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TEM PROPAGATION

L

Az o

o ILLINOIS

lllllllllllllllllllllll

ECE 451 — Jose Schutt-Aine



Telegrapher’s Equations

L: Inductance per unit length.

C:. Capacitance per unit length.
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Crosstalk noise depends on termination
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Crosstalk depends on signal rise time
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Crosstalk depends on signal rise time
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Coupled Transmission Lines
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Telegraphers Equations for Coupled Transmission Lines

Maxwellian Form

T S

N Ol Ol
ﬁzz L217t1+|_22_2

ot
_ﬂ = Cllﬁ"'(:lz%
01 ot ot
—& = C21%+C22%
o1 ot ot

ECE 451 — Jose Schutt-Aine

o ILLINOIS




Telegraphers Equations for Coupled Transmission Lines

Physical form

AT
i1 ot ot

R ol, ol,

=L —t+L —=

ﬁz Ot ot
M M N,
02 S ot "ot "ot

_é’lz— C %4_(: %4_(: %

oz "ot

o IL LINOIS

ECE 451 — Jose Schutt-Aine
University of Illinois at

10



Relations Between Physical
and Maxwellian Parameters
(symmetric lines)

C,=Cy=-Cy,
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Even Mode
8V

pu = (L, + le) g Add voltage
and current
ol ol, equations
- 7 :(C11+C12) ot .

V, : Even mode voltage V, = %(Vl +V,)

|, : Even mode current |, :%(I1 +1,)

7, = \/'—11 Ly _ \/Ls Ll Impedance
Cppt C312
Vo = = velocity
\/(L11+|—12)(011+C12) V(L + Ly)Cq
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Odd Mode

_Vy (|_11 _ le)% Subtract voltage
k3 ot and current
ol ol equations
GG
V, : Odd mode voltage  V, :%(vl V)
1
l, : Odd mode current |, =§(|1— l,)
Z — L11 B L12 — Ls B I—m
* yc,-C, \C..2C_ Impedance
vV, = L = L velocity
©JLL)(C,Cy) YL -L)(E,2C,)
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Mode Excitation
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PHYSICAL SIGNIFICANCE OF EVEN- AND
ODD-MODE IMPEDANCES

* Z,and Z, are the wave resistance seen by the even
and odd mode travelling signals respectively.

* The impedance of each line is no longer described
by a single characteristic impedance; instead, we have

Vi =211y + 2551y

Vo = Zy 1 + 25 1,
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Definitions

Even-Mode Impedance: Z,
Impedance seen by wave propagating through the coupled-
line system when excitation is symmetric (1, 1).

Odd-Mode Impedance: Z,
Impedance seen by wave propagating through the coupled-
line system when excitation is anti-symmetric (1, -1).

Impedance seen by a pair of line and a common return by a
common signal.

Differential Impedance: Z = 27,
Impedance seen across a pair of lines by differential mode
signal.
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EVEN AND ODD-MODE IMPEDANCES

Z,, Z,, . Self Impedances

Z,,, Z,, : Mutual Impedances

For symmetrical lines,
Zy=Zypand Z, =2,
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Coupled Lines

Line Space Modal Space
V,=Z,1,+Z,1, Ve =21,

V22221|1+222|2 Vd :Zdld

{Vl} {Zn le}{ll}
V2 ZZl Z22 |2

o IL LINOIS

llllllllllllllllllllllll

ECE 451 — Jose Schutt-Aine 18



EXAMPLE
(Microstrip)

_ Single Line

Dielectric height = 6 mils
g =4.3 Width = 8 mils

Z.=56.4Q

Coupled Lines
Height = 6 mils
Width = 8 mils
Spacing = 12 mils

4.3

o
I

Z,=68.1Q Z,=408Q
Z,=544Q Z,=13.60Q
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Even Mode

|
V. 1
Zg f—> I_;I' —

-~ liner
o dine2
step < Vp VT ﬁ
generator - 2

reference plane tied to ground

coaxial line
a (t,0) a,(t,0) | |a,(t,0) a,(t0)
Itdr = + + -
Z, Z, Z, Z,
thr :ae(tio)_ad (t’O) ad(t,O):O
Vir = Ze 21
w=S 7 o1ty v=2
Itdl’ 2 1_pe 9 Te
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Odd Mode

I
Z

1
9 Vi — T~
V
step <V I ﬁ _
generator ] 2 reference plane floating
coaxial line

Vir = 2, (t,0)+a, (t’O)'[ae (t,0)-a, ('[,O)] =V +V,

Itdr
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— ae(t10)+ad (t,O) | —
- 7 Zd tdr —

a,(t,0) a,(t,0)

Z Z,
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EXTRACT INDUCTANCE AND
CAPACITANCE COEFFICIENTS

szi 1 1
2| ZN, Z,V,
Z,<Z <Z,
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Measured even-mode impedance

Even-Mode Impedance

120 1T A O h=3 mils
A B h=5 mils
100 + A A A ¢ h=7 mils
* + N X h=10 mils
80 4+ . R + + + h=14 mils
— ® A h=21 mils
¢, et ) X x % X
N o0 o] o] ]
40 1T— 0 o o o
20 } } } } | l
4 6 10 12 14 16 18

Spacing (mils)
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Measured odd-mode impedance

O h=3 mils
Odd-Mode Impedance _
—— 8 h=5mils
A L1 & h=7mis
. A X h=10 mils
A + +
+ > + h=14 mils
—— + . . .
N A h=21 mils
X
- N . x X
. . X g a}
X o}
o o o
o
—t— 0
1 1 1 1 1 1 1
1 1 1 1 1 1 1
4 6 8 10 12 14 16 18

Spacing (mils)
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ve(m/ns)

0.17

0.168

0.166

0.164

0.162

0.16

0.158

Measured even-mode velocity

Even-Mode velocity

Spacing (mils)
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O h=3 mils
A
A A 8  h=5mils
N h=7 mils
X h=10 mils
¢ ¢ M . + h=14 mils
+ A h=21 mils
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(m/ns)

\

Measured odd-mode velocity

O h=3 mils
Odd-Mode Velocity B h=5mils
02l * * h=7 mils
A . X he10
0.205 h=10 mils
¢ + h=14 mils
2T A h=21 mils
X A * 8 2
0.195
8 X
0.19 5
o] a o
0.185
0.18 | o
(] o o
0.175 ] ] } } } | |
4 6 8 10 12 14 16 18

Spacing (mils)
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(nH/m)

L

Measured mutual inductance

Mutual Inductance © h=3mils
250 = A B h=5 mils
A € h=7 mils
200 = + A X h=10 mils
. 4 A | + h=14mils
- + A h=21 mils
150 . . + +
x ®
X e
100 = a X & .
8]
50 = o °
o o [o)
1 1 1 1 1
0 T T T T T T 1
4 6 8 10 12 14 16 18

Spacing (mils)
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Measured mutual capacitance

Mutual Capacitance © h=3 mils
[} = i
A0 == h=5 mils
" & h=7mils
B T X h=10 mils
23 @ + h=14 mils
30 et .
(o] A A h=21 mils
X
_ 25 =t= + N
£ A
s 20 =t= é X + +
OE 0 >é é
15 =t= ] o
L 4
} [ [ 1 1 1 9
10 ! ! I 1 1 1 1
4 6 8 10 12 14 16 18

Spacing (mils)
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Even & Odd Mode Impedances

Typical Even & Odd Mode Impedances
110 T T \ T T T T ‘

100

% |

80 |

Zeven, Zodd (Ohms)

40 I I ‘ I I I I ‘ I I I I ‘ I I I I ‘

10 20 30 40 50
Distance (mils)
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Modal Velocities in Stripline and Microstrip

I
+

Microstrip : Inhomogeneous
structure, odd and even-mode velocities
must have different values.

~— o —

Stripline : Homogeneous configuration,
odd and even-mode velocities have
approximately the same values.
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Microstrip vs Stripline

———
% 50 Q2

Microstrip (h =8 mils) Stripline (h =16 mils)

w =8 mils w =8 mils

g =4.32 g =4.32

L, =377 nH/m L, =466 nH/m

C, =82 pF/m C, =86 pF/m

L, =131 nH/m L., =109 nH/m

C,, =23 pF/m C., =26 pF/m

Vv, = 0.155 m/ns Vv, = 0.142 m/ns

vy =0.178 m/ns V4 = 0.142 m/ns
"’“'ILLINOIS
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Microstrip vs Stripline
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50 Q

v Probe

Sense line response at near end

microstrip striplline .
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General Solution for Voltages

ZSZ Z|_2
_Jwz joz _Jwz Joz
Vi(z)=Ae " +Be * +Ae © +Be *
e\xzn on
_ja)Z +ja)Z —E +E
V,(2)=Ae * +Be " -Ae “ -Be "
e\;gn o?jfd

FI\F
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General Solution for Currents

Z1 Z|1
$—O—’V\/\/\r— line 1 W
—(O—~WW\W— line 2 —M
+ Lsp Z| 7

B joz joz ] 1 joz Loz ]

,(z)=—| Ae * —-Be ™ |+—| Ae " —Be "
e Zd
) e\;gn C o?jfd ’

1 B joz oz ] 1 B oz | oz ]
|,(z)=—| Ae * —Be " |—— eVd—BeVd
2( ) Ze A\e e Zd Ad

) e\;gn C o?jfd ’
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Coupling of Modes
(asymmetrlc load)

¢—O—'W\/\r—| I|.ne T I—W
¢—O—'W\/\r—| i 2

Zs Z 7 ]
even

even<::> 0dd
even<<::::: even
odd< d
even

even

dd / < odd
\\\\\\\ even
odd < .

First reflection  Second reflection
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Coupling of Modes
(symmetric load)

Zg Z
¢—O—~w\r—| e T |—/VW\,j
IO—"/\Z/:/\ri line 2 I—%

L
even even even
odd odd odd
First reflection Second reflection
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Capacitive Terminations
1

50 Q -
x=0 50 pF
4V I
= 9
50 Q = 50 pF
1 -
Sel L t Near End
Drive Line at Near End
/ J”
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