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P .c. b. layout for 
high-speed Schottky t.t.l. 

Requirements of printed-board design for low inductance and effective decoupling 

A great d eal has been writteo on the 
subject of logic design and quite 
comprehensive books appear almost 
monthly. In general, however, the 
published material neglects an extremely 
important area a nd one which probably 
gives the most trouble to ptac•ising 
engineers. This area, which is dealt with-.: 
in the present article. is concerned .. vith 
the layout of logic on printed circuit 
boards in order to ensure reliabfe 
operation. The impetus for writing this 
a rticle comes from the author's own 
experience of the lamentable lack of 
understanding of these basic 
considerations. 

1'1' SHOUl.O no~ be concluded from the 
preamble that the subjecL is a d ifficult 
one; indeed the mathematics employed 
in the present paper is extremety elem
entary. The problems are caused rather 
by the historical progression from anal 
ogue to digital techniques with the 
consequent carrying out of well-tried 
~natogue practices in to the digital en
vironment. Unfortunately. the 
requirements fol' digital circuitry are 
frequently opposite to those needed by 
the analogue variety a nd hence there is 
a need for a complete reconsideration of 
the requirements. 

Low inductance bussing · 
To understand the criteria which deter
mine how the supply and GND lines 
should be distributed to the t.t.l., first 
take the case of a t.t.l. gate driving its 
output line from low to high. For the 
gate to d rive lheoutput Jine high it must 
pass current in to it. The output Jine 
must. be considered as a uansmission 
Jine of impedance Z., if its Jength ex
ceeds lOcm. In practice. z., \l.'ill be in the 
region of !OOQ and for a single logic 
signal changing from low to high the 
instantaneous outpul curre.nt will be 
g iven by l • ., 5i l00 = 50mA. Th is 
current must be obtained from the sup4 

ply rails in a t ime c9mparabte to the 
riset in' e of the s ignal. If, for Schottky 
c.t.L .rr(min) ::::::: 1.5ns, t hen ChMrge must be 
rransCerred from the decoup1ing capa
citor to the gate and hence to lhe outpm 
line i n this t ime. Remember that cha;tge 
is obstructed t'rorn fi (Jwing into the gate 
by t.he inductance. L, of the loop A.BCD 
in Fig. 1. lf this is approximately 2cm 
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Fig I . Example of gate, with 
decoupling, producing a low-to-high 
transit ion. 

square with reasonable. track width 
then, using the formula for parallel 
wires, L = I n(a/r) tl•n/4o;;. '"'~OnH. The 
e.m .f. droppe<l across L will then be 
g iven by F. = - Ldildt. Therefore. 

30 X lQ-io X 50 X lQ- 3 

E 1.5x 10-• 

=I vol t 

This is a considerable voJt.age and it 
should be remembered that it is the 
result of a single ga.te switching. If all 
four gates in a pack switch together the 
currents , .... m be additive and the rail will 
fall by 4 volts. 

The first requirement of a power d is
tribution systt!m must thctcfore be low 
inductance tie t,veen the Lc. and che 
decoupling capacitor. This is achieved 
by the track layout shown in Fig. 2(b). 
where a Jow inductance path from C co 
the i.e. is provided by keeping Lhe 
v,x: and GND Lracks close together. 

+>V 

lC I 
L,.--

(oJ <bJ 

Fig. 2. Two ways of' laylng out supply 
lines. Preferred melhod, giving lo w e1· 
inductance, is at (b). 

Manufacturers of i.cs usuaHy specify 
one decoupling capacitor for.ever.y 5- lO 
i.CS which, with the l rack 1ayOI,Jl Of fig 
2(a) results in prohibiLively high in 
ductance between che capacitor and the 

worst-case positioned i.e. The safest 
course is to provide the t.rack layout as 
in Fig. 2(b) buL also to put one capacitor 
adjacent to each i.e . Clear]y, this can be 
achieved by having on~ capacitor for 
each pair of i.cs. 

Decoupling capacitors 
The foregoing argument shows that 

the c-apacitor is better thought or as a 
reservoir capacitor \Vhich supplie$ the 
Jocal, instantaneous current demands 
as i.cs Switch. T his means chat the 
importanl parameter for such a 
capacitor is the inst.anLaneou!i current 
which it can supply. Some. manufac .. 
turers specify capacitors for i.e. decoup
li ng by giving the maximum pu lse 
risc time, which corresponds to a 
maximum current for a given size of 
capacitor. For instance, a 47nF capac
tior specified at 50V I !J.S can supply a 
current given by 

. dv -~ 50 •= C.(i;=17xiO x
10

_6 

= 2.5A. 

which is adequate in lhe conlext of the 
previous calculation. 

The other chec.k to make is that the 
current drawn from the capacitor does 
not cause it::; voltage and hence the rail 
volLage to fall exccssiveJy. If the local 
demand is equal to 10 gates switching, 
Lhe current demand will beSOO.mA: to. be 
safe, assume that this demand lasls for 
IOns, and design for a voltage drop at 
the capacitor of50mV. 

Thus. 
dv 

i • c.dt 

50 X J0-3 

0.5= CIOX JO·• 
C= lOOnF. 

TI1is suggests that ''-'e should provide 
approximately,lOOnF' for each pair of 
packages. 

It m ight l)e thought chat radio 
frequenc.y type capacitors are necessary 
for t.. t .l. dccoupling~ but this is not so. To 
show why requires more space than can 
be spared in an article of chis cype buc 
essentially it: is because the frequently 
adopted model o f a capacitor. which 
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A great deal has been wriuen on the 
subject of logic design and quite 
comprehensive books appear almost 
monthly In general, however, the 
published material neglects an extremely 
important area and one which probably 
gives the most trouble to practising 
engineers. This area, which is dealt wit" 
in the present article, is concerned with 
the layout of logic on printed circuit 
boards in order so ensure reliable 
operation "ne impetus for writing this 
article comes from the author's own 
experience of the lamentable lack of 
understanding of these basic 
considerations. 

ri should not be concluded from the 
preamble that the subject is a difficult 
one; indeed the mathematics employed 
in the present paper is extremely elem- 
enlary The problems are caused rather 
by the historical progression from anal- 
ogue to digital techniques with the 
consequent carrying out of well-tried 
analogue practices into the digital en- 
vironment. Unfortunately. the 
requirements for digital circuitry are 
frequently opposite to those needed by 
the analogue variety and hence there is 
a need for a complete reconsideration of 
the requirements. 

Low inductance bussing 
To understand the criteria which deter- 
mine how the supply and GND lines 
should be distributed to the t.t.l.. first 
take the case of a l.l.l. gate driving its 
output line from low to high. For the 
gate to drive the output line high it must 
pass current into it. The output line 
must be considered as a transmission 
line of impedance Zn if its length ex- 
ceeds 10cm. In practice. 7... will be in the 
region of 100f> and for a single logic 
signal changing from low to high the 
instantaneous output current will be 
given by I,, = 5/TOO = 50mA. This 
current must be obtained from the sup- 
ply rails in a lime comparable to the 
risetime of the signal, if. for Schottky 
t.t.l.. f.,.nin, 1.5ns, then charge must be 
transferred from the decoupling capa- 
citor to the gate and hence to the output 
line in this time. Remember thai charge 
is obstructed from flowing into the gate 
by the iiiduciatice, L. of the loop ABCD 
in Fig. I. If this is approximately 2cm 

+sV 

GND 

Fig I. Example of gate, with 
decoupling, producing a low-io-high 
Irunsilion, 

square with reasonable track width 
then, using the formula for parallel 
wires, L = ln(G/r) ^3()nH. The 
e.m.f. dropped across L will then be 
given by F. = —Ldi/dt- Therefore. 

30xl0-;,x 50x10"'' 
l.SxIF5 

= I volt 

This is a considerable voltage and it 
should be remembered that it is the 
result of a single gate switching. If all 
four gates in a pack switch together the 
currents will be additive and the rail will 
fall by 4 volts. 

The first requirement of a power dis- 
tribution system must therefore be low 
inductance between the i.e. and the 
decoupling capacitor. This is achieved 
by the track layout shown in Fig. 2(b). 
where a low inductance path from C to 
the i.e. is provided by keeping the 
V,-(: and GND tracks close together. 

+sv 

ic; IC 
I 1- 
I I 
I I 
I I 

GND 
GNO 
laJ !Si 

Fig. 2. Two ways of laying out supply 
lines. Preferred method, giving lower 
mduclance, is or fh). 

Manufacturers of i.es usually specify 
one decoupling capacitor for every 5—10 
i.es which, with the track layout of Fig 
2(a) results in prohibitively high in- 
ductance between the capacitor and the 

worst-case positioned i.e. The safest 
course is to prov'ide the track layout as 
in Fig. 2(b) but also to put one capacitor 
adjacent to each i.e. Clearly, this can be 
achieved by having one capacitor for 
each pair of i.es. 

Decoupling capacitors 
The foregoing argument shows that 

the capacitor is belter thought of as a 
reservoir capacitor which supplies the 
local, instantaneous current demands 
as i.es switch. This means that the 
important parameter for such a 
capacitor is the instantaneous current 
which it can supply. Some manufac- 
turers specify capacitors for i.e. decoup- 
ling by giving the maximum pulse 
risetime, which corresponds to a 
maximum current for a given size of 
capacitor. For instance, a 47nF capac- 
lior specified at 50V/us can supply a 
current given by 

i=clr47xl0"',xi^ 
= 2.5A. 

which is adequate in the context of the 
previous calculation. 

The other check to make is that the 
current drawn from the capacitor does 
not cause its voltage and hence the rail 
voltage to fall excessively. If the local 
demand is equai to 10 gates switching, 
the current demand will be 500mA: to be 
safe, assume that this demand lasts for 
10ns. and design for a voltage drop at 
the capacitor of 50mV 

Thus. 

■ ndv 
i- C- 

0.5 = C 

df 

.50 x 10 
10X10 1 

C= lOOnF. 

This suggests that we should provide 
approximately.lOOnF for each pair of 
packages. 

It might be though: that radio 
frequency type capacitors are necessary 
for t.t.l. decoupling, but this is not so. To 
show why requires more space than can 
be spared in an article of this type bur 
essentially it is because the frequently 
adopted model of a capacitor, which 
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proposes that it possesses a lumped 
series inductanC-e', break:; down in t ho 
case of a single applied step. There is 
therefore no reason for Lhe designer to 
be afraid to employ non-ceramic capa. 
citors provided they have adequate 
V/J!S ability. In the author's experience 
l)lF tantalum beads per,form well as 
decoupling capacitors. 

Transmission-line model 
The best way to think of the power 
distribution system is as a transmission 
line, with each package conncCIOO to an 
ideal voltage source via an impedance 
equal to the tra nsmission line lmped· 
ance•. This impedance muSt be sufn. 
ciemly low for negligible voltaJie tran· 
sients to be produced on the line by 
gates switching within the package. 
The impedance of a t ransmission line ls 
given by Z.·v~ where l. and C arc 
the inductance and capacitance per unit 
length respectively. To calculate z. for 
the case of two tracks close together: 

1.= ~'<>1n2 
41: • 

wnere 11, is 5. A and rare tak~n as 2mm 
and 0.5 mm. Therefore 

L• 0.6~1Tirn. 

If a IOOnF capacitor is p laced every 
Scm along this line, then: 

C= 100 X 20 nF m· 1 • 2~F m· 1 

Therefore z..,0,5!1. 
An instantaneous current demand of' 

200mA - corresponding to 4 B•tes 
switching - will prod uce a voltage 
transient of IOOmV. This is on ly just 
acceptable and suggests that the value 
ofC should be increased. Note however, 
that laying out the tracks with wider 
spacing and using smaller capacitOr$ -
IOnF for every few i.cs. which is not 
uncommon, will create a situation much 
worse than this. 

Auto-deeoupling In 1.1.1. 
In the context of the preceding remarks 
some readers may wonder how systems 
whoch they have seen or have worked 
with managed to function a1 all, since It 
is common to see most or all of the 
above design guidelines violated. To sc<t 
the anS\ver to this. consider the struc· 
ture of the t.t.l. gate output circuit, 
when this is driving the following gate 
input low, as in f'og. 3. 

HV 

r,, I FtecC'Ivlrg 
I gate 
I 

R 

' I 
I l T'l 

,,, 

""" 
Fig. 3. Totem-pole t.t.l. oulpu£ ~tu~;:<t 
driving StlCCeedlng gate low. 

According to the specification for. 
say, a 7400 the typicai values of i and R 
are I.OmA and 4kf! respectively. When 
lhe gate output is low it sinks a current 
i. given by i= (Yc;:-Yt~e - Yc;~~(".:~ 1 >) I R. 
where Yw is the base·emitter voltage of 
Tr1 and Vu ... ~n is the collector saturat~ 
ion voltage ofTr,. 
Jf Vbl' and Vel("'~; = 0.7 volt.~. to take a 
worst--case example. and V«=5 volts 

h . 3.6 
ten r=R 

r-.;ow consldt:r what happens if the rail 
voltage drops~ due to a transient load 
imposed by the output of another gate 
swnehing. When Vee drops there is no 
change(to a good approximation) in the 
v .. drops. Suppose the rail drops by 10% 
then: 

Therefore 

. 5-1.4 
11 = --n:-

4.5-1.4 
il R 

i1-o2 0.5 I I~ 
ft - 3.6 - • /XI, 

In Other wor(.h; a 10% change ~n Vee 
produces ~ 14<:1', change in t he curretu 
load placed on the rail. In effect what is 
happening is that each gate output 
which is holding ttnother input low acts 
as a 'reservoir' of current and when the 
rail voltage drops as another gate drives ' 
its output h1gb all the other gat•s give 
up some or llteir current to assist. This is 
what I would call the 'good neighbour· 
lincss effect' in t.t.L In general, some 
gates on a voltage bus wtU be low and so 
act as current supplies. The problem 
arises when none or only a few are in 
this state - a critical sit.uatton for a 
badly designed system and one which 
could cause a failure. It should be ~em· 
embered that a logic system should 
work for all possible combinations of 
states wh1ch can occur in practice and a 
hi!Ulrd of this type could have serious 
consequences. It is therefore insuffi ~ 

cient to demonstrate that a system 
·work~· because if the pO\ve: distribut~ 
ion system is badly designed there is 
always the chance or an untested situ
~tion bringing about a failure of the 
system. It is assumed that in a logic 
system of reasonable size it is impos
sible to test a ll possible combinational 
sit\.\ations, and doubly impossible to test 
uU possible ch:-.nges of sil uation l 

The problem with Schouky t..U. js 
that the increase in speed does not at! ow 
Lime For the •good neighbo orliness 
errect' to act. consequently one is many 

• A pacKage :n the C:l'lltrc of a power bt•s will ~I!(' 
two linCt: in parullt'l and hcncc h<ttl'lh.: inped<tnc:l:. 
\V~· will ;.:lOi)l lln: 'Wm:-.~· l'lt\llrl' I'm· lhtt ;m rpmw. (~f. 
t h lllilrt;Ufllt.l\t. 
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times worse orr with Schonky than with 
ordinary t.t.l. Schottky Is a less for· 
giving family than conventional t.\.1. 
and much more care must therefore be 
taken with power distribu tion to ensure 
reliable performance. 

The current spike 
As just described, the malnciUse 
of tran~ient current demands in a 
Schottky Lt.l. system is the Initial cur. 
rent surge when a gate switches into its 
transmission line load. The manufac· 
rurers· data overlooks the mechanism 
entirely. There is another cause of t.ran· 
sient current demand which results 
rrom the 'push-pull' design of the t.t.l. 
output stage shown fn Fig. 4. The cur· 

Pig. 4. T.t.,l. out,p •-d. con[1'8LAr<Jtion Jaa(ln 
to curren t spil?e a t transmission. 

· rem spike is produced because, on the 0 
to 1 transition, the upper transistor 
turn~ on while the Jower t ransistor is 
st ill turning off. This leads to a current 
surge of !OmA with duration of about 
IOns'. Provided the design guidelines 
laid down in t.he earlier sections with 
regard to power supply bussing and 
decoupling have been followed, this 
small additional hazard will be taken 
care of. In fact~ since a JogJe gate is 
driving a transmission line which Is a 
resistive rather than a capacitive load, 
there is no need to provide a totem pole 
output and this must be regarded as one 
of the bad features of the t.t.l. family, 

lnterconnexions 
To implement a system successfully 
using the t.t.l. family it is necessary 10 
interconnect correctly between logic 
gates. 
Transmission lines.. The correct model 
to use for interconnexion between logic. 
gates is a tWO·w ire transmission line. h 
is impossible to understand how a signal 
travels from gate to gate without taking 
the return path into consideration. In· 
de<."<! it is impossible for a signal to travel 
withoul a return path! Cons ider the 
two-wire transmission lin~ shown in 
Fig. 5, in \~hich a zero riso·tlmo Is pro· 

A 

I : 

- i - c 

n 

v 

D I 
Fig. 5. Two-wire transmtssion line. 

64 
proposes chat it possesses a lamped 
series inductance, breaks down in the 
case of a single applied step. There is 
therefore no reason for the designer to 
be afraid to employ non-ceramic capa- 
citors provided they have adequate 
V/ijs ability. In the author's experience 
]fiF tantalum beads perform well as 
decoupling capacitors 

Transmission-line model 
The best way to think of the power 
distribution system is as a transmission 
line, with each package connected to an 
ideal voltage source via an impedance 
equal to the transmission line imped- 
ance*. This impedance must be suffi- 
ciently low for negligible voltage tran- 
sients to be produced on the line by 
gales switching within the package. 
The impedance of a transmission line is 
given by Z. \' UC. where I. and C arc 
the inductance and capacitance per unit 
length respectively. To calculate Z,. for 
the case of two tracks close together: 

4r r 

where u0 is 5. A and r are taken as 2mm 
and 0.5 mm. Therefore 

L - 
If a lOOnF capacitor :s placed every 

5cm along this line, then: 
C= 1(H) x 20 nF m-1 = 2nF m~1 

Therefore Z^O.SSJ. 
An instantaneous current demand of 

200mA - corresponding to t gates 
switching - will produce a voltage 
transient of lOOm.V. This is only just 
acceptable and suggests that the value 
of C should be increased. N'ote however, 
that laying out the tracks with wider 
spacing and using smaller capacitors - 
lOnF for even,1 few i.es, which is not 
uncommon, will create a situation much 
worse than this. 

Auto-decoupling In t.t.l. 
In the context of the preceding remarks 
some readers may wonder how systems 
which they have seen or have worked 
with managed to function at all. since it 
is common to see most or all of the 
above design guidelines violated. To see 
the answer to this, consider the struc- 
ture of the 1.1,1, gate output circuit, 
when this is driving the following gale 
input low, as in Fig. 3. 

DtSvtng 
sate 

+ sV 

' Hecoivirg gate > q 

Fig. 3. Totem-poie t. tJ output stage, 
driving succeeding gate iovv. 

According to the specification for. 
say. a 7400 the typical values of i and R 
are 1.0mA and 4ki2 respeciively. When 
the gale output is low it sinks a current 
i, given by i=(VK-v:tl. - v(;h(.ao) / it. 
where Vbe is the base-emi'ter voltage of 
Tr, and , is the collector saturat- 
ion voltage of Tr,. 
If Vfo and VCBwi = 0.7 volts, to take a 
worst-case example, and V. = 5 volts 

. 3.6 
then 

Sow consider what happens if the rail 
voltage drops, due to a transient load 
imposed by the output of another gate 
switching. When Vcc drops there is no 
change (to a good approximation) in the 
Vbo drops. Suppose the rail drops by 10% 
then: 

. _ 5-1.4 
'' R 

4.5-1.4 

Therefore 

<i 
i, 

0.5 
3.0 

R 

-14%. 

In other words a 10% change in Vc, 
produces a 14% change in the current 
load placed on the rail In effect what is 
happening is that each gate output 
which is holding another input low acts 
as a 'reservoir' of current and when the 
rail voltage drops as another gate drives 
its output h:gh all the other gates give 
up some of their current to assist. This is 
what I would call the 'good nelghbour- 
linoss effect' in t.t.l. In general, some 
gates on a voltage bus will be low and so 
act as current supplies. The problem 
arises when none or only a few are in 
this state — a critical situation for a 
badly designed system and one which 
could cause a failure. It should be rem- 
embered thai a logic system should 
work for all possible combinations of 
slates which can occur in practice and a 
hazard of this type could have serious 
consequences. It is therefore insuffi- 
cient to demonstrate that a system 
'works' because if the power distribut- 
ion system is badly designed there is 
always the chance of an untested situ- 
ation bringing about a failure of the 
system. It is assumed that in a logic 
system of reasonable size it is impos- 
sible to lest all possible combinational 
situations, and doubly impossible to test 
all possible changes of situation! 

The problem with Schotlky t.i.l. is 
that the increase in speed does not allow 
lime for the 'good neighbouriiness 
effect' to act. consequently one is many 

• A package at the conire ot a power bus will see 
two linos in pnralkl end hence r.a't the impCiliincc. 
We will iHopi wium' I'H'.in- fer Ihi; jjiirptiwi of 
ihinarguniflnt. 
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times worse off with Schouky than with 
ordinary t.t.l. Schotlky is a less for- 
giving family than conventional t.t.l. 
and much more care must therefore be 
taken with power distribution to ensure 
reliable performance. 

The current spike 
As Just described, the main cause 
of transient current demands in a 
Schouky t.t.l. system is the initial cur- 
rent surge when a gale switches into its 
transmission line load. The manufac- 
turers' data overlooks the mechanism 
entirely. There is another cause of tran- 
sient current demand which results 
from the 'push-pull' design of the 1,1.1. 
output stage shown in Fig, 4. The cur- 

Fiy. 4. T.I.I, output configuration If.uds 
to current spike at transmission, 

rent spike is produced because, on the 0 
to 1 transition, the upper transistor 
turns on while the lower transistor is 
still turning off. This leads to a current 
surge of 10mA with duration of about 
10ns1. Provided the design guidelines 
laid down in the earlier sections with 
regard to power supply bussing and 
decoupling have been followed, this 
small additional hazard will be taken 
care of. In fact, since a logic gate is 
driving a transmission line which is a 
resistive rather than a capacilive ioad, 
there is no need to provide a totem pole 
output and this must be regarded as one 
of the bad features of the t.t.l. family. 

Interconnexions 
To implement a system successfully 
using the t.t.l, family it is necessary to 
interconnect correctly between logic 
gates. 
Transmission lines. The correct model 
to use for interconnexion between logic. 
gates is a two-wire transmission line. It 
is impossible to understand how a signal 
travels from gate to gate without taking 
the return path into consideration. In- 
deed it is impossible for a signal to travel 
without a return path! Consider the 
two-wire transmission line shown in 
Fig. 5, in which a zero rise-lime is pro- 

Sieo 
t 

V 

D t 
— c 

Fig. 5. Two-wire transmission line 
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pagating to the right with velocity c. 
A.head of the step there is no curren[ in 
the wires and no vo ltage d ifferences 
between them.llchind the step there is a 
cur:rent. i in the d irection of AB and a 
current -i in the direct ion of DC \Vit h a 
voltage d ifference V between the wires .. 
It can be shown2 tha[ V = iZ0 , where 2 !t 

'= \ /[ 7<:: = V'jV( whe~·e Zn = cha rac
teristic impedance of line. L = induc[
ance per unit length of line, C = cap
acitance per unit length of line, ~ = per
meability of medium bet ween wires. t 

permittivity of medium between \vires. 
The velocity of propagat ion c = I I VLC 
= 11\1~ 

These cqu arions are tn le for a nv 
rwo-cOnduc[or sys [e m where t he 
r esistance of the conductors can be 
neglected. and the medium between the 
conductors is we l1-bellaved. These con
d itions are met by tracks on a prin ted 
circuil board fo r any t rack width which 
can be manufactured. The step which 
we have just described is a t ransverse 
electrom~gnetic disturbance. S ince the 
equation relating current and voJtage 
on a transmission line is V = iZ.,. it 
foJiows that [he effect of a transmission 
Hne on the driving circuit can be con4 

sidcrcd in tenns or a resistance R = Zn. 
connected in place of the line. This 'vas 
the procedure followed earlier in calcu
lating the current drawn from the sup
ply rail by a gate as it switches . 

t he impedance z (l depends on [h e 
cross-sectional geomet-ry of the con· 
ductors employed and its calculation is 
ext reme ly d ifficul t e xcep t for ver y 
s·imple cases. It is, ho,vcvcr, a relatively 
slowly varying function of the. geome
tty0 (usually logarithmic) and therefore 
this need nm worry us too much. For a 
t rack on a printed circuit board laid out 
according to the design rules evo lved in 
this paper a value of z(> or around 150Q 
can be assumed. 

One key fea[ure of a bo~rd of logic 
which distinguishe.s it from most anal-

.fig. 6'. A bad layola giving high 
i ndu<.:L(HWC ond f ew odjnccnt signaJ 
retur-n pa ths. wh ich I<Ul<is i () cross-tal l?. 

ogue syslems is that there are a mult i
plicity o f signal paths from variou~ 
points scaLtered about the board to 
various other similar poims. t t js essen
tial that each of these signal rou tes has 
an adjacent return path. The si_mplest 
way. conceptually, [0 achieve th is is to 
provide a g round plane on one s ide of 
t.he board , In practice th is is difficult 
since it usually requires mulli-layer 
const ruct ion, with the increased cost 
and complexity which [his entails, in 
order to accommodate the signal in[er
connexions. ·w ith Schottky t.t.l. it is not 
necessary to go to t his ext rerne; all that 
is required is a ground grid laid ou t so 
that a signal line is never more than one 
inch away from its retur n path. 

Ground loops. It might be argued that 
this scheme leads to gro un d toops 
which. from our experience with anal
ogue systems (e.g . audio equipment) are 
to be avoided. The plain fai:r is though, 
that on a log ic board, ground loops are 
of no irnpotta rlce. The reasons for th is 
are somewhat complex but it is prob
ably useful to note one ~imple argum
ent. In a high-gain amplifier. induct ion 
of a few mi11ivolts at the inpu[ due to 
ground loop pickup can lead to an out
pm of the same order as tht'. slgnal. ln 
logic this is not [he case; a few millivolts 
into a gate input make no difference 
whatsoever. Hundreds of millivolts of 
no ise are requ ire d befo re we will 
signifi cant ly degrade the noise 
immunity of a t .t .t. system. 

It is probably v~luable to exam ine a 
situation where a logic board has been 
laid out in o rder to a void ground toops. 
A possible layou[ of power and ground 
connexions. whic.h is quite commonly 
adopted in 1..he industry, is sho\vn in Fig. 
6. Now, if circuit A sends a st ep to 
circuit B there i~ no adjacent return 
path . In practice, s ince a fas t s tep 
requires a re turn pat h it wil! simpJy usc 
ndjacenr signa 1 lines as t'c tu rns. resul
t ing in the induction of [ransien t no ise 
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on these other signal Jines. A further 
consequence is that the input to B will 
take a longer t ime to settle ' 'vith a con
sequent reduction in the speed of the 
system. As was explained earlier, the 
layout of Fig 6 is also bad from the point 
of viC\\' of placing excessive inductance 
in the way of charge t ravelling between 
i.cs and decouphng capaci[ors. 

Recommended layout 
A recommended scheine for laying out a 
printed circuit board is shown in f ig. 7. 
The power rails are r un as close to
gether as possible along the columns of 
integrated circuit packages and are 
in terconnected at the top and bottom of 
the board. These provide l'emr n paths 
for log ic signals travelling parallel to 
them. T o provide ret urn pa ths for 
signals t ravelling a'cross the board the 
ground pins of the packages are con. 
nected together from left to right .. Thin 
track. of the same th ickness used for 
signa) ioterc.ormexions can be used for 
th is. A tontulum bead 10~1' decoupling 
capacitor is provided between each pair 
of i.cs. ~mice also that ground con
nexions are brought out a t regular in· 
te-rvals across t he edge connector, 
These provide return pat hs for signals 
travelling on and off the board. 

lf all these design rules are followed a 
reliable system will result and the con
sequent savings in servicing and testing 
wHI amply rep.ay a lit tle consideration 
g iven to board layout at the design 
S[age. 
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pagaiing 10 the right with velocity c. 
Ahead of the step there is no current in 
the wires and no voltage differences 
between them. Behind the step there is a 
current i in the direction of AB and a 
current -i in the direction of DC with a 
voltage difference V between the wires. 
It can be shown2 that V = iZ0, whore Z. 
* V L/C= /u/e where 2,, = charac- 
teristic impedance, of line, I. = induct- 
ance per unit length of line, C = cap- 
acitance per unit length of line. g= per- 
meability of medium between wires, t 
permittivity of medium between wires. 
The velocity of propagation c = 1/ y'LC 
= i'/Vi". 

These equations are true for any 
two-conductor system where the 
resistance of the conductors can be 
neglected and the medium between the 
conductors is well-behaved. These con- 
ditions are met by tracks on a printed 
circuit board for any track width which 
can bo manufactured. The step which 
we have just described is a transverse 
electromagnetic disturbance. Since the 
equation relating current and voltage 
on a transmission line is V = iZ0, it 
follows that the effect of a transmission 
line on the driving circuit can be con- 
sidered in terms of a resistance R = 2. 
connected in place of the line. This was 
the procedure followed earlier in calcu- 
lating the current drawn from the sup- 
ply rail by a gate as it switches, 

The impedance Z,. depends on the 
cross-sectional geometry of the con 
ductors employed and its calculation is 
extremely difficult except for very 
simple cases. It is, however, a relatively 
slowly varying function of the geome- 
try1 (usually logarithmic) and therefore 
this need not worry us ton much. For a 
track on a printed circuit board laid out 
according to the design rules evolved in 
this paper a value of 2^ of around 150i! 
can be assumed. 

One key feature of a board of logic 
which distinguishes it from most anal- 

ogue systems is that there are a multi- 
plicity of signal paths from various 
points scattered about the board to 
various other similar points. It is essen- 
tial that each of those signal routes has 
an adjacent return path. The simplest 
way. Conceptually, to achieve this is to 
provide a ground plane on one side of 
the board. In practice this is difficult 
since it usually requires multi-layer 
construction, with the increased cost 
and complexity which this entails, in 
order to accommodate the signal inter- 
connexions. With Schotlky U.I. it :s not 
necessary to go to this extreme; all that 
is required is a ground grid laid out so 
that a signal line is never more than one 
inch away from its return path. 

Ground loops. It might be argued that 
this scheme leads to ground loops 
which, from our experience with anal- 
ogue systems (e.g. audio equipment) are 
to be avoided, The plain fact is though, 
thai on a logic board, ground loops are 
of no importance, The reasons for this 
are somewhat complex bin it is prob- 
ably useful to note one simple argum- 
ent, In a high-gain amplifier, induction 
of a few millivolts at the input due to 
ground loop pickup can lead to an out- 
put of the same order as the signal. In 
logic this is not the case: a few millivolts 
into a gate input make no difference 
whatsoever. Hundreds of millivolts of 
noise are required before we will 
significantly degrade the noise 
immunity of a t.t.l. system. 

It is probably valuable to examine a 
situation where a logic board has been 
laid out in order to avoid ground loops. 
A possible layout of power and ground 
connexions, which is quite commonly 
adopted in the industry, is shown in Fig, 
fi. Now, if circuit A sends a step to 
circuit B there is no adjacent return 
path. In practice, since a fast step 
requires a return path it will simply use 
adjacent signal lines as returns, resul- 
ting in the induction of transient noise 

on these other signal lines. A further 
consequence is that the input to B will 
take a longer time to settle with a con- 
sequent reduction in the speed of the 
system. As was explained earlier, the 
layout of Fig 6 is also bad from the point 
of view of placing excessive inductance 
in the way of charge travelling between 
i.es and decoupling capacitors. 

Recommended layout 
A recommended scheme for laying out a 
printed circuit board is shown in Fig. 7. 
The power rails arc run as close to- 
gether as possible along the columns of 
integrated circuit packages and are 
interconnected at the top and bottom of 
the board. These provide return paths 
for logic, signals travelling parallel to 
them To provide return paths for 
signals travelling across the board the 
ground pins of the packages are con- 
nected together from left to right. Thin 
track, of the same thickness used for 
signal interconnexions can be used for 
this. A tantulum bead I0uF decoupling 
capacitor is provided between each pair 
of i.es. Notice also that ground con- 
nexions are brought out at regular in- 
tervals across the edge connector. 
These provide return paths for signals 
travelling on and off the board 

If all these design rules are followed a 
reliable system will result and the con- 
sequent savings in servicing and testing 
will amply repay a little consideration 
given to board layout at the design 
stage. 
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Fig. 6', A bad layout giving high 
induaumc# and few ad/acen: signal 
return paths, which leads lo cross-tail?. 
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