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1.1 Plane TEM Waves
— -

e Assumptions

e 1 dependence
z axis: direction of wave propagation

source-free: impressed sources, J, = p, =0
Linear, isotropic, homogeneous region: (&,x)=scalar const.

components

H=H+2H, =

parts

E=E +7E, =
{ - ! *  (transverse + longitudinal)

= TEM waves: E, =H, =0, E

Maxwell Egs. in TEM Waves
— *
= . - B
VxE:leE1+Z><E_ JouH, ZxaaEt:—ja)yHt

. —
- = joek, - oH, . =
ZX

VxH =Vtxﬁt+?xaH
oz

/ {Vt X Ht =0
\ { ?t(xi Y, Z) = gl(z)vt¢1(xﬂ y)
/ H (X, ¥,2) = 9,(2)V,9,(X, )

{O:Vt’ét:glvt'vt% - V2(012=0
- L9
0=V,-H,=0,V,- V.0,




TEM Wave Propagation

z x% =—jouH, [
oz —> Ix|Ix
Zx oH, _ joeE,
0z
T
E=0(0Vin(xy)

gl(z) = Aieijkz ('ejwt)

wave propagating
along #z direction

9,(z) =B.e™

Relation between E and H

e
E(xy,2)=A.e™Vp(xy)
|:|t(X, Ys Z) = Bie;jkzvt(pz(xy y) Et

1x B joubi, = F = K g —2laxE

0 ~jou n z
Et=¢772><|:it; 77: ﬁ Ht
&
Summary Intrinsic impedance

E.(x,y,2)= AV,o(x,y)e™; H, = +1ax E,
d =>Field in this form
satisfy source-free

k = wfue; n:\ﬁ Maxwell equation!
&

VZp(x,y)=0; Laplace equation
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Question

— -

» Can TEM wave solution be supported by the
structures?

7;_ LW wa_medmc/,e,

1.2 Transmission Lines
— -
e Conventional transmission lines

— Two-wire lines, multi-wire line, coaxial lines

* ldeal (lossless) line

— Fundamental mode, f,=0
* TEM mode, E, = H, =0,
» Circuit theory & Field theory
— Higher-order mode, f,# 0
* TE modes, E,=0,H, =0
e TM modes, E,=0,H,=0
 Hybrid modes, E, #0, H, # 0
* Field theory




Transmission Lines -2

—_— =

 Practical (lossy) line ~ ideal (lossless) line

Hybrid mode

Quasi-TEM mode ~— TEM mode

» Transmission-line theory
— Circuit theory

 Given distributed line parameters C, L, G, R

* V@ 1), Ze., ¥
— Field theory

« Given line conductor configuration

 Line parameters C, L, G, R

1.3 Circuit Theory for Lossy Tx-Lines

Iz +Az.0)

—=¢Ar V(z+Azl)

_dv

via =B [Vipe’
QY =Fe (Ly1 7]

=(k+ij)~[

= (Grjul)- V




Solution of Tx-Line Equations
— -

; YR +jwl) (G +jwc)
v,
profa;aza;m conatant,

i 4 B
il 14

V@ = Vi« i = 3t e w e

I4) = Iz) + Ig) = z—,[y,"e_”_ K-EAY}) ;

* -
Zaa V'* _ = R+ jeif,
Iz -1 Grjwc

Charnadevistic —t‘loy’e(ma
Zow - Loss bine  ( Re WL G« wC)

Yy = auj‘/g =/~~[‘7. /H/i ./,*jvb"‘ -”j‘“ T3 *Il/ﬂ'/L—E'G'/?Z)

PIEIAE A/ [IE fR ity RN
Summary
R
oV ) R  series resistance
= (R+joL)] )
0z L inductance _
ol ; c” i per unit length
, capacitance
= =—(G+ jaC)V P
oz G shunt conductance

Wave equations:
(- [ -

Relation between V (z) and 1(z)

V. (2)=V. e =xZ_1,.(2) 5 _ 1
L(2)=1e7=2YV,(2) Y,




1.4 Field Theory for Lossless Tx_Lines
—_— =

» Conductors S,, S,: PEC with uniform cross-section
Medium: linear, isotropic, homogeneous, lossless
* Fundamental TEM mode

{ E.(x,y,2) =—Vo(x, y)e ™ = &(x, y)e'

H,(x,y.2) =($1/n) 2 x E, = +h(x, y)e** ) %
{é(X,y)——V‘(o(x,y). [ y

h(x,y) =2z x&(x,y)’ &
T Ee
V. x8(x,y)=0= o
S, - S, -
_J‘sl €-df :J‘s1 Violx, y).dfindep.:ofpathqo‘sz _w‘sl =Yy
Electric field wave Unique voltage wave

E(x,y,2)=€(x,y)e ® = V(z)=Ve™

Field Theory for Lossless Tx-Lines -2
— -
OnPEC (S, & S,) surfaces: AixE, =A-H, =0 A

p, = &f-E, =surface charge
=hAxH

J, =fAxH, =surface current

~ P 11~ = P
\]|=|r]>(H|<=<—n-E|=7S =7S=V
| s t| g, vaxe, t ne i ’_,ug cPs
Total axial current I, on S, : ¢

J,

I, = Lz d/ =vcjSz pd0=vQ
Q =total charge on S, per unit length

v, = \/17 = light velocity in medium (¢, 1)
HE

Magnetic field wave Unique current wave
H(x,y,2)=h(x,y)e ™ = I(z)=1e"

.?‘._.f.l. . I N
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Characteristic Impedance Z,

Z .= characteristic impedance of tx-line

_ | voltage between conductors|
_| total current on conductor |
V, V, 1 Jue _ ¢

_0 _ = = .
I, G

vQ vC C ¢

(for + z-propagating wave)

where 7 = \/Z = TEM wave impedance
&

C= \%:static capacitacne between S; & S, per unit length
0

é 1 :-V 1 - -
~ { (x }2/) P (%) : static field
Vt ¢(X! y) = 0

. Static C = Characteristic impedance Z,

Lemma
— -

)
Vi '(¢Vt(0) = Vt¢ Vo + ¢Vt2¢
2nd divergence theorem
[[(V$-Vip+gVip)ds = [[ V. -(#V.p)dS = gV p-fid/

r




Time-average Electric Energy W, per unit length

——— —
W __.”s E,-E/dS Iol az i
t="Vipe » . ‘l Ih'-“lg ';
SO OR O N
:§|:.|.1“1+.|.1-2+J.1-ac :|¢7Vt(0‘ﬁ’df \\\“-"f—@:;"//

| N _
@‘s,=0 w\sz =V, (0V1¢—>%2 since Q =-Q,
ﬁ’.vl(p:—ﬁ.vt(p:ﬁ.é:p%

:%jrzvov TR j =

Time-average Magnetic Energy W, per unit length
— -
=2 H-Hds [dz_ = ” (E’dS =W,
43,0 T 0 H=YixE, 4 r t e

Def.: Inductance L per unit length: W _ =%LI§

then LIZ =4W, =4W, =CV? .. Z =
2
L_czc|Vse| _ne
; c C
1
\/_

Line configuration - staticC - L

Vo
|

£

c

LC=pe; v, =——

10



Time-average Power Flow P along Tx-Line

—_— =

1 e .
P=EReULwEtth ~zd8} ‘;Xaznﬂ EJdS = nW
2 V2 1 1 .
= —W = =V, I, ==Re|V(2)I (z
zc:éz CZC e %cv2 22 Vo 7 clo 2 00 2 I: ( ) ( )]

Energy velocity v,

2 1 1
P=SW, =—(W,+W,) = W, +W,
e sn( )n=g ng( )
_ P 1

1.5 Power Loss in Planar Conductor

—_— =

» Planar conductor

i Conductor
air
2_9 _, (o.8 1)
oy oz 0.0,
. oy oz
Maxwell equations:
VxE =—jouH 0 X
VxH=J +0E+jwocE = o©E

good conductor
VxVxXE =—jouV xH = - joucE;
VxVxE=V(V-E)-V2E
Wave eq.: (vV-E)
2

(VZ - ja),ua) E= (d——

dx?




Plane Wave Field

Electric filed E :
E(x)=Ee " =Ee e ¥

Propagation constant y :

=, jouo = (1+j)/ i =a+ jpf

e
Skin depth 6, : e e 't == /
Magnetic filed H : H

1 = -7 X 1
H(X)=——VxE_ = 77 xEe e ==
—Jou B — jou 24
E
Wave impedance Z EU Jou = £ Jou =(1+1]) OB
e |H| 1% o 20 meigis

Surface Impedance

Current density J in conductor :
J(x)=cE=0cEe™
Surface current = current per unit width :

EO c= 12
‘]S :IO JdXIOdyZ?ES =Z—SES
Surface impedance of the conductor :
. E, y jou .\ |ou
Zs_Rs+JXsE—- = = _:(1+J) =7
J, or=iwo \ o 20

12



Power Loss P, - in Conductor per unit area

*
1 S .
Pec :EReU‘J‘ E,xH, -xdydz}
_ LRez] e[ [ay[ dz=2r[3,[
szif(xlz 2 |Z$| 0 0 2
surface resistance R, = e
20

Surface current J_:
- 1. 1 S O
J, :z_SES :Z—S[z(—x)st]z fix H
H, = magnetic field at conductor surface

2

P_c per unit surface area: P, = % R, [Aix H,

1.6 Field Theory for Lossy Tx-Lines

- two conductors with small loss —

» Lossy surrounding medium (perfect conductors)

Current density J in lossy medium
J =(oy + joe') E = jwsE;
Effective permittivity of the medium AN

(w.8) = (u,04,€")

c=¢'-j&" :g’(l— ja—“,j: £'(l-jtans,)
we

Loss tangent: Oy

o
tang, =—=—=
& wE
PECS, & S, —» Fundamental mode = TEM mode

Total p.u.l. shunt current I, from S, to S,
(o +jwe")
FEAop, o LZ pdl

CV, =(G + jaC)V,

l,=[ J-fdef dz=(o, + jos') | E-fdr

(oy+jos’) - (o,+ jwe’)

& Q=CV, &

’

13



Eq. Circuit and Line Parameters

Shunt p.u.l. conductance G: )
" S{ =
G:i‘jczmé’: ; G :tan5[ CQ,\ 1I Is
& «C Af—ll

&

Line configuration — staticC — G & J

Propagation constant y:

¥ = JoJue = ,ug 1 Jtan5

e e (jw) LC(l J—]ﬂth G+ jaC)

Field theory

Characteristic impedance Z,, :

(ﬂﬂaéj ( | a3 E
| |
J

M

1/ +Ja)L G+Ja)C

Circuit theory

| B+ jooL

3= fixhi = %‘E“Pﬁc\/%ﬁEF co
N O
Ly Mo & fu_ us Jic

— I

cVe cyi-jtns, Cyi-jGlaC \IG+JwC = G+JwC omey

Field theory Circuit theory
e

I Taiwan University

Tx-Lines with Non-perfect Conductors

* General case

E,#0>J,>>|3] > H,~0

 Perturbation technique

Quasi-TEM approximation: ‘Et‘ >E, =0,

Conductors: finite conductivity o
Conductor loss = Poynting vector comp. into conductors > E, # 0

Lossy-line fields -
_ f
Hybrld Small
mode losses

—_— =

Boundary value problem: difficult to solve

Ideal-line fields

TEM
mode

Perturbed Quasi-TEM field «<—— Unperturbed fields

ARG

b
’s,it,f‘t‘\ National Taiwan University
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Series Resistance R per unit length

— -
Conductor power loss P, per unit length:
—EKI
2
20‘ 0'5 wp'c

AixH,; H, = unperturbed magnetic field at conductor surface

Series resistance R per unit length:

1, 1 S |
E%R_ER(%% )zHC_E&

R (R, 1 ae) (], |5 )

~ 2
J| d¢

S48, 1 S

e RS

5 "aﬂi*‘ National Taiwan University

Attenuation Constant «
— -
E, =E,e”" =Ee“’e”

Time-average power flow: P = % Re[” E xH,- 2dS} =Pe?”

Power loss P_ per unit length: P_ = rate of decrease of power = Vi 2aP

= (conductor + dielectric) losses = P, . + P
1o, 1 . 1o :
= ER%+EGJLwE~EdS :_%ma

—GV2
2

1., 1
e =5 Rl 73Rk
Attenuation constant «:

_ P _3RIG+IGVS _

S

3 [d iz a)y"J.J‘Sw H,-H,dS

= _RL.G \&zi(RYC+GZC)
2P V,l, 2V, 2 1,
i‘:f‘ld' I\auoill—:l'mr\‘)\zlm?crﬂty
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Electric Characteristics & Eq. Circuit
—

Propagation constant y:

y=a+jp Jwﬁ—lw\/ﬂe\/ Cd L0 (Gl L)

Qua: SITEM ,ng

- Lcjw\/_\/(l j—)[l j—j = J(R+joL)(G+ jwC)

Circuit theory

Field theory

Characteristic impedance Z, :

_5\/Z=1/y'g' e’ _JLC [1-jR/wL o [Rtiol
cVe C Ve C \1-jG/aC G+ joC

Field theory Circuit theory

CEEY S
 National Taiwan University

1.7 General Two-Conductor Tx-Lines
— -

/

g Ga M) (€05, M)

» Two parallel PEC A, B with uniform cross-sections
 Linear, isotropic, homogeneous medium

» C (capacitance), G (conductance), L (inductance) per unit length
satisfy:
G o,
—=—2; LC = pué'
cC & #

n University
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Relation between Parameters

Mechanism in Conductor

—_— =

Near conductor boundary (x > 0)

H ~ JH,(y)e &
- . —@i)s, J.(y) :J‘ 3,(y)e @Dy = 5.30(Y)
~ ZJO(y)e s = » J

E=J/o as o>, J,(y) =—Hy(y)
S 3y(y) = 1; R
Stored magnetic energy inside conductor

lLint||| 2=W =£J.J.OOH . H*dXdy =£J‘|H (y)|2dyé

y

=|W, stored in 0 < x <% - when PEC is placed at x = %
Dissipated power inside conductor
D = oy 2
PRI 2= [ [ T-Tdxdy = 2 [|3,(v)[ dy-5

= &2 [|Hy(y)[dy - § =% [|Ho(y) dy -5 =

17



Incremental Inductance Rule (wheeler, 1942)
=
» At high frequencies, say, d < 0.1t, current crowds

to conductor surface within a skin depth of 8.
J oL
R= Rs(f)=w§~%

o oL

L= Lext+Lint(f): Lext to

Related Further Reading

— -

* R.B.WuandJ. C. Yang, "Boundary integral equation formulation of
skin effect problems in multiple transmission lines," IEEE T-MAG, vol.
25, pp. 3013-3015, July 1989

» K. M. Coperich, A. E. Ruehli, and A. Cangellaris, “Enhanced skin
effect for partial-element equivalent-circuit (PEEC) models,” IEEE T-
MTT, vol. 48, pp. 1435-1442, Sept. 2000.
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Did you learn
—
TEM mode expression for general tx-line.

Equivalent tx-line circuits for V & I, the R, L, C, G
meaning, and general solution for VV and 1.

Governing PDE and BC for electric potentials, and how it
relates to TEM mode solution.

Field theory for lossless tx-line, e.g., surface current,
charge, stored e/m energy, power, ..

Approximate e/m/J field in lossy conductors.
Properties and relation among R, L, C, G.
Wheeler’s incremental inductance and resistance formula

f:;b}j CEES T
‘,3 National Taiwan Univ
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