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1-1. Introduction

At RF and microwave frequencies

= Physical size of circuit approaches to the wave-
length - the phase of ac signal must be considered
+ At higher frequency range
+ For larger size of the circuits

= Voltage and Current must be treated as waves

+ Phasor notation is very convenient
+ On the circuit board one dimensional analysis is possible

= Distributed circuit approach must be used

+ Lumped element equivalent circuit approach enable us to
use Basic Circuit Theory

+ Impedance is very important as in the Circuit Theory
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1-2. Transmission Lines

= Two wire lines e T “~a

Magnetic Field
{dashed lines)

e

Figure 2-4 (Geometry and field distribution in two-wire parallel conductor
transmission line.

s Coaxial line

Figure 2-5 Coaxial cable transmission line.
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ransmission lines(2)

= Microstrip lines and Striplines

{a) Sandwich structure (g, = 2.55) b)) Cross-seclional field distribution

Figure 2-8 Triple-layer transmission ling configuration.

s Parallel-plate transmission line

\ l_...r‘ ._ T m:-\m'\l
X | | F, . i i! I'l_-\-ﬁ'll I
k {Hﬁﬁliih ) JI.
-
(a) Geometric reprasentation o) Field distribution {£, = 2.55)
Figure 2-8 Parallel-plate transmission ling.
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1-3. Equivalent Circuit(1)

Figure 2-11 Segmentation of a coaxial cable into Az length elements suitable for
lumped parameter analysis.

5 g}ﬂﬁﬂg Microwave & Millimeter-wave Lab.



Equivalent circuit (2)

Table 2-1  Transmission line parameters for three line types
Parameter Two-Wire Line Coaxial Line Parallel-Plate Line Unit
R 1 1 1 1 2 2/m
_— —e | = e =
Tl:fgﬁmndﬁ ZEUCGM d (ﬂ' b) W Gmnda
L u D u. (b d H/m
- acosh(ﬁ) o In (5) !—lw
G TO i 2TG g w S/m
Odiel;
acosh(D/(2a)) In(b/a)
C e 2TE W F/m
acosh(D/(2a)) In(b/a) d
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‘1—4. General Transmission Line Equation

s For a small segment of a transmission line
o Lumped element equivalent circuit

1(z) RAz LAZ 1(z+AZz)

.1/\/\/\/_NW\ —_

4 + Z =R+ jolL
V(z) GAz< cp, T VEHAD) vy _ Gy o

y4 Z+Az

= Apply KVL and KCL
V(iz+Az)=V(2)+ AV (z) =V (z)—ZAzI(z)
[(z+Az2)=1(2)+Al(2) = I(z)-YAzV (2)
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‘General Transmission Line Equation (2)

leads to the differential form as
aV B dl B

=z, —=-YV
dz dz
or
2 2 2
d Iz/—ZYV:d Z—W:O, d f—kzlzo
dz dz dz

where propagation constant k given as

k=+ZY =R+ joL)G + joC) = o+ jB

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.



‘General Transmission Line Equation (3)

= Voltage and current waves

V)=Vt yet, I(o)=I"e"+1e"

](Z):_l dV k (V+ —kz V— kz) 1
Zdo Z 2

(V+ —kz Ve kz)

where the characteristic impedance given as

S vtV |z (R+ joL)
’ (G+ joC)

I I Y

JA SOGANG Microwave & Millimeter-wave Lab. 10



‘ 1-5. Lossless transmission line

R=0and G=0
Propagation constant becomes

k=~ZY = joJLC = jB

Characteristic impedance becomes

Z L
-
Y C
Voltage and current waves become

Vizy=VTe P +v e I(z)=1"e P + I e/P*

JA SOGANG Microwave & Millimeter-wave Lab. 11



‘ Low loss transmission line (2)

R<<wolL, G<<nC

Characteristic impedance ;

1 1

7~ |Z_ |Rejol _|LI(, R P(, G |?
" Vy \G+joCc \C joL joC

~ %H”,-z%)(l‘mﬂ e He (m =

The real part of Z, is the same as that of

lossless transmission line.

JA SOGANG Microwave & Millimeter-wave Lab. 12



‘ Low loss transmission line (3)

Propagation constant ;

k=J(R+joL\G+joC) =j ”RKHLIHLHZ

joL jaC
= JoNLC| 1+ 1+ G = JoNLC| 1+ X + G
J2wL j2wC jwl  j20C

:( R, G ]+ja)ﬁ:a+jﬂ

_|_
27, 2Y,

The phase constant is the same as that of

lossless transmission line.

JA SOGANG Microwave & Millimeter-wave Lab. 13



‘1—6. Microstrip Transmission Lines

= Microstrip Line geometry

Assume that
‘’ Is negligible compared to ‘h’ ; t/h < 0.005
— depend only on ‘w’, ‘h’ and e,.

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.
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‘ Microstrip Transmission Lines (2)

m For a narrow lines ; w/h<1

Z, h  w . characteristic line

Z, = In| 8—+—
2708, w  4h impedance
Z, = U, /&, =376.8Q . wave impedance in
free space
B -1/2 2]

e, =t AN ) Lo0d 12

2 2 w h

. effective dielectric constant

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.



‘ Microstrip Transmission Lines (3)

m For a wide lines ; w/h > 1

Z, = 2 - characteristic
1/‘9@7 1.393 + W-I—zln( +1 444) impedance
h 3 h
e +1 £ —1 A . effective
Ep =——+— 1+12— _ _
2 w dielectric constant

= Wavelength
PR Ao

ffff

JA SOGANG Microwave & Millimeter-wave Lab. 16




Microstrip Transmission Lines (4)

s Z, and & are plotted as w/h and g,

Lk . . 3 12

Euii

10

10}

0.1 03 I 3 10 0.1

Chameteristic line impadance &£, 0

EfTective dielectric constant,

T I T T/
Line width to diclectric thickness ratio, w/h

Lireer wichth 1o diebectrie thicknes: ratio, wih
. fmte ik . Figure 2-21 Effective dielectric constant as a function of w/h for different
Figure 2-20 Characieristic line impedance as a function of wh, 9 Ealsctns consiants.
5 Eﬁﬁﬂg Microwave & Millimeter-wave Lab. 17



‘ Microstrip Transmission Lines (5)

= Assuming an infinitely thin line conductor,

w/h < 2 ; 2

h e =2

Aoy Z, /g,,+1 +5r—1 0.23+O.11
Z, 2 g +1 g,

w/h = 2 ;
w_2 B-1-In(2B-1)+% o In(B—1)+ 0392061
h rx 2¢, g,
B_ L.
2z,
JA SOGANG Microwave & Millimeter-wave Lab.
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Microstrip Transmission Lines (6)

= Corrections for nonzero strip thickness t ;

r( 2xj {x=h if w>h/(2m)> 2t

Wep =W+ —| 14+— ,
T t x=2nw if h/(2m)> w> 2t

|":.|'_“|I S

FR-4

., i=0 fr = 25 mil |

d
-—

COIN
El |
s = 1.5 mil \
o
o
g 50
3
g

0L

0.1 0.3 | 3 10

Liree widhih 1o daelectre thickmess ratio, w ik

Figure 2-22 Efect of conductor thicknass on the characteristic impedance of a
microstrip line placed on a 25 mil thick FR-4 printed circuit board,

JA SOGANG Microwave & Millimeter-wave Lab. 19



‘ 1-7. Terminated Lossless line

= Voltage Reflection Coefficient I;
Zi, Ty V(z):V+(O)e_jﬂZ +V(0)e”*

|—> — I(z) = (V+ O)e 7~V (0)e)

0] ZL 0

=1"(0)e”* +17(0)”*

NY

r o V- (z=0)
2= #=0 " VT (z=0)
= Use standing wave concept

V-d)=V*(1+T,e ™),  I(-d)= Z (1-T,e )
0

JA SOGANG Microwave & Millimeter-wave Lab. 20



‘ erminated Transmission line (2)

* Input impedance z =-d ;

V(-d) 14T e /P
in — = ZO —i2B8d
1(~d) 1-Tye /P

= Input impedance at z=0 ;

V(0) 1+1
Z,(0)=2; =ﬁ=zo l—FO
0

Z,-Z, Z,-1
Z, +Z, Z,+1

I, . Reflection coefficient

at load

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.
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‘ erminated Transmission line (3)

s Reflection coeff. for various terminations ;
+ Open line(Z, > ®): T, =1
o Short circuit (Z; =0) : T, = -1
+ Impedance matched (Z, =Z,): 1,=0

s For a infinite transmission line ;

+ Phase constant : B=wovVLC

’
Since A=—2 - p=—

Vp

¢ Dispersion-free transmission line

g 33?,;:5:‘153 Microwave & Millimeter-wave Lab.
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‘ 1-8. Standing Waves

= Shorted transmission line ;

ZE "5 V(-d)=V"(e" —e )

= j2V *sin fAd
](—d):V_(e
o o ZO
| — oy
= =0 =
ZO

o

ipd | e—jﬂd)

z=-d y COS ,Bd

" In the time domain ;
V(d,t)=Re{ Ve’ |=Re}{j2V"" sinpde’ |
=2V* sin Bd cos(wt +1/2)

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.



Standing Waves(2)

wt=1/2n+2nn

0.8 == Wt =3/8n +27n

0.6
04r

w=1/8n+2nn

0.2 Wi = 271N

ol

-0.21
-04r
06T
-0.8F

'ln 051 =® 15m 2r 25 3m  3.5m

[Bed

Figure 2-25 Standing wave pattern for various instances of time.

Nd(2jV)

o =14+ 2m

5 gﬁ&ﬂg Microwave & Millimeter-wave Lab.



‘ Standing Waves(3)

= Standing wave expressions ;

Z r

Iic> o A V(_d) = V+ + V_
- —j2Bd

LV* e-i2pd _—> =V (1 y Foe j )
VA e - Tovredd<—17 [(d) = Tpe ™
V' — 0+ gipd—> V(-d)= A(d)[l + F(d)]

o O

: T o AD
2=—d z=0 X

A(d)=V"e™
= Standing wave ratio(SWR) ;

SWR:@: ]max 1+‘r0‘
Vmin Im ‘FO‘

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.



Standing Waves(4)

20
18
16+
14+
12+
101

SWR

L= T S T N -

0 01 02 03 04 05 06 07 08 09 |
I,

Figure 2-26 SWR as a function of load reflection coefficient |I"| .

g gﬁ&ﬂg Microwave & Millimeter-wave Lab.



‘ Standing Waves(5)

= Graphical interpretation

resulting standing wave

= Voltage standing wave ratio(VSWR)
or return loss used: RL =-20log['(d)|=-201log|[]

g Eﬂﬁﬂg Microwave & Millimeter-wave Lab.
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‘L—Q. Special Termination Conditions

= Input impedance of terminated line ;

Zin 1—‘0
o o —j2Bd
V(-d V' 1+T,e
|—> I \V+ ei2kd — Zin (=d)= g = ZO +( Oe_ '2l3d)
V- o—— FoV*edhde— |7 I(-d) V (1 —The™’ )
V¥ —» Zo \V* e-ipd >
or
1 ] 1+T(~d)
| | ; Zin (_d) — ZO
z=-d z=0 1-T'(—d)
14 2L~ %0 -j2pa
Z (-d)=2Z, Z,+7Z, _7, ZL+].ZOtaan
I_ZL_ZO e_jzﬁd ZO +]ZLtaan

Z, +72,

OGANG - i _
R gmmm Microwave & Millimeter-wave Lab. 28



‘ Special Termination Conditions(2)

s Short Circuit Transmission Line
-1

0=

° ; Z,(~d) = jZ, tanBd
. V(~d)=V" (e —e ™)
— 2V sin Ad
o o
| | N T |
| | g [(_d) — V_(efﬂd 4+ e‘]ﬂd)
z=-d z=0 ZO
oy
/ / = d
Zin(_d):ZO L +]. Otaan Zo COSIB
Zo+ jZ, tan3d Z, =0
P SOGANG Microwave & Millimeter-wave Lab.

D UNIVERSITY
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Special Termination Conditions(3)

2

2@

A =

................................................

20701 02 03 04 05 06 07 08 09 14*
! l I l l

Short Open Short Open Short
circuit circuit circuit circuit circuit

Figure 2-27 Voltage, current, and impedance as a function of line length for a
short circuit termination.

5 gﬂﬁﬂfﬁ Microwave & Millimeter-wave Lab.



‘ Special Termination Conditions(4)

= Open-circuit transmission line

° ot 7, (~d)=—jZ,cotpd
ZO E V(—d) — V+ (e]ﬂd + e‘]ﬂd)
=2V" cos fd
| T -
. T(—d) = jBd _ -ipd
z=|—d z=|0 ( ) ZO (e c )
jrT .
: = sin fd
7 (—d)=Z, Z, +J.Zo tan 3d Z,
Zy+ jZ,; tanPBd Z, >0
P SOGANG Microwave & Millimeter-wave Lab.

D UNIVERSITY
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Special Termination Conditions(5)

E

20 01 02 03 04 05 06 07 08 09 192

I —1 T——1 !
Open Short Open Short Open
circuit circuit circuit circuit circuit

Figure 2-29 Voltage, current, and impedance as a function of line length for an
open-circuit termination.

5 gﬂﬁﬂfﬁ Microwave & Millimeter-wave Lab.



Special Termination Conditions(6)

uarter-wave transmission line
L INn case

d=n/20L/2+mh/2, m=12,..)

Z, + jZ,tan pd
" Z,+ jZ, tan pd
Z, + jL,tanr

A
Z (d=—)=Z
ln( 2)

=/

:ZL

PR ,:3 ’

’ Z,+ jZ, tanx

e InNcase d=A/4(A/4+mA/2, m=12,...)

Z, + jZ,tanBd
0 Zy+ jZ, tanBd

Z;+jlytanm/2 A

—7 —
"Z,+jZ, tann/2 Z,

A
ln( 4)

g SOGANG Microwave & Millimeter-wave Lab.
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‘ Special Termination Conditions(7)

= Quarter-wave transformer

Z, ; desired Z ; given

I? T
| |
L 2
Z,

2,222, L Z,(d=214)="22
ZL

n

I

I

I

I

I

I
P
A4

A—

¢+ Impedance matching condition ;

ZO = ZinZL

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.
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‘ 1-10. Sourced and loaded line

= Phasor representation of source

1IN I =T,
A B
Zs 9 0
— —
@ Vs i Zy i Z
— —
; ;
A B
r r

+ Input voltage at plane AA’ ;

4
V- — V-+ V._ = V.+ 1 F = V n
in n + n n ( + ln) G(Zin 4 ZG ]

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.
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‘ Sourced and loaded line(2)

+ The input reflection coeff. at plane AA’ ; d =/

[ =T(d="/)= Zu =2y =T, Zi
Zin +ZO Zin +ZO

+ The source reflection coeff. at plane AA’ ;

Fs — ZG _ZO
VA A

+ The source reflection coeff. at plane BB’ ;

_ —j2p0
I =le

o

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.
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‘ Sourced and loaded line(3)

+ Transmission coefficient at plane AA’ ;
27,
T;'n :1+Fin — -
Z, +72,

+ At the load end (at plane BB’) ;

27
Tp=1+T)=—
AR
PR SOGANG Microwave & Millimeter-wave Lab.

D UNIVERSITY



1—11. Power considerations for a line

r, r,=r

L 0
A B
| s ® @ _
‘ — |, Time averaged power
I I
I I
Ve | “o | <L 1 *
| | P :—Re{VI }
> — av 9
5 5
A B
r r

out

+ The total power at plane AA’ ;
the complex input voltage : ¥, =V (14T, )
input current : [ =(/ZY1-T; )

mn l

B, =B+ By =01,
2 Z,

JA SOGANG Microwave & Millimeter-wave Lab. 38



‘ Power considerations for a line(2)

+ INn terms of generator voltage ;

V-+= Vm — VG Zin
T+ T, 14T, \ Z, +Z

+ The Iinput and the generator impedances ;

1+Fm, 7. =zt 1+1
1-T, 1-T

+ The generator voltage in terms of I, and I

RIS
mn 8 Z ‘1 mn

Zin — ZO

S zn‘

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.



‘ Power considerations for a line(3)

or

p :l‘VG‘Z -1, (1—1‘ e—jzﬁfzj
" 8z, ‘l—rsroe_jzw‘z O

+ When the impedances are matched ;

p Wl 1Vl
8 Z, 8 Z,

. avalilable power

+ When the source is not matched ;

p, 1Vl
8 7,

(1—\FS\2) - available power at AA’

g gﬂﬁﬂg Microwave & Millimeter-wave Lab.
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Transmission Line - Dr. Ray Kwok

RF / Microwave Circuit

_ © 1 — port
2 wires
o network
GND
source o network 5 load




Trans

mission Line - Dr. Ray Kwok

Series connection

low f

[ A
' O

RF




Trans

mission Line - Dr. Ray Kwok

Parallel connection

low f

I

A
B
W

RF

v T,




Common transmission lines | ::
T zZ, V T most correct schematic

twisted pair microstrip (line)

VLE nc.)ddlitornon
. ubstrate H
e |OSSY & nOISy WI e req range Gr:u:dtpltane
: : lowest cost

et

co-planar waveguide

< One-half wavelength > IOW cost
. . Ground plane Ground plane
n( N )' ﬂ|p Chlp aCCGSS Substrate
paralllel wire ~ complex design
LF - HF
noisy & lossy
ToTv waveguide
] lowest loss
coaxial cable freq bands

s NO distortion

wide freq range

Wave

vavoc
propagation



Transmission Line - Dr. Ray Kwok ( X X |
'TXX
'TXX
eo00
| | | ..
Equivalent circuit :
i(z,1) I(z+Az,1)
o——000" —0 Ideal transmission line
V(z,t) LA V(z+Az 1)
— CAz
| ai( ) Taylor BV( 0
Kirchhoff’s law: v (; 1) —(LAZ) o2 = V(z+ Az, t) = V(z,t) + 2 Az
z
L di(z,t) dV(z,t)
ot oz
Q=CV
1 dQ/dt=i=C dV/dt
Junction rule: i(z+Az.t)—i(z. 1) = —(CAz) OV %D @0 |

ot 0z

oV(z,t) _ di(z,t)

—C
ot 0z




Transmission Line - Dr. Ray Kwok

Coupled equations (V — 1)

L di(z,t) dV(z,t) _C dV(z,t) di(z,t)
ot 0z or oz

C oz

C 9z°

i 9’V a( 1 aij_ 1 9%
o> ooz oz
0% 0%

— =LC— current wave
0z° ot*

similarly _CBZV _ d°i _d (_lanz_l 0°V
ot> odtoz 9z\ L oz L 0z°
2 2
0°V :Lca \Y

voltage wave
9z ot> J



ransmission Line - Dr. Ray Kwok

Wave equation
f(xxtvt)=1(u)

g—i:f'(u)g—zzf'(u)

g;fz :f"(u)g—zzf"(u)
g—fzf'(u)g—ltlzivf'(u)
% = t+vf" (u)%—ltl =v’f"(u)
o’f 1 9%f

x> v2 ot

reverse / forward traveling wave

wave equation

XX
Ty
o0
o
note
Xivt:l(ﬂxigvt)
A A
:l(kxi27tft)
k
=+ (ot £kx)
k
f(x £ vt)=f(wt +kx)
f@t—E-f) (3D)




Transmission Line - Dr. Ray Kwok 000
0000
o000
253
Voltage & Current Waves :
V(z,t) = V' el@PD . yeiobo]  where g%
. . j(t—Bz) -, j(ot+Pz) e l _QZL
1(z,t)=1e Ie V—fk—(an)(znj— = Tic
why “-” ?
81 + _j(ot—Pz) j(ot+Pz)
Fo —jBL e — jPL e’
% — _C%_\t] — —C[j(DV:ej(mt_BZ) 4+ j(DVO—ej(O)HBZ)]
V4
Bl =CoV,
1
BL, =CoV; TVic

V= B1_—1— \f ZOZE

° Co °




V(z,t) = Vel P 4 v el

i(Z, t) — I;rej((ot—BZ) . I;ej(wHBZ)

ansmission Line - Dr. Ray Kwok 000
0000
( X X X
. . . 3
Fields and circuits -
- |FHle—| = V=——
H ot’ | H Jue
E(z,0) = B,/ 4B, o/ e [
ﬁ(z,t) :I‘_’I .ej((ot—f( ) _IjI eJ(mt—E T) €
82 V az V
a—ULCﬂ] =L
JLC

ON
I
Nl



Transmission Line - Dr. Ray Kwok

What is Z,?

« Characteristic Impedance.

« 50 ohms for most communications system,

« 75 ohms for TV cable.

« Measure 75 ohms with a ohmmeter?

« Two 75Q cables together (in series) makes a 150Q cable?
e 75+75=751

« What does Z, represent?



Transmission Line - Dr. Ray Kwok

Reflection at Load

o0——— ——oO
o0———— ——oO

!

|
—
=0

x=—1/ X

Define normalized impedance
= 7
1=—
Z0
Z, —1
I ==k
Z, +1

V(x)=Vie P +Vv e

i(x)=Le ™ —I e

V)=V, =V +V at the load
. 1 _
i0)=1, =L -I, =—(V:-V,)
Z0

A VO++VO_
IL Vo _Vo
z,(V; -V, )=z, (v +V;)
V(:_(ZL _Zo):Vo_ ZL +Zo)
\A /. —7/

Cir = FL — = > ZL;'f Zo
Vo ZL + Zo reflection




Transmission Line - Dr. Ray Kwok

Example

does it work?

50Q




Impedance at Inpu 3

V., V(=0 Ve yvie

o . L, 1(=¥) I(V(j@jw _Vo—e—jw)
Z zZ, /V } Z, Z,
<I>—| |—<I> ejBf +FLe—jB€
I I Zin =L, — T o
| | — c Le
x=—! x=0 (1+jtanBe) (Z, -1) ..
o iR J 4| Lo o i
= 1—jtan B/ Z, +1
V(x)=Vie ™ vl ) e P 1+]:tan[3€ - ZL Ly
© © 1—jtan B/ Z, +1
. T+ A—iPBx — jPx _ .
1(x)=Ie ™ —1Ie ~ _(Z +1)1+ janpr)+ (Z, ~1)1- jranpr)
" (Z, +1)1+jtanBs)—(Z, —1)1- jtanpr)

= _ 2(Z, + jtan )
" 2(1+jZ, tanpr)

—  Z, +jtanp/
"1+ jZ, tanp/

zZ =7 Z, + ?ZO tan 3/
Z,+]jZ, tan3/
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EXxercise

= Z +jtanP/
" 14jZ, tan P/

Z, +jZ tan Béj

Z,+]jZ, tanf3/

Zin = Zo(

For length = A/87 A/4? A/27

What if Z, = Z, = 50Q7?
Would the length make any difference?

500 (-37°)
250)
100Q

Z =77,

inT 0™
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Transmission Line Impedance

o—r ——o case 1: B¢=0, or /=0
Zi Z, ¢ } Z, tanp =0
o0—— ——o0
i | Zin=2,
x=—{ x=0 case 2: Bl=m, or (=A/2
_ tan 3/ =0
=  Z, +jtanP/ Z. =2
" 1+4jZ, tanPY
. case 3: B/=m/2, or (=MN4
7 =7 Z, +€|Z0 tan 3/ tan B/ —
Z,+jZ, tan3/ Z.=2S12Z

Quarter-wave transformer (impedance),
real-to-real, complex-to-complex.

note: atlow freq, p — 0, Z. =7, regardless of line length or line impedance.
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Reflection at Input

_ Z, +jtanf/
_ " 14 jZ, tan B/
’ . Z .
Zo Z|n 0 )g 5 ZL Z _ Z ZL + JZO tan B€
i YN\ Z,+jZ, tan P/
P o=l 7y
Z. +7,6 Z. +1

1—‘ — Zin _Zo — zin _1
In general in 7. +7. Zn +1

just have to know what Z to use
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Exercise
o— F———©O
| z. /
- I, :Zm } -
x=—/ x|=0—>
= 7, +jtanP/

" 1+jZ, tanp/

7 =7 Z, + JZO tan 3/

Z,+]jZ tan3/¢
2=l 7y
Z +7, Z +1

000
0000
( X X X
| X X
[ X )
o

Z, =50 Q

Z',=50Q

Length = A/8

FL=? F|n=r)

What if Z', is 75 Q7?

1/3
1/3 (-90°)  only change phase 12!
0.388 (235°)



Voltage wave in transmission line| ::

V(x)=Vie ™ +Vv e

o— ———o0 . .
Z, z, 1 }% 2z Vo =Vie™(+Ie ™)
o0——— —o0 .
; | V| =V 1+ e
xl=_ x=0 FLEpeje
V| =V |1+ pe’ 2P

V=V’ \/(1 +pcos(0+2Px))° +p?sin?(0+2Px)

in when sine — 1 V| = VI 1+ 2pcos(0+2Bx) +p

vV =v;¢(1+p)2 —4p=V'(1-p)| [V =V§\/(1+p)2 —2p(1—cos(8+2pBx))

max when sine = 0 V|= VJ\/(Hp)Z —4p Sinz(lezzﬁxj

Vo =ViJ(l+p) =Vi(1+p)
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0000
0000
. 000
Voltage Standing Wave :
= j V(x) = Vie P 4+ voelh
Vinin i I Vinax Z, standing wave
= j A L =p=1I

perfect standing wave with nodes

!

|
—
=0

X=-— X
V|=V \/1+p) 4psin2(e+2zﬁxj
min when 0+2Bx 4+ @n+Dm max when 0+ 2Bx — 41T
2 2 2 B
_ A A
(x < 0) X =—[0F 2n+Drn]-— x =—[0F 2nn]—
4T

47t
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VSWR (Voltage Standing Wave Ratio)

B Vo | IV FO_E V=V J141ﬂ 4p$n2(e+2ﬁxj

max ZL 2
- H)J Vo = Vo (l+p) —4p = V. (1-p)
XI=— xl=0 Vmax:V: (1+p) (1+p)

V. 1-p 1-|[

perfect match: p =0, VSWR =1.0

open/short: p=1, VSWR — «©
It is an indicator on how well the load matches the line.

VSWR is the standing wave pattern INSIDE the line.
Only T" at the reflected junction that counts
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Exercise
o— ——o0— Z,=50Q
Z, z. Z, L 5 Z, Z.,=75Q
| | — Length = A/8
x=—/ x=0 VSWR = ?
r =1/3

VSWR =2
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Return Loss

RL=-201logp (dB)

perfect match: p — 0, VSWR — 1.0, RL —» —w0

open/short: p=1, VSWR — o, RL—0dB

1+p _1+]T] ~ VSWR -1

VSWR =

v

p=|T]

1-p 1|0 ~ VSWR +1

Typical VSWR =1.1t02
p =0.048 to 0.33
RL =-26 dB t0-9.5dB
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dB scale

power intensity ratio in log scale, not a unit !!

I P V, <0 loss
sound intensity  power voltage
10 log(2) = 3, 3 dB = double
10 log(1/2)=-3, -3 dB = half
10 log(10) =10, 10dB = 10x
10 log(100) =20, 20 dB = 100x
10 log(0.1) =-10, -10dB =1/10

What is 6 dB? -9dB? 7 dB? —44 dB?
4x 1/8 5X 4x10°
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dBm & dBW

dBW = IOIOg(ij
W

become real units

dBm = 1010g(Lj
ImW

OdBm=1mW
30 dBW =1 kW
-30 dBm =1 uW

What is 40 dBW? -7 dBm? -26 dBm? 21 dBm?
10kW  02mW  4uW 1/8 W
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o000
000
eo0o
o0
Example :
How much electricity generated by the solar cell?
Isotropic What if a 40 W bulb is used? 200 W bulb?
100 W
Intensity = power/area = 100 _ 100 —=7.96 W
\ 4R*  4m(1) m’
Tm Power generated in solar cell
\ - (7.96E2j(100cm2 )40%)=31.8mw
_ m
solarcell  ENE Interms of dB = 1010g(0-0318wj =—35dB
10 x 10 cm? 100W |
40% efficiency p system gain
40 W bulb? —35= 1()10g(_j
40
Power of electricity generated = 12.6 mW
P
2 —35=10log| —
200 W bulb* g( 200)

Power of electricity generated = 63.2 mW
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Stub

Transmission line connecting nowhere(?)

e Open stub
e Shortstub , |

(short)

e Series stub

o— }+—o—0o—_ 1+

-

e Shunt stub i :i
(short)
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Open Shunt Stub :

CENTIMETERS
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Short Shunt Stub 3
Gkl a o 8

2

20 GHz
Interdigital
Filter
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mis

S 4
O 5
C =
amil{p

\\
®

18 GHz
Rat Race




e

slo|=2|= FHER

HOMS|2: Rat-race coupler

i u .

'IIII |'IIII |lll:' "'.-" .lllll' Il’l —1> A
I} l e ;f | bﬁ_?t 1] | o

Bl ! \ T'I P 4

| i\ '." i .'I |

T \N /A

II"-,\. :k . :: _ ] . F .l_,:...l.l'll

m::: q--q-_—__- 0 :;;
3A4

- AFZF =1}k Ring Hybrid Coupler,

QUTPUT

QUTPUT

b
. QUTPUT_ .= RESULTING E FIELD
' | DUE TO E-TYPE
INPUT ' | JUNCTION
oy ‘ol ‘ RESULTING E

FIELD DUE TO
H-TYPE JUNCTION

QUTPUT
d
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Tuning
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YX
0000
H
Short Stub _ o2
7 _ Z, +jtan P/
o— —o 1+ ]ZL tan Bg
Zin Z, L } Z (ZL—0) |Z. =jtanP/
— 1
Y, =—=—1cot g
Zin sh Zsh ] B
Zcoil = j(DL
— O —
Zoop=J/0C
o | . 1
’—’O?XW\—‘ Zsres — J(OL 1_ 7
o' LC
w2 3n 2n Bl B 1
Zpres 1
oC| 1-
—{— : ( mch)
period of &
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XX
0000
0000
13
Open Stub o :
7 Z, +jtan/
z. Z, ! } z, " 14jZ, tanB/
o0—— ———=O — .
(Z, — o) | Zyy =—jcotPl
Z, ?Op = jtan B/
Zoop=J/0C
— 00—
ZcoiI = joL
~o—| |— 1
Zsres = J(DL(I_ 2 j
F@Wj o LC
/2 T /2 T l
3 2 B z . = 1 1
ja)C(l— 5 j
| o LC
peripd of &
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L XX
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Exercise :
75Q, M8 Find Z,, & I,

Z:
50 0 \ _751tan(45%) = 75 Q
100

A2 |
Loy = -} Z,cOt(BI)
0.14 =-j 100 cot(36°) = -] 138 Q
o— 1 O . .
Z. ,\ 3 Y=1i75=-00133
50 Q
22 Y =j/138 = j0.0073
Z. % Z =1/Y = 1/(-j0.006) = j166 Q
jtan 3/
A2 Zin — L,— =7 o=
1+jZ, tanBr " Zin=1166 &
Z. —7 1166 —50
[o=2in"% _J =1£(107° =73°) =1£34°

" Z +Z.  j166+50
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o000
( X XX
XX
|| | | | | | | ..
Transmission line with loss °
i(z,1) I(z+Az,1)
o—»——\/vv\/——/(jm\ | > O
V@t  Raz Lz Lo % GAz V(z+Az,Y)
Kirchhoff’s law:
. d(z,t) _.  aV(zt)
Viz.0)—(LAZ) 2D RADiz.0 = V(z+ Az t) L= Rz =—
_(R+joL)i(zn = Y&
0z
Junction rule: IV (z,1) 9i(z, 1)
e 2 _GV(z,t) = —=
i(z+Az,t)—i(z,t) = —(CAz) aV(Z’t)—(GAZ)V(Z,t) ot ’ oz
~(G+jo0)V(z,1) = al(az’t)
Z
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o000
( X XX
. 3
Propagation Constants :
—(G+joC)V =? V(z)=V,e ™ +V,e"
5 VZ [(2)=T'e™" —Te"
_(R+ij)I:g aa—v=—(R+j0)L)I
Z
2 — — . + - —
?) \2/ =—(R+ ij)g —YV,e " +yV,e" =—(R+joL)Ije™ —1e™)
Z Z YV, = (R +joL)L:
0°V . . (R + joL)
7= (R+joL)G+joC)V | vi= vJ =17,
V(z)=V e " +V_ e” 7 - R+jol) (R+joL)
¥ = (R +joL)(G + joC) LY R+OLGjeC)
_ [(R+jmL)
° V(G +joC)
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Lossless limit R0, G—0
, _ |R+joL) \F

° V(G+jeoC) \C

v’ = (R + joL)(G + joC) —» —&°LC

y=%joVLC
1

®
:f?LZ =
' VLC

B ) )
Y=1jB [V(Z)j = (V" jeyz + ( VO_ jeyz
I(z) I -1
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Transmission Line Equation

oO—— |—oO
Zin ZO g } Z|_
—oO0

X!= —/ X LO—’
7 =7 Z, +7Z_ tanhy/
Z.,+7Z, tanhy/
_ 7, +tanhy/
" 1+7Z, tanhy/

which reduce to ideal transmission line equation when v = j.

tanh(jx) = j tan(x)
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Low Loss Line

v’ =(R + joL)(G + joC)

= (Jo) LC(I + ij(l + ij
joL JoC

V= (oyLd 1+ —— 4+ 8
joL  joC

2]

Arfelmee |

y=0o+)p

\\ phase constant

attenuation constant

propagation constant

, (R+j(0L)z\F
° V(G+joC) \cC

SR

B=wV/LC -5 v=

distortionless
VLC
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Distortionless Line e

R_G

L C

v’ = (R +joL)(G + joC)

s ciornclis R Y1, G

Y =(w) LC(1+ijJ(1+ij] OC:R\/E
R Y C

Y = (jm)ZLC£1+.—j 1
JoL — 1L.C ~

AN Ts

: R
v=jovLC| 1+ ——
JoL te .
quency independence

Y= R\/gﬂm\/LC
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Attenuation

V(z)=V e™ forward voltage wave

V(z)=V'e e ™ attenuation & propagation

V@) _

V(0)

20 log V(Z> =20 log(e_“Z)E —A(Z) =—0 2 A = attenuation in dB
V(0) os = atten. dB/m

o in 1/m or nepers/m
e—OCZ — 10—(Och/20)Z

e—OC — 10—0CdB /20




Transmission Line - Dr. Ray Kwok 000
0eco
L XX
o0
Example .
o= 0.04 dB/m
Z, 50 Q Z =?at3GHz
15cm A = (0.04 dB/m)(0.15m)=0.006 dB (very low loss)
e ® =10 %s/2Y 0.04 dB = 8.868 «.
o= ln(10—0.04/20) o = 0.0046 /m (or Np/ m)
T 2"(3'129)2 »or  B=628/m (orrad/m), 15cm =3Mn2 Il
v 310
L, _o (Zu+Z, tanhyt 7 50| anh(0.00069) + j tan(37)
"\ Z,+Z, tanhy/ "7 {1+ j tanh(0.00069) tan(37)
Z, =Z,tanhyl=Z tanh(al+jBl)  , _ o 0.00069+ oj
sh —
., [ tanh(a) + jtan(B?) 1+0
70 14 jtanh(ouf) tan(BY) Z,=0.0345 ohms

tanh(x) = x  for small x
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0000
00060
o060
o0
Example .
Zoen_250(50)
Zi Z Zshort 360 (20 )
in 4 0 Whatis Z,, o, B? Also R, L, G, C =7
m

complex Z short/ open — lossy !!
7. =7 tanh 7/ P P g

Z

[0)

tanh y/

Op:

7, =|Z.,Z,, =250-360.£ -30° =300£—15° = (290 j718)Q

tanh y/ = \/

tanh Y/ = tanh(o/ + jB/) =

\/3—60 Z£70° =1.2/£35° =0.983+ j0.688

tanh oo/ + jtan 3/
1+ jtanh o/ tan 3/

=0.983+ j0.688

{ =4m, & =0.139 Np/m, B =0.235rad/m
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Example - continue

Whatis Z_, a, B? Also R, L, G, C=?

Zin Zo
am 5 _ |R+joL
0 G+ joC
v=+/(R+joL)(G + joC)
YZ, =R+ joL
Y _G+jecC
ZO
Z,=290-j78
Y=o+ jB=0.139+j0.235 4 equations, 4 unknowns

R 5\ _ g R =58.6 Q/m, L=0.812 pH/m
®=pv=(0.2353-107=0.705-10 G=0.246 1/Qm, C=12.4 pF/m
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Field Equivalence ;2 '

“E@ e.g. TEM - coaxial
S

time average

W = UL . qu ! o
WA :%C\Vof C= Vg - ”E‘zds
PRI R
1 | R=—s I ‘H‘ ds R, = 1/0,
Py =5 OIV.| ol e

e=¢ —¢
E| ds = ¢'(1 — tand)
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Coaxial Cable - L

b
il
T 2T a
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Coaxial Cable - C

~ € ~ 2
§D-dS=Qf C:‘VZ'E‘E‘ ds
8E(27t1‘h)=Q b 2

C= € j( Q jZm‘dr

Q. V,|” 2\ 2mher

2mher
. e ¥V /Inb/a)Y
V=—JE Jf C:VZI " 2mrdr
b
ome  ¢dr
21h —
'23:1 (7;/8) ¢ [ln(b/a)]Q;‘: r
n(b/a
C' 2me c=—"
C= In(b/a)

h  In(b/a)
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Coaxial Cable-R & G

000
0000
X XX J
L XX
o0
o
G= (082 Hﬁ‘zds
Vo[ 3
" b 2
G= (082"‘( Q j 27trdr
‘VO‘ ° \ 21ther
n b 2
G- (082 j(Volln(b/a)j > rdr
V.| 3 r
" b
G- 2TOE 2jdr
[In(b/a)]" 7 r
G- 2TEe"

In(b/a)
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Low loss coaxial

B iln(bj-ln(b/a)
2t \a 2Te

(M, = 377 Q)

2, L
C
Z, 1, ln(kj
2w je. \a
|
VvV =
vLC
1
V=—

B 2T | In(b/a)
win(b/a) 2me'

EM wave in media
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T
000
. -4
Admittance (Y = 1/2) :
o— ——o0
_ , Y
_ Z, +jtan P/ Y L Yo £ M} )
"1+ jZ, tanp/ L
—~ 1 1+jZ tanP/
Ym G . /. —7/
Z. 7, +jtanp/ [ =Zin 7
o _1+i/Y)tanBs Ly +2,
in 1/?L+jtan[3€ r :1/Yin—1/Y1
Y, +jtan B/ CUY, +Y,
" 1+5Y, tan P/ - Y -Y. 1-Y,_
v _vy [YotjY, tanp/ Y +Y, 1+,
" LY, + Y, tan B/
useful for shunt circuits
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0000
( X XX
L XX
= = o0
Earlier exercise :
75Q, M8 Find Z,, & I,
. 5 —— o
in o—{ ’“\@ Ysh = J YoCOt(Bl)
50 Q \ - -j (1/75) cot(45°) = - ] 0.0133
A2
100 Q Yop =1 Yotan(pl)
0.12 —0.01 tan(36°) = j 0.0073 Q
o— 1 O .
Y =-j0.0133
Zin 1 :.\ } J
50 Q .
2 Y =j0.0073
Z. % Y =-j0.006
i?zg v . Yitjtanpl o Y, =-}0.006
" 14jY, tanPBe " Z. =j166 Q

0 Yo=Y, _1/50+0.006

) - T = 1L(17° +17°) =1£34°
Y, +Y, 1/50-0.006
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o0
. . bt
Earlier Exercise — power consideration oo
o ° Z,=50Q
’ . Z 0}
Zors 2o B ! H} “ Z =500
Lin Z, =100Q
| 7 Length = A/8
x=—1 0 = 1/3 T, = 1/3(-90°
o ZL + jtan Bf only change phase
" 1+jZ, tanp/
z :ZO[ZL+?ZO tanBéJ P .
ZOV+JZ_L'tan b Power reflected = ? - = ‘F‘z = ‘_ =11%
_Zin_zo _Zin_1 V 3

En_ -
7 +7. 7 +1

m

Power delivered = ? 1—\1“\2 =89%

Don’t double count reflection.... I'| &I

n

Return Loss (RL) = - 20 log|p| = + 9.5 dB
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0000
0000
4
Problem 2.26 (input voltage) 2
M4
z, Vi Z, } R, Write V+ & V- in terms of V!
O—— ——>
7, =+ZR,

V(z)=V'te P 4 v elf
_ Z -7, _ 2, —ZR

Z,+7, 7, +.,ZR,
V(=) =V =V'e + Ve =v (e +T e™)

v \A

e +T e
I

P + FLe_W

FL

V =[[V*=
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MaX BOWEI‘ Delivery (related to problem 2.12)

Y Max power deliver when Z, = Z (assuming real)
J @ﬂ} Zi, & = Y2 source power.
Why ?7?

2

| 1] v assume Z's & V’s are all real for simplicity
Pln :_Izzin . . in 2
2 2 Zg +7Z.. b 1 Vg
2 in — ~ in
dpP | _2‘Vg‘ 1 \V4 2 Zg +Zin
in _ _ +=|—=
dz. 2 20z 42, 2 ?
i Z,+Z, .t Z, o _1| Ve |0 v,
2 in A g
0| Ve -2Z, 22t > %
L, +72,| |4, +7Z,
. 2
Zg +7Z, =27, 1 1 g2 1 ‘Vg‘
— Psource:_‘VI ‘:_—:_—
Z. =2, 218 21Z +Z,| 4 Z,
d’p 1

Zm > 0 PiTaX -~ Psource
dZ in maX 2
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High f circuit elements Ses

1 GHz lumped element
Band pass filter

S A e A S

12 GHz lumped element
Low pass filter
much smaller

A small loop of thin wire is an inductor !
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0000
X XX J
. . . 000
High-Z Line as inductor :
Z, y y A } Z
o— ———-o0
1_‘in
/. +17, tanp/ Z,>>7
Z,, =7, — = b line length << /4 (/2)
Zl + JZL tan Bg ZL ~ Zo
7. = Z{MWJ =|z. |2+
bZL+ 0

Z,, has a positive phase
— inductor-like !!!
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0000
0000
YK
m . CY)
Low-Z Line as capacitor :
Z, Z y A } Z,
oO——— F———=CO
1_‘in
7 _7 Z, +jZ, tan B/ Z,<<Z,
in 1 Z1 N jZL tan B / IérzeNI;:gth << M4 (m/2)
Zm:Z{aZ+@j:ZmL—6
bZ+W¥

Z,, has a negative phase
— capacitor-like !!!
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Low pass filter

® Y & v & V. ¥ v = vV 8 * O

5 GHz low pass filter

14 GHz low pass filter
high-low impedance lines
waveguide

high power

low loss
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High-Low-Z lines Ses

20 GHz band pass filter
high Z lines — inductors
Short shunt stubs A/4 resonators

13 GHz coupler

Tuning with stubs (shunt open)
Think of them as shunt capacitors
— low Z lines
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Homework

e Ch.2#1,3,6,8,9,10

e Ch.2#11-14,17,18




Common
Transmission
Lines Radio



Coaxial Cable

Outside insulation (Jacket)

Copper mesh (Shield)

Inner insulation (Dielectric)

Central wire (Core)

Cable Type  Core (mm) Dielectric (mm) Shield (mm) Jacket (mm)

RG-58 9 b 9io 4.95
RG-213 2.26 o 8.04 10.29
LMR-400 2.74 T i 10.29

s LDl oL 8.12 9.7 11




Coaxial Cable

Type of Guide
Cutoff Wavelength

Longest Wavelength transmitted
with little attenuation

Shortest Wavelength before
next mode becomes possible

Rectangular
2X
1.0X

LL1IX

Cliranzye
2l
5.2r

2.8r
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Transmission Line Basics

Prof. Tzong-Lin Wu
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Outlines

N

# Transmission Lines in Planar structure.
4 Key Parameters for Transmission Lines.
# Transmission Line Equations.

4 Analysis Approach for Z, and T,

# Intuitive concept to determine _Zo and T,

# Loss of Transmission Lines

4 Example: Rambus and RIMM Module design

X

EMCTCab




KK

NTU "EMCCab

Transmission Lines in Planar structure

L/

N

Homogeneous Inhomogeneous

@ —

Microstrip line

Coaxial Cable

— S=

Embedded Microstrip line

Stripline
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_Key Parameters for Transmission Lines

1. Relationof V/I: Characteristic Impedance Z,
2. Velocity of Signal: Effective dielectric constant e,
3. Attenuation: Conductor loss Olc

Dielectric loss Oy

Lossless case

, L 1 T,
0 C V,C C
V 1 CO i

o | Te | Ja | T




N

:I'ransmission Line Equations

NTOEMCTab

N

Quasi-TEM assumption



N

KVL :

KCL :

o,

/ | R,Az

+

14

e,

LAZ
—000"

C,Az

GoAz§
[ ]

Transmission Line Equations

I+ Al
+
V+ AV

-

O

R, = resistance per unit length(Ohm / cm)

G, = conductance per unit length (mOhm/cm)
L, = inductance per unit length (H / cm)

C, = capacitance per unit length (F/cm)

dVv

= _(Ro + jWLo)I

dz
dl

dz

— _(Go + jWCo)V

Solve 2nd order D.E.
V and |

for
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N

Transmission Line Equations

Two wave components with amplitudes
V+ and V- traveling in the direction of +z and -z

V =V.e"+V e

| = i(\/+e‘rZ -Ve'")=1,+1_
Z0

Where propagation constant and characteristic impedance are

I = \/(Ro + WL )(G, + JWC,) =a+ B

, V. Vo Ry jwi,
" 1 G, + jwC,




Transmission Line Equations

N

a and S can be expressed in terms of (R,, L,,G,,C,)

o’ - p° =R,G, —w’L,C,
20 =w(R,C, +G,L,)

The actual voltage and current on transmission line:
V(z,t) = Re[(V.e “e 7 +V_e*“e™)e]

1 | -
1(z,1) = Re[z— (V. e “e  —V_ e"%e!™)e™]
0
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N

Analysis approach for Z, and T, (Wires In air)

}{ C=7 (by Q=CV)

L =2 (by W=L1)

i: L] :—.I
| |
| =1 -
+ -t B
+ -
+ - 4
_ -_‘"“\
/ n + = —gGCim
gCim - -
{b)
FIGURE 48 Determination of the per-unit-length parameters of a two-wire line: (a)
inductance; (b) capacitance.
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Analysis approach for Z, and T, (Wires in air):

Ampere’s Law for H field
A
/ /+ \ :.>H >H >H
/
[ |

|
l H(r): =
| H
T cj)cdﬁ 27r
|
| 1
| /H“En} - R,
: 2) v, =] Bds= rngl;rdr—gjzln( 1) (in Wh)

-
r

Fw

FIGURE 44 The magnetic field about a current-carrying wire.

10
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Analysis approach for Z, and T, (Wires In air):
Ampere’s Law for H field

A f: r_s,u_n;e_s_':
:// |
: ® v, :
& IT |/// |
| |
e
y U o uL_fe_
1 - .

L=y, /I

FIGURE 4.5 Tllustration of a basic subproblem of determining the flux of a current
through a surface: (a) dimensions of the problem; (b) use of Gauss’ law; (¢) an equivalent
but simpler problem.

11



The per-unit-length Parameters (E):

Gauss’s Law

S
o 15 1 1) from gauss law
Q+ L) V'B::OC:)Cﬁ‘9|E—T'd§:Qtotal
ol o _ gxIm
/\Ef’“““\\/ 8045 dS
{/ ) + + | \\1l 1
Pt |+ ] R 272'80
,>”\ 2) V=[ Epedi=—[" " dr
R ) j  de=R 27
EA '
__ 4 | R
2re, R,

~Y

b}
FIGURE 4.6 The clectric field about a charge-carrying wire.

12
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The per-unit-length Parameters (E)

N
\J

(a)

FIGURE 4.7 Illustration of a basic subproblem of determining the voltage between
two points: (4) dimensions of the problem; (b) an equivalent but simpler problem.

V=——In
27150 ( )

C=Q/V

13



c. For example Determine the L.C.G.R of the two-wire line. =

!

(note : homogeneous medium)

N
N

|
=1

: S
Inductance : p

nge = % @ @ I
where j k
/,lo | ( w2 ) /Uo |n(

N 2r r, 2«
PN (15, 25)
272- rerw2
assume s>r.. , I .
2
= L=£2 |p(—=—)
7/ W

wl w2
14



Capacitance :

1) (. eC= u,s,

+ 4+
& 27E « rWV 3
~c- O——Z
In( ., ) g C/m -q C/m
2) V= > q In(s_rwz )+ g In(s_rwl)
&, [, 21e, [
— q In( (S_rwz)(s_rwl) )
2 1re, 9
2
= 4 In>—) ifs>r,,r,
27wey, Tl
c=1_ 2”53 < the same with 1) approach
V S
In ( )
r.r

15
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The per-unit-length Parameters

Homogeneous structure

N

L/

TEM wave structure is like the DC (static) field structure

LG = uo
LC = ue

So, if you can derive how to get the L, G and C can be
obtained by the above two relations.

16



N

7O |
|

Y7777777 S I
h 1

-4

N
|

2 ’ |
_l__ | V1 i
\ .
\___./

FIGURE 49 Determination of the per-unit-length capacitance of a wire above a ground
plane with the method of images.

The per-unit-length Parameters (Above GND )

KK

NTO"EMCTab

2C
Why?
L/2

17



Hy, &y
|

&
1)-This-is inhomogeneous medium. |§ 2l ;

2) Nunerical method should be used to solve
the C of this structure, such as Finite element,
Finite Difference...

3) But ¢, can be obtained by

geCO - zuOgO — ge . ILIOEO
CO

where C, Is the capacitance when g medium
IS replaced by &, medium.

d. How to determine L,C for microstrip-line.

18
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N

Analysis approach for Z, and T, (Strip line)

Approximate electrostatic solution T y

——

-al2 al2

The fields in TEM mode must satisfy Laplace equation
V. D(x,y) =0

where @ is the electric potential

The boundary conditions are

d(x,y)=0 atx=za/2

d(x,y)=0 at y=0,b

19
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Analysis approach for Z, and T

N
\J

3. Since the center conductor will contain the surface charge, so
n
Zchos—smh 7y for0<y<b/?2
a
(D(X, y) 1y odd

ZB cos—smh—(b y) forb/2<y<b
a

Why?

4. The unknowns A, and B, can be solved by two known conditions:

odd

(The potential at y = b /2 must continuous
1 for [x| <W /2

0 for x| >W /2

1 The surface charge distribution for the strip: Py = {

20



Analysis approach for Z, and T

N

L/

d.

b/2 b/2

w/2

Q= [p,(x)dx=W(C/m)

—-w/2

0

W

V=- j E,(x=0,y)dy = - j—@CD(X, y)/ oy(x =0, y)dy

odd

R L
Z,=——=
v.C cC

P

Td:\/‘?r/C

vV o iZasin(nwv/za)sinh(nﬂb/za)
= (n7)’g,¢, cosh(nzb / 2a)

@

KK

NTO"EMCTab

Answersl!1

21
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Analysis approach for Z, and T, (Microstrip Line)

y

N

L/

1.

PEC

d W
ﬂ *
 EE——

-al2 al2

PEC

The fields in Quasi - TEM mode must satisfy Laplace equation
V. D(x,y) =0

where @ is the electric potential

The boundary conditions are

d(x,y)=0 atx==a/2

d(x,y)=0 at y =0,

22
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Analysis approach for Z, and T, (Microstrip Line)

N

L/
3. Since the center conductor will contain the surface charge, so

ZAncosn—ﬂxsinhn—7Zy for0<y<d
n=1 a a
d(x _ odd
( ’y) 3 0 n7ZX i
> B, cos—e ™" ford <y <o
n=1 a
odd

4. The unknowns A, and B, can be solved by two known conditions and
the orthogonality of cos function :

(The potential at y = d must continuous
1 for x| <W /2
0 for x| >W /2

] The surface charge distribution for the strip: p, = {

23



Analysis approach for Z, and T, (Microstrip Line)

N

L/

d.

V = [E,(x=0,y)dy = - [-0D(x,y) / oy(x = 0,y)dy = 3 A, sin

b/2 b/2

nzd
oad

w/2

Q= [ p,(x)dx=W(C/m)

-w/2

c-2. i
Vo i 4asin(nAW / 2a) sinh(nzd / 2a)
= (n7)°’We,[sinh(nzd / a) + &, cosh(nzd / a)]

odd

24




Analysis approach for Z, and T, (Microstrip Line)

~

./

To find the effective dielectric constant ¢, we consider two cases of capacitance

1. C = capacitance per unit length of the microstrip line with the dielectric substrate &, #1

2. C, = capacitance per unit length of the microstrip line with the dielectric substrate &, =1

25
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Tables for Z, and T4 (Microstrip Line)

N

L/

Z,(©Q) 20 | 28 | 40 | 50 | 75 | 90 | 100

3.8 3.68 3.51 3.39 3.21 3.13 3.09

L 0.119 | 0.183 | 0.246 | 0.320 | 0.468 | 0.538 | 0.591

(nH / mm)
C, 0.299 | 0.233 | 0.154 | 0.128 | 0.083 | 0.067 | 0.059
(pF/ mm)
T 6.54 6.41 6.25 6.17 5.99 5.92 5.88
(ps/ mm)

Fr4 : dielectric constant = 4.5
Frequency: 1GHz

26
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Tables for Z, and T, (Strip Line)

N

L/

Z,(©Q) 20 | 28 | 40 | 50 | 75 | 90 | 100

& 4.5 4.5 4.5 4.5 4.5 4.5 4.5
eff

L 0.141 | 0.198 | 0.282 | 0.353 | 0.53 | 0.636 | 0.707

(nH / mm)
C, 0.354 | 0.252 | 0.171 | 0.141 | 0.094 | 0.0/78 | 0.071
(pF/ mm)
T /.09 |7.09 /.09 /.09 /.09 /.09 /.09
(ps/ mm)

Fr4 : dielectric constant = 4.5
Frequency: 1GHz

27
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Analysis approach for Z, and T, (EDA/Simulation Tool)

N

"1. HP Touch Stone (HP ADS)

2. Microwave Office

3. Software shop on Web:

4. APPCAD

(http://softwareshop.edtn.com/netsim/si/termination/term article.html)

(http://www.agilent.com/view/rf or http://www.hp.woodshot.com )

28
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Concept Test for Planar Transmission Lines

N
\J

» Please compare their Z, and V,

(a)

I |

(b)

e

e

X

NTUO

29
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N

L/

(@) (b) (c)
30




N

L/

(b)

(a)

B [

. e

X

NTUO

(c)

31
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Loss of Transmission Lines

N

L/

Typically, dielectric loss is quite small -> Gy = 0. Thus

R, + jwL /L .
Zo :\/ O- J 0 _ _0(1_ JX)1/2
JwG, Co

= J(R, + WL)(WC,) = o + 8

0

wL,

where x=

* | ossless case :

* Near Lossless: x<<1

» Highly Lossy:

Xx=0

X>>1

KK
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R
w=-—2
LO
Highly Lossy <— l —> Near Lossless
0
10 = S
\\ oc W
10—2 / \ Imaginary
: part
gfagpr;}tt;gzation / (rad/in.)
coefficient -
10 ~
] \ Real
_8 part
10 = (nepers/in.)
\[ ochvw
0"
v
101 103 105 107 109

Frequency (Hz)

Figure 4.9 Propagation of a cable with fixed series resistance (no skin effect).

33



Loss of Transmission Lines

N

L/

*For Lossless case:
a=0
p = L,C,

/. =
°\C

0
Time delay T, = /L,C,

KK

NTO"EMCTab

 For Near Lossless case:

RO
o~
2.JL, /C,
2
X
pro LOCO[l——}
8
Z, = i1—j R, | L°+_ where C = 2T, / R,
C, 2wL, C, JwC

Time delay T, = /L, C,

34



Loss of Transmission Lines

N

L/

wWR,C,

1+
Ly = Ry [1+ = ]
2wWC, 2X

That's why telephone company terminate
the lines with 600 ohm

 For highly loss case: (RC transmission line)

\/ [1 B Nonlinear phase relationship with f

/ntroduces signal distortion

KK

NTU"EMCLab

Example of RC transmission line:
AWG 24 telephone line in home

Z, (W) = [R“WL) — 648(1+ j)
jwC

where

R =0.0042Q2/in

L =10nH /in

C=1pF/in

w =10,000rad / s(1600Hz) : voice band

35
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Loss of Transmission Lines ( Dielectric Loss)

N

L/
TABLE 5.3 SOME TYPICAL LINE PARAMETERS

Case L, Co R, Z, T, € Ry/wL, *®
(nH/cm) - (pF/em) (Q/cm) () (ps/cm)

PCB 5 B | 0.050> 707 707 4.5 0.0023

MCM 5 1 5 70.7 70.7 4.5 0.23

Chip 2.2 2 500 329 658 39 525

A = 27 f = 27(0.35)/T, = 4.4 x 10’ radian at 7, = 0.5 ns.
54-mil width, 1-oz Cu.

The loss of dielectric loss is described by the loss tangent

tand, = % FR4 PCB tano, =0.035
W

G2, _ (wCtans,Z,) /2= #f tanSs v LC

Sdp =

36
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Loss of Transmission Lines (Skin Effect)

N

L/

e Skin Effect

DC resistance AC resistance

Low—loss region

inductance exceeds resistance;
skin effect not significant \
RC Region Skin effect region Low loss
resistance exceeds resistance rising as a Skin effect
inductance fux?.lon of frequency RC \ in
1
t AN Lo
/] Series /<
) P 7 inductive ]
- A reactance _

. 19 L == (n per in)) - 10 2 / \ Imaginary
Magnitude /| A NG . art
of reactance 7 < e Magnitude (ré)d/in)
) -3 V4 / of propagation P :

10 // =1 ; Series coefficient 10—4 / - -
. resistance
e 7 (a per in.) - \ Real
-5 Vi part
10 // 10—6 = {nepers/in.)
-~ /
0 3 s , 5 T
10 10
; 10 10 10 _ ! 10° 10° 107 10?
v Frequency (Hz)
v Frequency (Hz)
Figure 4.10 Series resistance and series inductive reactance of RG-58/U : - .
fri;“uency g Figure 4.11 Propagation coefficient of RG-58/U includes skin effect.
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Loss of Transmission Lines (Skin Effect)

N

L/

Current density versus radial position 2

DC current At higher 55 f— -

distributes evenly

i : frequencies,

in the wire current pushes WILl G
Current out toward
density, . DC the surface
A/in.? ' ; (The shaded

region shows

g :urrent zdensity
4-— -Raldial posifion‘—p L1 M) R(W) L 1 Iength m ﬂ

s ][ o\ area o

1 MHz

Cross section of wire

NOTE: In the near lossless region (R /wL << 1),
Round, solid the characteristic impedance Z, is not much
LT meET affected by the skin effect

Average depth of
current penetration
at 1 MHz

. (The shaded region
shows current
density at 1 MHz)

- R(W) oc VW
- R(W) /WL oc (17 vw) << 1

v  Figure4.12 Distribution of current in a round wire.
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Loss of Transmission Lines (Skin Effect)

KK

NTU"EMCLab

f (MHz) 100 200 400 800 1200 | 1600 |2000
s |-t |6.6um | 4.7um |3.3um | 2.4um | 1.9um |1.7um | 1.5um
’ fuo
R (O 2.6m 3.7m 5.2m /7.4m 9.0m 10.8m | 11.6m
S( ) ohm ohm ohm ohm ohm ohm ohm
T_rice 1.56 2.22 3.12 4.44 5.4 6.48 7.0
eSSt ohm ohm ohm ohm ohm ohm ohm
Skin depth resistance R, = ﬂ(Q)
O
................. omi p=4zx10"H/m
Cu | 17um

.............................

...............

o(Cu) =5.8x10°S/m
Length of trace = 20cm

39
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Loss Example: Gigabit differential transmission lines

N

L/

For comparison: (Set Conditions)

1. Differential impedance = 100
2. Trace width fixed to 8mil

3. COUp|ing CoefﬁCient — 50/0 Figure 14 - Single Stripline Coplanar Geometry
23

Metal : 1 oz Copper
Question:
[
1. Which one has larger loss by skin effect?
2. Which one has larger loss of dielectric? —

Figure 15 - Dual Stripline Geometry

40



Loss Example: Gigabit differential transmission lines

Skin effect loss

Frequency Stripline Dual Stripline Percent Difference
Resistance Registance
2 / feet ) / feet
500 MHz 6.144 6.648 8.2%
1.5 GH= 10.668 11.508 7.9%
2.5 GHz 13.728 14,832 8.0%

Table 3 - Simulated Results of Skin Effect Losses

41



Loss Example: Gigabit differential transmission lines

N

- Skin effect loss

Why?

ohms /ft

Frequency Dependent Resistance

difference at 2.5 GHz equals
1.104 ohms per /[ ft

difference at 1.5 GHz equals
0.840 ohms per / ft

// ual Stripline
==Single Stripi

/ difference at 500 MHz equals
0.504 chms per [ ft
T .

[
0.00E+00

5.00E-01 1.00E+00 1.50E+00 2.00E+00 2.50E+00 3.00E+00

Frequency (GHz)

Figure 18 - Graph of Simulated Results of Skin Effect Losses

KK

NTO"EMCTab

42



NTU EMC LCab

Loss Example: Gigabit differential transmission lines

N

L/

Look at the field distribution of the common-mode coupling

Figure 11 - Coplanar Differential Single Stripline Routing Geometry

Figure 12 - Differential Routing in a Dual Stripline Geometry

Coplanar structure has more surface for current flowing

43
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Loss Example: Gigabit differential transmission lines

N

L/

How about the dielectric loss ? Which one is larger?

44



Loss Example: Gigabit differential transmission lines

KK

NTU"EMCLab

N

L/

The answer is dual stripline has larger loss. Why ?

The field density in the dielectric between the trace and GND is
higher for dual stripline.

45



Loss Example: Gigabit differential transmission lines

N

L/

Which one has higher ability of rejecting common-mode noise ?

KK

NTU"EMCLab
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Loss Example: Gigabit differential transmission lines

N

L/

The answer is coplanar stripline. Why ?

KK

NTU"EMCLab
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N

HS3

Connector

Vollage | V]

.........................

769 mV Opening, 6.25% Jitter 754 mV Opening, 6.25% Jitter

48
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HS3
Connector

el

wan

020 = R

i

Vol lage (V)

=-The output waveform shown
results from a 1-volt, 32-

: B a . =
] %:: bit inverting K28.5 input
'“'"E bit pattern (5 Gbps, 60ps

edges) that is applied to a

-ur-'_n: — — systern with two through-
o o _“:e':m o o holes, two AMF HS3
! connectors, and a 12 mil,
H 0 : 50 Ohm stripline trace
218 mV Opening, 34.4% Jitter that is ~13" long,

49



‘\‘,\‘\Ea b

o

tans* Relative

Material & & : e
@1MHz @1GHz @ 1GHz Cost

FR4 4.30 | 4.05 | 0.020 1
GETEK 415 | 4.00 | 0.015 1.1
ROGERS 3.75 | 3.60 | 0.009 2.1
4350/4320
ARLON CLTE | 3.15 | 3.05 | 0.004 6.8

* Measured trom test data
*#(Cost factor derived from 10™ by 207, 12-layer backplane

50
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GETEK

Thomd el TemmmEpaation. CETOR, P51 160 Lansin, 2 85kpe

ROGERS 4350

ARLON CLTE

i Trmas Eiys P, MGEETIE 5500, A5 1B Dl

Pt ekt T e [ s ATELER CLTE, ORT, 1A mmgh, D85 e

KK
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FR4:
Jitter = 0.30 U
Opening = 238 mV

GETEK:
Jitter = 0.28 UI
Opening = 268 mV

ROGERS 4350:
Jitter = 0.20 Ul
Opening = 426 mV

ARLON CLTE:
itter = 0.
Opening = 520 mY

-The output waveforms shown
result from a 1-volt, 32-bit
inverting K28.5 input bit
pattern {10 Gbps, 60ps
edges) that is applied to a
12 mil, 50 Ohm stripline
trace that is 18° long.
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Intuitive concept to determine Z, and T,

N

L/

eHow physical dimensions affect impedance and delay

Sensitivity is defined as percent change in impedance

KK

NTO"EMCTab

per percent change in line width, /og-log plot shows sensitivity directly.

= 0.040 in
= 0.020 in
h = 0.010 in.
h = 0.006 in.
100 1/
'is mostly
mﬂumtd by w/h.
At low values of 50 . .
h. the thicl;neu
becomes significant, z
lowering the
impedance. N
- 20
Copper foil plus
copper plating
thickness i = 2 oz 10
B, =45 0.1 1 10
! Ratio -4
h
100
| ~1—1d
w/h = 050
—
e ngen P RN wn - 1o
in B, is Z, ‘ﬂ._- . _
about 40% o | ] w/h = 2.0
e w/h = 4.0
w = 0.020 in. 20
2-o0z copper i
10

1 2 345 7 10
E

‘/MM.SI Characteristic impedance of a nﬁummpmmmmmmm
and permittivity. (See formulas in Appendix C.)
§

IV SO

Z, is mostly influenced by w / h,
the sensitivity is about 100%.

It means 10% change in w / h will
cause 10% change of Z,

The sensitivity of Z, to changes in ¢,
Is about 40%
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Intuitive concept to determine Z, and T,

oStriplines

impedance

w
- -
¥ !
b
. F
b = 0.080 in.
b = 0.040 in.
/ b = 0.020 in.
b = 0.010 in.
100 . . pd
Z, is mostly T 2271
inftuenced by w/h. = A
At low values of 50 7
h, the thickness 7
becomes significant, z
lowering the ¢
impedance.
20
Copper foil
thickness t = 2 oz
E,. =45 10
r 0.1 1 10
Ratio X
]
100
w/b = 0.125
The sensitivity 50 N
of Ego :.r.- changes : Ry _-w/b = 025
in H]
exacily 1/2 % D —w/b = 0.5
]
n b = 1.0
= 0.010 in 20 S\l
1-oz copper
10
1 2 345 7 10

Ey

\/ Figure 433 Characieristic impedance of a stripline transmission line versus geometry
and permittivity. (See formulas in Appendix C.)

Delay

w
- |+
¥
ER) ; t
b e I
)
Stripline formula
from Appendix C
I Simple formuila
. . 100 ;i =
Comparison of d .
formula in Appendix C { A
with simple formula set. 1
The simple formula 50 ] 1 7
blows up when used
with wide traces. Z, M
b = 0020 in. \
1—~o0z copper %0 ~N
E. = 45 ' \
10
0.1 1 10
Ratio .
)
Propagaticn
delay, 1000
ps/in.
The sensitivity of
Ty to changes in 500
Ef is exactly 1/2.
P
Only E, controls BEal
propagation delay; 200 =
parameters b, w, -1
and ¢ don’t matter.
100
1 2 345 7 10
£y

V Figure 434 Characteristic impedance of a stripline transmission line.
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Ground Perforation: BGA via and impedance

0000
o000

0000

Esvp-out -
000 00 o me=15Tmis. + -
O00000

00000 0ol ¥ (a) ol

o000 00000
o000 o00000 1
o000 O00000 ¥
ocooodpoooooo (5 AR A~
ocooodpoocoooo M e
Trace & -~ ——— 4mil traces with :
4 mil spacing. ]
£=- ——HA
# mmf
Figme  2:  Characteristic  Impedance
rizersurementy fnr a 68.Rokm (ideal value) trace
Fipure 1. Section of a typical 1600pin BGA pin fleld over (u) Joiid ree - and ¢
" on of a iy, pin reference plane.
with signal traces running through. Drawing is not 1o '
scale.
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Ground Perforation: cross-talk (near end)

-

0000
0000 000000, ,
0000 nnnnuo* "
0000 000000
0000 000000
0000 000000
0000 000000
0000 000000
Traca & ~o— il traccs with

4 mil spacing.
E--
!‘ 'mmnf

Figure 1. Section of a typical 1600pin BGA pin fleld
with signal traces running through. Drawing iz not 1o
scale.

Esvp-out
000 00 o me=15Tmis.

) Retepior | = — == I\
"li'lll—=

Figure 3: Near-end crosstalk measured for (a)
solid reference plane and (b) perforated
reference plane with both ends of Trace B
termiinated in S0chm.
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Ground Perforation : cross-talk (far end)

{ Esvp-out
cooodbooo oo =i

000 O00000C Dl
Q000 unnnnu* >
(s NaNalal SCO0000
0000 000000
(s NaNalal (aNaRalaNalal
o000 O00000
o000 O00000

Traca A ~af——— 4mil reces with
4 mil spacing.

;-ﬂ

_" mnf

Figure 1. Section of a typical 1600pin BGA pin fleld
with signal traces nnning through. Drawing is not to
Foale.

Figore 4: Far-end crosstelk measured for (a}
perforated  reference plane and (b)) solid
reference plane with both ends of Trace B
terminaied in S0ohm
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Example(II): Transmission line on non-ideal GND

N

L/

Reasons for splits or slits on GND planes

DC 1solation between different .
supply voltages.

AC 1solation of digital from
low noise analog circuits.

Low cost method of removing
unwanted resonances from the
power distribution system.

Nearby touching via holes.

25K

NTO"EMCTab
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Example(II): Transmission line on non-ideal GND

Disadvantages of Image Plane
Slits and Splits

* Transverse slits in the image planes present
a discontinuity to the flow of AC currents.

* Result in significant signal degradation.

» Help generate common mode currents that
result 1in significant radiation.
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Example(II): Transmission line on non-ideal GND

Two most commonly used:

* AC shorting (stitching)
the two separated planes
with capacitors.

« Using differential lines to
cross the split.
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Example(II): Transmission line on non-ideal GND

hl1 =h2=0.8 mm

30 mm

80 mm
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Example(II): Transmission line on non-ideal GND

Solid
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Example(II): Transmission line on non-ideal GND

EM Radiation: Solid vs. Split Plane

-10

—_—
aa)
-
—
'.-‘-.
—
* -
]
—
S
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Example(II): Transmission line on non-ideal GND

Differential Microstrip

=h2 =0.8 mm

" 80 mm

80 mm
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Input side
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Output side
Signal Quality: Single vs. Diff. (O)
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EM Radiation: Single vs. Diff.
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Signal Quality: Tighter Coupling
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EM Radiation: Tighter Coupling

=510
s/h =w/h=2.50

s’h=w/h=1.25

M
=
S=
[
S
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Example: Rambus RDRAM and RIMM Design

N

L/

RDRAM Signal

Routing

—— Rambus Memory Controller

" Rambus ASIE Cell (RAC)

A

~ Rambus Channgl

Application
Logic

INEEE

ﬂjf
-

&
&

==

Vrat

fr— |
— Termination
—

Bus
400

Clock
MHz .

KK
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Example: Rambus RDRAM and RIMM Design

N

L/

ePower:
VDD = 2.5V, Vterm = 1.8V, Vref = 1.4V

eSignal:
0.8V Swing: Logic 0 -> 1.8V, Logic 1 -> 1.0V
2x400MHz CLK: 1.25ns timing window, 200ps rise/fall time
Timing Skew: only allow 150ps - 200ps

eRambus channel architecture:
(30 controlled impedance and matched transmission lines)

»Two 9-bit data buses (DQA and DQB)
=A 3-bit ROW bus

=A 5-bit COL bus

=CTM and CFM differential clock buses
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Example: Rambus RDRAM and RIMM Design

»*RDRAM Channel is designed for 28 Q +/- 10%
sImpedance mismatch causes signal reflections
»Reflections reduce voltage and timing margins

»PCB process variation -> Z, variation -> Channel error

Impedance
Change

I |

Incident Energy

ﬁ__p

Transmitted Energy =

_‘
Reflected Energy

/1



Example: Rambus RDRAM and RIMM Design

25K
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N

L/

e Intel suggested coplanar structure

10mils 18 mils_ Ground flood & Stitch

e Intel suggested strip structure

RIMM 2&(UNLOADED)

¢ 1.2 mils

¢ 1.2 mils
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Example: Rambus RDRAM and RIMM Design

PCB-Parameter sensitivity:
e H tolerance is hardest to control
e W & T have less impact on Z,

Z0 vs H (w=18mils, T=1.4mils, £,=4.5) Z0 vs W (H=4.5mils, T=1.4mils,
Z0vsH -,

7 O S AU

3 O . U

2 S

Z0 vs €, (H=4.5mils, W=18mils,

Z0 vs T (H=4.5mils, W=18mils,
€ =4.5)

P~ T

98 |l T
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Example: Rambus RDRAM and RIMM Design

e How to design Rambus channel in RIMM Module
with uniform Z, = 28 ohm ??

e How to design Rambus channel in RIMM Module
with propagation delay variation in +/- 20ps ??

First Device

Pin A1
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Example: Rambus RDRAM and RIMM Design

N

- Impedance Control: (Why?)
Loaded trace

Unloaded trace

/

s

W

[ 21
PR

f

i .
-
il
rddd B d
[ ]
L

et Lot B Bl L
" gt

rkdnm
-H.lq.l.'l-l..'-i'i..*.

ol e ey S e
‘:n" e Y Ay

igddn el fe rar s
- e i

& g
- -
ekt o
reFRE e Y R

TR ah ak b £

 mmmm
_Cor

Figura 5-12: High-Spead CAOS Signal Routing
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Example: Rambus RDRAM and RIMM Design

Multi-drop Buses

(911 pu L

/ ____________ Stub — Device input
’_> | Capacitance C;
|< >

: Electric pitch L :
Equivalent loaded Z, P AMulidrop Bus

L, B
I—O
Z,
where C is the per - unit - length equivalent capacitance at length L,
including the loading capacitance and the unloaded trace capacitance
C, is the loading capacitance including the device input capacitance C,,
the stub trace capacitance, and the via effect.

282 (for Rambus design)
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Example: Rambus RDRAM and RIMM Design

N

L/

In typical RIMM module design

via Device input capacitance
stub

e / /
If C, =0.2pF+0.1pF + 2.2pF, and

If you design unloaded trace Z, = 56Q
the electric pitch L = 7.06mm to reach loaded Z, = 28Q

\
v Ly =2Z,7=56Q x6.77 psec/ mm =379 pH/ mm = 9.5 pH/ mil
C, =Sty bo _ 250F | SBPHIMM _ o 475 ok / mm
L z,/ 7.06mm 56Q
RAVARES Lo 28.3Q2
V¢,

KK

NTO"EMCTab

®
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Example: Rambus RDRAM and RIMM Design
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L/

Modulation trace

Device pitch = Device height +
Device space

Z,

o e Electrical pitch L is designed as
..Iﬂ'

= ’Z' 2 2

$: T z2-2,

‘e

If device pitch > electric pitch, modulation
trace of 28ohm should be used.

R EEH &S GFE
G oo e 0na s o
a9 ¥DE @i

Figura 5-5: B Davica Single-Sided Edge-Bonded Module Davica and Elkctrical Piteh Modulation trace Iength
= Device pitch — Electric pitch
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Example: Rambus RDRAM and RIMM Design

N

L/
e Effect of PCB parameter variations on three key module
electric characteristics

...results in this Adjusting this... ..results in this

+ RDRAM
Spacing

Trace
Width

+ Channel g =t
Attenuation

Copper
Thickness +

Channel
Impedance

Dielectric
Constant

RDRAM
Capacitance

? Channel
Delay

Dielectric
Thickness *

N EnE==

*: affects attenuation and delay indirectly

Figure 2-3: PCB Design Parameter Relationships
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Example: Rambus RDRAM and RIMM Design

N

L/

e Controlling propagation delay:
e Bend compensation
o Via Compensation
e Connector compensation

Bend Compensation

Figure 5-11: Delay Matching (Right Side)

e Rule of thumb: 0.3ps faster delay of every bend

e Solving strategies:

1. Using same numbers of bends for those critical traces(difficult)
2. Compensate each bend by a 0.3ps delay line.
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Example: Rambus RDRAM and RIMM Design
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L/

Via Compensation (delay)

For a 8 layers PCB, a via with 50mil length can be modeled as
(L, C) = (0.485nH, 0.385pF).

. Delay T, =+/LC =137 psec

Impedance Z, = ~ 382 <«— Inductive

1
VLC
Rule of thumb: delay of a specific via depth can be calculated by scaling

the inductance value which is proportional to via length.

SOm!I =10.6psec
50mil

This delay difference can be compensated by adding a 1.566mm to the

unloaded trace (5602) @ /
81

.. 30mil via has delay ~13.7 x



Example: Rambus RDRAM and RIMM Design

N

%

Via Compensation (impedance)

Compensation and
Overcompensation at a Via

T L1 1 ALt |
AT
N

——
TN
/A=
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Example: Rambus RDRAM and RIMM Design

N

L/

Connector Compensation

Mother-board compensation

2.1nH
0.7pF

25K

NTO"EMCTab

}‘ 0.6pF

DSbF

Oﬂﬂﬂ

| 0.6pF

Through-hole

Connector model

Module

Cpin = 0.7pk, Cvia = 0.6pl, Cpad = 0.6pl, Cmb=0.8pl' == Ctotal = 2.7pl’

Lpin = 2.1nH

Z = J(Lpin)/(Crotal) = 2790
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Example: EMI resulting from a trace near a PCB edge

N

“Experiment setup and trace design

ey
e

25K

NTO"EMCTab

=l o : mee s &% i i o
; :u% . Ex mERE e e ﬁq
e ]
o - ; 'ﬂw e .
o Table 1. Comparison of height above PCB reference plane
e e ... and trace proximity to board edge ()
Heiphi (mils) | d (mils) Termination
45 25 oss 90 @
Figure 1: Geometry of PCB layout. 45 75 167 | 90Q
45 275 611 [o00
45 575 12.8 90 Q
45 1056 (centered) | 435 [ 000
90 1956 (centered) [ 217 [ 116 Q
22 1956 (centered) | 889 [ 60Q
22 25 L14 [600Q
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Example: EMI resulting from a trace near a PCB edge

N

%

Measurement Setup

Network
Analyzer Port 2

[
L |

ferrite
i slecve

. . EMI
Port 1 antenna

current probe

[ ]
L]

60 cm x 60 cm
aluminem piate

Figure 2; Test setnp for measuring the 1S;,} with a
current probe.
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Example: EMI resulting from a trace near a PCB edge

EMI caused by Common-mode current : magnetic coupling

Measured by current probe

25 :
-;‘
-A0- F .E;
f-\l *.__“
A ."raf \ 1""‘-«,
D \ .. )
"‘1&- _..i; " AT T T, e _,w-m"":' ‘h..-
i\ N R N,
&
—
o~
v

0.1 Frequency (GHz) 1.0

Figure 3: IS;;| measurements with a current probe.

Table 2, Increase in 1S as the trace nears the PCB edge.
The reference is a centered trace,

Distance from Edge (d) AlSy 1 (dB)
25 mils. 17.6
715 mils. 13.1
273 mils. 6.6l
475 mils. 3.33
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Example: EMI resulting from a trace near a PCB edge

EMI measured by the monopole : E field

-40
=451
_g0Ot .
- at high frequency
B
= s
%_ — center
<70
=2 575 mils
-Tar .
-~ 2775 mils
-aof ~n 75 mils
asf §1 — 25 mils
'g% ij I 1 1.5 2 2.5 3.0
' Frequency (GHz) '

Figure 4: IS;| measurements using a 3 coe monopole
probe.
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Example: EMI resulting from a trace near a PCB edge

Trace height effect on EMI

40

s e
.=t

— aall

§

E * ssims 0=23: =45
il s 0225; B=22
.“..; - —cener h=22
-8or ey CBTIAE =4S

0.5 i T 2 25 30
Frequency (GHz)

Figure 8: Comparison of the near-eleciric field radiation
for different trace heights ahove the reference plane for a
centered trace, and trace 25 mils from edge.
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