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# 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
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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
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:I'ransmission Line Equations
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Quasi-TEM assumption
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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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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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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.
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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.
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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.
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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
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_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 )
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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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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)

@
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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
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N

L/

(@) (b) (c)
30




N

L/

(b)

(a)

B [

. e

X

NTUO

(c)
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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
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 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
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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.

37
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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)
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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
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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
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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
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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
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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.

51



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%

52



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
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0000 000000
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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.

55



Ground Perforation : cross-talk (far end)

{ Esvp-out
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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

—_—
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-
—
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—
* -
]
—
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

KK

NTU"EMCLab

N

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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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=

82




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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