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𝑒 = 1.6 𝑥 10−19 𝐶 [charge of single electron]  𝐹 = 𝑅 (
𝑞1𝑞2

4𝜋𝜀0𝑅2) 𝑁 [Coulomb’s Law] 

𝜀0 = 8.854 𝑥 10−12 F/m [Electrical permittivity of free space] ε = 𝜀𝑟𝜀0  

E = R (
𝑞

4𝜋𝜀0𝑅2) V/m [Electric Field Intensity]   D = εE C/𝑚2 [electric flux density] 

c = 
1

√µ0𝜀0 
 = 3 x 108 m/s [velocity of light in free space]         B = µH [Magnetic field intensity H] 

µ0 = 4𝜋 𝑥 10−7 H/m [Magnetic permeability] 

y(x,t) = Acos (
2𝜋𝑡

𝑇
− 

2𝜋𝑥

𝜆
+  𝜙0) m   

y(x,t) = Acos𝜙0(x,t) where 𝜙0(x,t) = (
2𝜋𝑡

𝑇
−  

2𝜋𝑥

𝜆
+  𝜙0) rad 

where A = amplitude, T = time period, 𝜆 = special wavelength, 𝜙0 = reference phase 

f = 
1

𝑇
 Hz [frequency]                 𝑢𝑝 =

𝜆

𝑇
= 𝑓𝜆 =

ω

β
 m/s [phase velocity] 

ω = 2πf rad/s [angular velocity]    β = 
2𝜋

𝜆
 rad/m [phase constant] 

𝜆 =  
𝑐

𝑓
 [wavelength in vacuum] 

y(x,t) = A𝑒−𝛼𝑥cos (𝜔𝑡 − 𝛽𝑥 + 𝜙0)[Lossy Medium] p(x,t) = Acos(
2𝜋

𝑇
𝑡 − 

2𝜋

𝜆
𝑥 +  𝜙0) N/𝑚2 

z = x+jy [rectangular form]    z = |z| < θ [polar form] 

𝑒𝑗𝜃 = 𝑐𝑜𝑠𝜃 + 𝑠𝑖𝑛𝜃 [Euler’s identity]  z = |z|𝑒𝑗𝜃 = |z|cosθ+sinθ [Polar to rectangular] 

x=|z|cosθ, y=|z|sinθ, |z|=+√𝑥2 + 𝑦2, θ= 𝑡𝑎𝑛−1(
𝑦

𝑥
) [Rectangular-polar relations] 

z* = (x+jy)* = x-jy = z = |z|𝑒𝑗𝜃 = |z| < θ [complex conjugate]  |z| = +√𝑧 𝑧 ∗  

z1 + z2 = (x1+x2)+j(y1+y2) [addition]      z1z2 = (x1x2-y1y2)+j(x1y2+x2y1) [multiplication] 

z1/z2 = 
(𝑥1𝑥2+𝑦1𝑦2)+𝑗(𝑥2𝑦1−𝑥1𝑦2)

𝑥22+𝑦22  [division]  Ri(t) + 
1

𝐶
∫ 𝑖(𝑡)𝑑𝑡 =  𝑣𝑠(𝑡) 

vs(t) = V0cos(ωt+𝜙0 −
𝜋

2
)    vs(t) = Re[Vs𝑒𝑗𝑤𝑡] 

Vs = V0𝑒𝑗(𝜙0−
𝜋

2
)     i(t) = Re(I𝑒𝑗𝑤𝑡) 

∫ 𝑖 𝑑𝑡 = 𝑅𝑒 (
𝑰

𝑗𝑤
𝑒𝑗𝑤𝑡)     Re{[R+1/jwC)I-Vs] 𝑒𝑗𝑤𝑡} = 0 

Im{[R+1/jwC)I-Vs] 𝑒𝑗𝑤𝑡} = 0   I (R+
1

𝑗𝜔𝐶
) = 𝑽𝑠 [phasor domain] 

I = 
𝑽𝒔

𝑅+1/(𝑗𝑤𝐶)
                 i(t) = 

𝑉0𝑤𝐶

+√1+𝑤2𝑅2𝐶2
cos (𝑤𝑡 + 𝜙0 − 𝜙1) 

 

 



𝑅𝑠 =  √𝜋𝑓
𝜇𝑐

𝜎𝑐
 ,    𝜙0 =  

𝜛𝑙

𝑐
=

2𝜋𝑓𝑙

𝑐
= 2𝜋

𝑙

𝜆
 𝑓𝑜𝑟 𝜇𝑝 = 𝑐 (𝑖𝑓

𝑙

𝜆
< .01 𝑖𝑔𝑛𝑜𝑟𝑒)  

All TEM lines: L’C’ = µε and 
𝐺′

𝐶′
=

𝜎

𝜀
 

Telegraphers equations: Phasor Form 

−
𝑑𝑉(𝑧)

𝑑𝑧
= (𝑟′ + 𝑗𝑤𝐿′)(𝐼(𝑧) ,    − 

𝑑𝐼(𝑧)

𝑧
= (𝐺′ + 𝑗𝑤𝐶′)𝑉(𝑧) 

𝑑2𝑉(𝑧)

𝑑𝑧2
=  −𝛾2𝑉(𝑧) = 0,   

𝑑2𝐼(𝑧)

𝑑𝑧2
=  −𝛾2𝐼(𝑧) = 0  

𝛾 = √(𝑅′ + 𝑗𝑤𝐿′)(𝐺′ + 𝑗𝑤𝐶′)  , 𝛾 = 𝛼 + 𝑗𝛽, 𝛼 = ℝ , 𝛽 = ℑ  

𝑍𝑜 =
𝑅′+𝑗𝑤𝐿′

𝛾
= √

𝑅′+𝑗𝑤𝐿′

𝐺′+𝑗𝑤𝐶′
Ω   

  𝜀𝑒𝑓𝑓 =  
𝜀𝑟+1

2
+

𝜀𝑟−1

2
+ (1 +

10

𝑠
)−𝑥𝑦  

𝑠 =
𝑤𝑖𝑑𝑡ℎ

𝑡ℎ𝑖𝑐𝑘
, 𝑥 = .56(

𝜀𝑟−0.9

𝜀𝑟+3
)0.05 , 𝑦 = 1 + .02 ln(

𝑠4+3.7∗10−4𝑠2

𝑠4+0.43
) + .05 ln(1 + 1.7 ∗ 10−4𝑠3) 

𝑍𝑜(𝑚𝑖𝑐𝑟𝑜) =  
60

√𝜀𝑒𝑓𝑓
ln (

6+(2𝜋−6)𝑒−𝑡

𝑠
+  √1 +

4

𝑠2) , 𝑡 =  (
30.67

𝑠
).75 , 𝛽 =

𝜛

𝑐
√𝜀𝑒𝑓𝑓 

(Lossless Zo’s(R’=G’=0): 𝐶𝑜𝑎𝑥: 𝑍𝑜 =
60

√𝜀𝑟
ln (

𝑏

𝑎
) , 2𝑤𝑖𝑟𝑒: 𝑍𝑜 =

120

√𝜀𝑟
∗ ln (

𝐷

𝑑
+ √(

𝐷

𝑑
)

2

− 1),

𝑃𝑎𝑟𝑃𝑙𝑎𝑡𝑒: 𝑍𝑜 =
120𝜋

√𝜀𝑟
∗

𝑤𝑖𝑑𝑡ℎ

𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛
 )** 

** Notes for above line: 𝜇 = 𝜇𝑜 , 𝜀 = 𝜀𝑟𝜀𝑜, 𝑐 =
1

√𝜇𝑜𝜀𝑜 
, √𝜇𝑜/𝜀𝑜 𝑎𝑝𝑝𝑟𝑜𝑥 = 120𝜋 

Γ =  
𝑉𝑜−

𝑉𝑜+
=

𝑧𝐿−1

𝑧𝐿+1
= −

𝐼𝑜−

𝐼𝑜+
,   𝑧𝐿 =  

𝑍𝐿

𝑍𝑜
   , Γ = ‖Γ‖𝑒𝑗𝜃𝑟    Standing: 𝑆 =

1+‖Γ‖

1−‖Γ‖
=

‖V‖𝑚𝑎𝑥

‖V‖𝑚𝑖𝑛
  

Transient Responses to Step: 

𝑉1
+ =

𝑉𝑔𝑍𝑜

𝑅𝑔+𝑍𝑜
  , 𝑉∞ =

𝑉𝑔𝑅𝐿

𝑅𝑔+𝑅𝐿
 , Γ𝑔 =

𝑅𝑔−𝑍𝑜

𝑅𝑔+𝑍0
 , Γ𝐿 =  

𝑅𝐿−𝑍𝑜

𝑅𝐿+𝑍𝑜
 

𝑃𝑎𝑣𝑔 =  
|𝑉𝑜

+|
2

2𝑍𝑜
 (1 − |Γ|2)     


