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TABLE 1.7 PROPAGATION DELAY OF ELECTROMAGNETIC FIELDS

IN VARIOUS MEDIA

Delay Dielectnic
Medium (psdin. ) consiant
Adr [radio waves) "5 1.0
Coax cable (75% velocity) 113 1.E
Coax cable (66% velocity) 129 23
FR4 PCE. ouler trace 140180 2E-45
FR4 PPCE, inner trace 150 45
Alurmina PCE, inner trace 240270 B-10
1.1
0 PCB
FR-4 4.5, PCB
PCB
! 50 ).,

* o

. 85ps/inch.

. PCB

1.3

10KH ECL , 1.0ns FR-4

5.6inch:
ot 11.3]
FE

where { = length of rising edge, in.
¥ =rise time. ps
) = delay, psfin.
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K
T, = — [1.6]
Figp

where Fyp = frequency at which impulse response rolls off by 3 dB
1, = pulse rse tme (10-90%)
K = constant of proportionality depending on exact pulse shape:
K =10.338 for gaussian pulses: K = 0.350 for single-pole
exponential decay

» K=0.338; » K=0.350.
RMS : 10—90%
K 0.36 0.55: » 3.6
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Figure 117 Mutual capacitance of two LMA-W resistors.
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i
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Figure 118 Mutal inductance lomped-circuit model,
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0, B

1.10.1

1.19

(17 Magnetic field strength
1z propertional to the
loap currenl 0t}

-
i -
[ [ o
e
" /'-%J -
ift) ~ W -
» H 1 i
e A | I
—_— = J———
k}: A (2) A fixed fraction of Lhe
e toetal flux from loop 4
i i T paszes through loop B
_,f |I ™, \-_ B
_.-"; k! \ PN
g NN
| N \-\ W, .
I . W= "y
[ it B~ ri)
| IL\':;Q' \'Eni -—
| . A
I \tl':':-‘::—;f;;' ™
Y (3} The rate of change of
b1 fiux i loocp B o=

{4) Faradav's law states . ti | to ih t
that the induced voltage Y(t) P e o curtent el
is proportional te the of change of currenl Jiy
rate of change of flux
in loop H

Figure 1.19  Fowr-step process of mutual inducrance coupling,

1.19 4
. B a
A a B B . B
Lms T, A Ra »
Va
VA ’ AV ! Tr
da _ AV [1.33]
it T
A 1 1

dly _ AV [1.34]
ar "R
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MR T
AV ! I
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!
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1.20 1.3
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. ———— ._\I Ill
From pulse i
generator _J
F“L
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5007
Loy
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Figure 120 Measurement setup for mutu-
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No copper on circuit

"'-.‘ gide of printed
/}\ circuit board (PCE)
A 0083 -1n. ~thick spoxy
4 _ FR—4 PCE
Magnetic
field Solid ground plane
lines en solder side of PCH
y Some of Lhe moagnelic
Thizs flux encircles fiux passes through
resislor R the loop forrmed by
without going rezistor Bg
arcund resizstor Rg
End View of Layout
Figure 1.21  Example of matual inductive coupling.
1.21
1.22 : 1.23 [
:I 1 1 2!
{area¥ 2R, )
o ——Rﬁmﬂ.ﬂ' nH [1.237]
' Al
where aren = 80 pVs (from Fig. 1.22)
AV = 2.7 W (from Fig. 1.22)
R, =500 (from Fig. 1.20)
1.3 : 56/6pV S
. d ,
area’ =80 —— =71 pVs [1.38}
&
{area’ J(2R .
_— farea Xe% ) o6 nm [1.3%
AV
1.22 0 1.38:
RB/RT , 2.
L,, = 2.6 nH (from Equation 1.39)
1. =800 ps
R, =30 Ly
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2RI
1.3 ( 6 i

0.025

Crosstalk,

induc —

= 0032

Crosstalk = = 0.004

Crosstalk, = Crosstalk, -+ Crosstalk = (.036

1.22
(4.6 divi20 mVidiv)
(2.7 divi(l Vidiv)

Crosstalk =

= (L34

Teklronix 11403

[1.40]

[1.41]

[1.42]

[1.43]
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1/6 I: ) :I L]
<, 2D .
HIEH'=39+?=EIH pVs [1.44]
B
[, = SR s s aH [1.45)
f ﬁ_k"’
139 2.6nH .
Tektronix 11404 _
| f i "
1 ‘.’_ i I L
S S U :
. J—,h (2)
=H _]

(3)
* J
- 500 ps,/div

- f !
Ampli- ¢ Aren
‘ n.f.l-.p.:'r:. {a.
271 v Hid 91

pVs i

Figure 1.23  Reversing the inductive pickup from Figure 1.22.
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TTL inverter

i Ry & Ry |
| -‘_: | | i
: g | w | |I: I:'?1 :
|?—'I—., | .--f__l f . |
! i f
M A ey
1
! | =
e ! | -~ i
(v | ‘—[ Q, ! |
oo | | &R - | £ Lizvesad] |
i P I i
|
i
| - ]
_____ _|___________________J |
S | |
Ground I
Inpul Internal Drive Clireail | Dutput
Includes power D=sipation Additional power Power
dissipaled in measuraed with dissipated in the delivered
drive circuit ne loads drive circuit when to the
feeding this connesle:d connecled Lo a Tessnel

stage load

Figure 2.1 Categories of power dissipation in and around a logic deyics,

2.1
221
\% | CV*1) , ,
, 0 1
222
Power = (cycle frequency j(excess energy used per cyele) 12.1]
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2.2 : T1 : A : VCC,
] Rch arge H T2 H B H

Ruisch arge . Ruisch argé ' i

Encrey percvele = C ,}t-_-"l 12.2]

where ' = capacitance, [
V- = charging voltage, V

F ,
— r 2 .
Power = FCV. [2.3]
'ec Logic
g device
o~
. X
|
I g
: HSwitek 4 |
i L [
: jJ R-::E::-.:rf-;n :
1 i
' - T i
1 i | . ,
I : Capacilive
' l Rdjsi:l:'u" e : T ]'Uu;-"l‘pd
Switch B e : |
i |
1
> Cyele lime _ ‘ +
. -
= el
Swileh A o ] T n
Cpan

Elased

Switch B = I 1 | g

. ¢

=
Figure 2.2 Active power dissipated when driving @ capacitive load,
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21 TTL QLQ2 .

+ TTL CMOS .
2.1 D1 Q2Q3 » Q1 , Q1Q2
TTL , QLQ2 .
, Q1 Q2 a
TTL » TTL LO HI » Q2 )
R3 . Q1 .
Q2 .
23 CMOS Q1 Q2 .
Vgs. Vgs . CMOS
- 2.4 74HCO0 DC
CMOS : \
Vi

UM botem - paole
ouvlput stage

L | Dufpul

Ground Figare 2.2 CMOS wiem-pole oulput.

23 COMS

2.4 . 74HCO00 mA
10-20mA :
L . INPUT  OUTPUT
’ = . TIL
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(ECL ) , ,

AL inkermediate inpat
levelz both output
{1 Lransistors ramain

D power on simultanecusly,
supply 0.8 drawing excoss current
current fram lhe paower supply
{(ma) 06 .'rlll.
.'I l'.
3 %
0.4 /
.lll Y
|'I I'.
0.2 -4 ]
fl._.- l"x_\
0.0 e’ .
a 1 2 a 4 5

Inpul voliage
Vep= 4.5 ¥
The smne effecl happens

at 5 Y, but at a
zhightly higher currenb

Figure 2.4 D} consumption of Signetics 74HCO0-type circuit versus input voltage.
{Permission granted by Philips Semiconductors-Signetics.)

24  T74HCO0DC o

224

2.1 4 : : Signetics 72HCT
CMOS TI 74ASTTL. MOTOROLA 10KH ECL GIGABIT LUOGIC 10G GaAs.
! T
2.3
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TABLE 2.1 INPUT CHARACTERISTICS

TAHCTON T4A4500) 1OH 101 10001
I HH{mA) {1 +0.020 #0425 +.4(H)
£, Lo imA) 0 0,500 +0,0005 0,100
(L 0 VA 1.1 1.3
O ipk) 35 3 3 1.5
AV, IV 3.0 a0 1.0 1.5
Eﬂl'\i“-ljl\ﬁrj
F=1MIHz ow O (003 LIRLIE]
Y= 10 MHE 09 0.4 (.03 0,03
F =100 Mz 3 03
F = 1000 M« 30
2.25
Kactive ’ o
Potal*
K j:l:-.:la] - f&u;cwunl [2.4]
F
1Hz
F'C
Pl = I-{’]I;:.Eh&:-::rll +F K, e [2.5]
2.5
{
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4

Power dissipation per gate, £, (mW

. 1 L1 111841

1l 1 1 t¢

1.4 2.0 &0 &4 B0 ToM
Freguency, § {Mliz)

o4 Lo ]

&00 AO0 LD

Figore 2.5 Internal power dissipation per gate versus frequency. (Reprinted by permis

s1on of Texas Instrurments. )
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25
CMOS
-« TTL :
. 2.5 TTL « 1M
ECL GaAs , TTL CMOS
- 2.3 \% , ECL 1V
TTL 5V - 2.6-2.8
Poiercl = FOAVo ) = FOLOY
Poveri = FOAV, ) = FOGB.0Y
where I = cycle rate, Hz
(' = capacitance, F
AV, = ECL switching voltage, V
AVi, = TTL switching voltage, V
ECL TTL
Poerel  FCOO (10§
wobive ECL 1%_ .EI_-_. — [~- ?-| 2”{}4
Feaierrn, FOEM© (500
ECL GaAs ) TTL

» 10M
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CMOS :
Cpps CMOS

CMOS internal dissipation = C,,V’F

where Gy, = equivalent power dissipation capacitance,

V = switching voltage, V
F = switching frequency, H

2.26
Al Al a 4
A.
B.
C.
D.
2261
LO HI ,
2.6 TTL LO HI
Q2 0.3V, ,  04V. HI {
Q1 : . TTL

_ ﬂ'dq‘{ail!k T ]..{.}..II

BT

'Fl'..]LI.iI:S- - A

=
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Power dissipated
in the LO siate:

Ve
*]'5
i G ! sink ) .
11 : - o= JrLLI *ramjc
Mo

PR
1 ¥ _
‘QE Vi iz Lthe =zaturaticn
. _ ' ' valtape of
Ql{ 15 turned on L whinh is ahdut
A-n4g4 v
rround
Fower dizsipated
Voo i the HI shbale:
L — F o F
o | ! ”f._’_' lH[ ) ISD'.‘II'C-\'."
¥y iz turned on J
- "J‘Il Vee = Vig ) 15 the voltage drap across
Y &y and &,
o - which is abeut 1.4 V
) .
. -\-‘..""‘--\.\
o I 4
o ECUITCE
il ]
Ground

Figure 2.6 Cuiescent power dissipated in a TTL rotem-pole output circuil.

26 TTL

CMOS 2.7 » CMOS
Ra Rb : 2.1 a
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Fower dissipated

< Ry in Lhe LO stale:
1 mmk - . 2
I"I.'\ /” ” = I{E Irﬁi""
P
l i
}r A Vie ™ Yok T
Q‘E 15 bturned on | -
Ground
Power dissipated
v in ithe II7 =tate:
re
N
_ o= tra 4 ST
<Ry
& is turned on Fir T
'.\P:_‘.". i §.| - quurceﬁi
| T —
",
; A
& !
[ SO
-
7o
Grovnd

Figure 2.7  Quiescent power dissipated in a CMOS wtem-pale outpul circuit.

2.7 CMOS

2.1: CMOS
Signetics  HCT 4.5V

5V 1

ll"."_'rrL ':-r.::. = 4-“’ 111.:‘% .'
Typical at 25°C 0.15
Max, =40 to 4855 (.33

Voo (£ = —1.0 mA)
Typical at 25°C 4.32
Min. 40 1o +85°C 3.84

0.15V-0.33V: 4mA.,
={(L1570.004 =37 L2 [2.11]

Rluw atate tvp

=0.33/0.004 =83 0] [2.12]

lovwe state max
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4.5V 0.18V-0.66V: 4AmA., —

Rygat e rsp = 0187 0.004 = 45 Q [2.13]
Rusge e s = 06670004 = 165 © [2.14]
» CMOS + HC ¢ HCT
2V-6V., : » HC
CMOS
REI !}i'iﬂ]i?: + R.f'. ‘rl;-.'uun.':*.2
E]ui.m—. = 7 |__] ‘i]
2.2.6.2
' CMOS ' CMOS '
2.2 » CMOS
2.22 CMQOS
2.8 ' CPU » 20 CPU '
» CPU 8 RAM
10 50 , 2.8 7T4HCT640
DC 20 a s,

33Hz (30ns! .

RC ,



i Shared
”'H-:"['[I‘:Ir':‘f'

H=bit -mermory
data bus

=

il Hi

’J_ |‘|71 . 1_|_I _.l

i TR

1 ‘-\H | [} |

hY
CPU 1 CPU 2 CPu 3 CPU 20
TAHCTE40L

| bus transoeiver

‘q—- 10 in. = 1680 psfin. = 1.6 ns —h‘

1.6 ns 12 much less than the
rize time of a TA4HCTG40, and
2o no lerminators are regured

Figure 2.8 Shured-memory bus.

2.8
/O 10pF- 20 , 200pF ,
2pF/ :
Cioae = (10 pEfdriver)(20 drivers) +12 pFfin. )10 in.) [2.16]
=220 p¥
74HCT640
# Signetics CMOS !
VCC:4.5V
Von=3.84V
I out:6.0mA
HCT :
'L.-"_ )
i} Y100 [2.17]
Lt}
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RC

T = (110 £2)220 pF) = 24 ns

Tre 63%
- RC  10—90% Tre 2.2

, 9ns
33Hz;

Vee=5.5V | i
C=220pF ( )
Foac16Hz ¢ )
Fdata=8M Hz ’

2.3

B = (80 10°)5220 2 10 7 %557 = 0.053 W

8 ! ' 8:

F:::.ill = EI.D-DS.?I] - |:||4.24 W

243 20PIN
’ ’ ’ 16MHz
2.2.6.3
2.9 ECL GaAs ,
10KH 10G ,
—5.2V.
-1.7V.
-5.2V
R VT )
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s Ve =V Wy = Vi) + (Ve =V WV o — Vo) ”
quies ; R [2.22
ECL -5.2V, -5.2V,
Vee=0 ¢ i
Vy=-0.9 ! i
Vio=-1.7 i ]
Vi=-5.2 )
P =4.91/R [2.23]
Fioe:
| e -
Q'I “‘-- j““'u-(_ﬂ Hi II/"'
— S - _l.
o ""-_r-'.,- ——— [
R_q- T ! v L= e
{;l Ipay == w Titne
B i A |
fa | >| -
v v ' Tig_ge = 22CR
T
Rize tuime 18 determined by the
equivalent cinitter series resistance
Hp ana the capacilive load O
1 i P
TlU—HLﬁ F.'.:-{;u ln. 1
’c-" \'-\.
- —» -
0 _,J Pt-u . v l,« Vi
L “ Q, i= off v
. . L HI
ety — T ™
. , | B S _—
. L La -
Ry "Jr Tran 7 o
Vo l,r" - . =
i Lyl P Lline —m
Vr D A B
_'S'l,;-;nal falls towards V.
Fall time depends on the but is caughl by @,
pull down resistor. the and held at g

capacibor O and Lhe value
of Vg compearad Lo i

Figure 2.9  Fise and fall ames of an ematigr follower circoat,
2.9

—2.0V . 2.22
Vee=0 ! )
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VH|:-0.9 ':

Vio=-171 i
VT:-Z.O ! J
P =0.75/R
. R, -2.0vV
_2.0V! a 1 1
1 o 2.9
Re 7 C
oo = R C
Trc 63%
o RC 10— 90%
Noooy = 22040 = 22R. C
2.26 Q1 :
: oL
C
-2.0V -5.2V:
2.9 ., D ,0QL
s Vior Q1 , .
Q1 » 10-90%
. . f1-0.1K"
N9y = RppC-In | ———
VI —09K
Where the constant K 15 equal to
- Vin — Vi
1[_,?]_” - Vf
227, o1
ECL -5.20V: Rpd -5.20V:
Vhi=-0.9 i
V0o=-1.7 &

58
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[2.24]

10KH ECL

{2.25]

RppC Vi
VLOn

2.27

90%a

Q1

Q1

Q1

|2.28]



Vt=-5.20 ¢ J
K=0.186 i K}

In ¢ (1-0.1K} / (1-0.9K} } =0.164

T10-90=0.164* Rpd* C

Rpd -2.0V,

Vhi=-0.9
Vlo=-1.7 ¢

Vit=-2.0 { )
K=0.727 i K}

2.27

In ¢ (1-0.1K} / (1-0.9K} } =0.987

T10-90=0.987* Rpd*C

-2.0v  -5.20vV
-5.20V
: = ECL -2.0
= -5.20V 330
2264
ECL

59

: -2.0V
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where R; = desired composite impedance
Vi = desired effective terminating voltage
R, = lop resistar (goes o Y
R, = bottom resistor (goes to Vo)

Find &) and Ha

e from fg oand Voo
<< B L W e V™
. _T ! Ry = Ryl oC_~— EF |
< LoV = Ve S
& dvn
Ver R, = Rof Yoo - Ve )
I\' rl'.st' '[_,"]" ..l.l

Split terminalion
[or pull—down) Lo
both Vo and Vpg

Find g and Ve

frem £ and #H,

fig
|— W i} L ,. —
1 My I-J H? _ P] o
.+ R,
Simple termination
(or pull—ds Volo Ve i ;
(o puli—down ) r vy e = RyVep + Hy Ve
R+ Rz

Figure 2,10 Split iermination equivalent circuits.

2.10
2.2.65
ECL . (
] .
2266 TTL CMOS
TTL CMOS 2.22
R VT
p oL O = Vi )WV~ Vee) + O = Vo WVip = Vo)
Huies 5 R

where ¥, = effective terminating voltage for pull-up resistor
R = effective value of terminating resistor
Vi = HI-level output (often equals Vr)
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Vi o = LO-level output
Ve = supply voltage to emitler (or source} of output transistor
P e = power dissipated in output driver

s

BTL +2.0V a +2.0V
+1.0V. 2.11, BTL D1. Q1
6.5pF » BTL
] i,
_]) H - = BTL owtput

Figore 2,11  BTL drive circuit.

211 BTL
: . BTL
2.2.6.7
: (their current outputs naturally superimpose on each other).
A L L
2.3 -

2.3
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2.12 , o 1. t4
L] L]
apha. beta gamma : .
L) o L)
.F]u l"l-;"‘
4
. . ) + 5
Clock T Clack line T L
’ ‘ Data bus l Do
I i
i T |
i | ) . I
[ A .
| } ¢ ¥ !
: Alpha Beta {ramnma
1
|
|
X '
: Phy=ical position —— S :
- I
Ty | .~ Heta zeez clock |
i - and starts here: !
- : wave goes in beth
5 Ty--- directions
= ’ | Pt
1 _,.-c"'-r -"_.. .
1 e
N i -y
! 5 —locy
a S ]
T .!_ 1o 1 Q‘RE‘ 4
e |
T = == A - . Dala
3 s # from Heta
Ty {
- alpha should .
P == sta_t here Cle,
A
|| fﬂg'e. H
Tg-- * Dala
Jl from Alpha
) s mizsing
|
P Data
The signal from Beta wipes out II from alpha

muck of the signal from Alpha

212
t6

':.I' .
POk “dge

Figare 2,12 Corrent source deive corvent wsed on a long unidirectional bus.

212

apha
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. beta t2
alpha a t5: apha

alpha :

apha ,
» dpha
alpha 1
: » apha

pulse).

Circuit)a

227

2.2.3

» 346

, B

(will show alarger-than normal
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2.3
2.13
A ) E
0
Propagation delav
A 7 T~
b 507 ~ T
A4— Dulpul switching time
Figure 2,13 Output switching time versus propagation delay.
2.13
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231 dv/dT
11 ’ I:knee '
Fknee Tr ' \ \
.5
Fklln:: = D_ |235|
IIF
, » PCB I:knee
(flat) , r
I:knee ' ’
(dv/dT ) = ,
dv/dT ,
: 1.10.3 ,
dv/dT, 10—90% :
dv _ AV 2361
dt Ly w
2.3.2 di/dt
{110 1,
’ di/dT
2.14 V()
‘r-'l:l:il;umr = Eﬂ 12.37]
e R
dvin . R
‘I-:apacnm =T{- |2.35]
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Vi) |
{resistor) = avin 1 2.39]

dt di R
d*Vir
41 capacitony = L3 ¢ 12.401

it

— Ift)
\"‘“-—h-
P ::,! o
1\;\ |"
Vit Savii)
e = Y e j__‘l
E wodt S
. .
. " Current through capaciler
., L
™ Current through resistor
Rate of S gy F g,
AT -
change of ﬂ = ._]-| L\Il + 0 1:’] |
current a4t RA dt T
Slope equals .‘f-r_
s #10-50
10-90 4— -7 : i
Vit AT i
(t) - v
~
e i
2V |
. —_ e ———— :
dvift) PN T 0-90
dt SN First derivative
. e 52 [—a¥
n,.E I'I("',-'I / 5, 1.52 .: 2 |
— S ot eean S .
T A \ Second derivalive
_ — \ ;_'__ —— . =
k! 4
WA

Figure 2.14 Relation of maximum current slew rate to voltage nse Gme.
214
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AV 1

if .
Maximum tr—{wrn:.w..l:ku.n‘} = — — 12.41]
dl fip_op R
. df L 152 AV _
Maximum -— (capacitor) = —— C [2.42]
dt 105
, 241 242
1 o 2.14
(do not quite line up):
242 -
10-90% . :
1/4!
TTL ECL o
TTL .= ECL :
24 TTL
TTL 50pF, AV =37V, C_=50pF,T;=2ns
1320, AV 7 ;
A _LRGAY S ox107 A [2.43]
dt 1-
24 ECL
TTL 50 » AV=10V, RL=50Q,T,=0.7ns
A AV .
— = =28 Als [2.44]
d R T
2.3.3 — (Bottom Line---V oltage Margins)
(voltage margin)
2.15 MOTOROLA 10KH ECL 25
“o* 17 Vil Vih . Vil
{{O” , , V|h 13 l” .
13 O.F.F . 11 1.’.’ ,
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Vil min . Vil a
Vil min " "

Vil min, a Vih max

Transfer funclion

for 10H1B® inverter Indeterminate mput
must stay inside ‘range for this gate

hatched hoxes o

_.____ wwmme ¥ IDAX Uil
L AN L ____ v Iin —0.58
i | o
Iy Upper . | .
margin L T r_r__ max -1.13
! i i _
I by indelerminate range
: f of subzequent gale
L el A e R il -~ ¥ min —1. 48
'%!'J Lower ) I I } '
— margin ! - ¥V max -1.63
—_— : |:|J.p
e
aml VU Imin -1.95
= . i
'D_. !
- V., min
= L
o

>

Avlual sale switching range,
with full marging, always
lies iaside V,; max and T-",,!. 1min

Input vollage —#

Figure 2.15 DT voltage margine for 106 H TCL.
2.15 MOTOROLA 10KH ECL

1OKH 113 0” [13 l”
Vol( ) Voh( )B “o* . Vol min Vol max w1”
: Vohmin  Voh max .
, , 13 0” .
13 1”
“o* *1* Vol Voha 2.15.
Voh Vih Vol Vil : a
a 10KH 2.15 ,
-4 , [

68 s 346



¥
1. DC , , ,
2"'- L] L] L]
3‘\ L L L
4'\ 1 1 1
5‘\ L
{1 . (5] , {2y (3} (4}
! J ,
. [1]
£ , ,
(noise margin percentage)
Vopmin—¥ v, — ¥, ma
, of W= Yy _ ar 1T Yoy, Max - 2.45)
Vo max — 17, min Vo max = ¥, min
10KH ECL g ® 17.8%. TAASTTL 9.1%.
ECL TTL o ECL TTL , ECL
» 10KH ECL T4AS 2—~3 . 5
\ , TAASTTL : 2~3
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. di/dt .

. , di/dt

* - n
24

24.1

2411 — “ o

2.16 (die): 4PIN
B 1 C o C
' ' | disch arge
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Heavy outpul
drive circull

. o
; e
I
. e -
< 4 Outpal cirenit
e BW oA F T
-~ s y
v, il ‘—[- ST e —
[ SUN IR T
J c oL Y Load
| e |
b I/ '
- I enp 3 B
FGND e discharge
' Ground pin g ]
=% 3 . i
\ induclance i p
, L L . .

Ground plane

. d
Vavp = bawn — 'dischargs
ot

Figure 2.16  Lead inductance of a logic device package.

2.16

Ve,

d
li.--'ﬁ"f.?' LG.?&’B E ITr,l'.\'-.'h.'lT:l_rln: [2.46}

(ground bounce) .

Venp .

Vin (+3, (=) . Veno
Input circuit sees: Vi, — Voo, [2.47]

Veno

2.16

: : + Venp
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2412

217

3nS

Veno

C

5pFs

TTL
A,

D.

FF

N
2.14 ,
1 8 D 1
160pF-
' 3nS:
FF. B.
XXa C B 1nS
00.
Venp: A . Q
D! 1
2.17
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cetal Te benk of
1T = ]
nlb.’_."ﬂﬂp 32 memory chips
Lt 5 pF/chip
Dato e :;I]I 3? ™, Address Tatal loading per
bus [0:7] [ 2 bua [0:7] line iz 150 pbf
S - N ) >
o4 Q4
D& GhH
L Db oh ]!
0r Qv
Py
Claock —
Time A Py Time B
/'z '/'I'irrw-* i
propagation delay || . Time [
3 ons [ |
- | L
& oulputs g S L
-.'\'i-FF &\g_c);\;i'.‘
™,
5 — o
Data bus —._Jf FF 11}— _;f ﬂﬂ'ff’\ Y ..
Aftar clock
3—-n=g seiup gliteh,
- outpuls may
I-ns hold switch to
anolher state
e e——
Clock ", ¥ 4
— — e
i
|I"'
I3 .I
I'GNE- - B —_— ——

Clock — Feup

DIP

Neize on internal ground due
to rapid surge of ground s
current through ground pin

-~ “y, e'_‘. :
kS £ * Aol e = — -
e - et \F
T Gliteh al time
s D can clock
Titne D flip-flap L'y
g gecond
Lirme
Figure 207 Example ol ground Bounce.
2.17
DIP , FCT
/ a
. ECL ,
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24.1.3
2.6:
74HC174 4 ' ’ 4
a 20pF.
a 4 '
2.18 : :
2.19 ' Q » Venp » Q :
150mv .
1. HCT 470mva
2. 8 ' 8/3 .
3"\ 1 A ]
’ 400mv a
+5 v
5 WV
Tt 0o qo —
— QL —— b
S 7 Q2
U I I Q3 [
L
W L - .
Clock — :é:" 1K RG-174 coax
Heszet 1R I — To 0= n
| S ———  tepmination
A at scope
\vi S
20:1 rhigh—speed probe
QoD, Q1. @2 .. —-"; \'-— . . _—J'l l"'k__
Clock —_— J . o
Reset N s R

Figure 2,18  Measuring ground bounce.,
2.18
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Teklronix 11403

5 _tl._ [ I s L{
} "
200 mV [ P .._. -ﬂ-a ' e
T r ATl
' J ’ ' A0 J;;,':If'r,li,; ) \I

Ground bounce
voltage on ¢,

Figure 219  Ground hounce on T4HC 174 with three loads of 20 pF,

219 T74HC174 20pF
24.1.4
. 4 : 10—90%%
L / L L -]
Rs 241 ' 1.17
AV 1
| R
C 2.42 : 1.17
i 1.52 AV
Wonpl=L———C [2.49]
jl]I:‘.—'E-.’I-
AV T]_O. 90 L]
TABLE 2.2 SWITCHING CHARACTERISTICS OF FIVE LOGIC FAMILIES
T4HCT T4AS [OKH 1005 NEL
TMOS TTI. ECL. Ciads GiaAs
AV V) 5 A7 1.1 1.5 1.0
T10=10 (nsi 47 1.7 07 13 (L3
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WIRE BOND- TAB(TAPE AUTOMATED

BONDING) FLIP-CHIP. PCB o .2.20.
WIRE BOND PCB : PCB
, PCB o
TAB . PCB

PCB .
Wire Dond
Chip has ' " .
pads for Chip mounls o Mres connec
attaching ‘1"( face up LA ehip b Iraces
wWires T e o an board
el \ T
PCR Lraces oo y = Back side of chip
| ol | 'q. Sids Yiew resis an PUCR
Top View

Tape Automated Bonding

Flex circuit
haz tranes .
cennecting chip ~ |wm| 147
bonding patlern

to PCE : ﬂ 1 t

Chip mounts
(e up . )

b Flex circoonl connecls
! - ohip te traces on

Chip has - - hoard

pads for Trpetete ' ! e
attaching I ol S S —
wires niafn R

.,
Fide View "

~ Back @sde of chip

Same type of resls an PCH

Pe8 layour _ . NYIfe”

as used for
wire bond

PCE lraces FIL

Top View
Flig Chig

Chip is

Mo ed

face down
Chip has a Holder hballs reflow
solder_ Ball == - and hold clup Lo
placed on e = paard.  In this
BVETY n e. e method the PCH
bonding pad ofeds | iraces extend under

the chip
Top View

Figure 2200 Methods of direct chip attachment.
2.20
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TABA 1 : a

PCB . 0.08mm(300 /).
: PCB
FLIP-CHIP : :
PCB a L
» FLIP-CHIP ' ,
. : PCB
, : PCB
WIRE-BOND TAB :

TABLE 2.2 LEAD INDUCTANCE OF LOGIC PACKAGES®

14-pin plastic doal in-Lne package (DIP) 4nH
ai-pin plasne DIP 33 nH
G- pin surface-mount plastic leaded chip carrier (PLCC) 7nH
Wire bonded 1o hybrid substrare 1 o4
Solder bump to hybid substrate 0.1 nH

“Much of this data is taken from H. B. Bakogl, Crrcuits, butercornes-
Hons, andd Packaging for VLSL Addison Wesley, Reading, Mass.,
194}, Table 6.2, Reprinted by permission of Addison-Wesley Publish-
ing Co., Inc., Reading, MA.

2.4.1.5
. 10K . CMOS. FCT
24.2
. 221
Cm
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Rize Lime

Thus aons
Logic /
package J
. I 1
Fa F.H = 4 pF
é H 1 ._/'
j'-w.; -
L
L Vi .
— Long transmission
5 < ling
f; Zg T VRN
' J N typical for TTL svstem
i W s
Th-in
o ) termination
Effective impedanse
aof pin 2 is the
parallel combinalion of 5
a 79— transmission line R__ml 5 = o= 37BN
and a ¥é-n  terminator ; b4

Figure .21 Stray capacitance between pins on a logic package,
221

1.30 1 2 (percentage crosstalk):
RCy

Crosstalk = [2.50)]

10-90
where €}, =4 pf (mutval capacitance of circuits 1 and 2)
R, =37.5 2 (paralle]l impedance of 75€2 long transmission line and 752
lerminator)
T y_ap = 3 ns (voltage rise time of signal on pin 1)

0.03(3%)
2.22 + ASIC and debounce a switch inputs
ClL C2 » R1 R2 , . 2.50
8. , 1 2 .
Cl C2 , : : :
L1
Crosstalk = {f{ [2.51]
{
C1 0.01uF, 0.0004. . R1C1

0.1mS. .

78 s 346



2.4

24.3

ThMe ERE
Logio ;
package [
llI -
. 1 e
Clock [ ‘;:-.—\- e
Reset

4 pF

R L
10K &

Vieen

ﬁ\..’

I
LRy
< 10K

Figure 2,22
2.22

—
",

",

Add these capacilors
“ to prevent crossLalk
between Lhe clock
and inputs & and 5

Fixing a stray capacitance problem on 2 debouncing circuin,

TABLE 2.4 ADJACENT LEAD CAPACITANCE OF LOGIC PACKAGES*®

14-pin plastic dual in-line package (DIFP)

GE-pin surlace-mount plastc leaded chip carder (FLCC)

Wire bonded to hybid substrate
Solder bomp o hybrid substrale

4 pl
7pF
1 pF
0.5 pF

#Much of this data is from H, B. Bakaglo, Circuwits, fnterconnections, and Pack
aeing for VESE Addison Wesley, Reading, Mass,, 1990, Table 6.2,

—Qic Oca

' 14DIP

2.23.

79
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174
1ol )
x
./z
93 4
Internal _,-"{
temperature o~
(=0 L e
//z
S0 -
./’
.'l"l-'
a0 -
i
. . h Tigure 2,23 Internal emperature versus
0.0 0 Lt power dissipation inside a 14-pin plastic DIP
Power dizsipatisn (W) package.
223 14DIP
o
e
o
I -.'\'-. Fenge of maximuam
woallowable inlernal
4 Lempearature
Internal
lemperature
(o)
0 e - The [ailure role of
e /,-” silicon. siructures
Py doubles for every
B0 1 7 107 inerease in
e operabling lemperature
Ao b
(HRN] .5 141
Fower dissipatlon (W)

Figure 2.24  Infernal temperatn
(14-pin plustic DIP package).

re versas power dissipation and zambiegnt temperatore

2.24 14DIP
’ a 30. 70. 110
1 2.24 1 1 1
.‘f_:ilu'wlic-n ]:r.f::-it':il + E)J'AP [251]
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2431

24.3.2

Tjunctiori
Tambient‘
ShIN

eJA: L]

SN/
SNe

©ia =03 tOca

—©jc: JUNCTION TO CASE

CNe

SN

[2.53]

Shle

TABLE25 6, JUNCTION TO CASE THERMAL RESISTANCE

16-pin plastic dual in-line package (DI}
[ 6-pin ceramic LMP

A)-pin ceramic leaded chip cander (LOCC) wath 10K square mil die

132-pin ceramic LCC with 50K square mil die

81 . 346
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1,470




N

TABLE 26 @, CASE TO AMBIENT THERMAL RESISTANCE

L-pin duzl in-line package (DEP) i sl ar

Lo-pin dual in-line package (DIP7in 400 (¥man ir flow

T2-pin ceramic pin grid arvay (PGA) in sl air

T2-pin ceramic pin grid array (PGA) in 400 fUmin air flow

T2-pin ceramic pin 2id array (POAY in 400 ftimin air low with heat sink

20ECTW
ISP
3470w
187 O
1w

2.25 MOTOROLA 72 BGA
, ©i1c 47 /W, ’

|

Without heat
gsink

"oy 22 N

With heat sing

Air flow an

linear feet per minute grid array (FGA package). (Dawa courlesy of
{LFPMY Motorola [ne.)
225 MOTOROLA 72 BGA Oca
2.26 1000

Oca g !
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0 250 500 wH0 1000 Figure 2,25 T'vpical thermal resistance
versus air Mow for a Motorola 72-lead pin
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Figore 2.26  Typical thermal resistance, case to ambient, of thermalloy hear sinks. (Scaner plo
comrtesy of Thermalloy, Tne.)

—2/3: 2/3 (this means that the heat
sink efficiency goes up as the 2/3 power of volume,which is the same as the square of linear size).
, 40%% a
2.4.3.3 400 / T
400 / : ,

. 400 / ¥ : :

» 400 / 4.5 / ' n

PC : 150 / .

¢ , : Oia =Ouc tOca
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3.1
5V! H L]
Y ) )
100-MHz 200-MHz : 99MHz
7 9 9
31 , 3.1
’ 6-MHz 6-MHZ

Figure 31  Two probes having different
bandwadth dispiay the same signal differentdy,

31

3.2 : 5 Y : 3.2 -



K Rise Lime of
_-_J’ - input signal
1
Input

Rezponse of probe

' --L_'iﬁj_ _.__fl; to perfect input
" ) =
s ¢

z
Scopes probe

. Response of
T _J/’J[ verlical

—t — LG L -t amplifier to
-~ a

perfect inpul
Vertical amplifier

Figore 3.2 Rise time of oscilloscope componants,

3.2 ]
Y : 3.3 :
(2 2 214 .
Tnn'-: COMpOsIiE = 't:ri_ + T?_ o ,*.-'_JI |_l.l ]J -
: - 10-90%
3dB : Y Fag
3-dB 10-90% i 1.6} :
, 0.338 N
fg—un = [3.2]
Fﬁrlu
Probe Vertical Amplifier
O — ) . _—
iy | i
Sa ;oa 2 2
i‘] 1.'.-'![ _tg U'E1 !E_ﬂli
Input

Response of probe

Composite response
to realistic mput

cf probe and verbical
amplifier to

realistic input

Figure 3.3 Composite rise time of an oscilloscope system,

3.3
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RMS : Frvs: {
1.7 -

0.361

ff]"t:'t*]'S

flo—on = {3.3]

(shop-built probes) :
a ' 10-90%

For a LR low-pass filter:

L

22—

R [3.4]

For a RC low-pass filter :

Hooop =

T|.:':._I.}]":. =22RC
For a two-pole RLC filter near critically damped :

Lo = 34(LCY

3.1

300MHz, 300MHz, 3-dB
2ns 7

{ gope = V3337300 MHz = 1. 1 ms
I e = 03387300 MHz = 1.1 ns
T; signal 2.0 ms

?:iislnla;-'cd = [:] IIE . I2 { zl[}? J =215ns l::'-ﬁ]
2.5ns.

3.2

2.2ns : 7
3.1 2.2ns
1'::n.“.ou __{1'2: _1-1.1 _1-1?-}};‘:1-'&' s HH]

2.2ns . 10-90% 1.6ns.
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10-90%

. 10-90% a
3.2
1 10
o )
a o
3.4 " :
1 3.4 o
moma o ' o
L1 "
T
.
£ e
A
- Current flow into
P the probe s slowed
& S b bv the seli-inductance
| 1}’5;“. " v % of the probe's ground
1 in = “x.f ' ‘j: _wire loop.
SR 1
' v % &/ } Probe ioput
ol ™, q in= capacitanes and
\\-,‘f"': It resislanoces
|
I S [ +
~ al R U T To
Source resistance HUT R . pE M i sO0pe
of device under test _\r e L. -
& Ly o
", R
f:q 1= the loop

Hlag
34

Figure 3.4

inductance of the
cround connection

rical model of an oscilloscope prohe.
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L1 ? Ly , ,

L : 10-90% ’
321
3.4 1in¥3in American Wire
Gauge (AWG) 24, 0.02 in C :
%3 2%l
L=10.16|11n fl—-]ﬁln[ ”‘11 nH
(.02 N0z [3.9]
= 200} nH
3.2.2 10-90%
LC
C=10pF
£.=200 nH
Ty =(LCY* =14 ns [3.10]
(for acritically damped two-pole circuit)10-90%
LC 34
?_ln_gﬂ, - 3‘.4}}_‘: = 4.8 NA [-"!I.] ]-l
4.8ns . 3.1 300MHz
1.1ns 10-90% ' 3in 4.8ns 10-90%
3.2.3 Q
3.4 » a TTL
CMOS , 3040, ECL { GAs) 10 4.
LC Q, y « L~ C RS Q
p=L1E” (3.12]
Ry
312 ,Q
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3.4 , Rs » LC 100MHz . 35

5. 25. 1250) -
40 I i
U o
20 ‘_ T _fr — 25
Magnilude i
of Trequency o "'""{'-" - ——— 1Z0
response | ™
{dB) e B e I R R
—2b "‘\ Source
— resistance ()
A0 . ™
1 18 H 1900

Prequensy (MHz)

Frobe ground loeop is
lin. =3 io

Frobe inpul impedance
1 10 pE, 10 M

Fignre 3.5 Prequency response of a probe with a 2round wire,

35
50 29-dB (resonance) « 100MHz
25 15-dB (resonance) « 100MHZ
125 & (Q=1) (The 125 @ plot shows critical damping(Q=1) )
125 1 ,
3.4 , 100MHZ i
1 11 5ns 100MHz
0.5 -
Rise time > ——— =35 [3.131
100 Mz
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5ns ’ ’ 200nH:
10pF.

3.24.

(artificial ringing and overshoot).

dn- Dourcoe
Tektronix 11403
- = ¥ L S T With plastic
probe cliv and
{7 3ine ground wire
i ]
_L;_ {__ Using bare
1 1r A o R e e 'F-I‘I_'Ilbﬂ t]]-" ﬂl'.l.d .
f d=in. ground wire
I~
1 Usging bare

\ probe tiPIWit:l
probe collar

E

L

{ ‘__I directly grounded

L i i L . = - - e Loy cireuit board
I ns/div

Tracesz have been
artificially delaved to
improve the appearanoe
of toe figure

Figure 3.6  Ringing induced in a 1.7-pF probe by a 3-in. ground wire when viewing a
25-£) source.

4.7 1 Source
Teklronix 114404
T ' ' ' ; T " Wilh plastic
probe clip and
d-in. ground wire

sing bare
probe tip and

T i RS ' ) ) ’ ) 3-1n. ground wire
[ S
/— Lzing bars
l F 1 probe Lip with
probe oollar
1 1 directly grounded
-+ ! * - ot . * = to cirewml board
1 rl:i__.r"div

Flzure 3,7 Ringing induced in a L7-plF probe by a 2-in. ground wire when viewing a
4142 source,

3.6 3.7 . FET
(very-low-capacitance FET input probe) , 1.7pF 1GHzZ 3-dB,
Tektronix 11403 . 3.6 2510, 3.7 4,70,
: : 3in .
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] 3|n o ]

. 250 15% . 50 29% .
2-6ns » LC
T = (LC)" = (200 nH % 2 pF)* = 0.63 ns [3.14]
LC 6.3 ns
Expected period = 217, = 4.0 ns [3.15]
: . ?
?

(exposing the metal shield which covers the probe al the way out to the bare probe tip).

: ! 3.8 .
(this shorts the metal probe shield to ground with as little inductance
as practical). » 2500 510 a
Hig curlicue
goldered to ground )
pin anchors probe Exposed melal N N
and cocnnects io ground sheath i, P
ground shealh r,f' T ‘\::H;H‘x‘\ | |
Little | “@ - ‘-2}\}\'3,;-'
curlicus /JJ “CV'
haolds
praobe tip ? |
I:_;*‘f - ,-Lf Kmf-: connects
1 ground pin to
' e ] probe shealh
Both melhods reduce the
inductance of the proke
ground loop
Figure 3.8 Methods for grounding a probe Gp near a signal under tesr.
?
: { 3.10 3.11) Q 3.12) .
Q ?
T31 TTL ©30 Q) ECL (10 Q) 10-90%
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(ng Q Q a

TABLE 3.1 EFFECT OF GROUND LOOF INDUCTANCE ON 10-
AMND 2-pF PROBE PERFORMAMNCE

10+-pF probe 2-pF probe
Ground : -
Iy
induckance
LD Fioon G L Tevan L Ceer
26D 1 4.7 14.1 |3 L5 320
10 a0 33 o [). 5% 74 220
an 1.1 1.2 54 344 4.1 F2.0
10 LX) .1 3.2 0,25 24 7.1
3 03 L6 1.7 013 1.3 a9
1 0.2 2 1. (.09 0.7 22
10pF : TTL 1ns ’
L] ECL L] L]
' 3.4
AWG 24, AWG 18, o 3.9:
L=10.16[1 In(3/0.02) +3 In(1/0.02)] nH 13.16]
~170 nH [3.17]
15%.
31 2-pF 10-pF '
4 10-pF » 3-in. 2.8ns 10-90%
*
‘ a
3.3.
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: 10-90% : .

o ) )
3.9 DIP : 50 pF 0
a A : A B :
A A B '
3.3.1. A
IC 2.4, di/dT 7.0:10°A/S.
z'f)/ /.-'/
i e
- s
s £
r e
I &
.-'f- -":‘x _.l""
Loop B f \::,_x'
Separation Bpprox. (N
belween looeps L i, ® *—5\ '.Tl..(__-,-" /,"' .;r\}. .
Loop A ‘..--""--
ApProx
03 in. x 0.3 in.
'\._\.
u, e,
_ .,-\r\ -
- \ ..\
e —— “ Part eof the magnelic
I B g field from loop
= A iz received hy

Ground the proebe ground loop
return
current

Magnetic field

line= [from "

locp A Signal going
Lo capacitive
load

Figure 3.9 A probe ground loog picks up spurious noise voltages,

3.3.2. A B
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A B 3.9 C

L, =5.08 A“_:‘? [3.18]
-
0.3 0301 3; .
=508 { 3}'\ } 13.19]
2
={.17 nH [3.20]
where A, = area of loop |, in.”
Ay =area of loop 2, in.”
r= Eqparatiou of loops, m.
L,y = mutual inductance between loops 1 and 2, H
3.33.
B A A B
X df - D .
Viowe = Lay === (017 nH)T.0X 107 Vi) =12 mV [3.21]
i
where L,, = mutual inductance of loops A and B, H
df/;f = rate of change of current in loop A, '?}{
W oiee = Doise voltage induced in loop B, V
A B 12mVv « 12mV
: 32-bit ?
0.384Vv . TTL ,
i noise— pickup: (faster logic compounds the noise-pickup
problem)
3.3.4.
, , 3.10 ,
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Frobe Lip is grounded
with its cwn ground wire;
the probe ground does nel

touch the digital logic
» ground

- W,
L ;;""‘*tq"'f A

Magnelic fields from S

current loops on the P

couple noise vollages

printed circuil board f-’---—ila-\h-‘ﬁiﬂ -

inte the scope ground ! N Fay v

wire loop ) \ : L *‘x‘
— #

; IR
o . #}"_ -
———— s 4 L o
- I
P e TTTTTe——
e | /
o = r
.-"-"-- g .-"‘r;'
- /
L £
e — —
Figure 3,10 Magnetic tield derzcror,
A A ]
. [ J
a o 1
1 1
1 a

(how probes load down a circuit)
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i 1.1 .
10 7514,
3.11
(1), 10x , 0.5-pF 1000 .
i2). 10X FET : 1.7-pF. 10-M .
3. 10X , 10-pF 10ME2 .
0.5 pF
10,000 | } L1000
Eﬂtmiﬂ B Y
! ;
1000 ——i——t—— Pty S L7 pF
Magnitude ht '_‘\4\5‘1_ 1 Mo
of probe 3. . o /_/’
reactance, (M} ﬂ“ﬁ \\L\ v
14000 Lﬂ\u\ '
10 pF
S e "uT 10 Man
it - - Frobe
o type
10--95% rise time (ns) 500 ol o LA
knee [requency {MHz) 1 10 17310 1000
All calzulalions assume
prebe sheath 1z directly
grounded.  Otherwise,
there are resonances.
Figure 3.11  Probe input impedance.
3.1L L L) o L
(only the shunt capacitance matters).
10%
10 . 5ns : 10pF (for any rise time less than 5ns,the 10-pF probe
fails to pass muster).
3.3:
3.12, 50 50 i o
: RG174 50 & 1000 & (consisting of a 1000-£! resistor

9% s 346



feeding a short length of RG174 50 ! coax.)a 50 &

3.13 Tektronix P6137 « P6137 10 . 10-pF,10-M &,
400-MHZ a ’
1 6 o A!
600ps , ,
800ps: a
: ' a 3.12
25 0. 10pF » RC
T = (25 L0010 pIy = 250 ps ' [3.22]
Pulse Monilor zcope Channel & wilh nolhing

generator

connacted Lo Lhe Llest point,  Then
. ivad the test point with o probe
and osbzerve the differencs

‘rigger Fipnal _
! Dﬁ.ﬁ. rjgu'., Test point

-
Use long cable
3 50 1 4
] Vi Prohe under
vl W L tezt connects
g }-t":-:' here
Momitor test /”{ }5
point with <
et I * ‘ :
201 probe ]_.;_". a0 - ':I:lalaie‘]nepicq
[ Terminats with
W

o0 n

I S b Separate lrigger
connection to scops

Figure 312 Fixture Tor lesting probe loading.

97 s+ 346



Tektronix 11403

e e e s T T T

i i n I i

S00 ps/Sdiv

(1} Na load
(2} P&127 10-pF probe using &-in. ground wire

(37 PG137 10-plF probe with collar directly grounded

using =small knife blade cireuil.
RC 10-90% 2.2
Loy = 22T = 350 ps
600-ps ,
Fio o0 composne = (600 ps)* +(550 psy*] -
=814 ps
800ps , a
200ps 100ps
, 10% 90% a
. 10-pF 3ns 100 & .
* f . R
3.5.
10-pF
, 2-ns . :

98 s 346

Figure 3.13 A 10-pF probe loading a 25-02

Lad
[
e

[3.24]

3 6‘in. o



3.5.1. { Shop— Built} 21:1

3.14 21:1 : 50- L { RG— 174,RG—58,
RG_8:| L] L] o 50 Q
(the probe terminates at the scope intoa 50 £ input jack). :
: . 1050 &. 1000 & (feed
resistor) 50 L :
Division ratio = ————— = (1.0 [3.25]
S+ 1000
50-mV/Division
. .. (L0530 Vidhiv
Vertical sensibivily = ————
00.043 [3.26]
= 1.04 Vidiy
. 1.00V/Division
21 1
* DC 1050 .
. 1/4-W 1000-L 1/2PF .
{ shop— bult) 10-90% : BNC
50 £ BNC + BNC 50 £ :
BNC = 3.2
10'90% o 50' Q 1 o
; BNC “T*

9 .

346



(get a good-quality in-line terminator for this setup).

311 RG174 has
1G=00% rige time
ef 0049 n=
, Ta 0 o

“\_.',. , Lermination
‘ 1= al zcope
T 2 1K .
P g ~ - L
~t ) o : . ]___]LE'
T ]

Py
A J‘ 1K~ resistor _./f

attenuates
slgnal 20:1.

=

£

r

i
o
-

- BHC cornector has
Sense loop has ;
indurtaan I 10-90% rise time
o of 0013 ns

Figure 3,14 Shop-built 2001 probe,

3.14 { shop—Built: 20:1

TABLE 3.2 10-90% RISE TIME OF MALE COAX CONNECTORS

T}"I_‘lt‘. L:‘:flllll:::iil' I:I:'—"NI “15]

EiG-58 BNC twist-on 1. (022

RG-58 BNC double-crimp 0.5 0.1

RG-174 BNC double-crimp A ot

RG-5 N-type .2 (004

3.3 10-90% a

3.3dB , a »

T=0.5/Finees {

100 . 346



TABLE 3.3 10-80% RISE TIME OF COAX CABLE

Feet TF{I.': 17 &) 1 PR |'n'~i} TF.G-# ins)
1 .00 0002 (LM
2 04 (L(HE Q001
3 032 T4 0002
4 0056 0024 Q004
5 R 0.038 0005
10 .33 015 0023
20 1.4 .61 o
S0 55 38 (.64
21:1 : 1000-£2 : :
34 10-90% » 34
AWG 24
{ shop— built? 1K-0 , . 50-1
10-pF : {L/R. Due to the inductance of the
sense loop is much smaller than when working with a 50- & coax or with a 10-pF input probe) .
{ shop—built? . :
: = 1AW
1/2pF : , ,

TABLE 3.4 10-90% RISE TIME OF PROBE SENSE LOOP

Loop diameter Lo f
(L} inH) (nsh
.1 3.9 .31
0.2 1.4 002
L3 3.0 .06
1.0 8.0 .17
210 20000 .42
a0 S00.0 1.1
100 122000 2.6
L 1/8Wi a 1/8W 1000-L!
+11V.
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[ 21:1 o ’

Q . 21:1
Tektronix \ +  shop-built a
: P6156, P6150 P6231. P6156 Y : BNC
3.3 shop-built 10-90%
6 RG-174 BNC (dual-crimp) 21: 1
0-5 a
From Table 3.2, £, = 0L013 ns
From Table 3.3.1 ;. = 0.19 ns
From Table 3.4, 1, = 0.08 ns
componite I:-‘rBNC'i + fl.'<‘||.'|||L‘2 + a‘in':11|-| ’ J'}. = [1.206 ns |32?]
. shop-built
3.5.2
I C L] L]
(probe barrel). : ’
(ground sheath). ,
3.8 .
3.8 ,
i curlicue’ , .
{ Ground pad! .
: = 0.035—in. -
, 0.020-in. , 0.035-in.

102 . 346
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3 30nH : .

Tektronix '
3.15 ’ ’

Frahe fip

alder t]'..EE'E ’I/"‘”A

parts o your
cireull bosrd ‘\\

& Figure 3,15 Low-inductance connector for
Tekoronix probes. (Figure courtesy of
Tekuonix, Inc.)

(probe barrel) : a

3.5.3.

10pF .

103 . 346



) 1pF , 10pF a

Circuit lLavewl for Removable Probe

Zignal goes
clsewhers in

cireult s0—n
terminalor
e for sense
limve

h

I Zhort these
Groumnd s pins when sense

VA e line iz not in
: e
5 use
V4

I ] 1 o .

a F 50— line . ¥ ol

L F -"‘\
EEEEN I; - d -+ Connecl scope
, ) around . . " probe to these
Hlx—'remstc-r_ . via - tpwv pins using
AL 2ensa ]:I{J'.Il e

Malex KK plug

Pick a conveni=nl
localion for
Lest pins

Removable Coax Probe

__/
Maiex ' 3 RG—-174 50— coay 'f‘er-rn".:mt:h at
KX nl : g BECODE W
pig f ol n

Center conductor and

shi=ld terminated to Molesx
KK series plug:;  ihiz plug
mables wilh 0.025-in. squars
pins on 9.100-in. centers

Figure 3.16  Embedded probe fixture.

3.16

3.16 21:1 , ,
- 1000- & 50- L . 50-1
. 316 50- & :

= PC (PC mounted) BNC :

316 01 0025 :
MOLEX/WALDOM KK .« RG-174 (crimps into)
MOLEX/WALDOM KK , , 10nH
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o SOQ 1

3.16

resistor).

3.6.

3.17 Reneilar

T10.90 0.22ns.
1000 &5 Ti0.90

, 50 L

1050 &

V et

0,

105 . 346

MOLEX 1000 &
0.025ns.

(temingte) :
(engages a 50 L terminating



Vollage r]r'np BPpEars
across shisld but

: Shield and sense
not on sense wire

The shield and sense

Cvollages ars
wires are al Lhe , /o different herve
same pobential hers / {

h i
"\.\ ! '-\.~
, / A Seope
'\:I\I i
1 i 1_,. el Y
/ v o . shield > |
.I'-I-Ir - - } - I"'\: II r‘| . i TR L
S Diiiad 4 Coaxial probe cable L
r —_
S prodect E-'-:T ______ =
/
; ) e —
{ - 4 :
| L7 v Green wire
Noaze 5 r L safety
'v'GJtagelf' + .\I R | ; \‘\\ graound
011 o= | !
rround v - " J
ground [’ o shield current :l
e e - - !
\I‘ ----- ra
# :'" 7 _r'f i r-' 7 i rd F rd ¥ 7
YAy YA A Y VYA
S ’ ¢ / ¢
-"-.r f J'r -')Ir r'r .-" -fr F 3

Figure 3,17 Moise pickap from probe shield corrents.

(13,

2, :
3. : : .
i4). : . :
a 60-HZ
(1), 1 ’ ’ Shop— built
' RG—174 RG—58: RG—58 RG—8.

(21,
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(3.

i4). - ,
5 to 10 turns through it with the probe). :
100KHz—10MHz. 100KHz

05, . :

ih). . : AC
: 110V . n
AC : :

5 10 (make

10MHz

(Perfect isolation of the

scope chassis from the safety ground breaks the probe shield ground loop at the oscilloscope) s

AC 0.01pF :
10MHz (natural capacitance).
(7). (triaxial) .
RG-8 a
21: 1 » POMONA BNC-to-triax
BNC BNC a ,
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BNC .

(Terminate
one end of the triax in a normal triax male fitting and plug it into the adapter). :
G 11 10:1 - 10:1 o 10:1
: 10:1 10 .«
I.I:EI:I- o 3.18 o 1 1
2 o Gs ' o
(ground strap) : :
(ground strap) .
l 2 o 1
Tie probe ground
wires Lo each olher, but
not to digital ground
- Twist or tape probes
One probe goes to s together -
the signal wader besl Y d Sonpe

(! -
! ’ I'. — —— +8— +._ |
s bl - T —r L, TN
AR, s " - (=)
Joense loop 1. . — e T f;.'— Frm e
Jopicks up magnelic | . M B
4/ noize like an | ~The other probe |
_;" ordinary probe Zoes to around
[ —— r. -'/.-'
i { Green wire
Nejse e, Cround strap v, safely
Mols S .
voltape | } \_\gmund
s
- i
( !
x:h i , y.
J_,r") _,.-'r & / ;__ ! ¥ .__fl ‘__." ; ; ; f _I;"IF K."
& } i g S F,
/ / ¢ 5 / / s s / /
ARV A A A A A A A A S

Figure 318  Using ditferential probing (o eliminate shicld current noise.

(magnetic pickup loop) ,

(pickup) taping the probes.
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3.7.

10 :

(single-ended) .

1 1
L
3.19 100-Mbit/s , ,
D A o a
:':'lurfrzcl and noiszy
Eandom data Difle reritial received signal
source line driver Comparater with
7 | Aigital cutput
i "--L'i'\' i s
e NS ! *.xr"_.»' -~
D QR o OO0 e
| ".\. Lt _L_._____. S
I'-.I\] )
N RS, — -
Long twisled—
pair cable
Figure 19 Twpical data transmission cireuit.
3.19
1 D 1 ,
u 3.20 a

(then shifts the data waveform to line up the

109 . 346



trigger point with our left cursor mark)
- (clock-to-data)
3.21 : 3.21 o
(the shifting added jitter to all the other transition zones)
".'r'ilggu.“ Jller
polnk
, —™ -+
i ::ﬁ,’)?:.,{ 1
F |:|| :::'l: |-.-ltlt:l
) \ LI
/ ,:__x‘_ __."::r':_: Ly, ’\.-’JA'.K ,
)
> 4
T"’Iirl
Figure 320 First attempt at eve patern observation
“ 3.20 ’ 2t 7 3.20
(sometimes the eye does not open at al ) 3.21 .
: i 3.19 B Al .
Irigger Jitler
pein
— -
.
x\nﬁ B KX ;.#*‘?’ x\ﬁ..,?;.;.?;;g “?&:
W i f Al R TRLLT] ! W uy
’| .'II ' Itlg'l'tl::l:. |:“:|'.”'|
T i ﬁ.l el i i
SN B AEAAN AN AN
Tdata Measured jitter is hall ihe
width of thal in Figure 320
- o _
T The data pericd and mminimourmn
min zeparation belween lransitions
ere the same as in Figure 320

Figure 3.21

(vertical input)

Eve pattern triggerad by 2 sourve data clock
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(the triggering circuit may not trigger on them). :

3.8.

3.9.

i1},

(2),

(3.

n+1 .

» Aredifficult to cornera

{ pattern— dependent! .

(logic margin).

(Margina compliance with setup and hold requirements).

! i 21:1 n

2% 2% : :
2%.
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L] L] 21.1 ]
21:1 (primary signal)s
(to amplify the visible effects of crosstalk)s : \
3.9.1.
a { Short-to-ground 1} (critical)s
{ open-circuited? .
1/2 ,
a 32 a
3.9.2.
: i Tektronix 11403
3.9.3.

112 . 346



(interfering trace)
, 3.22.
(interfering trace) dv/dt .
(bare board).
Terminale as
Frimary planned in yoeur
:;7 procducl
// W 1
N N oy e

Thert to nterfering yi “U'1 probe

grond \race i “rima;v signal -
To scope channel A

:..?— ~ >

L

Y N :i . \L 1K :'I}

b1 o = 201 probe W

h N L - -

5 I'\nl' I; - - —
1F:|T1U-]=:sl ‘_ v To scope trigger
generator “:'_-'1_ Apo use bo menszurs

Lerminater rigse time
for puise I T
generalor ¥
.'f-—-
/ - N
,f"l i Tf'.“ LU _I il
_ __’],_ L__ . Lt S
"rrlsr:-

ITIiL X
Figure .22 Measwring crosstzlk between twe signal traces.

3.10.
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(maintaining quelity) ;

, . { go-nogo!
- { go-nogo! ,
(nogo)
+  gO-nogo , o
(stress)« go-nogo
. (nogo): :

(this property makes it easy to vary the stress in and out of the error zone to make sure we are

getting accurate readings). a
: . - (go-nogo)
3.10.1
: TTL. HCMOS
ECL 1K -
. {
1 -
(critical) a o :
. (deteriorated)
: (bed-of-nails) :
\ (clock recovery loops)- \ /10
3.10.2.
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: (theoretical guaranteed setup)

: A B
L] L] I: :I L]
3.10.2.1.
20MHz (make up a
coax delay selector box from segments of coax and ordinary switches). :
(A} {B) .

{50. 75. 93 )

: (delay selector box set to midrange):

. (this may take some fiddling with the fixed delay
length).
1. 2. 3... 10 10. 20. 30... -
3.10.2.2.
- (trigger-to-ouput) a
, LA , (BJ
o {50'\ 75 93 Q :I o

(this may take some fiddling with the fixed delay length).

115 . 346



0-180 (degree). (fixed) 0 . -90
+90 .
3.10.2.3.
3.23A 30~160ns (inverter). 5
35ns . 12% .
Delayved
Clock hnpart clock
oulbput
[ LK 1K 1K « = 15 ¢ e
LT x\/ e ),{' . TR T :-.~’T[ Tn—
- 33 pF o 33 pF L 93 p¥ T 33 pF
Figure 3234 TTL or CMOS adjustable-delay necwork.,
0 B
P
i
0.01 'I:u -_]'-‘; 18 ’,f_ef"* 10k
i
Lo b < < Del
Voo jooET < 100K 100K 2= 100K - ABE it con
|- ’1‘ bt rrmate
oL X1k X 0[] _ﬁ-z ¥
W .|. % _|___
1 ooy | IRLCEE
W el eadires W B T
Clock input Mo LS = MVIDa M 206 05 7 Mvans
“ 10H116 X LoH11E R UMt » Clock
e P LB - I -
. e ....|, J\_,{_‘_ - i [ _(::, :x,ﬂ
0.01< 50 S PP | = o 4 = Clack
\ | " P {; L & ‘__.3" i = _(: J:"..."
| R :s:mT ™ Jans <3ae | ezci 330
[T J , I
,TJ LU Y Y WO S VoW Clock output
'-.\ I muwy Lo roubsd
’ throuwgh TTL
With ® oael Lo 1000 7y, Enis tranzlators
network adjustahly delavs a hefare
AlU—MHz cloek from 5 Lo 10 oz transmitling
Figure 3.238  ECL remaolely adjnstable-dalay network,

i

(ganged potentiometers) ! -

to a minimum).

116 . 346
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3.23A

» varactor
3.23A

3.23B
RC

3.10.2.4.

3.24

N Y

(active circuitry)a 3.23B varactor
: 3.23B
2.5-5ns
+ MV209 .
3.23B : 5~10ns.
40MHz , R
40 MHz
R—H]{]Llh”f—l? [3.28]
f ‘clock
: LA} : (B!
(midrange)
(Cadillac). ,
N , - - N
N Y
117 » 346



varactor-controlled RC a

) l Cleck culpub
Vellage >
earlrollod
h
oscillabor P
Y
— \ 1]

Loon Frase and M -
rrf'}*_ | frequency
HEe n::r'-'1'_::-=:r'ul..':ur' 1 "
Clock input P Fhaze
Lol "\ s=hifling
network With the divide

ratio A ozel Lo 4,
.. an adjustment of &
. hers resualls in
~an adjustment of 48
al e elock ool

Figure 3.24  Adjustable-delay network wsing phase-locked leop.

3.24
+180 - ,
: T3 +  FIFO .
3.10.2.5.
(terminating) :
3.10.3.
10% .
3.25 CMOS TTL (setup time)
= CMOS 74HC174 TTL T4F174

118 . 346



T TUT4HC17T4 Delay. clock te g

s _________,—-'"n
Time P
(ns) e TAHC174 Required setupn,
- LY I r dala Lo clock
e - s
v t __--D--_\__-
[ . -
o T o -TAFITA Delay, clock Lo §

TS e e o 74F174 Required setup,
| | | 1 dala Lo clook

&8

4 o
Power supply (V)

Test run
at 247C

Figure 3,25  Delay and sewp tme versus power supply voliage.

3.10.4

(modulating the duty cycle of the heated (or cooled)air to control the temperature).

(setup time)

3.26 CMOS TTL
CMOS 74HC174 TTL 74F174
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20
T TAHC174 Delay, clock Lo Q
.-.-:'--5
15 = e
Time -
ns) I ) o
10 & e = TEHC1IT4 Required seiup,
o T cata to clack
__'_ﬁ__,-fl"_
5 I ] a— —— 4F17% Delay, ciock lo @
— i -= TaFl74 Required sciup,
i I I data to clock

a 20 40 G0 30

Ambient temperature {°0)

Test run at
Voe = 9.00

Figure 3.26  Delay and setup lime versus lemperature,

3.10.5
. go0-nogo . go0-nogo
3.11
D ] ] L]
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11 an

3111

3.27 (discrete flip-flop) :

Feedback palh

="ty Mty

: K~ 1K
4 LTuE k4

Lo ¥

fr P ——

Data

Clook A
AT men e o

E " ._1-_-‘:-'}

100~ & b
1-turn _{
pit !
iy T Ce < 1K A 1
100 th'T 100 pF E
7 7 SR O RG17Y eoax Chapnel |1

J ] 4

{ RG—174 coax Trigger

_ Cleck . = 1K Channe! 2

R}
= ;~ o
. i RG=174 coax

bl

— .
Foow AllL probes
Lerminate

in Bl oo

al scope

Reget

Clock A generates both

clock and daln signals T T T
Clock & { —

Clack L .

Daba ¥ . !
Dale Lo clock setup
adjustable within =15 na range

Keset - e
- . ___..' '-_‘_
&. [data preceeds fam —_—
selup window) A ! o ) ] e
e (data arrives
too late)

Temne R

Figure .27  Observing metastability,
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CLKA : R1 Ci1. C2 » R1 DATA (with R1 turned

to the DATA output)s CLK « Rl CLK » DATA .
DATA CLK =+ 15ns.
RESET
RESET

3.27 21: 1 1K o DATA

CLK
S1 , (turn the pot slowly from
maximun data advance to maximun delay)- DATA-CLK “
ps .
CLK Q . DATA 50 0
CLK :
+ D : Q Q1 : 3.27 . Q
L] R Q ] L]

, (minimum setup window)s
Q (snaps off). : Q : 3.27 Q2
) D , o
- (spread)
(the manufacturer provides a spread between these
two limits to ensure that the critical switching time on all parts,across extremes of temperature and

voltage,stays between the limits).

3.28 Q

(figure3.28 plots measurements made with this setup comparing the flip-flop delay,clock to Q, with the
measured data setup time). :

o 3ns , Q 13.5ns.
! Q ! Q L] [
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Delay, clock
to cutput (ns)

3.11.2
3.29
C
3.29
S2 ,

(ending the cycle).
(bit)a

25

a0

10

17

S1

i =+ .
Gl Gl 01 1 by 100
_ _ oo Figore 3.28  Crotpue delay versos data
Tsetup Yeritiear  \EE setup time J4HCT T4,
o )
? a
(metastable)
o ) o
: C o
1 S2 :
C Vin= S2 '
Rl L L a
123 » 346



L
. 2
5| - ﬂ
" - 1 rhmpl:fieE_'.:*—'—-l
kO - T ’
IIr'I-ve:m'

=
I
-
| [ |
1Y
-
e
¥

5y opens, breaking

ieedback loop
| L
"-.‘-E Lpen _1}
Closed . e P —
Open = T o .
71 loged A0 8 cennects inpul Lo capaciter ©
, - —_—
l'in . —
Y
v "’: .-:" -
L Lk
i — - |
' ';w-'_ - -
Taul P 4
!
|

Clocking.” JL Amplifier
moment delay

Figure 3,29 Simplified flip-flop circuit.

S1 2 (chip manufacturers
have tried al kinds of crazy circuits to get the sequencing of S2 and S1 just right).

SL (once dewed inthecorrect direction) - .
FR Y ' C v Sl
, C - S1 ,
C , (that doesn’ t look very binary)!
Sl L] L]
S2 Ve =
Voue (1 =V e 3.29]
K :
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90% ,

L] L] T
?
T , 3.29:
kr| _ Voo ,
Ve |= % 13.30]
_ Jf:(.' -
Vol = 25 331

where V| = how close the inpot must be to zero
T = 1o generate a metastable delay of T seconds
K = constant dependent on amplifier and switches
Ve = power supply voltage

Vin o

Tw(if theinput signal transition is located within T,,of the clocking moment):

X

T, =y, = ‘j-‘-"' [3.32]
s
3.33 .
3.31 3.32 Vin
T.- an I
7= 2. o [3.33]
+Tw . T .
T a
s Tw
T, |=Ce™* [3.34]
: C K » T Resolution time.
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3.30 Actel ACT-1 1 :

? a
Top = 9.3 ns (clock w @, with good setup time)
Ty = 9.3 ns {inverter-XOR combination)
5.0 ns _ _ )
Lo = —— (sewp time for ), )
2360
42MHz(23.6ns) = Y1 Y2
1 Q4 o
Q1 : D2 i
Gl G2 1 : D3 .
S}'st_c-m
parameters:
¢ clock te § 8.4 ns
= 5.0 n=s
selup
foragn = B8 ns
lnpual transition rale prop H#
iz 1710 cleck speed e —

Ot

fzvnchronous
zignal

Clock
Figure 3.3 Analysis of a metastable circoil.
F 42MHz. Q1 D2
l
T =—-236ns [3.35]
F
T, (resolution time)
» QL Tr
T, =Ce ™ [3.36]
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+Tw UF (the probability of hitting within &= Tw, out of a

total cycle time of 1/F, is)
Prob{failure) = 2T, F = 2pCe™™" [3.37)

Actel 1989 ACT-1 C K

C=05x10" (sampling switch rise- time constant)

K = 4.6052 % 10" {amplifier response time constant)

{MTBF! . , R

0000277

MTBF =
Prob(lailurey = R

[3.38]

where MTBF = mean time between failare, h
R = input transition rate, Hz
Prob(fail) = probability of failure on any single input transition

3.31 ’
1/10. 35MHz 4x 10712, 3500000 . 19
( 1.
1o
20 \. — 1 millioen times
Mean Line 10 \\\ age of universe
Letwssn 1w ) )
failures 10 [~ - 11,000 eentitries
(hours) "'nqq__‘
‘-\-"-\.
1 - — 1 hour
"‘-\—\._‘_\_‘_\_H-‘
T
15_1“ . . N - 380 n=
25 30 35 40

Clack specd (Milz)

Figure 331 Mean time between failures (MTEF) versos clock speed for the circait in
Fizuse 330

3.11.3 (evidence for very long resolution times)

3.28 ’ 3.27 10ps
20ns o o

127 » 346



DATA

CLKA

100ps

3.27

U2

DATA

the critical switching time).

CLK

: uz2

(resolution time)

U2 T RCR

CLKA
DATA

=+ 100ps. DATA

(once the potentiometer adjustment brings the DATA signal within 100ps of

e

Q

: 3.32. DATA '
Q o
]
- ]
.I Nata
1
I! Clock
! I .
+ J.‘ - - };D@ "
——'J ul ¢ ouiput

Figure 3.32

24ns

10 n=/div

128
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- 24ns. , 13ns ¢ 3.28) .

DATA - :
DATA : , -
» DATA -
512 20 . DATA CLK
3
-Q , 30ns i
3.34, (resolution time) DATA .
DATA :
Tektronix (mask-counting) = 332
(mask-counting) a a
5ns { 35. 40. 45. 50ns!
, 1 2 13 1 - 3 4.
3.33 3.32 , 30 -
Mask 1 30ns 4685
Mask2 35ns 445
Mask3 40ns 42
Mask4 45ns 4
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10. 4 . - 45ns,

50 { 3.33 100 7 . 55ns 4 o
Tektronix 11403
- - e e L
L i ] Dale

' Clock
b
b ol T
1 ¥ | . l .-!
' AR

& outpul

T e —

|
|

10 n=/div

Figure 3,33 Metastability in 74HC 174 (CMOS) 30-min. point accumulation.

3.34 T4F174 " 74HC174 '
T4F174 T4HCL174 (tends to rise to half-mast and then
make its decision one way or the other). Q .
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Tekironiz 11403
[ . - "

k

=
e

l

————_——

S e KA — | A

2 nsr.'rcl:.'-‘r

Nata

Chock

g oulpul

Figure 3.34  Metasmbility in 748174 {TTL) 10-5 peand zecumulation.

3114

1 :

2. { ) ,

3. (metastabl e-hardened)
L K L o
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;3.
4.1
NEWCO » NEWCO
PCB ' NECO
: 600 » 2000 ,
1 2000
2. 4in. ¢ i
3. 0.2in.
4, {AWG30! : 0.01in.
5. 2.0ns
6. { Kneel i 1.1) : 250MHZz=0.5/2.0ns
411
NEWCO 2ns: !
[ = Rise time {:ps} _ 2000 l_T-‘*' _ 3350
Speed (ps/in.) 85 psdin.
{f6=39in.
NEWCO : :
Q Q :
Q
4.3
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: 1. : 2.
PCB 1
16in.X20in.
1.3} :
[4.1]
[4.2]
+ Q
Q



A
Iif':n'-'erwhuuum . 4% -1

[4.31
Vs!up
+ Vovershoot = : V:
VSIep = 1 V;
Q= { >0.5) .
4.1 , 2L/Rs 4.3,
rior to iy, I
the Cﬂpaﬂﬂ.nT R .
iz fully Py
charged +V (Y LY
el f.‘T o
I _ .
Az the drive
voltage drops,
the capaciior
Ab bime oy R I initially rgmuins
the drive X T unchanged
voltage drops N 1
to zera C r "'["rc,
Drive
vollage
o
Exponential decay envelope
Vol - o of outpul amplitude.
cltage h, " -
k e A
ACrOss oS - iy | e
capacitor T ,"j \\_\/ 4 2L
. ":.-rf-._;_"__'_ i
Ti e - | ) L ! |_ 7= Max overshoot is
|:| _
/ \ l.r::‘ exp | —-— 3.1.
Max Max _'-.|'41;§'2 —~ 1
overahoot undershool
ooeurs at occurs at
time: thme:
WAL 2w -ic
"x'l ! _La y ] :
4 ' &
Figure 4.1 Overshoot and ringing caleulated by the O method.
, » Q1 16%
2 44%., Q 0.5 o
, Q -
1 1 Q o
NEWCO { C b
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arf VY
L= X(5.08x m")[ln[ 89 nH [4.4]
D
» L = ’ H;
D = ’ 001|n;
H = ’ 02|n;
X = » 4in..
312 RLC Q
R=230 (TTL )
L = 89nH { !
C =15pF ¢ )
L/C)* (89 nH/1S pF)”
o= EO7 _BInISPIZ _, ¢ [4.5]
R 300
Q 2.6 ; ;
Vstep = 3.7V (TTL step }
Q= 261 45
S -
Overshoot = V., exp ——5——- |=3.7¢90 =20V [4.6]
LagT -1
NEWCO , 4.7
|
Faing = = | ~ =138 MHz [4.7]
C2m(LC)YR 2m[(89 nH)(15 pF)y)”
NEWCO 250MHz ¢ 1.1 ) NEWCO
L I: L
NEWCO 138MHz . 2V, ;
12 : NEWCO
3.6ns
412 EMI
; (FCC ),
EMI. ;
; ’ EMI
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4.2 PCB . 0.005in., NEWCO
0.2in., 40 : PCB
NEWCO 32dB.

Ground
p]ane
Signal current

4 A

Returning 0.005 m

signal

current Return signal current
flows close under main
signal path; magnetic
fields from the two
currents cancel each other

Figure 4.2 EMI is proportional to wire height above ground.

413

B , o A B » LufA B
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Magnetie flux

from loop A Load
r
i
A
N Some of the
s &71 magnetic flux
. from loop A
o /’ passes Lhrough
A lcop B
S e -
f
/)
" Returning
ground
current
Loops A and B are magnetically coupled.
Changes in current in loop A induce
proportional voltages in loop B
The constanl of proportionalily is L,
the mutual induclance of
loops A and B
Figure 4.3  Crosstalk in wire-wrapped system.
NEWCO , ,
4in.> 0.2in 0.1in. C :
{ 4.4 J e
B
Ly=L{—— = |=7lnH |4.8!
I+(s/hy
» h = 0.2 )
s = 0.1 );
L = 89nH( )s
Luw=
di/dt . ,
3.6ns 1 2.42,
AV = 3.7V;

T10~90 =36 ns;
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C= 15pF { Vs

df

4.2

152 AV . 3. i
< (max) = o= L2DOT s 102 2 6.5%10° Als
?][]—H{J_ |.r36 % 10 Jl
12%(0.46V):
Crosstalk = j—!{max} Ly, =(6.5%10%)(7T1x107) =046V
t
4in. 460mvV , 10 20
» 10 50%
L] Q 1
' : Q .
, , EMI.
. . { 4.4

4.2.1

4.4

Coaxial cable

Juter jacket

- Duler shield

- Inner digleciric

= Innper conductor

Twisted pair
. — Jacket (diclectric)
l/._'} —_ Firsi

I'f e Jackelt (dielectric)

conductor

o = Becond conductor

Al
Microstrip
- Conductor

- Delectric

. — i i Ground plane

~ Ground plane
. Dielectric
Conductor

—— Greound plane

Figure 4.4  Cross sections of pepular transmission line geomeitries.

Ll
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: picoseconds/inch( / I a
inchespicossoond & / . 100%%
. 0.0118in./ps: 84.7pslina 6624
Delay (psiin.) = M BT 128 psfin. [4.11]
percent velocity  0.66
{ 1 . ,
RG-58/U , 4.5, 10 RG-58/U
: : 26pF 2.6pF/ina
10 : : 64nH.
6.4nH/in.

Measure % —(— ::' \,'—r € = 26 pF
E?!L:Ec:;l.amte . _T - r_ Cfin. = 2.6 pF
inductance - | |
el T T
here

Figure 4.5 Measurement pertaining Lo inductance and capacitance of ransmission lines,

{ ! 0.009wW
: 0.9mWin. : » 10
RG-58/U
Delay (psfing = 10° '3{{,*. finC ! in.}]'*-* [4.12]
{ ! ,
{ . 4.12 psin. :
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& step of ¥V ovolls
propagates down the
| iransmizsion line

A i A At point X, the step
— . is still of size ¥,
—  but delayed

=

At point F,
step is delayed

Distance oVEeLNL More

¥ = x}

f,.r"’

.-""FH-F

| | Time delay ¢ - & = ¥ - X1~/ LC

Figure 4.6 Voltage step input to an ideal ransmission lne,

Y \Y ? : C
Cyy =(Cin)Y — X) [4.13]
Charge = Cp V= (CHin )XY - X)V [4.14]
Cxv () (),
T=(Y - X)(L/in)C/in)]" [4.15]
charge
= 4.1
T [4.16]
414 4.15 charge T,
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(C/in)(Y - XV

I= [4.17]
(¥ = X[(L/in)(C/in.)]*
Vi, 418, Zo : 0
vV (LiinY'
=== - 4.18
%o i L c/ m.] : :
: : 10W ¢
J 300W ¢ !
RG-58/U
. &
6.4 nH Y~
Ly=|———| =500 4.19
’ [ 2.6 pl"] 19
Belden Wire and Cable Master Catalog 885 RG-58/U a
50 Ie) « 47 R4
- C ,
Microstrip, 79 0 Microstrip, 50 0
| e
- - l‘_ —
—— ¢ H . .. —_ _¢ H
Stripline, 5 n Stripline, 50 «
Yy
i
All substrates H
FR—4: £,=45 q
Zy accuracy & 30%
Figure 4.7  Cross sections of approximate race geometries needed to produce 50- and
75-61 transmission lines,
Rs
4.8.
R , , A
1 A o
L] ] B
, 4.20 a

140 . 346

Zo



4.2.2

{13
(2]
{3)
(4]
(5]
{6J
(73

I3 ..\-
n (@) e (0
W e e
J_ a0 ] A a0
I"Jc. !,/ ; ~_I 5 <: F . F-J Sr _\;
) ] L) L
i ] = B pF] €
b o
T i o !
[ I
l_ e £ T
v o |-—'—_‘: -
i} L ].-fj T —_— —
I i
":-.‘,-"' kY
Step helght ¥y
. . —_—
[ e P
signal — 1
) S e V. Ry Yoltege comes up
Rosistive (A} | b U RN, immediately, bul
load i v ) not Lo full deive
|zl
\ T —= —5 Zn
Transmission :(H': & -V, . I+
line load W2 + ' HatEp
Capacilive N -Ii:" _-__-_ T T
load R e

0.02
AWG 24
AWG 20
AWG
AMG
AMG

Voltege starta low and
then rizea to full drive
lewval

R LR

'J |.~ 1 - |_'\- .I

Figure 4.8  How an ideal transmission line ditfers from a capacitor,

ztll

— [4.20]
Ry + 7,

Bl

4 eepied = L’E!

: C

ohms/1000feet . '

1000
50W
1000
+ AWG :

25W:
1000 )
10.8W.

24 (AWG 24),
1000

RG-58/U

1 AMG 1 a
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(8] 1 : 0.39%, 70T

319”"‘6 a
AWG
AWG =(-10] - 20log ,, (diameter in inches) [4.21]
Diameter in inches = 1 ANG+H20 [4.22)
.01 82
R per 1000 ft = ———— (25°C) [4.23]
(diameter)
Rpc.r IDGU .I.t - ][‘}[ﬁWG 10w {25&&} [4.24]
2 0.00135 0.0027
&
R= ﬂ'ﬁﬁﬁ‘iﬁ; 10 /i, [4.25]
R= . Win.;
W= ’ in
T= : in
= U—nj Q/in. [4.26]
(Wioz) )
R= ' Win.;
W= ' in
T= : in
. X
4.27 . ’
4.3
H_t [:H-'j = g —":l':'.R +JHL]|:G al _II"II If:-hlll 12 |4.2T]
1 R: ] VV/ln;
L= ' H/in.;
C= ’ F/in.;
G= ' mhos/in.;
Hiw)= w= 2xf
X= [ n
G .
1GHz “ G
G 0 4.27
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Hy(w) = ¢ MEsmlbipcii
4,28 ’
Hy(w)=e XRe[[R—;n-LJuu-c]]V.-e-xj T R i jwC)]

. ",
Attenuation at frequency w = ¢ KRR WL W C]

o ) e © el 1
Phase shift at frequency w = ¢~ X/ 1mlF LI C)]

Re(RY wl)j wC)] ,
- IM[(R+jwL)(jC)]Y? (
, 432,
Zylw) = [ X ;HJI;L]
, wL R 4.32
wL R
. ; — i
{ )
RC case :
w=< RIL {also R == wl.)
Low -loss case :
w=s RIL {also R << wl)
4221
w  RL [(R=] wL)(j wC)]*
WL C)¥2 1/2[R(C/L)"].
4.9 RG-58/U
{ ) { ) w2
{ ) ;
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[4.30]

[4.31]

[4.32)]

[4.33]

[14.34]
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Magnitude
of propagation
coefficient

Figure 4.9

R/L

RIL

0
10 /
A
-2
Lo / \ Imaginary
/ : part
(rad/in.}
0
L~ ™~
= \ Real
- L part
10 e (nepers/in.)
-8
10
lﬂi 1'1]3 105 lﬂ? 199

Frequency {Hz)

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

1 1 e
neper J
(L/C)¥3

dB

Characteristic impedance, Z; =(L/ E"J-.f5

_[ x|
Caepiort |
Attenuation at X inches = e -2/
Loss perinch = 4,34 L.-I dB
(LICY" |

Delay per inch, 7, = (LC)" (sfin.)

L=2,T,
T I'i'

c=-L
7

H/in.;

8.69dB

[4.35]

4.36]

(4.37]

[4.38]

[4.39]

EX]



T,= ' gin.
Zo= \ W,
4.42 o
4.37 0.2dB:
(X) 4,34[L.,} =12
(LICYy"
X= : in
R= : Win.;
L= , H/in.;
C= , F/in..
4.42, , :

RX = 0.046(L/C)"

RX= , W
L= : H/in.;
C= : F/in. .
0.2 dB:
4222 RC
RIL , ,
4.32 R/L
RC
EXAMPLE 4.1: RC
AWG 24 .
K
Zy(w) = [R i ] = |648| £ — 45°
jwC
» R=0.0042Win.;
L=10nH/in.;
C=1pF/in.:
w=10000rad/s (1600H2)
{ 1600Hz ,
-45 . 600
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{02 ) Re

L ) RC L]
, RIL ¢ R/L

1.1 1, , RC

1 L) R/L’
423
410 RG-58/U - ! log-log 1 wL -

w=R/L ’ RC { ’
I w=R/L . i ’ b
0.1MHz , ’
[(R=j wL)(j wC)]* { : )

411 , 8.69 dB a 411 RC ,

, RC a

Low—loss region
inductance exceeds resistance;
skin effect net significant

RC Region \ Skin effect region

resistance exceeds resistance rising as a
inductance function of frequency

/

1
10 /]

L/
/ Series
i inductive

10_]‘l // - reactanpe
Magnitude /4/ j/«’.:\ (. per in.)
of reactance Ve = <
(rx) -3 / L~ \
10 - Series
/ resistance
“ oper in.
—5 /] (ap )
10 -7
/]
7
-7
1o 1 3 5 7
10 10 10 10 10?

Frequency (Hz)

Figure 4.10 Series resistance and series inductive reactance of RG-38/U coax versus
frequency.
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0
10
-2
10
Magnitude
of propagation
coefficient —4
10
-6
10
-8
10
Figure 4.11
4231

Skin effecst

/|

3

147

5

10

Ll

Frequency (Hz)

346

/<--._
/ x\
Imaginary
part
= {rad/in.}
-
J__.-"' "'\-n..‘_q.
\ Real
part
{nepers,/in.)
T 109

Propagation coefficient of RG-58/U includes skin effect.
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w i

AWG24

Current density versus radial position

DC current

distributes evenly At higher

| i the Wire frequencies,

! i current pushes
Current i AY out teward
density, o [ils Lthe surface

ASin, =

: S | _at 1 MHz)
#4— Hadial pozition —

Skin depth aT’( }‘7_
1 MHz

Cross section of wire

Round, solid
—~  ocopper wire
AWE 24

Averages depth of
current penetration
el 1 MH=z

{The shaded region
shaws current
density at 1 MHz)

Figure .12 Distribution of current in a round wire.
13 L

I3
[ m r .

2
Skin depth = [Ji]
Wi

' 4.44

: 4.13

- 50 WHE—— -~ {The shaded
\\-:_-;%5 ‘53:’,'9", region shows
- Bt current density
-

4.44]

a



4.45 a

.n1 i r
W] i
/
rd
=1 H'""‘-__ J f, -
10 ] 717 _
Skin depth Yy L
(in.) 5 = !,-f" -
i --..,ﬁ-___f,
I"‘H\_“ -
-5 H-H"“--h
14
..r.
10
1 7 g 7 o
1o” 10° 10 (e 10
Freguency {Hz)
0
—1 | i
10 'f,,f’"f
Resistance L I
of AWG 24 — i —
round wire =3 "]
[ m /i 10
-5
10
-7
1o 1 4 4 N o
10 10 10 10 10
Frequeney (Hz)
Figure 4.13  5kin effect in copper versus frequency.
(2.61 X 107" (fp)"
Rac(f)=
nD
] = ] in.;
RAC: ’ fin.;
pr= , 1.00:
f = 1 Hz.
0-
4.46 )

214
R )= {ERDC.'JE + [RAC (f}]_}
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Rz =58 /1]
AWG 24
AW AN
Z2—ox PCH

1—nw PR

Frequency at
whickh cliin
effect takes
hold, for
YErIoUs

s A b e
B HE S

[4.45]
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4.46 : :

41 a
TABLE 4.1 SKIN-EFFECT FREQUENCIES FOR CONDUCTORS
Round Skin-effect
conducions Radius frequency (KHz#)
RG-58/U 07 21
AWG 24 0.010 5
AWG 30 0.005 260
Printed Copper Skin-effect
circuit trace weight (0z) Frequency (MHz)
LO00 wideh 2 35
005 widsh 2 35
00010 wideh ] 140
0005 wideh 1 140
1 o I: LItZ:'
4232
446 428! 1
i ) [ 4.37)
, ! ) , 414 RG-174/U
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Skin effect
100 / region;
attenuation
proportional
/ to square
10_2 root of
Magnitude /{' frequency
of real part H;,.f”
of propagation 4 ]
coefficient 10 =
(nepers/in.) s e
f_,.-“' —
-6 7] H""'--.._ .
10 P . Low-loss region,
/ just before skin
/ effect takes hold;
atienuation is
Re ) . 5 ? o relatively flat
region;
attenuation 10 10 10 10
proportional
to square root Frequency (Hz)

of frequency

Figure 4,14  Attenuation coefficient of RG-174/U showing skin effect.

414 { RC [
: ’ 4,
. , , 4
, TTL ,
0.2dB o 430 (R |-
0.5dB ' 95% o
: 0 1 ¢,
' 3dB o

415 ’ A 17,

' ' . C . '

F ouk/2: F oLk/4N: Fow/2
F oLk/4N . C o .
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Driving
wavelform J

N

Fog /2
effective
frequency
m_,j j._
PR
'|\ rl
Output at :
end of

long cable

FCLI{

N bits

maximurn run
length

AN effective frequency

Figure 4.15  Worst-case data pattern for run-length limited code,

’ 4.47

HQmg 12)]

H(2Rp, 14N)| 70
4233
RIL. wL  w » Riwl
» o wL R {w! : 4.32
4.2.4
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Ampere's forces push
the wires apart

Proximity effect squeezes cu ¢ Figure 4.16 Proximity effect on two round
curren - . . . ~
together, causing highest current  Wil®s Camying opposite high-frequency

density at inside surfaces currents,
4.45 : .
: 417 a
1.8 \
Proximity factor L5
{ratic of actual \
resistance to 1.4
predicted skin- \
effect 1.3
resistance} \
1.2
\\
1.1
\\Hh.,‘___
1.0 bl
1 2 5 10

Ratic of wire separalion
to diameter, A/D

Figure 4.17  Proximity factor for parallel round wires. (Reproduced from Frederick Ter-
man, Radio Engineer’s Handbook, McGraw-Hill, New York, 1943, p. 36.)

4.2.5

{ ) 1 : )
- i dielectric loss factor

FR-4. 1GHz ’ ’ :
] 1 1G o
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FR-4

y 1/2.

. 1GHz

4.3

4.29,

Hx (o)

431
4.18

! 4.32

4.48 4.49;

L=2Z,T,

A twl o,
4.50:

Alw) :_Zﬂ_{fj}_
Zo(w)+ Zy(w)
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Afw) 7 e Tiwy
- - "
= o ™ T
Inm k. . | e
rj | : Rpiwl” | o A ) Hy (0} T(w)
L " - kv 01
T Ho 1_1:_‘1.--" '\" L
-~ )
? - a7 Some signal 5.7
-~ bounces off
:"/Hl(m.l far ond
Signal —_ M__ . Tmr_fmissiun
houncos R Funelion
off near ‘H'"-\-.__ Hay e} P sontrols how
i T — much signal
ey T Tiw) gets oub on
Signal - - e, o pass
e periences - '\ h“"'x&
altenuation on Bazfw)) -
each pass 4—""/ T )
through cable e Jifw)ffzflbjl:ﬁgfw,]!fif.w)ﬁ]r"'lj|.nlu"}
ol e
o -

ey

{};1 T
R
-H""\-\.\_\_H_ H;‘l: 'r'?-'-'.-'

-

T V)
Tk

o

R
N
Rafw)) -

- " AfuJJHI(u-jI:RE{u-)HEr’w}Hlnl'wjiz T

Figure 418  Geners] oransmission line problem.

; Hy (o) . 451
4.30, » R{w)
Hy(w) :e—x[[ﬂ[u'lljwl',]-r,l'wﬁ‘]|*'-' [4.51]
] : ’ Tiw! o T iw)
ZL 432 . 452 T (w 0 2 .
27, (w)
T(w) = L 4.52
7 (w)+ Zy(w) 14.52]
1 1 a R2 I:W:I 1

Ziw)— Zqiw)

Ry (w) =

Hiw) 7, )+ Zg(w) (4.53]
’ HX (:CO) ’

R|(l-4..-] Zs{l‘l-’)—Zn{W} 14-54]

Zo{wi+ Zyiw)
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1 1 HX(S): T ':W:'

Sp(w) = Alw)Hy (w)T{w) [4.55]
§,(w) = Al ) Hy (w)| Ry (wIH > ()R, ()| T0o0) [4.56]
Sy () = Aw) Hy (W) Ry 00 H ()R, (w)] Tow) [4.57)
S.(w)= zm] S (w) [4.58]
: Alw) Hy (w)T(w)
S.w)= s 4,
ity I = By (w)H " (w)R (w) 3
459 418
4.19 12, (LC) 2=50Q ,
, Zo(w) = 50 419 4 :
A(w) =0.847 ¢ i
R2(w) = 0.200 | )
R1(w) = -0.965 ( )
T(w) = 1.2 ¢ !
(15in. 0.940.
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S o glripline Trace widlh = Ui .
E.= 45 Copper plating weight = 1 oz
Foe 180 ps/in 1
2700 pz Lolel delay

Zeries D R o= 0081
Bise time = 1 ns

Enee [reguency S00 MHz B
Sertes skin effecl £ = 04 n0m
Tatal serles K= &0

Alusy = .547
Hofw) - 094
Tl

i ‘-l:r:'
i ; fad

Camposite

el bl

s S Hlgnal ]
<75 2pe FlEnG /

! =igmal

, 5 ¥

T =g nal . /

¥ g W /

| | !
m o e
g i “
0,55 |
|

= o004

i
. —_ 5 |
A 047
AH = 0798 - - wANT - DE5E ' ‘ |
AHR, = 1.159 “Tiny rise of
Aff, i 0150 fil4 occurs
AHR. Wi, = 1.1 here

AHR_HR (N = 0057 W ALR, HEHT = <0116
ALR, N HR, RN
ANR R HR.H —0.01a

ANRLHR HR, HEp o= s

SR, R R, HR = 0012 WAHE, HE NI HE T = 0014
AT HE R R HE, = 0,002

Figare 4,19 Transmission line reflection chart,

Hx(w) 2700ps.
RC ; Hx(w) .
n a4
0.847v, 2700ps ,
A w) H (w) =0.796V. T(w) ; 0.955V.
: 4.19 :
(4.19 . ) 0.893V,

S, (0) .

. 452 453 : :
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Tiw)= szw}+ 1 [4.60]

4.59,
. Hy (W) AW Ry (w)+ 1)
S (w)= X :
W= Ry (w)R, (W)H, 2 (w) kel
4.61 . Hx(w) .
Alw) Rilw) - R, (W)
432
»  Ro(w) O 461
Scmi term ‘Hr}{ EW::I."“H’_} [4f32]
ZL Zo R2(W) O
RC .
433
. Riw) o 4.61
Sst'-urw'lt:ntl = H.f'c (1'?}"&"':“‘]["‘{2{“’] t 1] [463]
. ] Zs
Zo Riw) o
Zs Zo 05 Tw)=2, Rw)=1
: Ra(w) = 1:
434
» Hx(w) 1 : 4.61
A(w)| Ry (w)+1]
S Aw) = 4.64
shor I1|ti.,{':|"1“:I I E Rj [H'}R| {w} [ ]
450, 453 . Ri(w) Rp(w) A(w) (4.54) ,
4y 24
. Lot dy Zp + 2
Sshont tine (W) = 5:7 : 'ﬂzﬂ % 5 E . [4.65]

ZL . 2'" Z:,. e Z”
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Z

Sr-hnr: Ii'lu‘{w) - EL +J2_.;,- M"ﬁ?]
]-/6!
Length << ! Tie [4.68]
: e - b
6 (LC)Y"
Trise + L : H/in, C : Fl/in. length
, IN.a
435
4.18 , ,
’ R1R2 “ ,
R1R2 , :
R1R2 ’
T = (length)(LC)* [4.69]
Signal size (1) = |R1 [wjh'zl[u-']||“ &8 [4.70]
R1R2 { less than unity? » 4.70
underamped backplanes lengthy unterminated :
, 4.70 w  2pFknee. Fknee
1.1
S (wi= Aﬂwth{;v}T{w} (4.72]
1- R, (W)HZ(W)R, (W)
° H R2 ': :' R1 ': :' [ [
Hx=1.
4.4
44.1
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R2(w)==1 ( 453) , T(w)==2 (
4411
ECL TTL
11 450} , T(w)
2.0V.
R1(w) ¢ 4.54)
1. RIR2
4
TTL CMOS
4412
CMOS
T(w) +2 452} ,
R1(w) & 4.54)
1. RIR2

452) . R1(w)

+2.0 ¢ 452} , '
-1, R2R1 -1.
2 2
471
-100% ) 4
, A(w) {
+1,. R2R1 +1.
) 471
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T{w)A({w)H, (w) Expenential decay

// envelope
/ g xyie
- - P ¢
- / 'luli Rl (E’T‘r‘kneaj'ﬁz {Q-T;r'k”uc} 1
| ) T"" R
- i - )
PR Final value
i
i
|
One round-Lrip
- - delay

Figure 4.20
impedance.

4.21 a

RC '

4472
4.22 .
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Exponential buildup
envelope
- X Le

—Ln[| R (ZTF. )R, EE'WFkn“J']

S

Tfw)A(w)Hy (w) ——l- "
; e

\ il Finail value 1.00

One round-trip
—™ delay

Figure 4.21 Estimating the step response of an unterminated line with a high source
impedance.

Incoming signal
has sharp rise

time
S e—
Zg } I Zy
S i - »
Rva Signal propagating through
-+ 7 has a somewhat degraded
\ rise Lime
Reflected signal
is a short bump;
Lhizs is the
negative derivative
of Llhe incoming
signal
Looks like
a negative
. o differentiator
Reflection R(w) = = (JwC)Z,  _ —(jwC)Z,
coefficient e 2+ (gu 7, a2
This is a
1 . low-pass
Transmisgion 7T(w) = [l 1 ﬁ.{_-g.g}] E ——————— filter; it
coefficient 1+ -f'wf*}é slows down
LS the incoming

rise time

Figure 4.22 Capacitive load in the middle of a transmission ling.

162 . 346



4421

, 4.53.
Z0 :
4.22
7
. { RC 3
Z0 = (L/C) ¥2 :
: , C
Z0.
C 20 ZL 4.53. ,
Rcfw}=;i_"jz—ﬂ§; (4.73]
frna=(CZgm) !
: fmax. fmax :
: . -C(Z0/2).
! 1.1 ) fmax,
Zy —(AV)
F:(,? T [4.74]
s AV =
= . Vs
Trise = : S
= . F
Z0= . (L/C) ¥
4422
: : : { As seen by the
capacitor) Z0 = (L/C) v,
T W N (4.75]
1+ jwC{ 2y 2)
C(Z0/2) . 10-90% 2.2
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N

Thq_on(step response) = 'Z.ECT [4.76]
: 3.1
(1)
(2] -
L] ( ) L]
443
4.23 '
{ SIMMs! . o
Line
!q -———— g€ in. —— —’J NLCR)
If ."'l"“'r' —1 - 'F'rgll L .i—
AL ! i
.l_.d" +'-\_... -_]_ | ] | Ii L e RL
I"-\____:-"'l ':",L Clr__ t’:‘L ﬂLI E’.L i L’L :I j_'_:
l 'xx_;’ 1 Y v '\"a \ 1] i
. i _,|I "vrr

e

N oidentical lcads

-
! ! L
Fn = -
il v
"*.-'I c+ M
! i
! I|Il ! NC, - y
TP = I'. || n!.r '\ C = I
lI|.| ' “I ’
i

Figure 4.23  Equally spaced capacitive loads,
(1) J
2 -

4431

1 4.73 o

164 . 346



4.4.3.2

4.24

€= Gl + ot [4.77)
length
' pF;
= L] in.;
L] pF/In,
: pF/in..
: z
ir #
AR 4.78
! kC’_] | !

Effective delay = (LC")" ps/in.

{4.79]
: pF/in.;
» pH/in..
(SIMMs) ) 16 SIMMs
. 16  SIMMs ’ As
Cload = 50 pF
N = 16
Length =8in.
Cline = 2.9 pF/in.
L =7250 pH/in.
NC
€' = + 2 = 102.9 pliin. [4.80)
! length
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Address line driver
fene shown)

— @
L E‘
]
& T
| _h_q_:';i?‘*f MM array
Lenglh 16 modules
8 in 30 pF each
Figure 424
Z0
A%
Ly = 1;] =840
e

Delayfin. = (L) = 864 psiin.

Delay = (lengthifdelaviin.) = 690K ps

SMM 6.9ms.
SIMM
»  Sam 1.6 (c
1.6 SIMM -
444
4.25 ,
10GHz 4.26
166 » 346

SIMM loading example.

[.81]

14.82]

[4.53]
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Effective width
\J}, at corner iz too large

A
..._ll
w T
Fipure 4.25  Right-angle bend in a trans-
mission ling,
4.25
flwe 12
O 4.84
Z 14.84)
1 = 1 in.;
6 = ;
Zo = 1 H
C = : pF.

- BT
OEw —— -
/ / |

Reduce capacilance by
. chamlering corner to 57E
W — g P of original line width.

L~ This works for digital Fipure 4.26  Chamfering the comer of 4
knee frequencies up to 10 GHz,  PCB trace w reduce capacitive loading,

4,76 (lumped) 10-90%
61 wﬂ Z,
T = 22| —— | = = 67wie,)"" ps [4.85]
130 [ 2 b P
J 100ps (

45 : .
445
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4.27 4.9ns , 4.28 a
638ps: 888ps .

, 560ps 1090% )s

Tektronix 11403

" lnput

Qutput

1 ns/div

Figure 4.27 Delay line implemented with a printed circuit board rrace.

- 255 in. — ]
"7 averall length
JGround
0050 in. pitch -
- 1 ¢
Signal in ?IUU i

Ground @ 11'4"0t ! 1X

2 e
7 ) :. & Signal cut
A i - (20:1 probsa)
0.020 in, 0.600 in.
trace widih length of \\*I
cach segment Ground

L

L£.%ns adslay structurs

Fabricated an aulzide
layer of 0010 in. FR-4 substrate

z,j = 5[:'1._1

Figure 4.28 Delay line configuration.

FR-4 ; ;
FR-4 . 0-70T 20%.
FR-4 10%. FR-4

168 . 346



4.5

4.29--4.35 C -
a : Motorola
MECL System design Handbook « ECL + Motorola 70
, . 0.020 ,
75 . , 0.020 ,
0.005 : . :
L] C L] L]
1- 2-0z
L 7 L)
, . 432 ( 2 )
451
451.1
4.53 10% 5% . ,
: 2 . + 10% 10%
10% - : ( 2%),
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200
40
160

B

4G

8o |

First

Lieleclre

second

conduclaor AR V4 conducior
X XK
a7 e ® |
R 4 ! L _.-/; P
2
.
L_ < _,‘ P Bom
J*_:_ﬁemt'_'u'er _‘F’ . '
.IE-:.. = 2.0 al &t Al
200 : f‘ 1’# ,
L] ey | i ”
h" - -
= o (S
- 100 R
7 ; ol
zn Hil "-u.._\__‘_ﬁ L
e — . &0 Foe
S T - 40
e
’ i
' - 20
1 2 3 45 % 10 1 2003 445 10
Fotio ::1 Effective &

Figure 4,30 Characteristic impedance of a twisted-pair cable versus geometry and per-

mittivity.
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: . 4.5.1.4)
v _*{_..J‘ v

foo= 0040 m.
t 0020 in.
B o= 04010 in.

/.’L = 1005 in.
LO0 gt "f .

S =1

Zp s mostly
influenced by w/ h,
At low values of

b, the thickness
kecomes significant,
lowering Lhe : N :
impedance. h |

Copper [oil plus l ™
copper plating
Lthickness ¢ = 2 az

E. = 45 a1 1 L0

100 —r -

C [ ] wh .50

The sensitivity 50 T e 0 = 10
of Zpto changes — = i wh -

in £, is Zy Teee = w .
about 407 -~ = 20

. an . e w0 = 40
w o= 3020 in

2—0Z copper | ]

1 2 03 440 ¥ IO

Figure 4.31  Characteristic impedance of a microstrip transmission line versus geometry
and peimitlivity. (See formuolas in Appendis C)

4512
log-log - log-log
a 1 , 1% 1%. 1/2
a 1% 0.5% a
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Microstrip formula
from Appendiz

\ Fimple fermula

a0 —
Comparison of impedance ‘_ﬂi s T I'r -3 ]
formula from Appendix © —— = /
with =irnple Tormula set - - !
The =imple formula 50 \‘\n‘l
Dlows wp when used — L f
with wide Lraces, “h ‘\'\{f
h = 0.010 in. . ' i il
£-0Z copper '
: ARIR
E, = 4.5 W
I |
a1 1 1
Ratia L
AL

Propagation
delay, 1600
pafin.
The sensilivily alo
af T, to changes
in F'.,_,., g less
than 1.2, because 'y
much of the electric P i
field enerpgy stays 200 : 1
in the surrounding A
air. _ __ﬂf,r-"' I

. 100 - i

. e
h 0.00% ?n. i 2 03 48 7 10
w = 0.010 in.
20k copper g
r

Figure 4,32 Characteristic impedance and propagation speed of a microstrip transimis-

sion line, (see formulas in Appendis C.)
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Zy is mostly
influenced by w/h
At jow walues of

k., the thickness
bhecomes significant,
lowering Lhe
impedance.

Copper foil
thickness { = &£ oz

E. = 45

The zansibivily

of Z, to changes
in F,'T 15 =
exactly 1,/4

w o= 0.010 in.

-0z copper

i 3.080 in
b= 0040 in
= 0.020 in.
0010 in
100 ;
— '
I ““‘-ﬁa
50 el L
B
'ﬂ
11
|
20 | il
10— ‘
0.1 1 10
Ratio o
b
19040,
-‘-\"\
L = .-'b u
o ~ P L
| -:‘H-““m._‘_ ‘.-.‘E:._--‘"“f;h = (.20
H‘H"“x 3] L _wh = 05
[~
e 3
wilh o= 1.0
20 <~ s
1
10
1 2 3 45 7 10

Fipure 4.33 Characteristic impedance of g stripline transmission ling versus geometry
and permittivity. (See formulas in Appendix C.)

173

Ll

346



3

T gl

KR SEES
striphne formula
from Appendix O
! Himple formula
. ) . 100 — | -
Comparison of impedance i A RN
formuls in Appendix C If 1
with simple formula set, i ra
The simple formula a0 s I /
blows up when usead -
with wide lraces &g 4 .’ /
) T
b = 0020 in. “-."'1
—oz e 20 R
Q% Copper =)
£y = 4.5 \< \1
10 i :
a1 1 10
Hatia a
b
Propagation
dElﬂ.j". 1000
ps/1n. I— i
The sensitivity of S,
Ty Lo changes in 2Uu
Ef is exaclly 1/2,
p | .’ b
Only E, controls . L1471
propagation delav; 200 =
parameters b. w, //
and £ don't matter.
1O L
1 2 3 45 ¥ 10
ET

Figure 4.34  Characteristic impedance of a stripline transmission line.

45.1.3
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—-» -
. —_—
REVSRTT B,
£ e
o4 by
F F 3
(LY
Al olher parameters
being equal. trace
impedance i5 maximized A1) =] . S
when a stripline hies £ ™
cenlered between its i b
two ground planes. gn
b o= 0.020 in. =0
o= WG In
|—oz copper 10 |
i Q010 (0.0020

ley

Trace heighl above
lower ground plane

Figure 4.35  Impedance of an offset stripline. (See Tormuslas m Appendix C))

o 0--707 » FR-4

20% . .

4514
! - FR-4
/ , ,
» 45%0.1 . - » 50%

resin FR-4 4.7, 1IMHz 45, 1GHz 4.35.
1IMHz. . ,

FR-4 . '

Teflon
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MIL-STD-275, “Printed Wiring for Electronic Equipment ”
IPC-ML-950, *“Performance Specifications for Rigid Multi-layer Printed Boards’

(reduoad  produdibility)  ( )a
’ o 4.2 2-0z
a 1 a
?

TABLE 4.2 PRINTED CIRCUIT BOARD TOLERANCES MIL-STD-275

Reduced
Prefemed Slandard producibiliny

Minimum layer thickness NS 00006 HELYE
ifipore al least 105%
or L0 tolerance on thickness)

Minimuom conductor width

Imner (15 LARIRL AL ATS
Cuier (kK0 0ol 08
Width tolerance

Iuner, T-o7 +Ik (W32 +0 W3 <0000

—0.0W03 —n W2 il
[nner, 2-ow +010H +ibIHIZ +00. W) |

00,0006 003 AL
Chuter, 2-0x ERA R +3{H4 +03 012

04006 o4 AL

“See Fquation .1 defining digital knee frequency.
“Institute for Intereonnecting and Packaging Electronic Circuits {IPC).

4515

MathCAD . ' .
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B. V. Engineering, Chicago. Illinois

Micro-3
Quad Design, Camarillo, California
Crosstalk Tool Kit
Quantic Laboratories, Winnepeg, Manitoba, Canada
Greenficld
TR line
452
{ 4.29)
» dl
. d2(d2>d1)
s
i]nf‘i—?] [4.86]
vE.
(ngfin.):
83.¢, [4.87]
( : ’
: )e
45.3
» d
. s(s>d)
s
( : 1 .
)a
« )
%111(2{3—5] [4.8%]
(ps/in.):
83, {4.89]

177 » 346



454

4.31-4.32 C
4.32
@in), h
@in)s w
(in)s t
L] 8'))
( ,
)a
0.1<wh <20 1<gy<15
(W):
i
8 ln[ 0-I8h ) 14.90]
VE, 1AL L 0Bw 1
(ps/in.):
85{"0.4’?52,. +0.67 [4.91]
455
4.33-4.35 C
4.34 C
(in): b
@in)s w
(in)s t
L] 8’))
( )
w/b < 0.35 t/b < 0.25
(W):
Lf’ﬂ In[ 195 1 [4.92]
VE, O8Bw+7
(ps/in.):
85.¢, [4.93]
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1) .
2) .
3) .
» 5.1-5.6 ;
« 5.7 , . 5.8 ,
a 30%s ,
5.1 (High Speed Current Follows the Path

for Least Inductance)

, , 5.1 A B
o L o
Circuit load
trace I;"
IllII
/ !
'y /
Iy
r f.l'il
.// /
/ : /
4 e f
y Driving /_/ T f
/ gale - |
) - |
s - !
i 3 !
/ / Figure 5,1  Ar low frequencies current
e follows the path of least resistance.
L] L]
-] L] L]
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Lol
-

Circuit )
trace. -~ »

e -

@

!

High -speed
.l'

return current
atoys tightly

P
/
A bunched under
ra ; signal frace /
4 ]
Py Oriving - /
4 pele
f
-~ ,ll
A / Figure 5.2 At high frequencies curren
- o - e follows the path of least inductance.
5.3 :
D
15.1]

iny= b .
i | +(D/HY

where [, = total signal current, A
H = height of trace above circuit board, in.
D) = perpendicular distance from signal trace, in.

{0} =signal current density, Afin.

Currenl densily
al point & i=
Uross seclion
of =ignal bLrace

proportional Lo

(Grownd

Figure 5.3 Distribution of high-Meguency carrent density underneath 2 signal trace

5.1
):
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5.2 (Crosstalk in Solid Ground Places)
1.10 , ,
51 ,
, 54 .
Crosstalk = L [5.2]
1+ (D/HY

Croastalk al
socand trace is
proportional. to

Cross section
of signal lraces

Ground

Figure 5.4  Cross secetion of two traces showing crossmalk,
: K
: 1.
: 5.5 26in. 0.080in.

. D/H ,
1 1 D/Hn
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- A
\ i
| .:[_:'_ T e o e e A A i 1n.
U SO —_— | fraces
- il
v ’ [ T -
1
Mai=e ¥ P z‘
pickup - q o5

Height above *
ground [= — — E—
variable J"f'r 4.5

- 0 0En >

Figure 5.5  Mutusl coupling experiment

5.6 ’ D . 3.5V, 0.010. 0.020. 0.030.
0.040. 0.050. ( ) a
(3 T T T -t T 1
Coupled
[ noize al
J_. i wersus lrace
1 v height above
T ground
— el
| = _ 0.010
| g e 7 0.020
200 mV vd 0030

|
! ’L\_]‘"ngqn
T 0050

1

. L ]
10 na/div

Figure 5.6 Step response of a mutual coupling expeninwg

183 . 346



5.7 : D/H

1 1.8 L]
o
50 O
[ l'-
\\.
LY
20 1 % i
' —= al high
Mutual ‘; ¥ .
inductancs 0 - \
{nH) B

Inductance calculated '
according to area | \
method (section 1.8.1) o | "
|
I | I | -
| 4 5 10
L
H

Figure 5.7  Measured dara on mutual coupling.

5.3 (Crosstalk in Slotted Ground Places)
5.8 , a
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Helurn current
path for 4-8
must [low
around hole

| _ = b - —
/ |
[ signal \ o
/ current YT Y
.II-'I 4 III | 5 _I +
! : I
/ |
f
/ Slot
:I.-' length 0
/
/ |
¢ - 4
!
!x’
;’ Return eurrent grourd ,J
/ path for O-0 plane {
/! alzn flows I.
around hole
f A | Greund
& - - S | plane

Figure 5.8  Crosstalk i a sloted groand plane.

59 -
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Return signal
current must
flow aroumnd — _
the pin field

Return =zignal
current [laws
atraighi through
Lhe pin field

*,

" .
™, /
.-_'I' ‘:. ._.".I
A7 et /
¢ _ o -‘
—= -, .
i ) !
\. _|I kY
AL
{1 )
A
LA
A !
J \
/ \ | Ground
S \ plane
R - - A I
.‘I l'l
/ \
Clear—out holes Clesr—oni holes
[or connecior for 1:ct1nm:tu_r
pins are Loo big; pins ars 0K

groiind is not
continuous through
the pin field

Figure 5.9  Ground slot cansed by improper connecior layout

58 . A-B » o
1 1 B 1
C-D , A-B C-D o
A-B
D
L=5DIn ) 3
[w 13.3]

where L = inductance, nH
D =slot length (perpendicular extent of
current diversion away from signal trace), in.
W = trace width, in.

Loy 10-90%

T]n SRR 2. P

b
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1

Tl:ump-:a*mr =|:[‘Till o} Ly H)_ +(-‘fir: 90 signal }‘-J [5-5]
» 10-90%
Foon =34 LC]'I: 5.6]
d Q
(LIC)"
= 5.7
¢ Ry [5.7]
RS Q 1 ! Q 1 ]
5.6 » Q 1, 5.6
L m
5.3 L ,
AT
i"inm\'!u!l = T LM L‘"HJ
[[atE
AV |
V{‘H'Iﬁ.‘:ld”-., — N LM IS'J']
Tiﬂ- 'Ji}'dﬂ
1.2 AVC
crosstal — 2 M [3.14]
{ !i}—iﬂ]]
5.4-5.10
5.4 (Crosstalk in Cross-hatched Ground Places)
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5.10 : :

) ]
CMOS TTL : o
~
/’ \\ / ;'é?tr;?l Cross—hatched
- \ / spacing is
Trace d \\\ ! the =ame in
lenglh ¥ . 4 hoth directions

Trace
e widih s W

Returning
ourrent must
follow power

""" and ground
wires, stayving
close to
oulgoing =signal
patlh

PR

S |'lr.\.
1
1

E—'*“
o

o

These horizontal members
are contintous, passing
underneatlh the vertical
Iraces

Figure 510 Power and ground grid on two layers,

45 : ,
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X
L= 5Y In[ = 5.11
“[w] >

where L = inductance, nH
X = hatch width, .

W = trace width, in.

¥ = trace length, n.

Lus L.
D.
\ X H.
SY (X /W
[, =2 AT 15.12]
' |+ (D! X)
5.3
55 (FINGERS) (Crosstalk with Power and Ground Fingers)
5.11 \
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Power and ground traces
continue under each chip

7
v Returning
A .\.zu,.,k,._.._....w% _ rurrent
s 7 must flow
I . ’ all the
[ TEEE o way aroend
edge of
hoard
Y
Ground signal
palh
¢
Figure 5.11 Ground fingers lavont,
, 54 ’
CMOS LS—TTL =« ,
' FCC a
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5.6

.Lf—h-ﬁ}’m(i)
W

where [ = inductance, nH

X = board width, n.

W = trace width. .
Y = trace length, 1n.

(Groud Traces)

191

Ll

51
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Guard trace

could jusl

fit between
4 (030 —P‘ hisck traces

—h! ERINRY ‘1—
L[ N i I

0.005 I |

.: Ground

4,040 in.
centerling separation Figure 512 Goard frace positicning.

What is the estimated crosstalk?
Using Equation 5.1, the crosstalk fraction can’t be any worse than

l
Crosstalk < ————— [3.14]
I +{D/HY

The centerline separation is (L0, and the trace height is 0,003, so the ratio DIH 1s
I . .
Crosstalk « ——— = (L0135 [5.15]
1+ (&)

This 15 net enough crosstalk w worry about in a digital sysiem.

TTL ECL o
1 1— 3% L] 1

5.13 , A,
B C : 26 : 50 .
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-
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-

[
Il‘{ll

i R T

il

! —s

'y e

ST
1

W

Figure 5,13 Guard trace demaonstration,

Ty,

|

| Measure
Vooerosslalk
at this

end

Cross—
sectional
view

Ground

5.14. A B C
1, A C (B 1, A B 4 5.2
I:B :I ] A C L] L]
Teklronix 11403
Input and
! sulput on
..1— L ligpe: A,
' showing
iV delay
_i_ - -Ir ]
+ L
poad Ato C with
v B grounded at
50 mV hoth ends
\
| T A to £ with
i “"‘-_ B open at
| both ends
[ A to 8 with
T~ open at
" i bvath ends
b ns/div

Figure 5.14  Esample showing guard trace effect on coupling.
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5.7 (Near-end and Far-end Crosstalk)
5.1—5.6 { LUMPED—CURCUIT! ,
57.1 (Inductive Coupling M echanism)
s 572 . » B.L.Hart
5.15 . ;
A—B ; C—D . { ]
{ ) A B .
A B . ,
C—D .
: K : A : K
; 515 K .
df
Ly =L— [5.16]
" dl

> Driving signel

~ ':?rj': i B4 k+2 _
-,IL_,_ . —'.,__4.._.-'._,. "\._h . _‘.—;-.__-\_,\__.'_'_‘. '..__a__.'\_ H-I Iiéf)l
*, L i * I _ A 1 p ":'
| P N T !
[ -\' J i ¢ é ] v
Ml . . ®
. L W S ¥ i TV WY,
N | @
d ) .-} -
1 :_ . < erid
< ! S v
A Negative
_ ] forward
Positive y coupling fran
PEVEerse transformer
coupling from ke
transformer

Figure 515 Mutual coupling berween two long ransmission lines.
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, C—D ,
5.16
, , 2Tpe
Jme Far
E::rlir The induced pulse end
) from each transformer .
@ in Figure 5.15 )
propagates in both =
i directions
t = 0 | o
i A T
A "z'l: -~ ﬁl'_‘\;'x
A = ,-f"f;\-b‘:‘
l o l‘\-\;\:‘\"—k‘q
Pl T i,
~ lf’; :r"‘ﬁhh
L _,.-f' e K"\-\.\
) g e \"HH‘%‘\*‘
/?{_,,, - H,P\w\x\%}\
. T .,
T - P \WN:\%
hal L ‘ e a
- i
fa, -
- -
-
.--"'-”
~
.--"'-’
ar -~
Q0
i

e

Near—end puisss
arrive In succession.

With econbinuous distribuled
coupling, these pulses all
biend inte one long, low bleb.

Far—end pulses
all arrive
together

at time T

Figure 5.16 Reflection diagram showing mutual indoctive coupling from the four

5.17 n
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£

5.7.2

5.18

Inductive coupling

has opposite polarities
in the forward and
reverse directions

Inductive reverse coupling

KV — V(t — 2T, )]

Derivative of
inpul signal
(negative)

Total coypled
areas are
Lhe same

[ize and

fall times
samme as ingl
=ighal

Figure 5,17 Forward and reverse mutial
inductance couwpling (distribed)

(Capacitive Coupling M echanism)

M
P
. A
Wl
-ﬂ, Lo-50
o ! -
-~ f..'z
- 27 —-|\ o
- P

Capacitive coupling
has the same polarilies
in the forward and
reverse directions,

Capacitive reverse coupling

K¥{L)

. 515 ,
L] C_ D

2Te

Derivative of
input #ignal
ipus:twej

Total coupled
areas ars

Lhe =zame

Risw and

fall times
same as input
signel

Figure 5.18  Forward and reverse muital

Vit - ETP o capacitive coupling (distributed),

196 346

Ll



5.7.3

(Combining Mutual Inductive and Mutual Cappacitive

Coupling)
L L
L) o
L]
1 1
L L
L o
574 (How Near-end Crosstalk Becomes a Far-end
Problem)
515 L] L] C_D
. , : 5.19
L] L] L]
—L 1 o
{4 (8]
| }.,.:_'-mz%::’?f-?- e B A0
| W [
g ]
ai:-
W
i ".- T -
LA {
- ', Reverze coupling
i p— which wauld appear
u:}‘ ! i coaml 00 O were
= / e terminated in &,
I | Reverse coupling reflects
o # aff driver at © and
—_ S . appears. al [, inverted,
. . A gne transit time later
'
- i i &
{ llj" L. - -
A ' —
. I '
i 5 27y 17Ty
Figure 5.1%  Reverse coupling reflecting from a low-impedance driver.
D C : -
L L

5.20
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5.2
5.20 '
880pss A

521 .
5.21.

Puts With fdl
Uipe bank larmination
generatot
] B 7]
S 1
- "
To =copr VA R A AT AN
..:
e o P ey e Ty 7 il

v/ .

all probes
Lerminmts

=18

o 1an - (R RIEIT) H

» |
i r | Trace width
| LS - Trace heighl
m A Trace pilrh
Cross secllo I! .I.

Figure S20  Setip for rellected reverss coosstalk memsasement

Tektroniz 11403

1
e ]
v i‘ |
LY
—
| |
| .

S ne/Sdiv

Figure 5.21
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D F 521. 50mV/

4.5ns
I,=45ns [5.17]
Ins
Crosstalk duration = 27, = 9ns [5.18]
D F
D = {4 divisions)(50 mV/division) = 200 mV [3,19]
F = (1 division)(50 mV/division) = 50 mV [5.201]
{ I

D_0200_ g (5.21]

A 3

'E = —D'Gjﬂ =102 [5.22

A 25

5.2

E = I — = 1).059 [5.23]

A (004D 0010y

L ! —=0.015 [5.24)

A 1+(008070.010)

575 (Characterizing Crosstalk Between Two Lines)
2Te.
Reverse coupling (1) = aﬂl‘.’{r}— Vit — ETJ',}] [5.25]
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where | = ume, s
V() = driving waveform, V
& p = reverse coupling coetficient for fast-edged signal
Tp = propagation delay of line. s

g =—— 5.26
! 1+ (DI HY (5.20]
where [ = separation between lines, in.
H = line height above ground, in.
5.7.6 (Using Series Terminationsto Reduce Crosstalk)
!
° ) ] 2TPu )
5.8 (How to Stack Printed Circuit Board Layers)

200 . 346



58.1 (Power and Ground Planning)

L L
L L o
L] L] L] L]
L ]
L] L]
L L
o L
L] L]
1 1
5.8.2 (ChassisLayer)
L) L
L o
L
a 5.22 a
o o Oulput =ignal
-d_'l_'l - —_‘_
Ground plone Vdrive Y
inside — b
[rrorefuict :
t - p ’
T " Vaut = Varive t ¥logic ground
.] A ]
iy ¥ logic ground ,-'
[ -
¥ ¥
I f i+
¢ %‘) J __.r' .,

Trus ecarth ground
A pround cannection
at high frequenoies
between logic ground
and true earth ground
may be Ineffective

Figure 522 Using a controlled rise-dime driver.
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FCC , FCC

583 (Selecting Trace Dimentions)

5.23 :
- 10 » 0.010 0.00135
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750MA .

Tl!‘.J Iy wrdl

rise {FC)
100
a0 :_-_."._ = il = ":;'/H].
——* . e 20
! fJ 1 / (4]
\ AL 6
!/':./ff:_;ar -
= Ll o
0 BaEore
EMS current L i ——— .
averags (4] L LA~
-"?-’," b
P r‘,"
HJ{J_J:,"?VK
. e i
—- |
A N -
s !
e .
o LU L LN
£ -5 -& 3
1a 11 114 10

Cross—sectjonal
area of trace {in*)

Figure 523 Currenl-carrving capacity of copper printed cireoit traces,

TABLE5.1 MINIMUM LINE WIDTHS ATTAINABLE
WITH VARIGUS PRODUCTION PROCESSES

Maimmum Jine

Process wideh (im.)
Gold sereened onwe thick film substrace 00110
Erched copper on epoxy board with 0,004
plating

Etched copper on epoxy board with no 0003
plating

Geld evaporated onto thin film substrate R

and then etched

+ 51
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{ 575 5.2) , ; ;
584 (Routing Density Versus Number of Routing Layers)
N! M! L]
RENT » RENT ;
, 3/8
: : 5.27
M N.
RENT
Pavg = XYY m 15.271

where N = number of connections (assumed distributed according to Rent’s rule)
Puye = average trace pitch, in.
X = board width, in.
¥ = board height, in.
M = number of routing layers
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8in.*12in. 800 r 4 0.132in.

; DIP ; .
12 :
5.27 ,
: 5.27 a
DIP ; ;
IC '
. s RENT
585 (Classic Layer Stacks)
5.24—5.26 4. 6. 10

10 : .
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Laver 1: horizental routing laver
l—oz copper

! 0.017—in. trace widih
0.050-in. trace pitch
/ ol
o — i .
[ [ = Prepreg 0.010-in, thick
o1
1l - Layer &: ground plane
o0l4 — {-oz copper
i
| ; Core: 840 -1n. thick
. Ol |
) e layer 3 O V power plane
00014 | | —og copper
L0 T HFrepreg 1.010—1m. thick
e — —
- layer 4 vertical routing laver
Q063 —1n. Eotal | —o COPper )
thickness 0.017—in. trace widih
0.050—in. trace piteh
ol n
Comments

{1 E%nj i |rr|1ﬂ.{lll.'!' dus to
large trace widths Cood
control over wnpedance

i2) Ratio DAY Tor orosstaly s 540

Fieure 5.24  Four-laver stack,
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Layar | rrizoitel roubing Taver
1 -0% oopper

GOBE—in  Ltracs widih
! 0.0ES=iin trace pitch
| al m

Prepre

B 0aa—1n thack

Layer 2 ground plans
_— — |-z topper
— !—_J'_
0004 ’ Corm 0.0MG-in  thick
0,005 |
—_ — - - Layer 3 vertioal roubing lavel
l—ox
0,800 width
| o020 -in. troace piteh
Bl o (allzel eLripline)
{haad .~ FPreprag’ 0.040-in. Lhick
Layer 4 Frorizontal reulblime ayer
| |-t copper
| OGRS — i trace widih
L.0Eh ~io. trace piteh
: — — -
0,006 0 v {olf=at ghriplime

G(HM 4
Y

ﬁ Cora 0.005—|n. ik
[

¥ plane
[ !I1[||I1"'|_

=]
-5
o
=
“n
=i 1)

O.08F-in  Eotal
hickness

-"I'l"'|'||'|:'-"__' 0 3iSs-|n thiek
Layer @ vertical routing javep
| -0 eapper
Comrvmts JHIE—in. treca widih
(8) Triele widthid hiid pilches aie (0.0R25=In. trace pltoch
Efilniser =y
This homre

o s porod
[Eh Thist Lraces, bined wikth
strmdivedl B b laleranons
make mmpedanps more @3 Neui
to comlrel
[3) The traoe pdch b twibe as
ditons a= m Figurs BR4
feandd] e Bwice the oo
routing layers fiverall
bonrd bnz fodr Pirms L
mg ospooily 1n Figuse B34
The 041 miia for oroseiak

i4

Figure 525 Six-laver suck
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0005
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Loyer 6§
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Care:
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346

T
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0.016
a0 i fr

EoppEr,

| —ox
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e, Ehels

srtigm
0.507— 11 0]
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0005 -i=

Lhiok
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| =g

- R
=in pileh

[§]
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[kl 1 [fzel siripline]

Ofifi—m  thiok
hiarzantal P
11—im wid

B0 it [offsct

skrrpiine)

in. Lhigk

wertlosl rouking, ! i T

1.6 1. widbh, B (25=in pitah
B0 & [afset wtrmpling)
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5.8.6 (ExtraHintsfor High-speed Boar ds)
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= 435 :
] o 4.1
Q
6.1
: . (  6.1).
(1)
(2]
£3)
6.1.1
6.1 o Al
Z0/2
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Driving part . Receiving part
af circuit of circuit

Fat line represents
+5 v  physical trace

T, Zy
JE . e —
j— —_
I-I,lt"'ll T e — - - -"‘I l[.
- | B . e -
——er J ‘ransmission line (4] _ﬁ' 5
[ J

Paint (B)

|I o \‘.

| < ,
Thin line represents Fnd —terminating Faraszitic capacitor O
ideal eleciric resistance of |'r-:fprc—:f:.¢ent..-\' load at
connection to that Zpy ohms gate input
trace.

Figure 6.1  Calcolating the rise time of ar end terminator,

. 6.1 .
CMOS. TTL. ECL . RC .
RC time constant = % C [6.1]
3.1 RC { 10%--90%
T =22 ‘;“ C=1.17,C [6.2]
T1, Tterm B
=¥ i )”r:
TH =(}r[+:nnu *?Ih) [6.3]
1 ZOrl
. B . . B
. B .
4 61
H o (w) AW R (w)+ 1 _
5. ()= X i LY ) I [6.4]
|~ Ry (w)R (w)H ()
- . R1(W)
6.4
S.(w)y= Hy (w)A(w)[ Ry (w) +1] 16.5]
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’ H)((W) lu
S.iwi= Ry(whtl [6.6]
453
27, (w) 2
S Yy == L s —
S e Zon) 1 o) 16.7]
Zi(w)
; Zo(W) Zo» ZL (W) ( Zo!
| 1 .
—= '_+JH’C IE)'E]
zL{'l-‘('_} Zr:l
6.7
2
Solw) = =
. . 16.9]
1+ 2, _( ;_!,»Z”J-I-wai
|
1+ jw (z[t{]c . 16.10]
6.10 RC ' Z20*C/2.
{
6.2.2) .
6.1.2
6.1 TTL CMOS ’
6.1 VCC . VCC/R1
' 65 ' 5
5/65=76 :
» TTL
CMOS
6.2 SPLIT o » R1 R2
Z0 ¢ }= Rl R2 a 2.10
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L
R1 R2.
R2 R1.
HCT
Rl R2
{1} Rl R2
(2]
3]
. TTL CMOS
£1)
R2:
{1)
£1)

Fyin parallel with f3
equals Z; chms

Figure 6.2

Z0;
I onmax & J
loumax ¢ 1y
i )
1.
. Y1. Y2
l 1
f=ar  HE
R, Ry
Y1 Y2 Y1l Y2 R1 R2.
1
Y+ Y=
2=
6.3 :
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Split termination.

+5 ¥
|
4{{, < A | —
r - T ! iv
ST L
T - < et N
Transmission line (4) s T N S
- & W7,
e ",
// "\

Parasitic capacitor O
represents load at
gate inpul

HCMOS
\ TTL
i 3+ ECL

R1
[6.11]
[6.12]



8 Y +5 ¥

SRy R
S - . S | I:f"|
o ; i Transferm prablam
\,' - ddriver E {o admittance
I ——— domain t
— Y
Ry
|'I
oy constraint;
- f o )
Ky 0.7 F, - 48¥, > 0024
0.1
0.0

lgr  eonstramt:
506 ¥, - 044 ¥y < 0.024
R,
S
P L
¥
Region satisTyving
holh ourrent
constraints
we o~ F
conskraint
lime Bi—r  constraint does

pob satisfy baoth current
conzkrainis al any point

Figure 6.3 Hnd-termination construinis,

: Y1l Y2
R2 R1

. VCC. VEE
+ VEE :

(2]

(Ve = Vou )Y — (Vo — Vee )Y 2 oy mas

) . 6.13 | OHMAXe

(3]

(V(:c.‘ - Vm,}?] —{Vm_ - vf:'}-.'JFE < og max

, {2}

[6.13]

| oHMAX

[6.14]

loLmax TTL CMOS . ECL 0 ECL
3 6.3 :  74HC11000
5.5 : : (1) :
65 : 100 . 100
. (Y1=0.05 Y2=0.05) : : R1=200 : R2=200
214 » 346
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65

SPLIT
6.1.3
6.4
6.5

A,

» 74HC11000 65

SPLIT

V.

[Enminate

_ R\Vep + Ry

Figure 6.4 Bifurcated line,

L] 6-5

220! ZO
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6.7}

STUB

£5 W A
A l ],
| (A 7 ¥
- ==y
- A
L i
b N
AN

\'u
el
=2,
] e
1% 1 -

Figure 6.5 Bifurcated line with matching trace impedances,

a a 6-6
+5 N S
1 h\.
—— T, S )
L ——— o4 i / __z.'
_.-L-’ ll—.\\. kY
\1\ """-L
v A Ma
S
R
"\\ % ———
A
AN -
Capacitance of ecach e e
short =tub adds to - o ,,-U
capacitive load of ) -
receivaer
Figure 6.6 Daisy-chain configuration with
{ )
] 4.4.2
STUB » 4.4.3 o
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6.1.4

6.16

6.2

| \
. I
S 7 4
From ST
driver - — _ Fut
-~ ", . N -
#Ff..- ﬁ_\. . _?.n‘_ Lir?mdmr
Onlv the mput capacitance — Fi )
af Lthe gate loads the line =0
/ o
Line extends
bevond recemving "
gate
Wrong 'u"r"ag
Stub ;-'“ _'“\_
From rI_-__I l[_,'
driver O ' i A
Do R
'l_"l
v Misplaced terminator
leaves the receiver
plus its stul connected
az a capacitive load
Figure 6.7 Detail of an ideal end-terminator placement,
L L) o
226 . 6.3
! 1
2 \2 3 2
. (Vig = Vi)™ +(Vio — Vir ) N (Vee - Vm} +(Vee - H_()}l_
I.-l. - -
Joa 2R, 2R,
' ;
CMOS TTL :
Zoa a 6.8.
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Houree
termination

[ =4 7 I\
! _}l W E.\-.
e Ry= 2,
\:{'_J M
()
Voo
L
i L
- N
=
m
! r--
y 27
1.
2.
3. (
4, l{
6.2.1
10 a
TTL CMOS
CMOS
6.2.2

s Fropagation ——
‘ delay = T seconds |
2y [
7 —_— . Ty 1
3 @ ®
L 'I/P_ | ‘
‘ Lo .
g
| o _I o 1 1
| ™
|
\_..
1 "
- _'\q\\- _—— = e e = = = T E e = = o ———
! |
N i | o
o A Vi -
Each trace shows the -
vollage versus time
obzerved at that position
Fignre 6.8  Source-terminated line.
J +1a
i ,
L] L]
0Ox « ECL
1
{ 2.1) .
L] ]
: Z0.
RC » RC
218 » 346
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RC time constant = Z,C 16.17]

3.1 RC { 10%-90%
Th]_q[;. - EEZUC |{-I]3]
6.2.3
{ ) :
6.2.4
Zo
AVI2Z0.
L Ou H
: AVI2Z0.
v Zoa
AVI2Z0 -
6.2.5
6.8 C
6.2.6
2.2.6 :
2T 0
. AV/2.
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i Fi 2
E:ZTLM] lR [6.19]

N
N
TRT
@
@

R = L]
AVI2 R
Pulse f AT AV?
Fowr::r*-f-( ulse frequency)7’ A (6.20]
2R
AV = ' V;
= ] &
6.3
« 4.3.5
. i )
1)
2]
i3] SHUNT
(4)
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6.4

(1)

(2}

4]

All resistors

equel

o
K

R.C

- 6.9
! 14l ,
3
2"’.-
:T';]

Figure 6.9  Auenuating juncture for hair
Ball networks.

- 6.10 .
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| . o o
[ | S R, P
L |
LV Works only if  ~ = ¥y
(Y gignal is DC t
balsnoed N
L i85
_| _ .
I o o .
- ’ Lo I?'--.-
W Wasted ¥
. CUPPETL
(E) fleovw
{
1. C1
AVI2. R1
p _(AVI2)" _(AV)’
. Zy 47y
AV = . V;
ZO = 1 o
, SPLIT AV
270,
_(avy”
RI+R3 EZD
6.22 6.21 - R2 R3
6.4.1
6.10A '
, s AV R1
’ C1 R1C1
6.4.2
222 s 346
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6.5

6.5.1

6.5.2

C1 a 6.11.
+5 vV ) +30 W
| e o J_-:j .
| . Zo :
:‘-:J.-'J‘;':d\z' ."Ir o _ _.-' " ’-_'g.
fiy -ZU:'F :?:R3=ZE
€,
Figure 6.11 Termination of a differential pair.
i 453 1.
+10% +1% .
50%
6.12
(s vy
= =025 W 6.23
=100 Q [6.23]
1/8 » 14
1/4
223 s 346



Vep = 500 V

k

=

: Foo= 0 Vep = 020 W
Iy = Vep/ Ry 1 ki Lo

LO = 0.00 V -

b
< @, No current
:I. ke flow In Hg

Vep = D00V
Ry HNo current

fy = Voo / Ry | flow in 7
N —

Y -

Hl = Ve —

Ra = Vo= 025 W
Ka

<HAN—

"y Rz = 100 ohms

Figure 6.12  Power calculation for split ermination with the worst-case LO or HI signal.

, - 6.13
i'_[':' )
;’X {Lﬂ_ U) | :| '«.rLB @J \\\K
r'{f |I :l \
/ | ! Y

Horizenkal mount Verticai mount

— HBetier (Jower) - One very short leg reduces
inductance hecause averall thermal resistance
leads =ztay low belween resistor and

circuit board

- Resislor body sticks up,
vielding lower Lhermal
resistance Lo air

Figure 6.13  Two ways to mount axial resistors.

6.5.3
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KNEE

! 1.1 . 1.1 :
nL
"HIJI=f [6.24]
Tr = ’ S
X tTr) | = Tr : S
L = : H
v 1% /2% = X (Tr) 10%
5%
6.1 - 2.2
0 » 012 0.06 n V4 18 n
. 6.1.
TABLE 6.1 TYPICAL SERIES INDUCTANCE OF RESISTORS
Resistor type Series inductance (nH)
HA-W oanial 25
EA3-W aial 1.0
1/8-W 12006, surface-monnt 0.4
6.1:
18 : 1ns.
Ins
50
1nH
100 SPLIT o ,
. SPLIT :
(T = 2L o5 g [6.25)
1 ms
|X[T,}| =3.14% [6.26]
100 £2
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1.5%.
6.1 SPLIT

6.14. JG 4.3
JG :

6.1

Spike area = R£ AV [6.27]

)
AV = , Vi
L = ’ H:
Rs = JG ’ o

Ky AV [6.28]

Final value =
inal value R+ R,

Rl = : :
Rs = JG : n
{ 1
a 6.15 .
: JG -
! a
a
6.29 + 6.29 6.27 ,
_____ Internal &0
| back termination jnternal 50 A
Cilse - Lermination Seope
generator e mina .
p—
a0 ¥ — oy _
,—t- e, - % o
I " . ) /- ,.-—-’I L e
- . — K ': { F; L & i) —
s , \ | f - -
L'rf’f..' : \i r.' ."I | :II | ‘I |
\' "-r .fr/ \ '\.
- I_ S 4 Two resistors LY
- — ~ of 10 n each, W -
e N M, %
o in parallel N
~ '\ 'y
_'/. ?;:\\ '\‘- AN
/ a’/ i | “'_:'.__\\T'_ our xl
i 1 " I
I'\ .\-- | | .:I \-. | oy ;I
. —1 oo ., : -
i I ] \\ T B
] LR "
- _1} I Zalid conducting
it o 1o = block for attaching
Two terminating = - i, 7 atienuating resistors,
resistors in parallel Y insulated from ground
have a lower
inductance than one - Solid_ground plane
g in®

Deviee under test [(DUT)
goes between these lterminals
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All resistors are 18 W,

¢ Hun coax proebes an from opposite sides to
reduce direct feed—through

@ Ground DUT test point to check for feed—through.

= This tesi jig has a seurce impedance of 4.34 1,
and an attennation factor of 20:1

Figure 6.14 A 4.3-0 lab setup for measuring the inductance of resistor packages.

Tekironix 11403

| /4-W 2.2 o
.

o ' ' ] axial resistor
1 ;________—.—-—'—_'-_-_'- 1_-"“'!'!' W 22-n
. axial resistor
20 mV —
[ - ¥ " S— + + +
f
=
>
2 ns/div

Figure 6.15  Output of a 4.3-8) test setup for 1/4- and 1/8-W resistor bodies.

. R +R
L =(spike ari:u}TS i6.29]

L = : Hs
Rl = , :
Rs = JG : .

JG
, , , Tektronix
14000 .
o ) SPIKE o
SPIKE .
, . 10-100

6.6
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6.16 .

Trace 1
\ °'J|] :o — Ground
Trace 2 o Tﬂ_o /
Ly {
Coupling
|
l N
(e ()
S 0.063—in. thic!
H <AL A i  } - ok
& | /] | Ll mpoxy FR—4 PCR
s I !"' - Solid ground plane
on solder side of PCE
End View of Layoul
Figure 6,16 Conliguration of lerminating resistors.
. K AV
Noise vollage = —— [6.30]
Lo a0
Noise voltage = 2 ;
K = ] - H
R = 1 H
AV = . V;:
Ti0e0 = H S
6.6.1
6.30 o
" 1
K =(5.[}E>-:l{} ' )F—, [6.31]
L+{W/H)
1 2 a
Y = ] in.;
H = [ IN.:
W = [ |n,



6.17 K . { )
6.30 K . ! i 6.31 0.400 0.108 {
) . .
- — -
1o
g - — -
Coupling o H"“H-..H_ |
Coefficient, K, B R o
(t1) T~
1 R
- 14
1D R ——— - e
-11
10 T -
0 Dolone ROl DEOr Q400 Balo

Separation, W,

fin.)
same layoul as in Frgure G618
1/4=W resistor hodies
Body length, 0400 in.
Centerline height above surface of board 0045 in.
Distance, surface of board te ground 0.063 in,
Tota! centerline height a ol

Figure 6,17  Measured and caloulated values for the coupling coefficient between two
wrmnnating resistors,

6.18 : 6.31

Trace |

. M———oun 0o

Trace 2

—Oilll Q-

T Greund
4 . F

Figure 6.18 Staggered terminating resisters showing overlap length {parameter 1.}

6.6.2

6.31 H :

6.6.3

: - 6.19
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Current paths
overlap as they
flow toward ground
pin, creating a
large mutual
inductiance loop

Commen
ground
'I'.Il_'l

Current palhs dao
nol overlap Mutual
inductance belwsen
resizlors 15 smalll

Separate ground
pin for sach
resistor

Figure 6.19  Two siyles of STP werminating resistors,

6.2 0.1 SIP

= SIP-B
50 . B A

100

= SIP-A 7

TABLE 6.2 COUPLING COEFFICIENTS IN SIP TERMINATING NETWORKS

Coupling
Package From To coefficiem
SiP-A 7 O B25000 ps-LX {worsi)
SIP-A 7 1 205000 ps-L2 {best)
SIP-B 4 3 05,0 ps-L3 {worst)
SIP-B 4 1 5.0 ps-L) (best)
6.30

230
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{ PCB! . { Through
hole). : ’
7.1

: 7.1 « 1.2 74
7.1.1
0.010 0.028 i !
i Electroplating action) { skinny hole).
- 0.063 , 0.010 {
:I a
? MIL-STD-275E
{ preferred)- (standard)- (reduced producibility)a { specification)
' - IPC-D-300G
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{ Interconnections Packaging Circuitty Standard),

7.1-7.3 MIL-STD-275 .

TABLE 7.1 MIL-STD-275E HOLE DIAMETER

Reduced
Preferrad Standard producibility
Mintmum hole diameter® T3 T Ti5
AT is the hoard thickness,
TABLE 7.2 MIL-STD-275E HOLE TOLERANCES
Reduead
Preferved Standard producibility
Plating allowance® .28 00021 (.0014
Plated hole diameter tolerancs”
Herles OU03 5—0.030 . {400 0,005 31,0084
Hales 0.031—0.06] . {50 0L (004
Hole alignment allowance’
Board =12 in (b (09 (L0 {10
Board =12 n. {0z 000 13,0005
Reguired antular ring
Inner laver 0.008 .05 0002
Oter layer RENE 0008 0,005

*Not part of MIL-STD-275E. Stndard plating for digital boards is 1 oz
(0.0014 i}, For fing line fabrcation, some manufacliurers use 1/2-02 (L0007
in.). Plating allowances for hole diameters are twice the plating thickness.

TIncludes allowatce for variation in plating thickness.

"Sum of hole location tolerance and master pattern (etching) accuracy as lisied

in MIL-STD-2T5E,
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TABLE 7.3 MIL-STD-275E MINIMUM AIR GAP

Reduced
Preferrad Standsrd producibility
Afr gap
foor wave solder® 0.0 ALIEN 0.005

#This is the air gap reguired 1o prevent solder bridging. Larger gaps are
requirerd by UL, CSA, and TUV safety regulations for protection against
high-volinge arcing.

7.1.2
o 4 : 7.2
L (allowance)
9
L
L .
: 0.001-0.002
: 0.002-0.004 o
. . 71 { Finished hole)
—l-i -t — Finished diameter
— Drilled diameter, to
accounl for plaling
] . " thickness
e Plating
thickness
Componeit .
Lesin il g o, o
(if pre=sent] o _-__q_-_"_.»
Clearance for
soldering
Figure 7.1 Finished hole diameter versus drilled diameter
0.032=0.003in. a

233 . 346
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i Hole alignment allowance) .
7.2, { Annular ring).
, ‘ * {breakout).
: . i required annular ring)s
J 0 : ! 7.3 J

Minimum drilled
diamefer: hole HL

Maximum dritled

diameter hole + HIE
Point of
Lhinmnest
I!r'l-l'lt]ll:IT' I'Jllﬁ -~
&
.““\l Fad
A g
O
o .,
Trace

" Hole alignrment
\\ “!‘ allowance (worst case):
HA

Fipure 7.2 Annular ring surrounding & hole drifled in a pad.
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Worst—cage alignment
errar would normmally
cul off pad (and via)
[rom trace

Pad
Trace
" l':."':t
i Bilge on trace side
[u_’;.':.' reduces brealkthrough.
2 pwven with the hole displaced,

there s =till a canductive
path all around the via.

Recause Lhe bulge is
on the trace side of
the pad, it doesn't

interfers with anything

£y
A=
1.-1-""{

‘H‘ I‘“*l
\,.q_..-*

.I'

_..

"‘*‘ *-::H -\:-r

."

Fad without bulge

= gut off from

trace, The joint now
depends only on the
cannection belween
the end of the Lrace
and the via wall

iesg than 157 of the
via circumierence

Figure 7.3 Bulge on & pad used to bolsier an anmular ring at a trace junctare,

PAD=FD+PA+2 { HD+HA+AR} [7.1]
PAD = N
FD = in.
PA = + in.
HD + in.
HA = « in.
AR = = in.
HOLE = FD+ PA+ HD [7.2]
HOLE = +in.
FD = « in.
PA = + in.
HD = - in.
7.1
0.063 : FR-4 .
: 0.015 0.020 30%.
0.015 . » *HD=0.003 .
10Z 10.0014 I PA = 0.0028 . 0.003 o
FD = 0.015 . 0.021+0.003
J.
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HOLE = FD + PA + HD = 0.015 + 0.003 + 0.003 =0.021
» HA = 0.002,

PAD = FD + PA+ 2 { HD+HA+AR!

= 0.015+ 0.003+2 {0.003+0.002+0.005’
=0.038 )

7.1.3 (Clearance Requiremints):

| copper feature)

nominal features

(Air Gap)

- i solder bridging)s.

®

®

L i Required yield)

: { 4514
. { Worst-case clearance)
1/2, 1
{ Required yield) .
7.1.4

236 . 346
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i Numbers of track).

i Trace pitch) :

vig spacing

Effective trace piich = [7.5]
tracks
1. 2. 3
DIP , 0.100 i I a
, = |IPC-D-300G 0.100. 0.050. 0.025
7.2
C— L4le Ti) (7.6]
D, - Dy
D, = + N
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T =
€=
C =

X

2.8

0.11PF.

{

+ pF

i Ground clearance)s

i Scaling principle)
X -

5.0 .
{ FR-4)

238 . 346
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Body of wa

-— —_— EE— %

Solid alurminurn
., foil ground
P plane

Figure 7.4 A 100:] model of & via.

7-6 -]

((1.41)(4.7)(0.063)(0.028)
C= 0.050- 0.028

50- & 7 4. 76, 10%~90%

=0.053pF [7.7]

T10- 9o(stepresponse) = 2.2C(Zo/2)
= (2.2)(0.5)(50/2) [7.8]
=27.5ps

27 .

7.3
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5 :
: B a
O! L]
L= 5.08h[|n[%h) +1] [7.9]
» nH
h= »in.
D= + in.
7.9 :
1.15 1 1
H = 0.063( ,in)
D= 0.016 ¢ + INJ
Tlo_go:l.OO': : NSJ
L = (5.08)(0.063)In-20.083) 41 _ 1 o0y (7.10]
0.016
TL
XL = =3.8L2 7.11
" T T10-90 [7.11]
At high frequenches,
the eircuit at A
zshould =ee a low
impedance belween Surface—mounted
power amnd grocnd hypass capacitor
.- B B CoeV e S nd via
{ |:| .“.,
e i - ‘-*—J:"_—,- --= - . +3=V plane
- ] | S—
o _ N . _ T Grownd plane
A /1
Figure 7.5 Mechanical arrangement of 2 bypass capacitor.
3.8 1 o
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: . L/12 (L

1 L/6 i lumped circuit). 1.3
, L.
1 FR-4 : L 6 a
» Digital knee
7.4 o
5.2

5.2 ' 7

52 , A , : B

A B ,

113 m , A B

241 . 346
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1)
(2]
{3}
(4]

242
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8.1

i Voltage references!

VCC

Internal
raference

penerator

8.1 0 A
B C : C 0 1.
RI
C
=V1-N-R [8.1]
VCC: VEE:I
CMOS: VCC VEE ;TTL: VEE : ECL:
Differential voliage
received s
Eflp A Vv, - N - R
'\IIII.. ""-\._\. .
,-':["'r ¢ Wire B H .
._." ' HI' il
| I v, —
¢ S
— { —+} -'
Lutput Ground e
vallnge connectlon
fram
gate A
Hypothetical nolse
SOLUNCR 1N S8Ies
with ground connection
8.1
N A C 1
Cc -
i
{ Returning signal currents! . A Cc .

V1



C : { Common-path noise!

8.2 .

Signal curcent Grround
Mowing betweern J:|~c]!|<*.1..'1r|f.-f-
Gate A gates X and ¥ Cote O
I — _1;.
R ] B
' -
! h
R F - - z{
2e8 i 4
4 | N T
Gable X 5 ‘ Gate Y
— Swenal currents {lowing «_ _ ‘.'I‘
' between gates X and Y Y
| T induwee oraund voltage N, 3 _l_
— which interferes with :
reception al gate ©
8.2
1
L L L
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Inductance

Signal Notse in power
current voltage wiring
pesth . r
A d
I it .
: AT R
R . |
..... . . _Oate © .
[ -L:F_..—I 1 ‘ ‘ .:lz]
Gate X [ =
sRLE ] )
‘ I \, ‘ Batteary
. . B L
When pale X switches
Hl, currenl comes ) :
from Lthe batiery When gate A switches HL,
te chorge up connects ite autput to the positive
the load capacitor supply terminal; any noise vellage

Lhere iz transferred to its oulipiotb

8.3
8.3 .,
: = 8.3
! a
3: _
! h
* a
Al o
84 :
i Bypass capacitors - .
Fower wiring
e be arbitrary
Capacito: i 1 _ - r': T
provides low 4 L L [ N
impedanoe e ! o | i Te power
belweean TR —t S - . supply
power and e Al = = L |\ =
ground at - . - . B
every gale - — . -

Ground pins are
direct]ly connected
to low—impedance
ground plane

Low —impadance
pilh between power
ping s provided by
twa capacitors and
giround plane

8.4 i singleplane’
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{ 8.5)

capacitance! . :

Two solid, parallel planes
provide power and ground
conneclions Lo every gate

.

Pawar plane conbinues
unbroken around each
ground via

|I Y | L ~_ L |.'I Te powear
| ) - T N .
JAYPTE B B SN : supply
/- — ———
.":-r \.I'-. I.'l: .

Low—impedance

path between power
and ground is provided
by bypass capacitors
and natural
capacilance of power
and ground planes

Fower pins are
derectly aannected
with low-impedance
power plane

8.5
8.5
1. .
2. .
3. :
: 8.6

246 . 346

Ground pins are
directly connected
Lo low—impedance
ground plane

i Differential transmission’

{ Mutua



8.2

bifferential vellage
recerved s

Vaipg = LI’U + |i-'| i ¥y l'lj'l
~ ¥ \
Goale A |
— - —"'I—~ Gate
] Wire B e |1, |
! . - ] - )
! . Wire B
L Kok
a,
Vom ¥y | N No internal
" - referencs
L ¥ " o

Gate A puts put
viollages an bwa
separale wires

Vo is a fixed
affzet vollage

The signal vollage
Vi g added te

wire [ oand ::-Zi.hllu'.l'.:h"t:
from wire B
8.6
1
3

i Power digribuionwiring 1 »

247

generalop
Ground e nesded

connection

Hypothelical noise
Raurce In series

with ground connection
doesn't affecl

anything

» 346



{ Series inductance).

L] h h

{ Multilayered power distribution system! .

8.2.1-8.25 . » 8.2.6
8.2.1
i Regulated power i { remote sense wires!
{ 0.5V} . .
8.2.2
1. a
2- a
3- a
8.2 ( )e
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8.3

8.2

nH)

{ Changing current

5
L=10.16X Jn[:iﬁ}
]

Average separation * (

XH

[.=319
W(N 1)

249 . 346
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8.2.3

: 8.7 di/dt.
di/dt .
8.7 . A 100ns
. A HI . . .
Charging current
fer capacitar
peszes through
the inductance of
ithiz power wiring
Power I g
..-II\.A: _— —_
Goke A . Current l:-h':-lh
T 7w a_ when charging HI
]{']_“H" _-_.___'}_--i "-h.'--',l. ". = I 5
cloolk 1 } N e pRWar source
—+ [ ! | —
mpuk ) 4 ! ——
| — o ! )
Py VB0 pF o -
b E
i Ground
Gate A alternately b
connects lts output Qutpul eh -
to the power inpul L:.:._L,.'.__}:!_.Jmt; Ergr.
or to ground ;{*-F-F_; VinS ng
8.7
8.7 HI ] A o5ns:
8.4 di/dt .
dl 152 AV .
MHKE=—2C| =1.5=10" A/s 18.4]
i
(Tho-90)
: AV =5V ¢ 2
T10-90=5ns b
C1=50pF ¢ >
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8.2 .

2H
L=10.16X ln[—] =164 nH 18.5]
n
: X=10 f J H=0.1 i 2
D =0.04 f 4 L= ‘nH
di/dt ,
. 4 -
Naise = (1.5 107 {164 x 107} =2.5 V [8.6]
! ?
L] L] 8.6 o L]
1ns: , A HI
(08 Cl ,
H) A L]
8.8 , Cc2
, a A HI
c2 ’ a
88 c2 ,
Only & smioothed
Abbreviabed current flows in
path for this part of wiring
Industance of charging
Lthiz shart current High—frequency
connaction , current in thia
ia very low I path is suppressed
F, Powed I g
- 7 R B
Gate A ' ' - T T,
T R | ey
LU—-MkHz I : 1 . | W
clook N S = S{J:I'EE
ingut I N o N Bypass =
T Oy 2T v | papagitor
50 pF | ' !
Ground
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Fpsw

Fpsw.

8.8

Xmax
AV
er.:u =y
A
L psws
X
FP!’-;W — 5 an:m
ZTLpgy
FpSN
Xmax ’
|
Chypam -

8.1-

2w X

BRLE RS

N

{AV )

Xmax= AV/ Al »

252

Ll

Fpsw

346

Xmax

[8.7]

AV

8.8]

[8.9]



CMOS ) 5ns. 10pF

looan ]
. AV
A= NC—
Ar
LY
= 100(10 pF)— | 8.1
Sns

=1 A [worst case peak while charging all loads)

AV =10.100 V {from noise margin budget) [8.11]
AV
eruu =E:[Hﬂ |E1|2|
Logw = 100 nH 18.13]
_ X
Frow = =25 — 150 kliz [R.14]
2Rl pow
C ! 10 uF [8.15]
“bypass = _._— = “ e
™ 2“‘[‘1-'5:\'-' Xmu.»«.
' 10-1000uF a
: Fpsw o
Fpsw : . Fbypass .
. 7
8.2.4 (individual integrated circuits)
1 1 I: Leaj
inductance! Lc2 , , .
Fknee ? ( digital knee frequency! ( 11)

XMmaXa
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X

F — max
by .
YOS EHLEE

Fpsw Fbypass
8.2:
81 10uF Lc2=5nH:
—— T =318 MH:
ke o
159K Hz-3.18MHz.
Fbypass:
1. ’ -
2. 1 o
3. '
1. Fknea
1.1 Fknee )a
i = Xl‘“'d'i = XrlmxT;
a2 7 n
2. ( |

{ Surface-mounted capacitors) :

5nH,

254 . 346

[8.16]

Xmax=0.1ohms:

(BT
16: 1.
Fbypass
8.2.3
[8.18]
Lc3.
1nH;
[5.19]



3. Fbypass

|
O =
ATy~ k. %

brypass ““max

“arTay
C:IL':I'IH:’HI - N

8.3: L]

8.1 8.2 : 10uF
Xmax=0.1ohm.
. X . =018 (from last section)

I =35ns

1:- =0,1539 nH
bid

. L~ =3nH (using through- hole capacitors)

N=—F_12 {number of caps reguired)

8.2.5

G ESR{ 83 1.

0.225¢,A
Cp,gw:r plane = —d__"_"-

g = { FR-4

A= { i

255 . 346

XmaxX

[8.20]

[8.21]

[8.22]
[8.23]

[8.24]

[8.25

[8.26

0.016uF »

[8.30]

5nH.

=4.5)



. FR-4

ESR

{ pFi

100pF/

- 8.9

{ equivalent series resistance ESR!

Wiring

irductianes
\ L uF
— o1 0

da= {
Cpowerplane=
0.01
8.9
{ paraditic series resistance!
c2 C3 8.3
toh
HE
fmpedance

Magnitude (1}
a1

.21

Power and ground
ane capaciianos

Arpragale
response |i=
the paralisl
cormbination
of all four
elements

8.9

. 0.01
8.2.6

8.10 :
25 {50

5V(
0.2

50 ohm),

+ FR-4

Al

256

Freguency (Hz)

100PF/

50 .

5V/ 25 ohm=0.2A,

346

Al/



= Tektronix 11404

1
L] L]
a ] a
L ) .
’ O
L] a
Connect to
ot pulser Tor C o
apound  of
100—kHr square wave =
I Ll - power svsbem
B o T Use =ame rize time ______"_____, m
Pulzes as in your logic U N ¥
gponerator o N _—
: | ’ v L
: e, ",
314] R ——— o . d _{_.--"' L _|_j— ,
* e W ray Frobe power
" I ; ff systern using
Ve v i Lhis wire
! i i
— T ,' | |
| ! £ - |
S
- II|.. - .
[ Cables can be
! very long Lo
Internal BO— A th'?tr.-h into .
back—terminalion gysiem || Scope
b '\'.\
Measure span—aircuil g
’ T
‘H-u_hq___ '.'.'_lj—[+ .
d.I. ,-_.: 5” ——
£ L

response {(Vg)] and Lhen
measure wikh probe

ponhected to power
gystem (Vy) The probe v
gource resistance (F.) L Em—
1= 25911 -
Iiternal o0 _—

¥ termination
-Ir|.-|.-m-|' H:‘ Vv

i}

8.10

8.3 (everyday distribution problems)

831 TTL-ECL ECL

TTL ECL
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» TIL ECL 1 ECL :

ECL .
: 1 TTL ECL , ,
8 =«
2. '|_|'L +5\/ L] EO_ - 52\/ L] H H
» TTL ECL o
3. TTL ECL 5V, ECL ,
. TTL , TTL
ECL o
4. , TTL ECL ' +5V = TTL
ECL . TTL ,
, +5V , +5V
1uH : TTL ECL .
5. ) ]
8.3.2
1. 1 ] 1
+8V , +40V
2. L L
DC-DC , DC-DC i
:I a
3. L] 1
8.3.3 (glitch)
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2. :
3.
{FET) , FET ' di/dt,
4, FET :
FET : 4.5V.
+5V! L]
8.34 EMI

{ Federally mandated!

2. i choke!

. TTL ECL :

8.4

259 . 346
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i Paraditic series inductance!

{leedindudtance ! - { packageindudtance ¥ i mountinginductance 1«
8.2
{ Parasitic series resistance! ESR { equivalent series
reigance ) . . ESR ( )s ,
8.4.1
-3 1
-1
X(f)=|ESR” + +2nfl, 8.31
| 2C T2 [8.31]
ESR= ! J
C= ‘F 2
L= ‘H 2
X(f) = f ¢ 2
831 89 C2 C3 ' 8.9 Cc2 C3
ESR 01 , 10 , 001 R4
8.9 300MHz ,
. { digital knee frequency 100MHz :

ESR , a 6.14

ESR.

6.14 C {DUT : 5
RC ] L] 1000 L] ]
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6.14 ’ RC ,
ESR o
ESR : . ’
811 0.1uF , 10nddiv. ~ 2nddiv
» ESR -
Spiite Step Zlow ramp
( A
| 1
1 | 1 lpen
A ] circuit
T / i
; . 4 5 + it 1 Capacitor
k ,” 4 I'EF]':II:]TI?FE
L ] 1
i
\ 1
1 . : = + .
I} ns/div
1
Open
l cirouit
500 mV W

. Iy

e ¥ e +

Capacitor
rEsponsEe
(2}

Capacitor
responss
with ESR

2 ns/div

swibtractead

(3}

[8.32]

i Ampli— ’ Ares

| buede (1) (3, |

1 0234 ¥ 2170 |

I p¥-a i | i

8.11
1. 2ns ’ ’
R.A
L=—-
AV
r Rs= i 2 A
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AV = V2 L= ‘H2

2. : 0: ESR :
: ESR . { Test jig) ESR
ESR -
RX
ESR = —*& 8.33
AV - X l ]
Rs= g e X= 'V
AV = 'V}
3. [ L] [ dV/dt=
/
AV - X
= 8.34
RS(r!‘I-f' / dr} 1 |
Rs= 0 p X= 'V
AV = V.2 dv/dt= 'V/s2?
C= (CJ
' ESR ' ESR.
o s .
o ESR ' Tektronix11403
8.11 : 4nH. ESR 1.1 1 0.072uF.
. ESR
8.4.2
(1OUF )! » ESR o
ESR :
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TABLE 8.1 CAPACITOR PERFORMANCE

Lead Lt
spacing ESE mduetance
Capacitor {n.) (£ (nH} Commenl
! 1.4 1.1 4 Low profile
2 0.3 (5 6 Yellow
3 0.4 0.1 ] Fat legs
4 .3 =1 7 IR 0, 3-in, tvpe
5 0.2 =01 i Sguare body
& 0.7 .2 It 2P socket
7 (13 0.2 & Same as iem b bt
remgved from socket
B .1 0.1 1.1 SMT 1200
o 8.1 ,
o 1-5 { Grab bag! 0.1~0.47uF;
“ " 1~2 ESR; 3 ;
z"’{ - 1 T
o '1'r 57 C | Bypass oapacilor
Tl v e Yl stretched belween
R A pin 8 and pin 16

suffers {rom long
lead induelanca

DIP
{ 8.12) ,
DIP ’ 8.13
16nH 6nH.
263 » 346
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Simulaled Simulsted Capacitor from

ground plane power plane Figure B 12
Nl
.-"llll -'-IIl -~ Lln'r:-"'(’r-:l "I
' o S Ly i
/ v &
J Ao
P — =
_\u " F
Messurement

test pads

' i
|1— 0.7 in. —™

8.13 DIP
8 1206 814
ESR .

< I
*y
'\, ,
o A
| \\\ ’7\,<
::':'IIFPIE.'FIJ-I'ITIr\-;. | e _‘_,.)/'J o
agmi e i - -
iy T "“-\:.{'
| %, .fl
fl !
)
e
oo
|81
- a
({H] ||lt vy [ 141
Fregisepsy (Bl
IR - -
", {,/ 1
L0 > A
%, e
Impedahese )
meagntude i H\. £ .-""f ‘\‘\
- -
{ir) \\:{/ ,‘_“‘\1“
a3 F—-- I
\\ (8
i
| [e]
ool ‘
b [ ] g
T 10 {0 10 t0

Frogquency | Hz)

814 8.1

1 2 8 , ]
: 10MHZ : ESR

6 7 . ,
10MHZ : -8dlb .
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8.4.3

1206

8.4.4

1206

(surface-mounted capacitors)

1210 £ 0.12< 0.10

1uH = 0805

265 . 346
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0.12 0.06
J . 0805(0.08:< 0.05

)=
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: Circuit component .

DIP Micro/Q 1000 a PLCC Micro/Q
3500SM
8.15n 1 1
Micro/Q3500SM : ( 0.3nH):
ESR( 0.1 )
Micro 0 1000 )
for TP imstalialion ~
Micro /G 3500
for PLOC installation
8.15 Micro/Q
845
' 1000-10000 o
1 Johanson dielectrics  Circuit components
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8451

i Voltage ratings! »
’ 3V v a

+—20% : +80% ~——20%
, 1000 + — 15%. 0

-5%. ’ ,

+ + 1 40(y0n
ESR , 8.16 300mvV \
ESR. 33uF: 16V : -30. 0. 25 60 .

Teklromx 114400

» —ao’ o
b

| /’FF-_-___'_-—’H - 0 ¢
1O W
. 1 ::-..-_: %

[=3]
[Tt

B T T

20 n=Sdiv

Step response
LT il capacitor
Source 4.2 n

8.16 ESR

. 20mv:
' 8.33 60 ESR.

RX  (4.2)(0.020)
AV X 0.300-0.020

ESRm =
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ESR ' 60 ' 20mV.
ESR 0.3ohm:. , 150mV. ESR 4.2 » ESR 0 60
14: 1. 0 , ,
720pV-S. 8.32 .
4.21(720) pV-s
= Red _(32)(1200pVs _ g oy [8.36]
0.300
8.4.5.275U
{ Monolithic ceramic capacitors! :
Z5U '
Vitramon +— 20%: 80%~— —
20%: Z5U 2% 100
’ 1000 ’ 2% 10000 ’
2% » Z5U » Vitramon
10~85 +22%~—~ — 56% ' 10 '
Z5U. 10 100000 , 2/3.
ESR 0.1 10~85 » ESR 31
« 1206 1nH ’ 5nH ’
1206 Z5U 0.33uF 50V: 0
8.45.3 X7R
X7R '
X7R Z5U , ° Vitramon
+—5%. +—10%. +—20%. a
1%( Z5U )E 100 , 1000 , 1%
10000 1% + Vitramon -55~125
L +'15% L] L]
10%. +—55 -~ 100000 20%.
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1 ESR O 10hm ] 0’“‘70 ] ESR

2: 1 o ' -55~+125 ' ESR 4: 1. 1206
1nH . 5nH
1206 X7R 0.12uF: 50V,
8.4.6
a 50% o
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1 (Connectors)

EMI ’
MHz DIN 25GHz SMA 100
7
-- L EMI

9.1 {MUTUAL INDUCTANCE--HOW CONNECTORS CREATE
CROSSTALK)

9.1 a X‘. Y". Zu
A X Aa X. Yy Z s X Y. Z

Z , Y X ,
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Distances

The only ground palh
between boards iz this
pin, which carriez all

~ thres returning signal

currents

[9.1]

botween
prins
o
l I
¥
Figure 9.1 Mutual inductive coupling in & connector,
9.1
. : - 9.4
9.1.1 (Estimating Crosstalk )
9.1
Dl/dt
’ X Y.
Y a
L‘ h
Lyy =5.08H 1n(-]+5.u3H In[—]
: \ D2
a= X Y ! in.J
b=Y ! in.}
c= X { in.J
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D= { in.J

H= { in.J
L X,y = X Y i nH)
9.1 {H/a 1.
9.1
di/dt . 241 242 Dl/dt.
i 9.2r.
{ 1.3} .
A Y
dl
Case | : Crosstalk = Ly y o [9.2]
2
| dl
Case I11: Crosstalk = ;Lx o 193]
2 7 dl
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Distance, driver
Lo connecior,

g b s
less than | o

.. 7 ‘

- = Caze 1) Low-—impedance

— driver

- ;_—.._
—y ) i ) o] — . Caxe 1I: Assume drive
u I" i i impedance
— enquals £,

Elactrical length
of -‘Jslu”aI F:.q: r .
I I Bl —

i________ Distance, driver 4'
to connector,
more than

Figure 9.2 Nearby drivers have lower drive impedance.

9.2
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Any series impedance
here, like a resistor
ar an inductive bead,
makes Lthe capacitor
much more effective

Correct
capacitor
placement

Figure 9.3

- 1 —=— Wrong
o e — ! capacitor
| — placement

N W ; K P
Y T 1 o
[ — -
- .". . '/

A

Method for slowing the rise time of signals.

9.3

9.1.2 {How Grounds Alter the Return-Current Path)
. 91 .
1 9.1 ) i ]
X Y . b ¢ 9.1
a Lx,y a ’ XY ’
2: o 9.1 I: :I
X Ys Y .
. LX,Y .
9.4 X a
o Lx,y o
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Returning current splits,
part going through each
ground pin

N
{1+N2) J .

More current goes through
the closer pin

The net effect draws
current in path X away
from path Y. lowering
bhe crosstall

Figure 9.4 Adding a second ground divides the ground current,

9.4
XY XY "
XY i 9.5,
9.4 .
Coupling is proportional to: Tan? [9.4]
o |
..... .
|_ = |
TN 2
) f | Y,
— __'_"_a_.:':l——"v v—ﬂa
N | o —;! - N With N grounds
. y separaling signals,
oy = "‘.‘ ‘ " ecoupling is reduced
3T = e T by a factor of
1
& :n,fE
N
i L E N

Figure 9.5 Separating signals with multiple grounds reduces coupling.

9.5
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9.2

{(EMI)

INDUCTANCE--HOW CONNECTORS CREATE EMI)

= EMI

64bit

Gl

EMI
9.6
CPU

0.06 in.2

= 64-bit

EMI

276

Ll

{SERIES
64bit B
. 64
A
FCC- VDE-
6-in. 0.010-in.
EMI
9.6 B
Gl

346

EMI

Cﬂ

A,

9.6

c

di/dt



FMI comes from

current loop &4
Sipnal current eEide connectar B
on G4--hit bus ’

ul I
| ’
Yource ! - Bestination
I .
I R — S— _—._-]!:-—I !
Returning signal Tonneclor
current flows .
along ground
Most signal X
return currant ]
flows through [ !
ground pins in i
connecior B
| |
| |
. - |
Card A . Card ©

If there 15 any other
path, =ome of the retorning
sigial current will fellow i

Figore 9.6 Signal return current from a 64-bit bus,

9.6 64-bit

7 B A C
B
9.7 A C . D
D As 9.7 G2
Signal! current Connector B
on G4-bit bus S
—_— .'( .l'.
| / | D ll' b
Souree J o i eatinalion
e — =1 ‘-H-D
o ~._ Returning signal
current aplits
Some goes through
L'iﬂ\'_'..'l Conmeclar

Loop Go s
formed by the
diversion of return
current through
connector I \'\
Connector D
]

Card A Card C

Figure 9.7 Returning current diverts through connector [,
9.7 D
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D , Gl { 96! G2
Current through I = {return current from hjf{‘i
2
D ,
EMI ,
Gl , G2. ,
’ . FCC VDE
) 1OOUV/mu EMC ]
FCC VDE 30MHz .
AlE
E=14x10"% 222 o107 vim [9.6]
0-90)
E= ':V/m: 3 :'
A= {in.2)
Ip= CA)
T10-90 = {sl
Fclock = {Hz)
9.6 : , ,
20dB EMI
100 7 ,
9.1:
9.8 16-bit a Gl G2
G2 .
Gl
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G2,
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G1.



Lg =

b | =
——,

m.m[wl m(%) +h ]"[%H}
o )oss )

nH [9.7]

r= 0.025/2 i + in h/r 2h/d3

wl= 021 + ind
h: 0.4 ': 1 in. :'
1/2 = i 9.1 21

G2
Lgs = Iﬂ.lﬁ[wz in(£)+ h Jn[ W2 )]
r ¥
4
=m.lﬁ[6!n[ v ]+D.4in[ 6 ]
0.013 0.013

=234.0 nH [9.8]

r= 0.025/2 | + in.d
w2= 6.0 1 D » ind
h= 0.4 ': [ in. :'

3.7V TTL 50 : -
+/'37mAn
9.5 Y

Io) = 0037 A [9.9]

0.0 nH

234 nH
9.6 Gl G2 a Gl

A =008 ¢ 0.4in. 0.2in.; in.2}
1 = 0.037 ¢ » Al

T10-90 =5 X 10(-9) + S

Fclock = 10 (8) Hz

I, = 0.037 = 0.0014 A 9.10]

, (0.08)(0.037)(10%)

[le[}”) =82 uV/m [9.11]

Eg, =14x10
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82uV.
16

Egy o = 82%10°°(16) = 328 uV/m 19.12]
: ° D&t 97 :
A =241 0.4-in. 6-in.; in.2)
It = 0.0015 ¢ + Al
T10-90 =5 X 10(-9) ¢ + S

Fclock = 10(8) Hz
. [2.4](0.9014)[1[}3)

E.,=14x10 =94 uV/m [9.13]
“ (5x107)
94uV. 16
Ea = 94%107°(16)" =376 pv/m [9.14]
G2 Gl. B D : LG2
: G2 B D . G2
L] L] B D -]
Loop e width
— 6.0 in. —
_ Loop 7, width
. 0.2 in
&y ol
~ e -
THII0E f i Loop height
LRI Lt M | i) 1 vty

P ~ ¢

Signal Return ‘E

current current

Ground pins are black Ne signal lies
moere than 0.8 in.

Signal pins are white away from a
ground pin

9.8
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2 B B 9.5
3 A
4 A C
9 &
5 A 110 ' , C
; 110 A. B
6 9.6
EMI
9.3 - (PARASITIC

CAPACITANCE--USING CONNECTORS ON A MULTIDROP BUS)

9.9 .,

1 o 4.4.2
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(1) . PCB n
(2 . .
(3 . .

Connector

Transmitting
driver ~

“

Receliver

. -{ :}

s Transmitted =signal
f," distorts as 11
- passes each bus tap
Other drivers i
remain connected, . /
but disabled /
‘\ * . _l.l.
."II
™, .":
I -’fl.' a |
.;"f — 1:
-'-‘\ — -

9.9

9.3.1 (Pin-to-Pin Capacitance)

L] 1.6 L]
0.1-in. pF. PCB
0.5pF.
. , = 0.05-in.
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(Circuit Trace Capacitance)

9.3.2
9.15
T,
Coeiinch = [9.15]
per it e‘f“
Td = { ps/in.s 1.3 )
Zo = ( . 45 )
C = {pF/in.J
9.3.3 (Capacitance of Receiversand Drivers)
: 1.6
2-10pF.
80pF
9.2:
0.75-in.. ?
T, = 180 psin. (FR-4 mner trace)
Z, =504
C oo et = 180450 = 3.6 pF [9.16]
{'-‘IIII.I| = ‘ljﬁ[gﬁ) = 27 FF |gl?:
9.3.4 (Evenly-Spaced L oads)
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93.5

4.4.2

RC

(Very Slow Bus)

{ 4.4.1.2

443

284

{ Electrical length of the bus!

» 346
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9.4

(MEASURING COUPLING IN A CONNECTOR)

9.10 a
' a
L
° H
1 a
9.4.1 (Ground and Signal Pins)
1 2 a a
Internat 5 Hali?r. -
baclk terminalion f:'-'”_i-li-‘i-' =N
; pair
¢ B
! Pulse generator f . Internal 50
Pulze ' e metwerk Signal nternal 50 n
generalor -'“Ir matching ne twark terminator termination
: ."'I _f
—,J-‘ Scope
Sk .___|_ () L .
'y I.-": Tl'r‘j{] ._-"F '='=?‘ }_ ,G I
+ l- 'I—' E| 1‘:1"" = H;I v :
Vfi) r 3 | ' ?.‘H:‘- L m— ey E
| | ' ;*'rri—_g:t—.-‘-_- Fod [
™ | | PR TR L
i Wi O -] l b <l B0
e 1 s Il'l : III “, —
Tast 7 :.:I |
board ) Pest
i ; o board —
Simulated | Optienal =
SOUTOe capacitive
impedance | load and
- . J:Lu}ch;]'._g
PO IS resistor
in plece
as planned
Figure .10 Test setup for measuring connector crosstalk.,
9.10
! a
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9.4.2 (Pulse Generator and Sour ce | mpedance)

50

9.10 . 50
1 10 1
A
: : { )
9.4.3 (Terminating Impedance on the Transmitting
Line)
9.4.4 (Simulated Sour ce I mpendance of Receiving
Line)
R4 . R4 10 .
R4 R3 . , 2
() B
9.4.5 (Matching Resistor)
R5
Ry =Ly -50 [9.18]
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Z0= Lo

Rs = Lol
R5 470 a 10:1
= 50 [9.19]
R +50
Rs = i
G = (B 1/G J
50 a 50
9.5 (CONTINUITY OF GROUND UNDERNEATH

A CONNECTOR)

9.11
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Al ground pins

happen to be an the Zignal curregnl

far side, and =o the returning threugh the ground pins
layout person jusl must flow arcund the top of the
hooked them up the connector before rejoining bthe
closest way =ignal path

0100 in .
§ Ground
plane

Signal

S0P 0RO

Signals approach connector from
bhe botbom

K T
0100 in

T_ B I

911

: 9.12.
0.050 9.13 0 9.12
9.11 .
PCB .
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Ground pips are tied

te a sold ground plane RFeturn currenl can snake
which extends belween tarough the pin field
connecior pins staying vlose Lo the zipgnal traces

0100 In
| Ground
plane
0160 in. | S A e Signal
' | { { ' laver

Signals approach connector from
Lhe bottom

9.12
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Graund
flow

gurrenl can
from connector
any direction

Ground ping appear
in

1 pairs

Ground

X
L0040 n. &
plane
=lgnal
layer

]
Signals approach conneotor from

I the bottormn

{

r
Miniature pin spacing 1z only D050 in
even Lhe Liniest

At this secale,
pads lpom large, leaving no
room to route btraces belween pins

9.13

EMI (FIXING EMI PROBLEMS WITH

9.6
EXTERNAL CONNECTIONS)
FCC VDE

(1) .
£2) .

(3
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9.6.1 (Filtering)

' FCC/VDE
’ D
9062  (Shielding)
° 9.14 o
b Foill & braid
o 1 :
) ’ :.'::lﬁi:-:.'llu‘lu:'[ﬁr'_q .'-'.hlf_.\.ld
\

[A0 cable

)I' L
\ ['L:||'r'.~r|!_l
. — : loap (4)
Circuit board 5, Drain - wire +

Connector

9.14
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9.14 FCC/VDE !

(1) {3}

9.6.3 (Common M ode Choke)

: FCC/VDE

110 1O

: FCC VDE EMI

292 . 346



9.14 A FCC/VDE

9.7 (SPECIAL CONNECTORS FOR
HIGH-SPEED APPLICATIONS)

AMP Augat
Teradyne
: EMI . :
9.7.1 AMP Z-Pack (AMP Z-Pack Point-to-Point
Connector )
AMP Z-Pack 915 AMP 4
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= 500ps
150ps.

{L/C) 12
50

9.7.2 Augat

Augat

Augat

R A|R|RA
. { TR I e
, N I T
"B'u .$ %* - .__& Y S
{:T"E &_’#’ #' ﬁ; ' T Uross—Seclion
Bt R ém—«l -------- View
URFAFY 3
-

Perspective
View

9.15 AMP Z-Pack

= AMP 250ps
, 9.10 : 3%.

40 56

(Augat Point-to-Point Connector)

{ electronically invisible interconnect,Ell } .

115ps.
35ps . 900ps ,
2%
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45 55 . 50

9.7.3 Teradyne (Teradyne Multidrop Bus Connector)

Teradyne 4 . a
’ AMP Z-Pack -
Teradyne : : 9.16 .
, a AMP
Z-Pack . :

Solid ground conductor
iz remeved from signal
pins to avoid inereasing
signal-to—ground
caparitance

G i e T A Tl i A

— — [ O[] D[R] (=] D] [ ] T

- - EHEHEENEE

Cross—section
— - W NEXKENEEN ——  View

]
=
i
By
=]
]
(=]
|
<]

i

|

Zolid wall replaces

lop and bollom rows,
vielding very low
impedonce to returnine
signal cuprrents

9.16 Teradyne

1 EMI .

9.8 (DIFFERENTIAL SIGNALING THROUGH
A CONNECTOR)

295 . 346



. {
. ]
L] L] I: 9.17:' L]
L] L]
1 o
1
L] L]
Common mode current. » Common mode current
= Common mode current ' EMI -
Currenl loop for signal A
. . Current loop for signal A®
Diff erential A f
driver [, ) o £ __
'HFL —— SR — -k — -~ Differential
- A i receiver
w¥
The return paths for
stpnals A and A* coincide
I & and A* are exacl inverses,
the returng currenlts cancel
9.17
1 o
a , PCB ,
1 a o
" 1,X
Imbalance [raction = ——— 19.20]
‘ﬁﬂ )
Tp = {pdin.}
X = fin.J
T10-90 = { ps!
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9.3:

FR-4 PCB
0.3iNn.a 7
I, =180 ps/in. {FR-4)
X=03in.
Tig.o0 =500 ps
) 180303
Imbalance fraction = (180)(0.3) = L1108

1% :

500ps.

[9.21]

10%.

» Common mode current

9.9
CONNECTORS)

297 . 346
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9.10

1)

{2}

3]

4]
{5)

{6)

(73
{8l

{9l

+ EMI

FCC/VDE
: EMI

» Common mode current
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10

Al L]
b b 1
N 1
L] a
3-M ( 10.1 )
a 1 a 1
1
! a
1
Cross—zeclion View
[
‘a R o E & A-M thick extruded
1o "1'-"‘.""."" ribbon cable
1
|
e T T T Rainbow ribhbon
(. \g_.\l__\t;_g..gj cable
i
Lo o High—velocily
A e e s ribhon cable
| D.0%-In
—h| -
Figure 16.1  Types of ribbon cables.
10.1
2
(L)
Ho-o = T [10.1]
» Tio0 = 10~90% ’ ns:
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K = 1 ftz 'GHZ;
= ) .
L] | 100 |
7
10.2 | | K
101 10.2 .
11..5.1f,[_i_|¢n‘£|.u.:|:||lr:
[H(f)=e -
 [HE) | = |
f = , .
K = ] ftz 'GHZ;
length = , .
RG-59U . , | ,
? 10 .2, ) |
L] K, , L K
10.1.1
G-S-G : 10.2 n o
“| I -E_H“'ﬂ in

sE R
Gt

2 y )
ool fx[e

Traces lead off
in this direction
from every other pin 7

>

Tie these pins on the
near =zide of Lhe connector

- to the ground plane,

keeping the ground connections
as short as possible

Otherwise, returning

ground current muszi snake
between pins when returning
Lo it=s source.

Figure 10.2  Ground-signal-ground configuration for a dual-row ribhon cable connector.
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10.3: 10 500MHz 3.3dB.

Ins o

Cabie length (ft)

- T

N N R e i
\ STy /')-,t-""’r v 50
]"I'EHUEL'!C}{' _h_m\-\ \"'/\". \_ //it_:ll?

Response - 1
h'ler;,s;::itun'e \ /R/ﬂ
(dE}
o Al \ E\(
\

O
L

-

4 1 I'_/ i
1: '|I \
i \ (R
5 ] bl B 9
w0 1 o 10 10

30 AWE

Frequency (Hz
0.05-1in. wire pitch : v (Hz)

Figure 103  Frequency responsa of a ribbon cable,

1 10 1
10 - 100 . 3.3dB 5MHz
’ 100ns.
10.3 10. 25. 50. 100 a
1 ] Mathc&j 1
3 30M ’
0.25dB ’
10.3 100 . 1.5dB
84%-. '
ft/ns ’ o
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10.1.2
10.4.
Cable length (i)
B & I &
A 4" : g
" / T '/" T lIIL'r T \ I
!fjj 1__-.'i‘:" ] d—: ! .-- EK = = _i_ = - S —
] e - ]
i e 5 N ==
1 r - { SRS - "-:‘;-.--"”’.H — -
| B A » ke
SERESR anavpem
L] I ! A -
” : | -'VH ....I .. —t
2 nefdiv
30 AWG SIep responses are
0.05-in. wire pitch offset horizontally
s0 they all fitin
this display.
Figure 10.4  Step response of a ribbon cable.
a l: :I a
) RC ) ]
’ 10% 90% ,
) o K ) 10.2
, , 10.2
K.
Ty (22.5
K = M [10.3]

Ay’
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» K = L] ftZ 'GHZ;

Lo = 1 ft,
Fo = [ GhZ;
Ao = ’ dB
a K
K, 10.1
-
(L)
oo =~ 110.4]
» Tio90 = 10~90% ’ ns:
K = 1 ft? -GHz:
L = ] ft o
10.1.3
I: 1:' a a
(2] L C , L C a
(33 .
L] I: :I L]
2 2]
!celhlr: = l['rm-:a.-mrrdj - {rdﬂw.- ] ] [”}5]
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303 . 346



10.2

10.2.1

304

Ll

5.7

346



Magnelie field Magnetic flield
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Figure 10.5  Simple crosstalk configuration.
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1 XO = 1 1 in.;
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10.9 Ky 1/10 14
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1/4u L]
10.2.3
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Figure 10.6  Forward and reverse coupling on a ribbon cable.
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10.3

Insulation displacement connectors

10.3.1
10.12

G-SG

10.3.2

L= lﬂ.lﬁxln[i}

¥

= ] nH;
= [ in.;
= [ in.;
= H in.n
r=0.0125. x=0.4. H=0.1. 0.8nH
, Z0 ,
i
Tipogn =2.2——
EEER i 9 zl}
8nH 100 100ps
10.14 a
: X
C = 0.7065
In( H/r)
] C = L] pF;
H = 1 in.;
X = ] in.;
in.;
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R=0.0125: x=0.4. H=0.1: 0.136pF

a 10.2
G-SG : , .
Cc . Z0 : degradation:
- Z
Ty o = E-ZC—;* [10.15]
0.136pF : 100 : 15ps . GSG :
degradation
10.3.3
AMP :
AMP 1-111037-1.
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Ground every other
f L_UCEU in. TR
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! ’ 1T . fraces will have 1o
X[ = 2 = =nake through the
" q pin fleld Lo connect
wl| ¢ b¥4 with the ground plane

Traces lead off
im this direciion
from every other pin

N, A
L

Figure 10,7 Staggered ribbon cable connector pins reduce parasitic capacitance.
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Jutput pattern Output patiern
here is 01100110 here i O] L0 L0

L
—_
ay
¢
X
L
e
o
ol

— o p—
Ll LN B L

Clock
input =
Figure 111 A 2-bit ring counter,
11.1 , . 2
. » Q1 G D2
- 112 . ,
0011 . .
11.1 : G D2
11.1 : .

314 . 346


兵临城下
线条

兵临城下
线条


Clock—to— g
utput delay .
ol |j it dela) Clock interval

“ Frik .
e, —_— —,
. P ", ; , )
CLE - - - - L -
Y -
\,
- T -
q — sl m— Timing margin |
ta by iz oalmost zero |
He T
— -
Propagation I Data must bhe |
. [ 1

through
gake 3

L ovalid here
before CLK

;

[}
e, I
LK A ! .

| Data setup
M orequirement

Ha I for By [ T -7’.|.<.‘|11_‘,' of

= getup time for

—_ - . ./" —

Tiny propagation delay
from @z to
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Figure 11.4 Spider-leg clock distribution network.
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11.4

11.7.1

111

0.010
0.135

0---701

J
TABLE 11.1  FIXED DELAY ELEMENTS
Practical Wariation
amount of delay (ns} in delay (%)
Delay line 0.1-5 10
Gate delay 0120 300
Lumped-circuit delay 11000 53-20
4.28
0.025
: ns 1
FR-4
10%
DIP
324 . 346
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Figure 1111 Adjustable transmission line delay,
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Figure 11.14 Programmable delay element using a varsetor diode.
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100K <
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1
!-’JI o a I -
Hot plug feabture: (2T fFy o (ZIFy O
Make sure Vpp comes on N - L Frea:
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Figure 12,1 Typical canned oscillator,
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1211

40MHz.

TABLE 12.1 CANNED OSCILLATOR FEATURES*

Parameter Units CX MIL SMT
Operating frequency
Frequency Hz b
Stabtlity tppm X
Aging Tppm X
Woltage sensitivity ppmV 5
Allowed operating conditions
Temperature C X
Input voltage v
Shock 's, s X
WVibration G's, Hz, or Gy
Humidity % relative humidity X
Electrical
Outpur type TTL, CMOS5, ECL
Maximuom load N, pF
Duty cycle % HI or LO X
Rise/fall times ns OF s
Input current mA
Mechanical configuration
Package footprint DIP, ; DIP, or SMT X
Construction Metal or plastic X
Manufacturing Issues
Solderability g X
Cleaning Permissible fluid types i
Package leak rate Atm cofs 4
Reliability
Functional screening % screening X
Aging i X X
Bells and whistles
Differential ontput Yes/no
Enable Yes/no
VO ppm'V
Tuning ppIm

*CX, Communications; MIL, military; SMT, surface mount.

KHz. MHz} .

10KHz 300MHz,

334 . 346
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{ ! ppm ¢ J » 100ppm=0.01%:
» : 50.00MHz=100ppm.
a 0 L)
4.00000MHz 4.00MHz " :
O H o
L] b bl L]
L] L]
o L
o TXCO:
1 o 1 1
it ,
, . )
- 122 ,
0.0001 —‘ -
~— |
000l — “'--_._ Gven—controlled
T— oscillators
—aOcillato
. 0,01 — 8
Pemperature |
Stability 0.1 | - Temperature—
(ppm) R e —— compensated ocscillators
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1= 'j i
. ——
1[1~\— I S y eentar
i Nencompensabed
W ——— @ sscillators
100 | — |
040 — 20, Tk =40, T 55,840 20,125
Specified Ambient
Temperature Range {7C)

Figure 1.2 Frequency stability of three oscillator types. (Generic data from Veetron
Laboratories.
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, 100ppm a
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12.3 - , - —50~
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Figure 12.3  Temperature drifl of quartz crystals.
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Figure 12,4  Exchanging data berween synchronized digitai machines.
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Figure 12.5  Power supply immunity test.
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Y IR of the counls=

in boxes 4, &, and & fall between
lines X and ¥

Locations X angd ¥ must therefore
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Rifferential jitter is defined _
at its maximum offsei: T = 04/ F

Differential jitter usually inereases
for low injected noise freguencies
because slow varialions in the injected

/ noige waveform, even if they induce
opaly minor changes In frequency, give
i the o=eiliator plenty of time to
1y — wander from its wleal phase
| .-' |
1o flr Kesonance in
S/ power supply
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