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e = 1.6×10−19 (C). (1.6)

Fe21 = R̂12
q1q2

4πε0R2
12

(N) (in free space), (1.7)

E = R̂
q

4πε0R2 (V/m) (in free space), (1.8)

D = εE (C/m2), (1.12)

c =
1√µ0ε0

= 3×108 (m/s). (1.14)

B = µH. (1.16)

up =
dx
dt

=
λ
T

(m/s). (1.25)

f =
1
T

(Hz). (1.26)

up = f λ (m/s). (1.27)

ω = 2π f (rad/s), (1.29a)

β =
2π
λ

(rad/m). (1.29b)

λ =
c
f

. (1.34)
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e jθ = cosθ + j sinθ , (1.38)

x = |z|cosθ , y = |z|sinθ , (1.40)

|z| = +
√

x2 + y2 , θ = tan−1(y/x). (1.41)

z∗ = (x+ jy)∗ = x− jy = |z|e− jθ

= |z|∠−θ . (1.42)

|z| = +
√

zz∗ . (1.43)

Ri(t)+
1
C

∫
i(t)dt = υs(t) (time domain). (1.56)

Ĩ

(
R+

1
jωC

)
= Ṽs (phasor domain). (1.66)
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L′C ′ = µε (all TEM lines), (2.10)

G′

C ′ =
σ
ε

(all TEM lines). (2.11)

− ∂υ(z, t)
∂ z

= R′ i(z, t)+L′ ∂ i(z, t)
∂ t

. (2.14)

−∂ i(z, t)
∂ z

= G′ υ(z, t)+C ′ ∂υ(z, t)
∂ t

. (2.16)

−dṼ (z)
dz

= (R′ + jωL′) Ĩ(z), (2.18a)

−dĨ(z)
dz

= (G′ + jωC ′)Ṽ (z). (2.18b)

d2Ṽ (z)
dz2 − γ2Ṽ (z) = 0, (2.21)

γ =
√

(R′ + jωL′)(G′ + jωC ′) . (2.22)

d2Ĩ(z)
dz2 − γ2 Ĩ(z) = 0. (2.23)
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α = Re(γ)

= Re

(√
(R′ + jωL′)(G′ + jωC ′)

)
(Np/m),

(2.25a)

β = Im(γ)

= Im

(√
(R′ + jωL′)(G′ + jωC ′)

)
(rad/m).

(2.25b)

Z0 =
R′ + jωL′

γ
=

√
R′ + jωL′

G′ + jωC ′ (Ω), (2.29)

α = 0 (lossless line),

β = ω
√

L′C ′ (lossless line). (2.45)

Z0 =

√
L′

C ′ (lossless line), (2.46)

β = ω
√

µε (rad/m), (2.29)

up =
1√µε

(m/s), (2.30)

λ =
up

f
=

c
f

1√
εr

=
λ0√

εr
, (2.53)

Γ =
V−

0

V +
0

=
ZL −Z0

ZL +Z0

=
ZL/Z0−1
ZL/Z0 +1

=
zL −1
zL +1

(dimensionless), (2.59)
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I−0
I+
0

= −V−
0

V +
0

= −Γ. (2.61)

Γ = |Γ|e jθr , (2.62)

dmax =
θr +2nπ

2β
=

θrλ
4π

+
nλ
2

,

{
n = 1,2, . . . if θr < 0,
n = 0,1,2, . . . if θr ≥ 0,

(2.70)

dmin =

{
dmax+λ/4, if dmax < λ/4,
dmax−λ/4, if dmax≥ λ/4.

(2.72)

S =
|Ṽ |max

|Ṽ |min
=

1+ |Γ|
1−|Γ| (dimensionless). (2.73)

Zin = Z0

(
zL cosβ l + j sinβ l
cosβ l + jzL sinβ l

)

= Z0

(
zL + j tanβ l
1+ jzL tanβ l

)
. (2.79)

V +
0 =

(
ṼgZin

Zg +Zin

)(
1

e jβ l +Γe− jβ l

)
. (2.82)

Zsc
in =

Ṽsc(l)

Ĩsc(l)
= jZ0 tanβ l. (2.84)

Zoc
in =

Ṽoc(l)

Ĩoc(l)
= − jZ0cotβ l. (2.93)
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Z0 = +
√

Zsc
in Zoc

in , (2.94)

tanβ l =

√
−Zsc

in

Zoc
in

. (2.95)

Zin = ZL , for l = nλ/2, (2.96)

Zin =
Z2

0

ZL
, for l = λ/4+nλ/2. (2.97)

Pi
av =

|V +
0 |2

2Z0
(W), (2.104)

Pr
av = −|Γ|2 |V

+
0 |2

2Z0
= −|Γ|2Pi

av. (2.105)

Pav = Pi
av+Pr

av

=
|V +

0 |2
2Z0

[1−|Γ|2] (W). (2.106)

Pav = 1
2Re

[
Ṽ · Ĩ∗

]
, (2.107)

zL =
1+Γ
1−Γ

. (2.112)

yL =
1
zL

=
1−Γ
1+Γ

(dimensionless). (2.135)
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gd = 1 (real-part condition), (2.141a)

bs = −bd (imaginary-part condition). (2.141b)

V∞ =
VgRL

Rg +RL
. (2.159)

I∞ =
V∞

RL
=

Vg

Rg +RL
. (2.160)
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A ·B = ABcosθAB, (3.14)

x̂ · x̂ = ŷ · ŷ = ẑ · ẑ = 1, (3.19a)

x̂ · ŷ = ŷ · ẑ = ẑ · x̂ = 0. (3.19b)

A×××B = n̂ ABsinθAB, (3.22)

x̂××× ŷ = ẑ, ŷ××× ẑ = x̂, ẑ××× x̂ = ŷ. (3.25)

x̂××× x̂ = ŷ××× ŷ = ẑ××× ẑ = 0. (3.26)

A×××B =

∣∣∣∣∣∣

x̂ ŷ ẑ
Ax Ay Az

Bx By Bz

∣∣∣∣∣∣
. (3.28)

A ·(B×××C) = B ·(C×××A) = C ·(A×××B). (3.29)

A××× (B×××C) = B(A ·C)−C(A ·B), (3.33)

r̂××× φ̂φφ = ẑ, φ̂φφ××× ẑ = r̂, ẑ××× r̂ = φ̂φφ, (3.37)

R̂××× θ̂θθ = φ̂φφ, θ̂θθ××× φ̂φφ = R̂, φ̂φφ××× R̂ = θ̂θθ. (3.45)

r̂ = x̂cosφ + ŷsinφ . (3.56a)

φ̂φφ = −x̂sinφ + ŷcosφ . (3.56b)
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x̂ = r̂cosφ − φ̂φφsinφ , (3.57a)

ŷ = r̂sinφ + φ̂φφcosφ . (3.57b)

Ar = Ax cosφ +Ay sinφ , (3.58a)

Aφ = −Ax sinφ +Ay cosφ , (3.58b)

Ax = Ar cosφ −Aφ sinφ , (3.59a)

Ay = Ar sinφ +Aφ cosφ . (3.59b)

R̂ = x̂sinθ cosφ + ŷsinθ sinφ + ẑcosθ . (3.64a)

θ̂θθ = x̂cosθ cosφ + ŷcosθ sinφ − ẑsinθ . (3.64b)

φ̂φφ = −x̂sinφ + ŷcosφ . (3.64c)

x̂ = R̂sinθ cosφ + θ̂θθcosθ cosφ − φ̂φφsinφ , (3.65a)

ŷ = R̂sinθ sinφ + θ̂θθcosθ sinφ + φ̂φφcosφ , (3.65b)

ẑ = R̂cosθ − θ̂θθsinθ . (3.65c)

d = |R12|
= [(x2− x1)

2 +(y2− y1)
2 +(z2− z1)

2]1/2. (3.66)

d =
[
(r2cosφ2− r1cosφ1)

2

+(r2sinφ2− r1sinφ1)
2 +(z2− z1)

2]1/2

=
[
r2
2+r2

1−2r1r2cos(φ2−φ1)+(z2−z1)
2]1/2

(cylindrical). (3.67)
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d =
{

R2
2 +R2

1−2R1R2[cosθ2cosθ1

+sinθ1sinθ2cos(φ2−φ1)]
}1/2

(spherical). (3.68)

∇T = gradT = x̂
∂T
∂x

+ ŷ
∂T
∂y

+ ẑ
∂T
∂ z

. (3.72)

∇ = x̂
∂
∂x

+ ŷ
∂
∂y

+ ẑ
∂
∂ z

(Cartesian). (3.74)

dT
dl

= ∇T · âl. (3.75)

∇ = r̂
∂
∂ r

+ φ̂φφ
1
r

∂
∂φ

+ ẑ
∂
∂ z

(cylindrical). (3.82)

∇ = R̂
∂

∂R
+ θ̂θθ

1
R

∂
∂θ

+ φ̂φφ
1

Rsinθ
∂

∂φ
(spherical).

(3.83)

∇ ·E = div E =
∂Ex

∂x
+

∂Ey

∂y
+

∂Ez

∂ z
(3.96)

∫

v
∇ ·E dv = ♥

∫

S
E ·ds (divergence theorem).

(3.98)

∇×××B = curl B

= lim
∆s→0

1
∆s

[
n̂ ♥

∫

C
B ·dl

]

max
. (3.103)
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∫

S
(∇×××B) ·ds = ♥

∫

C
B ·dl (Stokes’s theorem),

(3.107)

∇2V = ∇ ·(∇V ) =
∂ 2V
∂x2 +

∂ 2V
∂y2 +

∂ 2V
∂ z2 . (3.110)

∇2E = ∇(∇ ·E)−∇××× (∇×××E). (3.113)
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∇ ·D = ρv, (4.1a)

∇×××E = −∂B
∂ t

, (4.1b)

∇ ·B = 0, (4.1c)

∇×××H = J+
∂D
∂ t

. (4.1d)

∇ ·D = ρv, (4.2a)

∇×××E = 0. (4.2b)

∇ ·B = 0, (4.3a)

∇×××H = J. (4.3b)

J = ρvu (A/m2) (4.11)

I =
∫

S
J ·ds (A). (4.12)

E =
1

4πε

N

∑
i=1

qi(R−Ri)

|R−Ri|3
(V/m). (4.19)

E =
∫

v ′
dE =

1
4πε

∫

v ′
R̂
′ ρv dv ′

R′2

(volume distribution). (4.21a)

E =
1

4πε

∫

S′
R̂
′ ρs ds′

R′2 (surface distribution),

(4.21b)

E =
1

4πε

∫

l′
R̂
′ ρℓ dl′

R′2 (line distribution).

(4.21c)



2 February 16, 2012

E = ±ẑ
ρs

2ε0
(infinite sheet of charge). (4.25)

∇ ·D = ρv (4.26)

(Differential form of Gauss’s law),

♥

∫

S
D ·ds = Q (4.29)

(Integral form of Gauss’s law).

E =
D
ε0

= r̂
Dr

ε0
= r̂

ρℓ

2πε0r
(4.33)

(infinite line charge).

V21 = V2−V1 = −
∫ P2

P1

E ·dl, (4.39)

♥

∫

C
E ·dl = 0 (Electrostatics). (4.40)

V = −
∫ P

∞
E ·dl (V). (4.43)

V =
1

4πε

N

∑
i=1

qi

|R−Ri|
(V). (4.47)
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V =
1

4πε

∫

v ′

ρv

R′ dv ′ (volume distribution),

(4.48a)

V =
1

4πε

∫

S′

ρs

R′ ds′ (surface distribution),

(4.48b)

V =
1

4πε

∫

l′

ρℓ

R′ dl′ (line distribution). (4.48c)

E = −∇V. (4.51)

V =
p · R̂

4πε0R2 (electric dipole). (4.54)

E =
qd

4πε0R3 (R̂2cosθ + θ̂θθsinθ) (V/m). (4.56)

∇2V = −ρv

ε
(Poisson’s equation). (4.60)

∇2V = 0 (Laplace’s equation), (4.62)

J = σE (A/m2) (Ohm’s law), (4.63)

σ = −ρveµe+ρvhµh

= (Neµe+Nhµh)e (S/m) (semiconductor),

(4.67a)

σ = −ρveµe = Neµee (S/m)

(conductor). (4.67b)
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Perfect dielectric: J = 0,

Perfect conductor: E = 0.

R =
V
I

=
−

∫

l
E ·dl

∫

S
J ·ds

=
−

∫

l
E ·dl

∫

S
σE ·ds

. (4.71)

P =
∫

v
E ·J dv (W) (Joule’s law), (4.79)

E1t = E2t (V/m). (4.90)

D1t

ε1
=

D2t

ε2
. (4.91)

n̂2 ·(D1−D2) = ρs (C/m2). (4.93)

D1n−D2n = ρs (C/m2). (4.94)

n̂2 ·(ε1E1− ε2E2) = ρs, (4.95a)

ε1E1n− ε2E2n = ρs. (4.95b)

D1 = ε1E1 = n̂ρs (at conductor surface), (4.101)

J1n

(
ε1

σ1
− ε2

σ2

)
= ρs (electrostatics). (4.104)
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C =

∫

S
εE ·ds

−
∫

l
E ·dl

(F), (4.109)

RC =
ε
σ

. (4.111)

C =
Q
V

=
Q

Ed
=

εA
d

, (4.113)

C =
Q
V

=
2πεl

ln(b/a)
, (4.116)

We = 1
2CV 2 (J). (4.121)

we =
We

v =
1
2

εE2 (J/m3). (4.123)

F = −∇We (N). (4.128)
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∇ ·B = 0, (5.1a)

∇×××H = J, (5.1b)

F = Fe+Fm = qE+qu×××B = q(E+u×××B). (5.5)

Fm = I ♥

∫

C
dl×××B (N). (5.10)

m = n̂NIA = n̂m (A·m2), (5.19)

T = m×××B (N·m). (5.20)

H =
I

4π

∫

l

dl××× R̂

R2 (A/m), (5.22)

H =
1

4π

∫

S

Js××× R̂

R2 ds (surface current), (5.24a)

H =
1

4π

∫

v
J××× R̂

R2 dv (volume current). (5.24b)

B = φ̂φφ
µ0I
2πr

(infinitely long wire). (5.30)

H = ẑ
Ia2

2(a2 + z2)3/2
(A/m). (5.34)

H =
m

4πR3 (R̂2cosθ + θ̂θθsinθ)

(for R ≫ a). (5.38)
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∇ ·B = 0 ♥

∫

S
B ·ds = 0. (5.44)

B = ∇×××A (Wb/m2), (5.53)

∇2A = −µJ. (5.60)

A =
µ
4π

∫

v ′

J
R′ dv ′ (Wb/m). (5.65)

µ = µ0(1+ χm) (H/m). (5.76)

µr =
µ
µ0

= 1+ χm. (5.77)

♥

∫

S
D ·ds = Q D1n−D2n = ρs. (5.78)

♥

∫

S
B ·ds = 0 B1n = B2n. (5.79)

µ1H1n = µ2H2n. (5.80)

n̂2××× (H1−H2) = Js. (5.84)

H1t = H2t. (5.85)

B ≃ ẑµnI =
ẑµNI

l
(long solenoid withl/a ≫ 1).

(5.90)
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Φ =
∫

S
B ·ds (Wb). (5.91)

L =
Λ
I

(H). (5.94)

L = µ
N2

l
S (solenoid), (5.95)

L =
Λ
I

=
Φ
I

=
1
I

∫

S
B ·ds. (5.96)

L′ =
L
l

=
Φ
lI

=
µ
2π

ln

(
b
a

)
. (5.99)

L12 =
Λ12

I1
=

N2

I1

∫

S2

B1 ·ds (H). (5.102)



February 16, 2012 1

Φ =
∫

S
B ·ds (Wb). (6.5)

V tr
emf = −N

∫

S

∂B
∂ t

·ds (transformer emf), (6.8)

∇×××E = −∂B
∂ t

(Faraday’s law). (6.13)

V1

V2
=

N1

N2
. (6.16)

I1
I2

=
N2

N1
. (6.18)

Zin =

(
N1

N2

)2

ZL . (6.21)

V m
emf = ♥

∫

C
(u×××B) ·dl (motional emf). (6.26)

Vemf = −dΦ
dt

= − d
dt

∫

S
B ·ds (total emf). (6.40)

♥

∫

C
H ·dl = Ic +

∫

S

∂D
∂ t

·ds (Ampère’s law). (6.43)

Id =
∫

S
Jd ·ds =

∫

S

∂D
∂ t

·ds, (6.44)
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∇ ·J = −∂ρv

∂ t
, (6.54)

♥

∫

S
J ·ds = 0 (Kirchhoff’s current law). (6.56)

E = −∇V − ∂A
∂ t

(dynamic case). (6.70)

B = ∇×××A. (6.71)

V (R, t) =
1

4πε

∫

v ′

ρv(Ri , t −R′/up)

R′ dv ′ (V),

(6.74)

A(R, t) =
µ
4π

∫

v ′

J(Ri , t −R′/up)

R′ dv ′ (Wb/m).

(6.75)

Ṽ (R) =
1

4πε

∫

v ′

ρ̃v(Ri)e− jkR ′

R′ dv ′ (V). (6.82)

Ã(R) =
µ
4π

∫

v ′

J̃(Ri)e− jkR ′

R′ dv ′, (6.84)

∇××× H̃ = jωεẼ or Ẽ =
1

jωε
∇××× H̃. (6.86)

∇××× Ẽ = − jωµH̃

or H̃ = − 1
jωµ

∇××× Ẽ. (6.87)
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∇ · Ẽ = ρ̃v/ε, (7.2a)

∇××× Ẽ = − jωµH̃, (7.2b)

∇ ·H̃ = 0, (7.2c)

∇××× H̃ = J̃+ jωεẼ. (7.2d)

εc = ε − j
σ
ω

, (7.4)

∇ · Ẽ = 0, (7.6a)

∇××× Ẽ = − jωµH̃, (7.6b)

∇ ·H̃ = 0, (7.6c)

∇××× H̃ = jωεcẼ. (7.6d)

∇2Ẽ− γ2Ẽ = 0. (7.15)

∇2H̃− γ2H̃ = 0. (7.16)

k = ω
√

µε . (7.18)

η =
ωµ
k

=
ωµ

ω√µε
=

√
µ
ε

(Ω), (7.31)

up =
ω
k

=
ω

ω√µε
=

1√µε
(m/s), (7.35)

λ =
2π
k

=
up

f
(m). (7.36)
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H̃ =
1
η

k̂××× Ẽ, (7.39a)

Ẽ = −η k̂××× H̃. (7.39b)

α = ω





µε ′

2




√

1+

(
ε ′′

ε ′

)2

−1








1/2

(Np/m),

(7.66a)

β = ω





µε ′

2




√

1+

(
ε ′′

ε ′

)2

+1








1/2

(rad/m).

(7.66b)

ηc =

√
µ
εc

=

√
µ
ε ′

(
1− j

ε ′′

ε ′

)−1/2

(Ω). (7.70)

δs =
1
α

(m), (7.72)

α ∼= ωε ′′

2

√
µ
ε ′ =

σ
2

√
µ
ε

(Np/m), (7.75a)

β ∼= ω
√

µε ′ = ω
√

µε (rad/m). (7.75b)

ηc
∼=

√
µ
ε ′

(
1+ j

ε ′′

2ε ′

)
=

√
µ
ε

(
1+ j

σ
2ωε

)
. (7.76a)

ηc
∼=

√
µ
ε

, (7.76b)
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α ∼= ω
√

µε ′′

2
= ω

√
µσ
2ω

=
√

π f µσ (Np/m),

(7.77a)

β = α ∼=
√

π f µσ (rad/m), (7.77b)

ηc
∼=

√
j

µ
ε ′′ = (1+ j)

√
π f µ

σ
= (1+ j)

α
σ

(Ω).

(7.77c)

Zs =
1+ j
σδs

(Ω). (7.91)

R′ = R′
1 +R′

2 =
Rs

2π

(
1
a

+
1
b

)
(Ω/m). (7.96)

Sav = 1
2 Re

[
Ẽ××× H̃

∗]
(W/m2). (7.100)

Sav = ẑ
1

2η
(|Ex0|2 + |Ey0|2)

= ẑ
|Ẽ|2
2η

(W/m2), (7.105)

Sav(z) = ẑ
|Ẽ(0)|2
2|ηc|

e−2αz cosθη (W/m2), (7.109)
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Γ =
Er

0

E i
0

=
η2−η1

η2 +η1
(normal incidence), (8.12a)

τ =
E t

0

E i
0

=
2η2

η2 +η1
(normal incidence). (8.12b)

τ = 1+Γ (normal incidence). (8.13)

Γ =

√εr1 −
√εr2√εr1 +
√εr2

(nonmagnetic media). (8.14)

S =
|Ẽ1|max

|Ẽ1|min
=

1+ |Γ|
1−|Γ| . (8.15)

−z = lmax =
θr +2nπ

2k1
=

θrλ1

4π
+

nλ1

2
,

{
n = 1,2, . . . , if θr < 0,
n = 0,1,2, . . . , if θr ≥ 0,

(8.16)

lmin =

{
lmax+λ1/4, if lmax < λ1/4,
lmax−λ1/4, if lmax≥ λ1/4.

(8.17)

‘

τ2

η2
=

1−Γ2

η1
(lossless media), (8.1)

Γ =
ηc2 −ηc1

ηc2 +ηc1

, (8.24a)

τ = 1+Γ =
2ηc2

ηc2 +ηc1

. (8.24b)



2 February 17, 2012

θi = θr (Snell’s law of reflection), (8.28a)

sinθt

sinθi
=

up2

up1

=

√
µ1ε1

µ2ε2

(Snell’s law of refraction). (8.28b)

n =
c
up

=

√
µε

µ0ε0
=
√

µrεr . (8.29)

sinθt

sinθi
=

n1

n2
=

√
εr1

εr2

=
η2

η1
(for µ1 = µ2). (8.31)

sinθc =
n2

n1
sinθt

∣∣∣
θt=π/2

=
n2

n1
(8.32a)

=

√
εr2

εr1

(for µ1 = µ2). (8.32b)

sinθa =
1
n0

(n2
f −n2

c)
1/2. (8.33)

θr = θi (Snell’s law of reflection), (8.55)

sinθt

sinθi
=

k1

k2
=

ω√µ1ε1

ω√µ2ε2
=

n1

n2

(Snell’s law of refraction). (8.56)

Γ⊥ =
Er
⊥0

E i
⊥0

=
η2cosθi −η1cosθt

η2cosθi +η1cosθt
, (8.58a)

τ⊥ =
E t
⊥0

E i
⊥0

=
2η2cosθi

η2cosθi +η1cosθt
. (8.58b)
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τ⊥ = 1+Γ⊥. (8.59)

Γ⊥ =
cosθi −

√
(ε2/ε1)−sin2 θi

cosθi +
√

(ε2/ε1)−sin2 θi

(for µ1 = µ2).

(8.60)

Γ‖ =
Er
‖0

E i
‖0

=
η2cosθt −η1cosθi

η2cosθt +η1cosθi
, (8.66a)

τ‖ =
E t
‖0

E i
‖0

=
2η2cosθi

η2cosθt +η1cosθi
. (8.66b)

τ‖ = (1+Γ‖)
cosθi

cosθt
. (8.67)

Γ‖ =
−(ε2/ε1)cosθi +

√
(ε2/ε1)−sin2 θi

(ε2/ε1)cosθi +
√

(ε2/ε1)−sin2 θi

(for µ1 = µ2). (8.68)

θB‖ = sin−1

√
1

1+(ε1/ε2)

= tan−1
√

ε2

ε1
(for µ1 = µ2). (8.72)

R⊥ = |Γ⊥|2, (8.77)

R‖ =
Pr
‖

Pi
‖

= |Γ‖|2. (8.78)
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T⊥ =
Pt
⊥

Pi
⊥

=
|E t

⊥0|2
|E i

⊥0|2
η1

η2

Acosθt

Acosθi

= |τ⊥|2
(

η1cosθt

η2cosθi

)
, (8.79a)

T‖ =
Pt
‖

Pi
‖

= |τ‖|2
(

η1cosθt

η2cosθi

)
. (8.79b)

|Γ⊥|2 + |τ⊥|2
(

η1cosθt

η2cosθi

)
= 1, (8.83a)

|Γ‖|2 + |τ‖|2
(

η1cosθt

η2cosθi

)
= 1. (8.83b)

Ẽx =
− j
k2

c

(
β

∂ Ẽz

∂x
+ωµ

∂ H̃z

∂y

)
, (8.89a)

Ẽy =
j

k2
c

(
−β

∂ Ẽz

∂y
+ωµ

∂ H̃z

∂x

)
, (8.89b)

H̃x =
j

k2
c

(
ωε

∂ Ẽz

∂y
−β

∂ H̃z

∂x

)
, (8.89c)

H̃y =
− j
k2

c

(
ωε

∂ Ẽz

∂x
+β

∂ H̃z

∂y

)
. (8.89d)

fmn =
up0

2

√(m
a

)2
+

(n
b

)2
(TE and TM),

(8.106)

β =
ω
up0

√

1−
(

fmn

f

)2

. (TE and TM) (8.107)
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up =
ω
β

=
up0√

1− ( fmn/ f )2
. (TE and TM)

(8.108)

ug =
1

dβ/dω
= up0

√
1− ( fmn/ f )2 , (8.114)

upug = u2
p0

. (8.115)

fmnp =
up0

2

√(m
a

)2
+

(n
b

)2
+

( p
d

)2
. (8.122)
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Ẽθ =
jI0lkη0

4π

(
e− jkR

R

)
sinθ (V/m), (9.9a)

H̃φ =
Ẽθ
η0

(A/m), (9.9b)

Sav = 1
2Re

(
Ẽ××× H̃

∗)
(W/m2). (9.10)

S(R,θ) =

(
η0k2I2

0l2

32π2R2

)
sin2 θ

= S0sin2 θ (W/m2). (9.12)

dΩ =
dA
R2 = sinθ dθ dφ (sr). (9.18)

Ωp =
∫∫

4π
F(θ ,φ) dΩ (sr). (9.21)

D =
4π
Ωp

≃ 4π
βxzβyz

. (9.26)

ξ =
Prad

Pt
(dimensionless). (9.27)

G = ξ D (dimensionless). (9.29)

ξ =
Prad

Pt
=

Prad

Prad+Ploss
=

Rrad

Rrad+Rloss
. (9.34)

Rrad = 80π2(l/λ )2 (Ω). (9.38)
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Ẽθ = j 60I0

{
cos[(π/2)cosθ ]

sinθ

}(
e− jkR

R

)
, (9.44a)

H̃φ =
Ẽθ
η0

. (9.44b)

F(θ) =
S(R,θ)

S0
=

{
cos[(π/2)cosθ ]

sinθ

}2

. (9.46)

Ae =
Pint

Si
(m2). (9.57)

Ae =
3λ 2

8π
(m2) (short dipole). (9.63)

Ae =
λ 2D
4π

(m2) (any antenna). (9.64)

Prec

Pt
=

ξtξrAtAr

λ 2R2 = GtGr

(
λ

4πR

)2

. (9.69)

R ≥ 2d2/λ , (9.73)

S(R,θ) = S0sinc2(πlx sinθ/λ ) (x–z plane), (9.83)

βxz = 2θ2 ≃ 2sinθ2 = 0.88
λ
lx

(rad). (9.88a)

βyz = 0.88
λ
ly

(rad). (9.88b)
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βxz = kx
λ
lx

, (9.89)

S(R0,θ ,φ) = Se(R0,θ ,φ) Fa(θ). (9.102)

Fa(θ) =

∣∣∣∣∣
N−1

∑
i=0

aie
jψie jikd cosθ

∣∣∣∣∣

2

. (9.104)

Fa(γ) =

∣∣∣∣∣
N−1

∑
i=0

aie
jiγ

∣∣∣∣∣

2

(uniform phase). (9.107)

Fa(γ) =
sin2(Nγ/2)

sin2(γ/2)

(uniform amplitude and phase). (9.114)

γ ′ = kd(cosθ −cosθ0). (9.120)

δ = 2n0π
(

∆ f
f0

)
. (9.127)

cosθ0 =
2n0π

kd

(
∆ f
f0

)
. (9.128)
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R0 =

(
GMeT 2

4π2

)1/3

, (10.6)

Sn =
Pri

Pni
=

ϒ(θ) PtGtGr

KTsysB

(
λ

4πR

)2

. (10.11)

Ru =
cTp

2
=

c
2 fp

. (10.14)

∆R = R2 −R1 = cτ/2. (10.16)

Pr =
PtG2λ 2σt

(4π)3R4 (radar equation). (10.23)

Rmax =

[
PtτG2λ 2σt

(4π)3KTsysSmin

]1/4

. (10.27)


