
name notation SI dimension
force F N = kg·m

s2 M1L1T−2

energy E,U J = N · m M1L2T−2

power P W = J
s M1L2T−3

charge q C = A · s T1I1

charge density ρ, σ, λ C
m3,2,1 L−3,−2,−1T1I1

E field E N
C = V

m M1L1T−3I−1

vacuum permittivity ε0
F
m = C2

N·m2 M−1L−3T4I2

E potential φ, V V = N·m
C M1L2T−3I−1

capacity C F = C
V M−1L−2T4I2

E dipole moment p C · m L1T1I1

E quadrupole moment D C · m2 L2T1I1

polarization density P C
m2 L−2T1I1

E displacement field D C
m2 L−2T1I1

E susceptibility χ 1 1

relative permittivity κ, εr 1 1

resistivity ρ Ω · m M1L3T−3I−2

conductivity σ S
m M−1L−3T3I2

current density j,J , I A
m2,1,0 L−2,−1,0I

M field B T = N·s
C·m M1T−2I−1

M field H A
m L−1I

vacuum permeability µ0
N
A2 M1L1T−2I−2

M vector potential A V·s
m M1L1T−2I−1

M dipole moment µ A · m2 L2I1

M flux Φ Wb = T · m2 = V · s M1L2T−2I−2

inductance L,M H = Wb
A M1L2T−2I−1

impedance Z,R,X Ω = V
A M1L2T−3I−2

a · (b× c) = b · (c× a) = c · (a× b)

a× (b× c) = (a · c)b− (a · b)c

(a× b) · (c× d) = (a · c)(b · d)− (a · d)(b · c)

∇ · (fA) = f∇ ·A+A · ∇f

∇× (fA) = f∇×A+∇f ×A

∇(A ·B) = A× (∇×B) +B × (∇×A) +A(∇ ·B) +B(∇ ·A)

∇ · (A×B) = B · (∇×A)−A · (∇×B)

∇× (A×B) = A(∇ ·B)−B(∇ ·A) + (B · ∇)A− (A · ∇)B

∇× (∇f) = 0

∇ · (∇×A) = 0

∇× (∇×A) = ∇(∇ ·A)−∇2A‹
∂V

A · ds =

˚
V

(∇ ·A)dv
˛
∂S

A · dl =
¨

S

(∇×A) · ds
˚

A · ∇f +

˚
f∇ ·A =

‹
fAds

∇rn = nrn−2r

∇ · (rnr) = (n+ 3)rn

∇2rn = n(n+ 1)rn−2

∇ · r

r3
= −∇2 1

r
= 4πδ3(r)

∇× (rnr) = 0
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Maxwell : ∇ ·E =
ρ

ε0
∇×E = −∂B

∂t
∇ ·B = 0 ∇×B = µ0j + ε0µ0

∂E

∂t
ε0µ0 =

1

c2
∇ ·D = ρfree ∇×H = jfree +

∂D

∂t

ε0µ0c
2 = 1 Lorentz force : F = q(E + v ×B)

dF
dl = I ×B

electric : E =

˚
ρ(r′)dv
4πε0

· r − r′

|r − r′|3
φ =

˚
ρ(r′)dv

4πε0|r − r′|

‹
E · ds =

Q

ε0
C =

Q

V
φ =

p · r
4πε0r3

E =
1

4πε0

(
3(p · r)r

r5
− p

r3

)
P = Nqδ = χε0E σpol = P · n ρpol = −∇ · P D = ε0E + P = κε0E P =

(
1− 1

κ

)
D = (κ− 1)ε0E

VP : B = ∇×A ∇ ·A = 0 ∇2A = −µ0j A =
µ0

4π

˚
jdv

|r − r′|
B =

µ0

4π

˚
jdv × (r − r′)

|r − r′|3

˛
B · dl = µ0

¨
j · ds = µ0I

current : j = ρv jdv = Jds = Idl ∇ · j = −∂ρ
∂t

ring : B =
µ0Ir

2

2 (r2 + z2)
3/2

resistance : R = ρ
l

S
j = σE

wire : B =
µ0I

2πr
ϕ̂ A = −µ0I ln r

2π
ẑ solenoid : B =

µ0J ẑ, r < R

0, r > R
A =


µ0Jr

2
ϕ̂, r < R

µ0JR
2

2r
ϕ̂, r > R

L = µ0n
2V

dipole : µ = IS A =
µ0

4π

µ× r̂

r2
B =

µ0

4π

(
3(µ · r)r

r5
− µ

r3

)
µ =

1

2

˚
r × jdv W = ±µ ·B

energy : U =
1

2
CV 2 U =

1

2

˚
φρdv =

ε0
2

˚
E2dv U =

1

2

˚
A · jdv =

1

2µ0

˚
B2dv =

1

2

∑
Mi,jIiIj

inductance : Φ =

¨
B · ds E = −dΦ

dt = −LdI
dt −M

dI ′
dt M =

µ0

4π

˛ ˛ dl1 · dl2
r12

M = k
√
L1L2

displacement : jd = ε0
∂E

∂t
new potential : E = −∇ϕ− ∂A

∂t
B = ∇×A ∇ ·A+ µ0ε0

∂ϕ

∂t
= 0

new equation : □2 = ∇2 − 1

c2
∂2

∂t2
□2φ = − ρ

ε0
□2A = −µ0j □2E =

∇ρ
ε0

+ µ0
∂j

∂t
□2B = −µ0∇× j

planar wave :
∂2ψ

∂x2
− 1

c2
∂2ψ

∂t2
= 0 Ey = f1(x− ct) + g1(x+ ct) cBz = f1(x− ct)− g1(x+ ct) cBy = −f2(x− ct) + g2(x+ ct)

spherical wave :
∂2ψ

∂r2
+

2

r

∂ψ

∂r
− 1

c2
∂2ψ

∂t2
= 0 ψ =

f(r − ct)

r
r̂ Helmholtz : (∇2 + k2)F = 0

AC : P =
1

2
I20R z0 =

z1
2

±
√
z21
4

+ z1z2 low pass LC : z0 =
iωL
2

+

√
L

C
− ω2L2

4
high pass CL : z0 =

1

2iωC +

√
L

C
− 1

4ω2C2

boundary : n · (E1 −E2) =
σ

ε0
n× (E1 −E2) = 0 n · (B1 −B2) = 0 n× (B1 −B2) = µ0J

rect res : Ex = Axeiωt cos kxx sin kyy sin kzz Ey = Ayeiωt sin kxx cos kyy sin kzz Ez = Azeiωt sin kxx sin kyy cos kzz

− iωB = ∇×E
ω2

c2
= k2 = k2x + k2y + k2z 0 = Axkx +Ayky +Azkz min TE101,TM110, no TEmn0,TM0np,TMm0p

f =
ω

2π
T =

2π

ω
k2c = k2 − β2 ω = cπ

√
1

a2
+

1

b2
+

1

d2
waveguide : E = (ē(x, y) + ẑez(x, y))ei(ωt−βz)

Ex =
−i
k2c

(
β
∂Ez

∂x
+ ω

∂Bz

∂y

)
Ey =

i
k2c

(
−β ∂Ez

∂y
+ ω

∂Bz

∂x

)
Bx =

i
k2c

(
ε0µ0ω

∂Ez

∂y
− β

∂Bz

∂x

)
By =

−i
k2c

(
ε0µ0ω

∂Ez

∂x
+ β

∂Bz

∂y

)
Z =

Ex

Hy
= −Ey

Hx
H =

B

µ0
ZTEM =

µ0ω

β
=
µ0ω

k
= µ0c =

√
µ0

ε0
= η0 ZTE =

µ0ω

β
=
kη0
β

ZTM =
β

ε0ω
=
βη0
k

λg =
2π

β

vp =
∂z

∂t
=
ω

β
=
k

β
c vg =

∂ω

∂β
=
βc2

ω
=
β

k
c coaxial wg : γ =

√
(R+ iωL)(G+ iωC) R = G = 0 ⇒ β = ω

√
LC Z =

√
L/C

rect wg : β =

√
k2 −

(mπ
a

)2

−
(nπ
b

)2

fcmn =
ωc

2π
=
ck

2π
=
ckc
2π

=
1

2π
√
ε0µ0

√(mπ
a

)2

+
(nπ
b

)2

TEmn : Ex =
iωnπ
k2cb

A cos mπx
a

sin nπy
b

e−iβz Ey =
−iωmπ
k2ca

A sin mπx
a

cos nπy
b

e−iβz Ez = 0

Bx =
iβmπ
k2ca

A sin mπx
a

cos nπy
b

e−iβz By =
iβnπ
k2cb

A cos mπx
a

sin nπy
b

e−iβz Bz = A cos mπx
a

cos nπy
b

e−iβz

TMmn : Ex =
−iβmπ
k2ca

A cos mπx
a

sin nπy
b

e−iβz Ey =
−iβnπ
k2cb

A sin mπx
a

cos nπy
b

e−iβz Ez = A sin mπx
a

sin nπy
b

e−iβz

Bx =
iε0µ0ωnπ

k2cb
A sin mπx

a
cos nπy

b
e−iβz By =

−iε0µ0ωmπ

k2ca
A cos mπx

a
sin nπy

b
e−iβz Bz = 0

transform : x′ = γ(x− vt) t′ = γ(t− vx/c2) j′x = γ(jx − vρ) ρ′ = γ(ρ− vjx/c
2) F ′ = γF v′ =

v + v0
v0v
c2 + 1
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