢ Beda =0
A
%
Vel =-0p/0t

%
E = electric field (Vm’l)

e -1
H = magnetic field (Am )

= -2

D = electric displacement (Cm )
%
B = magnetic flux density (T) Tesla (T) = Weber m 2 = 10, 000 gauss

p = charge density (Cm™°)

%
J = current density (Am_z)

o = conductivity (Siemens mfl)

J s = surface current density (Am_l)
ps = surface charge density (Cm2)eo =8.85 x 10" Fm™*
po =41 x 1077 Hm ™!

05~ 350108 ms!

Cc= (50,Uo)
e=—-1.60x10"1°C
Ey(z,t) =E. (z—ct) + E_(z +ct) = Re {E, (2)e"}

Hy(z,t) =15 [E4(z—ct) —E_(z+ct)] [or (wt —kz) or (t —z/c)]

= = = — = = )
/(E xH)eda —I—(d/dt)/ elEl"/2+pu/H|7/2 dv=—/ E o J dv (Poynting Theorem)
A v v
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14.4.2: Media and Boundaries

wp = (Ne2/m€0)0'5

Eett = £(1 —jor/we)
skin depth & = (2/ous)’> [m]
Ela’)’ - EZ.’! =0

Hiy — Ha2y =J,xi

B, - B, =0 7l 1
/4
(DU— _Du)z Ps
bo=ifo=c
14.4.3: Electromagnetic Quasistatics
Ve =0

KCL: ZIi(t) =0 at node
KVL: Z Vi(t) = 0 around loop
i

C=Q/V =Ae/d[F]
L=A/I
i(t) = Cdv(t)/dt
v(t) = Ldi(t)/dt = dA/dt

Cparallel = Cl + 02

Cseries = (Cl_l =+ C2_1) -

we = Cv2(t)/2; wy = Li® () /2
Lsolenoid - N2 HA/W
7=RC,7=L/R

%
A:/ B e da (per turn)
A
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fZZ—dWT/dZ
- = —
F=1xpuH[Nm™]

— —

E.= —7 X o H inside wire

P=uwT= WT dVolume /dt [W]
Max f/A =B?/2u,,D?/2¢, [Nm ™|

dWT dz
vi e +f s

14.4.4: Electromagnetic Waves
_>
(V2 —,u582/8t2) E =0[Wave Eqn. |

(V?+1) E=0,E = Bge 7¥"
k =w(ue)?® =w/c=2m/\
K2 —l—kf, +k =k =wue
vp = w/k, vy = (0k/Ow) !

0. =6
siné; /sinf; =k; /ky =n; /n;

6. =sin " (n; /n;)

- - K
0>0,= Et — EiIe+ax—J 2%

— = N
K=k —jk
r=T-1

Trg =2/ (14 [n cosb; /n; cosbi])
Ty =2/ (14 [ cos 6y /ms cos 6i])
0 = tan! (g /&;)"” for TM

2
/206 [Wm_z]

%
Pd%‘ls

— — —
= V¢-—0A/8t, B=VxA

E
B(r) = /V , (B(?)e‘jk [ 4me, )dv’
It

R
—, —jk|r -1 — =
(r)e /47r‘r —71|]dv

= =
r —r

= =
r —r

=

[=]
Y

(1271

B 9 —jk
E ¢ =9 (jnokId/4nr) e sinf

V2® 4w geo® = —p/eo
— — —
VZA +w’poeo A = —pio J
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14.4.5: Forces, Motors, and Generators

— e —
f =q|E+ v xp.H | [N]
fzz—dWT/dZ
- = - i
F=1xuH [Nm ]
— — —
E.=-v X u,H inside wire

P =wT = W1dVolume /dt[W]
Max f/A = B?/2u,, D?/2¢, [Nm 2]

dWT dz
[ dwr  dz
T

f =ma =d(mv)/dt
X=X, + Vot +at’/2
P=fv[W]=Tw
wy =mv?/2

T =1dw/dt
I:Zmiri2

14.4.6: Circuits
KCL: ) "Ti(t) =0 at node

KVL: Z Vi(t) = 0 around loop

C=Q/V = Ae/d[F]
L=A/I
i(t) = C dv(t)/dt
v(t) =L di(t)/dt = dA /dt
Cparallel = C1 +Co
Cuate = (011 +0;1)
we = OV (t)/2; wm = Li%(t)/2
Loslenoia = N?pA /W

7=RC,7=L/R
A= A_B>od§> (per turn)
Z geries = R +jwLi+1/jwC
Y, =G+jwC+1/jwL

Q = wowT/Pdiss = WO/AW
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w, = (LC) "
(v*(t)) /R=KT
14.4.7: Limits to Computation Speed
dv(z)/dz = — Ldi(z) /dt
di(z)/dz = — Cdv(z)/dt
d’v/dz® = LC d?v/dt?
v(z,t) =f (t—2/c)+f_(t+2/c)
=g (z—ct) +g (z—ct)
i(t,z) =Y, [f, (t—2/c) —£_(t+2/c)]
c=(LC) """ =1/ /ne
Zo=Y,' = (L/C)"*
'L =f/fy =Ry —%Z)/ (Re +Z)
v(z,t) =g (z—ct) +g_(z+ct)
Von =2£,(t), Ry =Z,
14.4.8: Power Transmission
(d*/dz* +w’LC) V(2) =0
V(z) =V eV e
I(z) =Yo [V, e =V ]
k=2m/A =w/c=w(pe)"?®
Z(z) =V (2)/1(z) = ZoZ,(2)
Z,(z) = [1+L(2)]/[1 —L(z)] = Rn +jXa
L) = (V-V,) e = [2,(2) 1]/ [Zy(2) +1]
Z(z) = Zo (Zy, — jZo tankz) / (Z, —jZy, tankz)
VSWR = |Vl / [Viin] = Rinax
14.4.9: Wireless Communications and Radar
G(6,¢) =P,/ (Pr/4mr?)

Pr = / P,(6, ¢, 1)1’ sind ddd¢
4m

P =P (0, ¢)Ae (0’ ¢)
Ac(6,9) =G(6, p)A? /4

R, =Pr/ (i*(t))

Egi(0220) = (jejkr/)\r) AEt (%, y)ejkxx+jkyydxdy

P... =Pgr (G)\/47rr2)2as/47r

https://phys.libretexts.org/@go/page/25050


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://phys.libretexts.org/@go/page/25050?pdf

LibreTextsw

. —
E= Z a; E;e " = (‘element factor )( array f)

Epie >~ 4 x1072°[J]
715 = Zo, if reciprocity
(d*/dz? +w?LC) V(z) =0
V(z) =V, e 4V etk
1(z) =Y, [V, e -V et¥]
k =27/ =w/c = w(ue)™®
2(0) = V(2)/10) = 72,2
Z,(z) =[1+L(2)]/[1 =L(2)] = Ru +jXa
L(z) = (V_/V,) e =[Z,(2) —1] / [Z,(2) +1]
Z(z) = Zo (Zy, — jZo tankz) / (Zg —jZy tankz)
VSWR = [Viax| / [Vinin| = Rimax
0, =6;
siné; /sinf; =k; /ky =n; /n;

6. =sin!(n;/n;)

= g +az—jk,
0>6.= E,=E;Te *

e
k=k —jk
r=T-1

Qn = wnWTn/Pn = wn/zan
0.5
fuanp = (¢/2) ([m/a]* + [n/b]* + [p/d]*)
Sy = Jwn —on
14.4.10: Optical Communications

E = hf, photons or phonons
hf/c = momentum |kg ms™!]
dn2/dt = — [An2 —|—B (112 —nl)]

14.4.11: Acoustics
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Vp= —poaﬁ)/at
Ve = (1/4P,) Op/dt
(V2 —Kk?0?/0t*) p=0
k? =w?/c2 = w?p, /7P,
cs =Vp = Vg = (YPo/po) " or (K/po)™*
s = D/ U= pocs = (poYPo)"" gases
ns = (pK)? solids, liquids
p, o | continuous at boundaries

p= p+efjkz +B_ e+jkz

u, = n;l (B+e7jkz _E_eJrjkz)
/ ?p.d?+(d/dt)/ (ool €2 /2 497 /29, ) aV
A A\

14.4.12: Mathematical Identities
sin?f+cos’ =1

cosa +cos B =2cos[(a+8)/2] cos[(a —B)/2]

H(f) = /_ -~ h(t)e 3 dt

e =1+x+x2/21+x3/31+...
sina = (e —e7%) /2j
cosa = (&M +e7%) /2
14.4.13: Vector Algebra
V =%0/0x+§0/0y +20/0z
AeB=A,B, +A;B;+A,B,
V3¢ = (0%/0x> +0%/0y* + 8°/02°) ¢
Ve(VxA)=0
Vx(VxA)=V(VeA)-V’A

14.4.14: Gauss and Stokes’ Theorems

14.4.15: Complex Numbers and Phasors
v(t) =Re {Ve™'} where V =|V[e}

&' = coswt + jsinwt
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14.4.16: Spherical Trigonometry

/ 1 sinf d0d¢ = 4n
4
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