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Maxwell’s Equations

vxE=-2 Faraday’s Law of Induction

ot

VxH =] J;_D Ampére’s Law
t

V.-D=p Gauss’ Law for electric field
V-B=0 Gauss’ Law for magnetic field

Constitutive Relations

B = uH D=¢E
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Wave Propagation

Wavelength : A

A — propagation velocity
B frequency
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Why Transmission Lines ?

In Free Space

At 10 KHz : A=30 km

At 10 GHz : A=3 cm

Transmission line behavior is prevalent when the
structural dimensions of the circuits are comparable to
the wavelength.
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Transmission Line Model

Let d be the largest dimension of a circuit

circuit

“/

ANVA

/N
NV

If d << A, a lumped model for the circuit can be used

~rre
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Transmission Line Model

ﬁ circuit ﬂ

NN

If d = A, or d > A then use transmission line model
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Modeling Interconnections

, Mid-range |
Low Frequency Frequency ~ High Frequency
| L
CT/Z_:: _I_ Col2 — Z,
Short L2 Transmission

_NVV\IJVW\_ Line

Lumped
Reactive CKT
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Dispersion & Velocities

,BzZﬂfx/E

velocity = 1

JLC

B =27zfh(f)

velocity = g(f)

-1
Phase velocity = w/ S Group velocity = (3_,3)
Q

FAF
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Parallel-Plate Waveguide

V’E+w us =0 aI
TE,,, modes:E, =0, H, #0,H, #0 T
2
M
. — ikz Mz k = = a)2 g—(_j
E, =E,sin(Sx)e’™ g = % \/ # a
m
i if f>f =
Wave will propagate if T Dadue

TM,,,, modes: H =0,E, #0,E, 0

H, =H, cos(B,x)e "

Same dispersion relation as TE,_, modes
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TEM Mode

Special case m=0 =» TM, or TEM mode

E,=0,H,=0,E,#0,H,#0 k:ﬂzza)\%

E =Ee :\/ZH g I
& H

_ — Jkz
H, = H,e : &
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Parallel-Plate in TEM

—al] AWV I
R
:
T
V_
L=t
W
EW
C= a

l-fu-
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Coaxial Cables

Laplace’s Equation for potential y

1 8( 8w]+ 1 o’y

Vipy=0=——| p—— =
g pop\"op) o op

V_In(b/ p)
In(b/a)

Solution : v (p,4) =

For a TEM mode of propagation

27TE

1 C=
ngln(b/a) In(b/a)

IB:(() LC = w ue ZOZ\/L/CZ ';l/gln(b/a)
/A

corT
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Coaxial Cables

Higher order modes: TE modes: H, =h, (p,4)e "
2 2
821 82—|—k2_ﬁ220 hZ:O e
op~ p O¢
The first higher order mode is the TE;; mode b

2
Approximate solution for k. is: k, =——
PP ‘ a+b

. VK,
From k,, find cutoff frequency f, fe = 2 \/; e

f

B 2C B C
* (a+b)2zfs, \fem(atb)

a3 ILLINOIS
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Coaxial Line with Losses

Infinite Conductivity

(S /
Z, =Y " 1n(b/a)

2

Finite Conductivity

|
7 N ey 1e—LBEID)
27 4\/7zf,u0' In(b/a) )
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Types of Transmission Lines

I
' Air €

Coplanar line

Coaxial line Waveguide
| m—
- e
RE Slot line
Microstrip Stripline
"’"'ILLINOIS
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Parallel-plate Transmission Line

—al] W I
A
:
T
V_
L="
W
EW
C= a

FAF
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Microstrip and Stripline

A

Microstrip

Stripline

Wave propagation in stripline is closer to the
TEM mode of propagation and the propagation
of velocity is approximately c/Ve..

£GEILLINOIS
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Microstrip — Analysis Equations

w/h < 3.3
119.9 h hY’
.= In| 4—+ 16(—) +2
J2(e, +1) W W
(a) _ _
w/h > 3.3

11997 | w In(4) In(ex’/16)( ¢ —1

L, = + + >

2\/g 2h  «& 2 &;

Electrc field lines
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Microstrip Analysis & Synthesis Equations

e +1 & —1 1
e: +
2 2 J1+12d/W

-

60 ln(8d+wj forW/d <1
Je. \W  4d
L, =1
1207 forW/d >1
e [W/d +1.393+0.667In(W /d +1.444)]
( A
ie for W/d <2
W e" -2
w_ |
d E{B-l—ln(28—1)+gr_l{ln(8 1)+039—EH for W/d >2
T 2¢, &,
A= Zo g+1+gf_1 023+E _ 37x
60\ 2 & +1 £, 22\/7
"’"'ILI.INOIS
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Microstrip

Microstrip Characteristic Impedance

100 A
a]
1 a]
A
90 - A
80 - Eﬂ O h =21 mils
<A A h=14mis
w A X h=7mils
E 70 A
o Ax
o A
N 60 a
50 x %
40 x
30 . T . T
0 1 2

Wih

dielectric constant : 4.3.
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Surface Waves — TM Modes

Assume the form:
E,(X,y,2) =¢€,(X,y)e

2
[—2 +ek? - ,szez (X,y)=0 Inside dielectric
(_2 +k2 - ,32}) (X,y)=0 Outside dielectric
OX’ ’
dielect<‘ic "4 Dispersion relations
v %o 2 _ L2 @2
d €€, K =&k = p
>
Z h* =" -k’

NS g S S ST

Ground plane

EGEILLINOIS ECE 451 - Jose Schut-Ains
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Surface Waves — TM Modes: Solutions

Solutions are:

e, (X,y)=Asink_x+ Bcosk_ X

e,(X,y)=Ce™ + De™

E (X,y,2)=0 at x=0

E,(X,Y,2) <o, for x — oo

E,(X,Y,Z) continuous at boundary

H, (X, y,2) continuous at boundary

Asink d = De ™"

£ A _Ee—hd
h

C

cer ILLINOIS

Inside dielectric

Outside dielectric

X
dielectric A

v\ ‘y
d €L,

I////////4//////////

Ground plane
k.tank.d = ¢.h

K2 +h? = (&, ~1)k?

Bictrcal and CompuierEngin ECE 451 — Jose Schutt-Aine
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Surface Waves — TM Modes: Solutions

(k.d) +(hd) = (g —1)(k,d)’

k.d tank_d = & hd \ k>/ /
' >

e / 7I'E/2 7It k.d

Solution is found at intersection of curves

First TM mode is TM_ mode

Cutoff frequencies for TM modes are given by:

f=—T _ n=012,..
2d /e, -1
"'"'/LLINOIS
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Surface Waves — TE Modes

Assume the form:
H,(x,y,2) =h,(x,y)e” "

2
[—2 +e k- p j h (x,y)=0 Inside dielectric
[_2 T k2 - 'szh (X,y)=0 Outside dielectric
2 0 ?
dielectric "4 Dispersion relations
c% \‘ 882; ke =&k, =B
r o -
Z h*=pB° -k’

I////////4//////////
Ground plane

24
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Surface Waves — TE Modes: Solutions

Solutions are:

h (x,y)= Asink_x + Bcosk_x Inside dielectric

h,(x,y)=Ce™ + De™ Outside dielectric
X
dielectric 4
. v\ -
After matching the d o
boundary conditions | 4 ///4/ ST
Ground plane
-B D _hd
—sink,d = —k.cotk.d =h

Cc

Bcosk.d = De™™ ke +h* =(& —1)k;

EGEILLINOIS ECE 451 - Jose Schut-Ains
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Surface Waves — TE Modes: Solutions

(kd)"+(hd)" =(& —-1)(kd) hd 4

—k.d cotk d = hd NN
-T -TE/Z’\K/UZ T kcd

Solution is found at intersection of curves

Negative values of h must be excluded

Cutoff frequencies for TE modes are given by:

¢ (2n—-1)c

- 4d\e —1

n=12,3,...

Modes will occur in the following order:
™, TE,, TM,, TE,, TM,

FI\F
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Coplanar Waveguide

|- S' >4 WPhlea—S Pt WP | € S |
=/ /]

&

=

K (k) : Complete Elliptic Integral of the first kind

S
K = 307 K'(K)
[ = ohm
S +2W ocp \/ﬁ K(k) (
K '(k) = K(K") 2
1/2

kv:(l_k2)l/2 V. = 2 C

P ole +1

"""ILLINOIS
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Coplanar Strips

[ — WS lt—WV>

—=—

1207 K'(K)

0Cs — (Ohm
/gr +1 K(Kk)
2

/

:—fu-
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Qualitative Comparison

Characteristic Microstrip Coplanar Wguide Coplanar strips
Cort™ ~6.5 ~5 ~5

Power handling High Medium Medium
Radiation loss Low Medium Medium
Unloaded Q High Medium Low or High
Dispersion Small Medium Medium
Mounting (shunt) Hard Easy Easy
Mounting (series) Easy Easy Easy

* Assuming £ =10 and h=0.025 inch

=
Electrical al{(Lmn&lfygngis ECE 451 - Jose Schutt-Aine 29

University of Illinois at Urbana-Champaign



TEM PROPAGATION

L
: YL YL YL
—
P _ _ — -
+
V C —— J— N
- —_ — -
- Az =
Z
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Telegrapher’s Equations

L
I
S A 0 AT 0 4 A
+
A2 Ojp— J— JE—
.- —_— -
< Az >
v _a
o ot
I M
0z ot
L: Inductance per unit length.
C: Capacitance per unit length.
"""ILLINOIS
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Transmission Line Solutions

(Frequency Domain)

z

S
- % s
forward wave
>
D
backward wave
B=anLC V(z)=Ae " |Bg*i/?
7 = |k 1(2) = [Ae W2_Be /3
o~ C -

l-fu-
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Coaxial-Microstrip Transition

Flange-mount

Board with traces . onnector
\ Ce nte{ﬂn /

¥~ screw

. 4
|-shaped support

Remove effects of discontinuities before processing data!

:—fu-
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Coaxial-Microstrip Transition

With parasitics

s21

Fragq(GH=>

cecILLINOIS

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

No parasitics

-—— ——
- r -

Fregq(GHz? -~
.

ECE 451 — Jose Schutt-Aine
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Coaxial-Microstrip Transition

n o J—— N 15 "M ou

sMA | L4 Lo

CL1 I ICLZ CR1T ICRZ

Equivalent Circuit

50005

TDR Plot

l—fu-
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Low-Frequency TL Approximation

R
S—y /TR .
C2 =/ —_C/2

O O

P=R+joL)1 +jwCZ /2)

Y =jwCZ,/2
P-2YZ —-YP 27

S, = S, = °

22, +P+2YZ, +YP 22, +P+2YZ, +YP

A= 22,1 -3,)

A-2S,S,,Z,—-S, /A
45,2, +25,,S,,Z,+S, A+ A

Y= P =A-2Y5,Z5,(1 +Y)

a3 ILLINOIS
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Low-Frequency Model for Microstrip

- Lumped Model

- Use extraction algorithm

coppermicrostrip
fiberglassubstrate w=5mil SMA connec tor

:—fu-
Bl {cLélngO,s ECE 451 - Jose Schutt-Aine 37

University of Illinois at Urbana-Champaign



High- Frequency Characterization

I |

Z, e = Z,
!
|
I E
|
|

( ' ' Two-Port \
\’WW\ \ Network [ ! H |7 W
% E | é
Port | Port 2 1

_____ZF__

Transmission-Line Scattering Parameters

(1-rHx g - A=Xr

v 1-T°X"
N 7 - R+ jool
G+ JwC
r-2=% R+ joL)(G+ joC
7 vz 7 =VR+ LG+ joC)

a3 ILLINOIS
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TL Extraction Formulas

(S,,+S,,)-T
X:e'?/d :e—j,b’de—ad X = —yd _ 11 21
1_(Sll+821)r
S/ —S) 1 +1
['=0% > —1 :{ 11— V21
Q \/Q Q 2811
R=Re{yZ_} c =Re{l}
ZC
|
L=—Im{Z.y; c_dini?
0, - {ZC}

corT
Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Low-Loss Approximation

If we assume R << wl

and G << wC

ﬁ
““\c

/

|12

ECE 451 — Jose Schutt-Aine
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Example: Category-5 Cable (long)

Simulation
—____Measuremen! § category 5/ 100-meter
. —————— .
05 E
g 045 | E
E ]
B 0.4 ]
= 035 | E
» 03 VL\/ VJJ .
025 ¢ /\
02 & 3
0.15 ! ! ! ! 3
0 0.02 0.04 0.06 0.08 0.1
Frequency (GHz)
Simulation
_ \Veasurement B ategory 5/ 100-meter
0.8 — e e I ]
0.7 3
3 0.6 | 3
£ F ]
§o 0.5 = E
> 04 =
% C ]
03 ]
02 - 3
01 ¢ a
ot \ \ \ \ ]
0 0.02 0.04 0.06 0.08 0.1
Frequency (GHz)

cecILLINOIS

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

— — Measurement

Simulation

Category 5/ 100-meter

30
20
10 |

S11 Phase (deg)
[w=]

w»f“v

uu\uu\uu\u\?\uu\uu\uu

0.

02 0.04 0.06 0.08 0.1
Frequency (GHz)

Simulation

— — Measurement

ICategory 5/ 100-meter

200 ¢

150

S21 Phase (deg)

ECE 451 — Jose Schutt-Aine

100 |
50 |

JN j
|
|

0

0.02 0.04 0.06 0.08 0.1
Frequency (GHz)
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Example: Category-5 Cable (short)

Simulation

—— — Measurement

S11 Magnitude

0.6

0.5

0.4

0.3

0.2

0.1

Category 5/ 1-meter

L B B

(=)

— — Measurement

S21 magnitude

cecILLINOIS

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

Simulation

1

0.95

0.9

0.85

0.8

0.75

0.7

0.65

0.05

0.1
Frequency (GHz)

0.15

Category 5/ 1-meter

~

I A N R NP PN N

AN

(=)

0.05

0.1
Frequency (GHz)

0.15

e
o

Simulation

— — Measurement

150

Category 5/ 1-meter

100

50

0

S11 Phase (deg)

-50

-100

-150

I R A N B
/

-200

e e e L G AT

(=)

Simulation

— — Measurement

0.05 0.1 0.15 0.2
Frequency (GHz)

Category 5/ 1-meter

150
100

SZ1 phase (deg)
i
[w=]

0 &

FATI IFE AF VNN PV 2 ) IO IR W

(=]

ECE 451 — Jose Schutt-Aine

0.05 0.1 0.15 0.2
Frequency (GHz)
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Category-5 Cable — Loss Characteristics

Category 5/ 100-meter

6 Category 5/ 100-meter
r 7 Lo
E 5 ;
2 09 - 4
=
<) 4 2
8 3 E
z S
o~
5 >
1 : ]
0.5 j i
0L v 1 . .
Loy
0 002 004 006 008 0.1 0.4
Frequency (GHz) 0 0.02 0.04 0.06 0.08 0.1

Frequency (GHz)

cecILLINOIS
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Cable Loss Model
R(f)=R.* f°

Vr :VFO +VFS * f

Z — R( f)+ JC()L — Rskin + j(Rskin +C()|_)
L, Y V. R D L nax
w i) misCH)  (@mGitm) i)
Category5S 100 0.724 -0.165 15.38 0.482 0.2
24-Ga 100  0.678 1.157 29.03  0.593 0.1
Category3 100  0.705 11.06 12.31 0473 0.01
SMA 50 0.700 0.113 7.94 0.415 0.2

IIIIIIIIIIIIIII ECE 451 — Jose Schutt-Aine
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Time-Domain Simulations

near end far end
Zs=50Q ¢ ¢
—AWW-—e cable —O
open
vs (1
\v/

a3 ILLINOIS
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Lossy Transmission Line

V(z)= Ae “e 1?2 1 Be"*?e" I’

1(z) = Zi[Ae‘“ze‘ Iht_peatazgtip ]

0]

L = (R(w)_l_ Ja)L) 7/:05+j,3=\/(R(a))+ja)L)(G+ja)C)
i (G + jeoC)

cer ILLINOIS
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Pulse Propagation (CAT-5)

22GA/Cu/4-cond Near End

—— ———
L[] ]
15 :
I - ]
s L ]
> L i
0.5 j /L
o H -
05 L o
0 500 1000 1500 2000
Time (ns)
22GA/Cu/4-cond Far End
K
G
>

05 C
0 500 1000 1500 2000

Time (ns)
Ffu-
Blectrical s {(Lé!fNOIs ECE 451 — Jose Schutt-Aine
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Pulse Propagation (MP/CM)

MP/CM Shielded Near End

—_
1.5 H —
2 1 N
S
>
0.5 H .
0:_ S
05 Lol b b e L
0 500 1000 1500 2000 2500 3000 3500
Time (ns)
MP/CM Shielded Far End
LS
1 L
£ 05 |
> L
0
205 L

0 500 1000 1500 2000 2500 3000 3500
Time (ns)

cecILLINOIS

Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
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Pulse Propagation (RG174)

RG174 Near End
4 77

12 [ 1

08 ]

volts

06 [ ]
04 [ =

02 ¢ k
0 o — .

202 S R R

0 500 1000 1500 2000
Time (ns)

RG174
14—

12 |

08

volts

0.6
04 [
02 ©

02 Lo

0 500 1000 1500 2000
Time (ns)

cecILLINOIS
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Characterization of DIP Packages

connector
center )
pin pin PC
\ package 2. board
View of DIP Lead Frame TI\ microwave ;l:r
connector
CROSS
SECTION

ECE 451 - Jose Schutt-Aine

DIP Mounted on PCB with SMA
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Package Characterization Procedure

* Devise Model for Package + Environment
— Obtain accurate model for topology
— Determine frequency range for model

« Calibrate ANA and Perform Measurements
— De-embed connector or use TRL
— S Parameters can be converted

* Optimize Model using Simulator
— ADS or SPICE
— Select accurate optimization scheme

a3 ILLINOIS

ECE 451 — Jose Schutt-Aine
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Example — Topology & Model

Cl1-24
| |
1 I | 24
Cl1-2 C23-24
C2-3 C22-23
3 H | 22
C3-4 C21-22
C4-5 C20-21
C5-6

C19-20
19

C6-7 C18-19
C7-8 C17-18

Cl6-17

]

|
T

16
C9-10 Cl5-16

10 15

|
[

Cl10-11 Cl14-15

|
T

11 14

Cl1-12 Cl13-14
> | 1
C12-13

_|
_|

Ly Py Ly

TNV 8=

%] 7

n I

]

ma I ':m.-:-
L LI?%H L,

Circuit model for 2-port measurement Between 2 pins

ECE 451 — Jose Schutt-Aine
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DIP Example — S-Parameters

—o—Model —8 ~Measured
—o—Model —8 ~Measured S11 forL=5.2 nH
S11forL=5.2 nH 80 & { — 80
0.45 — '| — 0.45 60 | 60
0.4 -E ~ AS 0.4 40 £ N\ 40
3 /’ N : \
035 F 4 0.35 20 £ < 20
0.3 £ / 0.3 0+ LW 40
0.25 :E ’ 4 025 20 - \.\ 1
0.2 F ’F/ 4 0.2 40 < 1 40
0.15 1 0.15 60 F ‘a\ -60
0.1 E, 0.1 -80 F i — -80
0.05 1 — — 0.05 01 03 _05 97 09
0.1 0.3 0.5 0.7 0.9
Frequency (GHz)
—o—Model —8 ~Measured
—o—Model —8 ~Measured
S21 forL=5.2 nH
1 1 S21forL=52nH
\ 0 T 1 0
0.95 \ 4 o095 [
i \\ 45 = 1 -45
09 4 1 009 -
i 90 LN 4 -90
0.85 T "1 085 r \\
- Ng 135 + 4 -135
A B~ : N
0.8 0.8 - AN
-180 f f -180
0.1 0.325 0.55 0.775 1

©
—

0.3 0.5 0.7 0.9

Frequency (GHz) Frequency (GHz)

Model and Measured scattering parameters for pins 12-13 for the case were model inductance is assumed to be 5.2 nH.
~rre
ce ILLINOIS
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DIP Example - Inductance

—o—Model —8 -Mesured
S11 for Inductance X 2 o—Model —8 ~Measured
0.6 — —— 0.6 S11 for Inductance X 2
05 - e o5 100 + l — 100
- E / g — . _:_\ o
04 —a -~ 04 50 T Bl 50
- /o ) N - \i
- N ~
03+ V. 03 0 B 0
; 4 : S
0.2 F 0.2 + NS i
4 -50 B -50
C - ~
0.1 0.1 N \
-100 - -100
| | | | - \
0T 1 1 1 1 0 r \
0.1 0.3 0.5 0.7 0.9 -150 i — -150
Frequency (GHz)
0.1 0.3 0.5 0.7 0.9
Frequency (GHz)
—o—Model —8 ~Measured —o—Model —8 ~Measured
S21 for Inductance X 2 S21 for Inductance X 2
1 *\G\I l 1 180 l {\e\l 180
£ N i [ ~
095 T g 0.95 90 L 4 g
[ \\ [
09T \‘ﬁ 0.9 5
C AN / 7 0+ 1 0
s ) M
0.85 + = 4 085 > e
L N — P R
5 \m }/ P o0 \ﬂ‘\““‘ 4 90
08 + 7 0.8 ; i A
C [ |
[ ] ] ] ] ] ~
0.75 T T 0.75 -180 T T T T -180
0.1 0.325 0.55 0.775 1 0.1 0.3 0.5 0.7 0.9
Frequency (GHz) Frequency (GHz)

Model and Measured scattering parameters for pins 12-13 for the case were model inductance is assumed to be 10.4 nH.
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