{" TeEXAS

INSTRUMENTS

© 9 0000000000090 0000HGOCOLEO0CPO0IOPOEOOESEES

DESIGN

® 6000000000000 0000000000006009500000600000000S

SEMINAR

2T TE T T T 7T
AT T T IO77 77
7 7 777777 7O

P 700777 70’70 74

O 002777 7

707770070

Y707770070
//ﬂﬂ/ﬂ

707000




IMPORTANT NOTICE

Texas Instruments (TI) reserves the right to make changes to its products
or to discontinue any semiconductor product or service without notice,
and advises its customers to obtain the latest version of relevant infor-
mation to verify, before placing orders, that the information being relied
on is current.

TI warrants performance of its semiconductor products and related soft-
ware to the specifications applicable at the time of sale in accordance
with TI's standard warranty. Testing and other quality control techniques
are utilised to the extent Tl deems necessary to support this warranty.
Specific testing of all parameters of each device is not necessarily per-
formed, except those mandated by government requirements.

Certain applications using semiconductor products may involve potential
risks of death, personal injury, or severe property or environmental dam-
age (“Critical Applications”).

TI SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTENDED,
AUTHORISED, OR WARRANTED TO BE SUITABLE FOR USE IN LIFE-
SUPPORT APPLICATIONS, DEVICES OR OTHER CRITICAL APPLI-
CATIONS.

Inclusion of Tl products is such application is understood to be fully at the
risk of the customer. Use of Tl products in such applications requires the
written approval of an appropriate T! officer. Questions concerning poten-
tial risk applications should be directed to T! through a local SC sales
office.

In order to minimise risks associated with the customer’s applications,
adequate design and operating safeguards should be provided by the
customer to minimise inherent or procedural hazards.

Tl assumes no liability for applications assistance, customer product
design, software performance, or infringement of patents or services
described herein. Nor does Tl warrant or represent that any license,
either express or implied, is granted under any patent right, copyright,
mask work right, or other intellectual property right of Tl covering or relat-
ing to any combination, machine, or process in which such semiconduc-
tor products or services might be or are used.

Copyright ©1997, Texas Instruments Incorporated.



1997

Digital Design
Seminar

contributions by : Georg Becke
Peter Forstner
Eilhard Haseloff
Johannes Huchzermeier

“2 TExAs
INSTRUMENTS






Introduction

asesmoesseononse - Digital Design Semi

Digital Design Seminar




Introduction
. e

oo Digital Design Semi

Clock driver
ACO04

* The arrangement above is found on a computer module.

* Problem: Microprocessor 2 fails at reduced temperature or at
increased supply voitage.
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The above example shows a multi-processor system. Both processors get the
same clock signal and are running synchronously. The designer builds up the
system and finds that at reduced temperature or increased supply voltage
Microprocessor 2 fails.

After replacing Microprocessor 2 with a new device, the system still fails. Processor
1 and 2 are exchanged; now Processor 1 fails in socket 2, while Processor 2 works
perfectly in socket 1.

Obviously there is a problem with socket 2, but the designer doesn’t know what to
do.

At the end of the section “Bus Systems”, the solution of this problem is found.
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* Signal distortion limits the data rate to 20 MByte/s (10 Mbit/line).

* Transmission reliability is poor.

+* System power dissipation is extremely high
2 x F245 transmitting  lcc = 200 mA
2 x F245 receiving lcc = 200 mA
56 x F245 3-State Icc = 6160 mA
total o = 6560 mA

Use of Advanced CMOS reduces the power dissipation, but worsens
signal distortion.

i AN
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*

A 16-bit backplane bus with 30 modules plugged into it has to be developed.
Because the designer was successful using F245 transceiver in the past, these
circuits are chosen to drive the backplane.

A look at the waveforms on this bus with a oscilloscope shows bad signal quality.
At the driver output, stairs in the rising edge are observed and at the end of each
signal trace there is an undershoot in the range of -1.5V. On the other hand the 60
bus-transceiver has a huge power-consumption. A theoretical calculation shows a
worse case supply current of 6.5A for the bus functions only.

The aim is to reduce the power consumption and improve the signal quality. The
first idea is to use CMOS circuits, well known for their low power consumption.
Replacing the F245 transceiver with AC245 devices reduces power consumption,
but the signal quality becomes even worse. The designer had no idea how to
improve the bus-system at this point.

To see the solution of this problem, please look at the end of the section “Bus
Systems”.
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% The computer system exhibits sporadic failures (mean time between
errors < 1 day).

* After an extensive EMC hardening (improved layout of printed circuit
boards, better shielding, filtering of I/O lines etc.), the communication
between the two modules did not show improved reliability.

* The MTBF was satisfactory after Module 2’s clock rate had been
reduced by 10%.

i D000
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A multiprocessor system, connected through the VME-bus, was designed and
running well. After 12 hours, processor module 2 fails; a system reset solves the
problem. But again after a further 14 hours, processor module 2 fails again.

Now the designer made a lot of improvements regarding EMC-behaviour, thinking
EMC to be the root cause of the problem (introduction of a main-line-filter, new
board layout, new metal cabinet, etc. But the improvement was negligible.

Now the designer was desperate and tried this and that. During these experiments
he found out that a reduction of f, by 10% seemed to solve the problem. But the
system requirement was 100% f, and not 90% f, and so the root cause of failure
still needed to be found.

The solution of this problem can be found at the end of the section “Bus Systems”.
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R'/2 L'/2 L'2 R'2

O 9 L O
L’ Characteristic Inductance per Unit Length nH/cm
C’ Characteristic Capacitance per Unit Length pF/ecm
R’ Characteristic Resistance per Unit Length Q/cm
G’ Characteristic Conductance per Unit Length S/cm

. I d i ' '
Line Impedance 7, = JoL' + R
joC' + G'
&
FOPE \DDS\Transmis ppt Jan07 ‘ ]

Circuit diagram of a Transmission Line

The equivalent circuit of a transmission line consists of an inductance L’ representing
the inductance of the transmission line, a resistor R’ representing the ohmic
resistance of the line, a capacitance C’ representing the capacitance of the line and
the conductance G’ representing the losses in the capacitance of the line. All these
values are length dependent and are therefore specified in unit/length, e.g.: nH/cm,
pF/cm, Q/cm, and S/cm. By setting up differential equations, one can calculate the

impedance of a transmission line:
3, = [loL*R’
inC'+G'

In practice this equation is difficult to handle. First, the line impedance results in a
complex number which makes the required calculations time consuming. Second the
line impedance is frequency dependent. This becomes uncomfortable in digital
circuits, where one has to consider many frequencies simultaneously.
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At high frequencies the transmission line losses on printed circuit boards
in digital systems can be neglected.

L2 L2

With R’ << joL’ and G’ << joC:

g

Zy = c (real number !)

Line impedance

Propagation time T=JL x C

Cut-off-frequency fp= — with L',C’ > 0= f, = oo
2nJL' x C'

&
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Loss-Free Transmission Lines

In digital circuits low frequencies are not generally of concern. At higher frequencies
(above some 10 kHz) the impedance of the inductance joL’ becomes large compared
to the resistance R’ of the wire. The admittance joC’ is also much greater than the
corresponding conductance G’. Under this assumption R’ and G’ can be neglected.
The impedance of the transmission line can now be calculated by the simple formula
Ll
Zo =+—
o c'
The impedance is now a real number which can be handled like an ohmic resistor. A
further advantage is Z, is now independent of the frequency.

An important parameter in data transmission circuits is the propagation time t, of the
signal on a transmission line. This time is also determined by the parameters of the

line:
tp = JL'-C'

On typical cables used in transmission circuits (coaxial cable, twisted pair cable) the
propagation time becomes t, = 5 ns/m. This reflects a propagation speed v = 200 000
km/s (about 60 % of the speed of light).
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TRANSMITTER RECEIVER
SIGNAL LINE

SIGNAL RETURN LINE il

A transmission line consists of

- a signal line, which carries the signal current

- a signal return line (mostly GND) which carries
a return current of the same magnitude.

Any DC interconnect between the GND
terminals of the two circuits(e.g. safety earth)
will not provide a signal return path according
to transmission line theory.

The area between the signal line and the return
lines determines the capability of the circuit to
radiate RF and also its susceptibility to EMI.

E=kxIxA;xsin6

o
Y r JE—
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Transmission Line

The designer has to keep in. mind that a transmission system always has two
conductors: the signal line and the signal return line. Both lines have to be designed
carefully to ensure the required quality of the interface circuit. A random signal return

path (e.g. via the protective ground wire) is not an adequate signal return line.

Both wires - the signal wire and the signal return wire - act as an antenna which
influences the electromagnetic compatibility of the interface circuit. The larger the area
between these wires, the larger will be the probability that electromagnetic energy is
radiated, which may affect neighbouring equipment. Similarly the area between these

wires also determines the electromagnetic susceptibility of the interface circuit.
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Rule of Thumb:
Transmission line theory has to be applied, when the rise time of the signal is
shorter than twice the propagation time.

Example 1 : Twisted pair cable; t=5ns/m; t.=2ns

L= &% = _ 208  _oga2m
2x1t 2x5ns/m

Example 2 : Bus Line; t=20ns/m;tr=2ns

Y = __ 278 _g05m

L=
2x7t 2x20ns/m

With shorter signal lines all line reflections occur during the rise/fall time
of the signal. In this case it is allowed to use the simplified capacitive load
line model.

&
B o
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Transmission line theory

Transmission lines have to be treated as lines in accordance with transmission line
theory when twice the signal propagation time becomes longer than the rise time of
the signal - i.e.: when the line reflections no longer fall into the rise time interval. For a
given rise time t, = 5 ns and a typical propagation time of the signal t, = 5ns/m, the
critical line length in Imax = 1 m. In applications where the propagation time of the
signal is much longer - e.g. bus lines - the critical line length is even shorter.
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L’(nH/cm) C’(pF/cm) Z(Q) T (ns/m)
Single Wire (far away from GND) 20 0.06 600 =4
Space Ho € 370 33
Twisted pair cable 5-10 0.5-1 80 -120 5
Flat cable 5-10 05-1 80 - 120 5
Wire on PC board 5-10 0.5-1.5 70-100 =5
Coax cable 2.5 1.0 50 5
Bus line 5-10 10-30 20-40 10-20

&
’ U
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Typical Line Impedances

The table shows typical Inductive and Capacitive Layers (L', C’) of various signal
traces. The last two columns display the corresponding impedance and propagation
delay time along the wire calculated from L’ and C'.

Common signal traces show an impedance in the range of 20Q to 120Q and
propagation delay times of 4ns/m to 20ns/m.
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| 500mV i | 5ns , | V] § |10ns
l’
) AN f ] -
yARvi Ny n /4 o
; ]
W [ -

L=0m i=tm L=tim

(~10pF) (~56pF) (~616pF) SN74LS00
SN74LS00 =
J—— L N| C.= 10pF
Cy= H8pF
100Q Cl ¢ =ampr

&
/- R
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Wave-forms with Transmission line and Capacitance Loads

Transmission line theory says that the line impedance is independent of the line
length. As a consequence, the loading of the integrated circuit connected to a
transmission line must be independent of the line length. The oscillogram above
shows the signal wave-forms measured at the output of an integrated circuit
(SN74LS00) when terminated transmission lines of various lengths I=0m, I =1m, |
= 11 m) are connected to the output of the circuit (the line termination is required to
avoid line reflections). The three signals measured are displayed with a time offset for
visibility. In all cases the rise time of the signal - and that means also the propagation
delay time of the integrated circuit - is not influenced by the line length - say: by the
capacitance of the line. The designer however has to consider the propagation time of
the signal on the transmission line: a line length | = 11 m results in signal propagation
time t, = 55 ns.

A simple capacitive load caused a high input capacitance of the following circuit - e.g.
when driving the gate of a MOS power transistor (Miller effect) - in conjunction with
the output impedance of the gate (R = 150 Q for a SN74LS00) generates a low-pass
filter, which increases the propagatioh delay time of the circuit.
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Analysis of Line Reflections

In data transmission systems the designer has to take care of line reflections caused
by improperly terminated lines. These line reflections may lead to an additional signal
distortion which cause incorrect detection of the value of the signal at the line end
(receiver input). This may result in an false operation of the system.
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J\/V\—(/oflc

RG S A Z,tL B
# Ve R
VW Vala Incident wave at the generator output
t<t + . . Va = Vo7 Rg
f g Wave reflected at the line end
7 | I V, =V - R-Z
Vrb[ dJd- b a X PB PB R+ 2z
T<t<2t Wave reflected at the generator output
e e Rg - Z
Via = Vip X Pa Pa =
Vs | Vea Rg + Z
— Quiescent state
21<t<3t R
V, = Vg——
R R b SR + Rg

i AR
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Wave-Forms Caused by Line Reflections

The circuit above shows a simple arrangement to analyse the wave-form in transmission circuits. At the
time the switch at the output of the voltage source (generator) is closed, the effective generator load is
the impedance of the transmission line alone. The voltage of the incident wave Va-o)can be calculated
by using the simple voltage divider formula:

Z,

°Z,+R,

Vagt—oy = V

When the wave with this amplitude arrives at the line end, the energy not absorbed in the termination
resistor - assuming that the line is not terminated correctly (R, # Zo) - will be reflected back to the
generator. The amplitude of the reflected wave at that point is calculated:

R; -2
Vr1=Va'PB=Va§:‘;‘Z“:

When this reflected wave arrives again at the generator output and the output impedance of the
generator is not equal to the line impedance (Ro # Zo), again a reflection occurs, where the amplitude of
the reflected wave has to be calculated:

Ro—-Z
Voo = Vox -0A = V. 20~ %0
r2 vf1 p VaRo+Z°

This process is continued until the energy of the wave is absorbed by the losses of the circuit
(termination resistor R; at the line end, and output resistor of the generator Ro). The final steady-state
condition is calculated by the simple voltage divider:
Rt
Vicoo = Voo
t== " "°R4 + Ry
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Rg=30Q S

A Z=75Q B
l A [e] O O
vG=3.7v@ VA VB % R=100Q
|
1 v Y L
pa =-0.429 pg =0.143 300 a
5 B = 30Q - 75Q = - 0.4
=0 VAD Vas2g, Ve PA = 300 + 750 -429
\‘\.
. 100Q - 75Q
08—t 3 J008 - 799 4 148
_ 100Q + 75Q
ZOSTV t=2rpe— Via2=-0.162 75Q
\.\\“\—u =x 2oy AT Ve X750 1300 T 284V
Vipa=0023! = 2

 Vwd Vipt = 2.64Vx0.14 = 0.37V

2.845V t=44 - Ving =
W Via2 = 0.37V x(-0.429) = -0.16V

T t=51 2847V

lmsio._ogﬁ%,,/—/' Vipa = -0.16V x 0.14 = -0.02V
2.846V t=61 ”('\—~~.\‘/ms=\a@s, Viag = -0.02V x (-0.429) = 0.009V

¥ t=7r 2.846V

&,
/-
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Lattice Diagram

This example shows the analysis of an actual circuit. The generator with an open loop
voltage Vo = 3.7 V and an output impedance Ro = 30 Q represents the simplified
equivalent circuit of a SN74F00 in the high state. The line with an impedance Zp = 75
Q may be a coax cable or a printed wire on multi-layer printed circuit board. As one
can see, the amplitude of the reflected wave drops very fast. In most application the
calculation of the various reflected waves can be stopped after the third reflection
since the amplitude of the reflected wave is now so small that it can be neglected (in
this example Vip3 = 0.02 V).

The Lattice Diagram is a useful tool to simplify handling the many numbers to be
considered when analysing line reflections. In this simple example the diagram
consists of two time scales, each representing the situation at the beginning and at
the end of the line. A change of voltage at the generator output is found at every even
multiple of the propagation time, at the end of the line at every odd multiple of the
propagation time. These points are now connected by lines which represent the
forward and backward travelling waves. To each of these lines the corresponding
voltage is assigned. The final task left is to add these voltages at the left side of the
diagram (beginning of line) of the right side (end of line) to calculate the voltage in the
system at a specific time.
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Characteristic of the Generator Rg
Characteristic of the terminating resistor Ry
Quiescent Point

Voltage changes only after
TVA VB twice the propagation time.

S o 1 Incident wave is independent

of line termination.

z
v =V 0
B(t) y A(0<t<21) G X Rg + Zo
A(0)- v l B() Steady state condition:
+Zo l A0) t,
o Yo

e - e R
w . = T
Starting Point (t<0) 1~ 0t 2t 4t 6t 8t 10t Vitew) = Vo % Rg + Ry

&,
- S—
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Bergeron Diagram

The Bergeron Diagram is a simple tool to analyse line reflections in circuits which
show non-linear characteristics e.g. semiconductor components. For the analysis one
has to draw a voltage/current diagram. Into this diagram the output characteristic of
the generator Ry (in this example a linear resistor) as well as the characteristic of the
termination at the line end R; has to be drawn. The point of intersection of these two
lines provides the first result: the steady state voltage. The steady-state condition on
the line before the switch has been closed (Vi-o= 0 V, k-0 = 0 mA) is the starting point
for the construction of the wave-form. Through this point (in this example the origin of
the diagram) a line with the slope of the line impedance Z, (tg o = Zo) is drawn. Where
this line hits the line which represents the output characteristic of the generator A(0),
one gets the voltage of the incident wave. By drawing a line with the negative slope
(tg a = -Zo) through the point just constructed, the point of intersection (By) with the
line representing the termination characteristic R; provides the voltage at the line end,
when the wave arrives there the first time. By further drawing lines with alternating
slopes (Zo, -Zo) one finds the voltages in the circuit during the following build-up.
Finally the wave-forms at the beginning and the end of the line can be constructed by
using the voltages found during the previous construction.
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RG=0 Z,1L R v
Generator with 0 Ohms output
impedance and unterminated line 0 2 4 [ 8t
v
Correctly terminated line R=2Z [ o T 5 3 5 5 7
no reflections
= — = = LINESTART
LINE END
Z 1L
O—- v
-===
Shorted line I' !
generator for short pulses T o r—

Y-
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Line Reflections - Special Cases

This picture shows various extreme situations in transmission circuits. In the first
circuit a generator with zero Ohm output impedance (Ro = 0Q) drives a loss-free
transmission line, with an open circuit at the line end (R; = «). The open circuit may
represent the input impedance of integrated circuits, which mostly have an input
impedance of several kilo-ohms - large compared with typical. line impedance. The
reflection factor p = -1 at the generator output and p = 1 at the line end leads to an
undamped oscillation at the end of the line. This causes a receiver to switch many
times, but not once only as desired.

The next circuit shows an interface terminated correctly at the line end. Under this
condition one finds an undistorted signal (no line reflections)

The last circuit shows an interface shorted at the line end. For simpler understanding
the output impedance of the generator has been chosen equal to line impedance (Ro
= Zo). When the switch is closed, an incident wave with an amplitude of 0.5 x Vo
travels to the line end and is reflected there with the inverted amplitude (p = -1). When
the reflected wave arrives at the generator output again the steady-state is achieved.
This circuit is a pulse generator which provides a pulse width equal to twice the
propagation time of the wave on the transmission line. Such a circuit can be used
advantageously when pulses with a length of a few nanoseconds only have to be
generated.
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RG=4Q  Z=100Q,L=8m irNe e
A o A
_L.w T\
Generator with 4 Q Output W
Impedance and unterminated line
J: 2V 100ns
RG Z=50Q,L=2m v
|
Correctly terminated line  R=Z
no reflections —
= = 10ns
1V
Rg=Z Z,L
— VWO O
Shorted line \ 1
generator for short pulses
Ee i 10ns
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Line Reflections - Special Cases

The circuits described before have been built up to vary the behaviour. It is not as
easy to design an generator with an output impedance of 0Q. Therefore an Advanced
CMOS circuit has been used as the generator. lts output impedance Ro = 8 Q leads
to a damped oscillation, where the first undershoot at the line may still be capable of
reaching the threshold voltage of the receiver to cause a false triggering.

The correctly terminated line shows no signal distortion.

In the interface shorted at the end, a coax cable with a propagation time t = 5 ns/m
and a length | = 2 m has been used. This circuit generates a pulse with a width t, = 2
x 5 ns/mx 2 m=20ns.
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Pulse Generator
RG=50Q,t<1ns 500

Termination

Printed Circuit
Board

*) Note: R, =50Q// 50 Q=25 Q

i3
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Measurement of the Line Impedance

For correct design of an interface (selection of the generator, termination of the transmission
line), knowledge of the impedance of the transmission line in use is necessary. One way to
determine the line impedance is by means of a L/C bridge where one measures the inductance
of a transmission line shorted at the end (short circuit impedance = inductive layer L’) and
capacitance with the line open at the end (open circuit impedance = capacitive layer C’). This
method however mostly requires expensive equipment which often is not available.

A simpler method is shown on the picture above, where one needs a fast pulse generator and
an oscilloscope only. By applying this method one measures the amplitude of the incident wave
V. caused by the voltage divider ‘output impedance of the generator / line impedance’ (in this
example a signal and a ground wire in parallel on a printed circuit board) as well as the steady-
state voltage Vo. By using the following equation (the voltage divider formula solved to Zo) one
gets the line impedance Zo:

where Ro is output impedance of the generator. In this measurement set up the output
impedance is made by the two coax cables in parallel, therefore Ro =25 Q.

By measuring the propagation time t, one can also determine the inductance and the
capacitance per unit length:

t

L=t -Z c=-=L
Z()
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l An open circuit at the line end causes
= = under- and overshoots which may

exceed the maximum rated input
voltage of the receiving circuit.

1|2V 100ns The following over- and undershoots
may cross the threshold voltage of
R 2 the receiver serveral times and may
generate system errors.

2V

&
’ RO
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Line Reflections - Open Circuit

Driving an unterminated transmission line with a low-impedance output generates a
good signal quality at the beginning of the line, while at the end of the line oscillation
can be observed. This corresponds to the first example of our “Special Cases”.
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2V

100ns

2V|

Line reflections are eliminated by correct
line termination.

A mismatch up to 50% is acceptable.

Note: -Increased Power Dissipation
- High drive Capability required.

FOPE \DDS\Transmis.ppt  Jan97
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Line Reflections - Parallel-Terminated Line

Transmission lines are parallel-terminated at the line end by a resistor between the
signal line and the signal return line. If the termination resistor is chosen equal to the
line impedance (R: = Zp) no line reflections are found. In many applications, a
mismatch of up to 50 % is acceptable. Under this condition the resulting reflection

factor will be p = 0.2.
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Vee
T O01pF

R41/IR2=2Z0
R2

— 2V
Rq1+R2 H

Vee
TL2218-285

25..3.0V .
|\l T 1uF

.
T e

Mismatch of 50%...100% acceptable
(with low impedance bus lines up to
400%).

i TR
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Vee

Parallel Line Termination Circuits

Single-ended or unbalanced transmission lines are usually terminated by a resistor
between the line end and signal grounf. If the drive capability of the generator in high state
is not sufficient - e.g. open collector or open drain outputs - the termination resistor can
also be placed between the line and the positive supply rail. This rail for low frequencies is
shorted to ground via the power supply and for high frequencies via the decoupling
capacitor (typical 0.1 uF).

Particularly in CMOS applications, the designer does not like the continuous current in the
termination resistor. This current increases the power dissipation. The current can be
blocked by placing a capacitor Cy, in series to the termination resistor R;. When the time
constant R; x Cy, is about 4 times the propagation time of the interface circuit, the line is
almost sufficiently terminated.

In TTL systems, a resistor divider is often found at the line end (split resistor or Thevenin
termination). This circuit is adapted ideally to the drive capability of TTL circuit and
performs well in terms of eliminating line reflections. However the disadvantage of this
arrangement is the large DC current through the resistor divider.

In advanced interfaces therefore often a circuit is used, which is called Active Termination.
Here the termination resistor is placed between the line end and the output of an
additional power supply, which provides an output voltage of 2.5 ... 3 V. Since on average
50 % of its active time the line is in the high state, the supply current is reduced by this
amount. This termination technique is also used in bus applications, where much of the
operating time all bus drivers are in inactive mode (3-state). In this situation the supply
current becomes zero. Last but not least, the pull-up resistor avoids the line floating when
all bus drivers are in the 3-state.
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n ’ l
_L Under- and overshoots are avoided by

= = matching the output impedance of the
line driver to the line impedance by
means of a series resistor. Power

2V 100ns dissipation is not increased
(recommended in CMOS systems).

Note: Undefined logic levels along the
transmission line for up to twice
the propagation time.

Circuits with built-in serial termination (25Q to 30Q):

8 Bit: SN74ABT2244

: R 16 Bit: SN74ABT162244
2V 18 Bit: SN74ABT162501

2,
7+ Y-
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Line Reflections - Matching of Generator Impedance

An elegant method to avoid under and overshoots at the line end is to match the
output impedance of the driver circuit to the line impedance by placing a resistor in
series with the output. A different output impedance of the driver in the low and the
high state mostly does not allow correct matching. As long as the output impedance of
the circuit in question is chosen to be 60 % to 100 % of the line impedance, a
reasonable signal quality can be expected at the line end (receiver input). This
technique is applicable in uni- and bi-directional point-to- point interfaces. In multi-
point applications, where several stations are located along the transmission line, this
technique is not recommended due to the long settling time of the signal (up to twice
the propagation time).
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Clamping diodes at the end of the
I I transmission line absorb the energy of

under- and overshoots and ensure a clean
signal waveform.

Input circuits of logic ICs contain these
clamping diodes.

ek 2V 100ns

Note: The clamping diodes of VLSI circuits
often cannot handle the high currents
generated by line reflections (parasitic
transistors!). Provide additional

B S . - ) Schottly clamping diodes!

o Schottky Diode Arrays:

SN74S1050, SN74S1051, SN74S1052, SN7451053,
2V S AR I s B - SN74S1056, SN74F1056, SN74F1016, SN74F1018
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Line Reflections - Clamping Diodes

An effective method to avoid excessive under- and overshoot at the line end is to limit
this by means of clamping diodes. As the picture shows, a negative transition at the
begin of the transmission line causes a negative undershoot at the line end which
amplitude is limited to the forward voltage of the clamping diode at the line end (=
0.7V). The energy stored in the transmission line is not absorbed totally. Therefore
one can observe several waves travelling forward and backward on the line. However
their amplitude is a few 100 mV only.

Due to the positive influence of these diodes, clamping diodes are integrated into all
logic circuits. TTL circuits contain at their inputs clamping diodes to the ground
terminal to limit negative undershoots. In a CMOS environment, where owing to the
higher voltage swing the positive overshoots are also of concern, additional clamping
diodes between the input and the positive supply rail are often incorporated.
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ARRAY
Released Functions : '_ ' _'_ '_'
SN74S1050 12-Bit Schottky Diode Array
SN74S1051 12-Bit Schottky Diode Network
SN74S1052 16-Bit Schottky Diode Array GND
SN74S1053 16-Bit Schottky Diode Network NETWORK
SN74S1056 8-Bit Schottky Diode Array Ll Ll
SN74F1056 9-Bit Schottky Diode Array T Vee

SN74F1016 16-Bit Schottky Diode

R-C Bus Termination Array
SN74F1018 18-Bit Schottky Diode

R-C Bus Termination Array

GND

Applications :
* Arrays in TTL systems

*Networks in CMOS systems (positive overshoots)
*Small buses, e.g. Memory Arrays
*System bus in personal computers

.
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Line Reflections - Bus Termination Arrays

To reduce the number of required components, Texas Instruments offers the Bus
Termination Arrays:

These circuits include clamping diodes for 8- to 16-Bit circuits. Depending on the
device type, the designer can select between clamping diodes to GND only or two
rows of clamping diodes, one to VCC and one to GND.

1-20
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- 1pA CLAMP [Z] 7795 CLAMP
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|
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Vret+200mv

*The clamping circuit TL7726 protects sensitive
analog and digital inputs against excessive
overvoltages and by that ensures the function
of the circuit.

&
1
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Line Reflections - Clamping Circuit TL 7726

The clamping circuit TL7726 protects sensitive analog and digital inputs against
excessive overvoltages and thus ensures the function of the circuit. It limits the over-
and under-shoots to a maximum of +/-200mV by sourcing up to 25mA of clamping
current.
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Logic Families

3.3Volt

You always drive well with Tl - on the ASL road.
This road shows different Logicfamilies, selected by speed .

The right side comprises TI's 3.3V Logoc families, while the left side shows the 5V
Logic families.

One can see that there are only a few bipolar families mentioned on this foil:

AS,74F and the ALS family. This are families which are still in a sold in a huge
volume.

This shows where Tl wants to go : Tl goes CMOS.
The performance data for each family is shown in the box.
Also one can see that there are some families specified at different voltages:

The AC family and the AHC family have an additional specification at 3.3V, but were
designed originally for 5V.



Loaic Families

s Digital Design Semi

: HC ' :
: T i |T1-source
; 4 : A Bipolar
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: : : ; other
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ALBAY . ' ,
Introduction’  Growth ' Matwrity ' Dscline ' Obsolescence

* Tl remains committed to be the last supplier in the older families.

* Investment levels for new products are at an all time high while end equipment
requirements are accelerating new product introduction.

a
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The Product Life Cycle curve shows all available logic families from TI.

This cycle is divided into 5 sections, beginning on the left side with the introduction
phase and ending on the right side with obsolescence.

One can find that all bipolar families are in the decline phase. Those are not
recommended to be used in new designs.

Today’s system trends, such as increased packaging density, higher operating
frequencies and reduced heat generation (e.g. no need for a cooling fan), lead to a
strong need to reduce the power consumption or to change to low power
technologies. This limits the use of mature technologies like LS and F. Even for
HCMOS there is an improved version available: AHC Advanced HCMOS.

With the development of BICMOS, a combination of Bipolar and CMOS technologies,
the high drive capability and low noise characteristic of bipolar technology and the low
power consumption of CMOS technology have been combined.

Tl has true second source agreements with Philips Semiconductor and Hitachi
Semiconductor for the Advanced BiCMOS Technology (ABT) family as well as for the
low-voltage families (LV, LVC, LVT, ALVC). The agreement with Philips has recently
been extended to also cover ALVT and AHC.

Investments for new products are at an all time high while end equipment
requirements are accelerating new product introduction.

On the other side, Tl remains committed to be the last supplier in the older families.
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Designers Careabouts... TI’s offer...

hest-fitting first

High Speed ALB, ALVC, ABT, LVT, AHC, ...

. High Drive ABT, LVT, ALB, ALVC, LVC, ...

&

&  Low Power LVC, AHC, ALVC, LV, LVT, ABT, ...

5

3 EaseofUse AHC, LVC, LVT, LV, ABT, ...

g4 Advanced Packaging [t o AHC, LVC, LVT, ALVC, ABT, AC, ALB, ...
‘low noise, 5V tolerance, Bus Hold feature, ... .
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Customer careabouts for selecting the optimum logic family are diverse depending on
application needs and targetted end-equipments. From a survey, recently conducted
by TI, the ranking of customer careabouts are as shown above.

According to this survey the careabouts have been sorted by importance from top to
bottom.

The logic families have been sorted from left to right with regard to the most suitable
family for a given criteria.

For example: you are looking for the fastest logic family ?
Choose the row ‘High Speed’ and look for the first family in ‘TI's offer’: ALB

It doesn’t matter which focus you have; Tl offers always the optimum logic
family for your application.
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There are two parameters a designer may have in mind when mentioning “speed”.
The more frequently used refers to the circuit’s propagation delay, t,4.

The shorter the toa the higher the speed.

Some engineers, however, also refer to “circuit speed” in the context of a device’s
signal slew rate. As can be seen from the formula, a circuit’'s slew rate corresponds
to the transition (rise or fall) time of the output signal.

The shorter the rise or fall time, the higher the slew rate.

As will be shown on the next page, propagation delay and slew rate are not
necessarily proportional.
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This and the next page show propagation delays (t,y, voltage swing (Vou - Vo) and
slew rates (dv/dt) for selected 5V and 3V logic families.

F, ABT, HC, AHC and AC are operating from a 5V supply voltage, while LVT, ALVC,
LVC, AHC and LV have a 3.3V supply (next page).

The data may indicate that t,y and dv/dt show common trends, but a closer look
points out that there is no direct link between the two parameters. For example, the
fastest family (ABT) is not the one with the highest slew rate. Another example is
AHC, which is characterised by a three-fold speed improvement over HCMOS, but
shows lower slew rates.

As will be discussed later in this section, high slew rates are often unfavourable, as
this leads to high noise levels generated by the components. The worst technology in
this respect is 5V AC, while AHC gives very positive results.

Slew rates must be considered especially when designing high speed systems.
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These graphs show propagation delays (t,q, voltage swing (Vo - V) and slew rates
(dv/dt) for selected 3V logic families (LVT, ALVC, LVC and LV) and AHC operated at
Vce=3.3V (as specified in the datasheet).

In comparison to 5V logic, all of the low voltage technologies have somewhat lower
signal slew rates.

It should be especially noted that ALVC, the fastest of all technologies shown,
exhibits an uncritically low slew rate.

Circuit design techniques and the use of SSOP or TSSOP packages makes this
favourable characteristic available.
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dt = Change in time

di = Change in current

L = Packages inductance

V = Amplitude of noise volta
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A widely accepted method of measuring ground bounce is to switch (N-1) device
outputs, while keeping the Nth input at a Low level.

The outputs of the drivers which are switching react with a certain delay to the
changes at the inputs, whilst the unswitched output should remain undisturbed at “L”
level. But, crosstalk from the neighbouring pins, a brief dip in the supply voltage and
a brief rise of the groundlevel (resulting from the inductance of the Vcc and ground
connections) automatically cause a reaction at the corresponding output.

The best results are achieved by the 48 pin Widebus package. This is primarily
because of the 8 distributed GND pins for the 16 integrated drivers. The traditional
8 bit ‘corner pin’ devices are provided with only one GND pin and therefore show poor
behaviour.

It is also necessary to mention that the measured values of noise level depend on the
process technology used.

Whereas with BiICMOS and bipolar devices the threshold level will normally not be
exceeded, with fast CMOS logic 2V or more may be reached as a result of the
steeper pulse slope of CMOS signals, and consequently higher effect on the lead
inductance.
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* Noise levels depend on package inductance and current slew rates (di/dt)

* Noise voltages induced in switching outputs will be cross-coupled into quiet output(s)

* Packages with multiple V.o/GND pins (e.g. Widebus™) typically show much lower noise
*

Slew rate control helps reduce noise

DIP SOP SSOP

i TR
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There are - three factors which determine the electrical characteristics of a package:
1) the capacitance of a pin to ground

2) the inductance of a pin
3) the coupling factors of the pins to each other

In particular, the supply voltage pin should have a low inductance, and all signal lines
of a good package should have as low as possible of all these three parameters.

The table above shows capacitance, inductance and coupling factor of each two
neighbouring pins. These parameters are determined by:

* the length of the connections to the pin within the package,
* the spacing between these connections,
* the length of the wirebonds.

A DIP package has significantly longer internal connections than SOP or SSOP (and
TSSOP). A long connection results in a high inductance and a high coupling factor;
the increased area caused by the long connections also results in a high capacitance.

However, the reduction in coupling factor achieved by the short connections is partly
oftset by the smaller spacing between them.



Logic Families

st Digital Design Semi

* Gradual turn-on of output transistors by splitting the output in multiple stages

* Dynamic smoothing circuit by softening the turn-on to obtain gradual takeover of
current (di/dt control)

i3 o
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Signal slew rate improvements seen in Advanced Logic circuits have mainly been
achieved by designing the circuits’ output stages such that the change in output
current (di/dt) and correspondingly the change in output voltage (dv/dt), are under
control.

For this purpose, Texas Instruments has developed a technique called
Output Edge Control (OEC™)

The use of parallel output transistors that are turned on one after the other limits the
signal slew rate.

A side effect is that the output noise levels are almost independent of the circuit load.
OEC has been implemented in AC, LVC and LVT.

2-10
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SN74F245 SN74ABT245

Critical with F/AS in poor designs Not critical with BCT/ABT/LVT
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Comparing ABT with 74F logic on simultaneous switching noise, one can recognize
that the device of the F-family shows a more critical behaviour than the ABT device.

The maximum undershoot of the F device is greater than -1.5 V, while the ABT
devices show a maximum value of about -800mV only.

Ground bounce behaviour must be taken into account very carefully for the design of
digital systems using fast bipolar and CMOS technology families such as F/AS or
AC/FCT.
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The propagation delay of the component also depends on the number of
simultaneously switched outputs.

The reason is that the inductance of the supply leads acts as a "current brake" .

For devices in conventional packages (DIP and SOP) an additional delay of 150 to
200 ps for each output switched needs to be taken into account.

For example, an SN74F244 will have a maximum delay tp,,, = 7.5 to 8 ns, if all eight
outputs switch simultaneously.
In this respect, the multiple Vcc leads in Widebus™ circuits are of advantage. They

may not eliminate the effect, but at least they insure that the loss of speed is no
greater than in octal bus drivers, even though twice as many outputs are switched.
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Widebus™ circuits offer designer substantial advantages, when it comes to designing
advanced systems.

With the growing performance demands that are being made of computer systems,
one has to expand the width of bus systems to 16 or 32 bits, so that high data
throughput can be achieved. As the available space for a circuit is limited, this can
only be implemented with components like Widebus™, which support wide bus
architectures at an attractive cost.

As circuits become faster, the electrical characteristic of the package becomes more
and more the focal point. Besides the unavoidable capacitances of the leads, it is
primarily their inductances that determine the response of fast digital circuits and
which, in some cases, limit their usage.

In addition, doubling the transfer channels in the new circuits reduces the component
count by 50%.

Each of these new components is no bigger than a conventional 24-pin SO package,
as the new circuit uses only 50% of the area previously used.
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i 20+bits
16260 H18504A 32245
162260 162827 32316
16460 16841 32318
3. H185 162460 162841 - 32501 | §
H18504A 16821 32543 -

516680 . 16827
16472 16821
16474 16827
16478 16841
16823 16861
16825

16863
16864

162244 16374A 16543
16245A 16540 16646
16373A 16541A 16652

164245 H16827 Hi6s24 H168Y
H16254

H16373

Voltage

H162245 H16374
CMOS H16245 H16543
HR162245 Hi6646 i S
LVT 16244A 16373 ' 16952
Low 162244 16374 :
Voltage 16245A 16543
Technology 16. 646

;-
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TI offers more than 160 Widebus™ functions.

The excellent electrical behaviour of Widebus™ packaging is used for devices
operating from 5V and 3V supply voltage.

For 5V families Tl offers ABT and AC as well as some functions in the new AHC
family.

For 3.3V supply voltage Widebus™ is available for LVC, ALVC and LVT.
Widebus+™ supports up to 36 bits within one single package.

Nomenclature: 8
SN74 FAM HR 162 xxx ADL ,
18
32
FAM = Logic family H (optional) - BusHold- feature,
8 - Octal device with JTAG functionality
16 - Widebus™ 18 - Widebus™ with JTAG functionality
32 - Widebus+™ 2 - Series damping resistor B-Port
R,2 - Series damping resistor A- and B- port
xxx - function A - Die Revision

DL - Package (here SSOP)

2-14
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* UBTSs can replace nearly all
common bus interface logic parts

(245, ‘543, 2952, etc.) CPU Board )
* Clocked st "out" C UBT
lOcked storage "ou a : Ry .
Latched or Transparent "in" c gn“:’ ; * El "ﬂ
" e
* Shortens time to market with I |

common tg, t, and min delay times

CPU
o]

§ : System
ALVC16409 9-bif 4-Port WUBT
"ABT/LVT16500 | 18-Dit, Neg Clock = [ =
‘ALVC16500 ; :

‘ABT/'ALVC 16600 18-bit, Neg Clock w/CLKEN BF
‘ABT/'LVT1 6501 18-bit, POS Clock
ALVC16501
| ‘ABT-/ALVC16601" 18-bit, POS Clock W/CLKEN
YC1690] 18-Dit. wipqrity genergtor/checkers | UBT is a trademark of Texas
‘ABT32501 36-bit, POS Clock w/CLKEN Instruments Incorporated
‘ABT32316 16-bit, Tri-Port
‘ABT32318 18-bit, Tri-Port
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Many high performance applications require more than one mode for accessing their
system bus, because different parts of the system have different data access and
processing speeds. While some may be able to work in transparent mode (fully
synchronous to the data source), others will require data to be latched, to meet setup
and hold time requirements. When designing CPU access to the bus, clocked storage

is the easiest method.

UBT™s are bi-directional transceivers that can be configured as
*transparent,

* data-flow-through transceivers ( e.g. ‘245 function),
*|atch-enabled transceivers (e.g ‘543 function) ,

* clocked registered transceivers (e.g. ‘646 function),

*and clock-enabled registered transceivers (e.g. ‘952 function).

Designed specifically for workstation bus-interface applications, the UBT™ is perfect
as an interface to many different microprocessor architectures and system backplane
specifications available. It may also be cost effective in low volumes as an alternative
to several different interface functions.
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e Ideal technology for VLSI circuits

Q High circuit speed
Q High drive capability (bus interfaces !)

@ High-performance analog circuits

@ Improved ESD protection
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Advanced BiCMOS technology (ABT) is available from Texas Instruments, to help
designers develop high performance bus systems.

It was designed to provide speeds equivalent to existing advanced bipolar solutions
with 90% less power consumption.

ABT employs a submicron 0.8um process technology.
It combines elements of both bipolar and CMOS circuits on a single silicon chip.

ABT is based on a CMOS core-circuit structure with an NPN bipolar output transistor
module.

From a power (current) consumption standpoint, the use of bipolar in the output stage
is advantageous for two reasons:

1) the voltage swing is less than that of a CMOS output. The power consumed when
charging or discharging internal circuit capacitances and the external load
capacitance is reduced.

2) the bipolar transistors are capable of turning off more efficiently than
CMOS transistors. The wasteful flow of current from V. to GND is reduced.

Although bipolar tends to have a high static power consumption, its lower dynamic
power consumption allows for better overall power performance at high frequencies
than either pure bipolar or CMOS as the dynamic power makes up the majority of a
device’s overall power consumption.

2-16
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Simplified input and output stages of an ABT transceiver are shown on this slide.

The inputs are designed to offer TTL- compatible levels with guaranteed switching
between a Vi minimum of 2V and a V;. maximum of 0.8V.

As these inputs are implemented in CMOS circuitry they offer high impedance for low
leakage and low capacitance for minimal bus loading.

(The CMOS supply voltage of the input stage is dropped by diode D1 and transistor
Q1, centering the threshold around 1.5V).

ABT outputs utilizes bipolar circuitry to provide the speed and drive necessary for a
bus interface. A major advantage of bipolar circuitry in the output stage is the reduced
voltage swing, which lowers ground noise, improves signal integrity and reduces
dynamic power consumption.

Because of its small process geometry, tight metal pitch and shallow junctions, ABT
can provide for strong output drive currents ( sink current 64mA, source current
32mA) and low capacitances. As a result of these enhancements, internal
propagation delay are very fast and show good behaviour regarding noise.
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The curves show the drive capability in the logic ‘high’ and ‘low’ - states for various
logic families.

The steeper the H- (L-) curve, the higher the drive capability.
To be noticed: ABT is a BICMOS family and delivers TTL levels at their outputs
(typical output high: 3.6 V).

These curves can be taken as base for the graphical calculation of over- and
undershoots of a certain family.

For the Bergeron method, as mentioned earlier, two more parameters are necessary:
the line impedance and the value of the line termination resistor.

An example is given on the next page.
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As an example of the graphical Bergeron method, a low impedance line is evaluated.

The set up is as follows: A line driver AC is connected to a line which impedance is
Zy = 30 Ohm, the length of the line is 32 cm. The line is terminated with 47nF in series
with 100 Ohm. The generator delivers a digital signal, duty cycle 50%.

The first step to solve this problem graphically is to choose the output characteristics
of the AC driver.

The termination resistor of the setup together with the duty cycle (50%) results in the
dashed straight line. The line impedance (Zo) results in the steepness of the
progressing waves ( solid arrows).

Each crossing of Output characteristic and the solid arrow can be recognized as
voltage value at the begin of the line (Output driver).

Each crossing of termination curve and the solid arrow can be recognized as voltage
value at the end of the line ( termination resistor)
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For the same set-up as before, but with the line impedance changed down to 20
Ohms, the Bergeron method is applied, using an BCT25244, an Incident Wave
Switching (IWS) driver instead of the AC driver.

The graph shows that again with the 1.wave a change of the logic level is
ensured,which would not be achieved by using the AC driver earlier.
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This foil shows an application example in a computer system.

CPU, RAM and I/O ports are connected via a bus. The percentage value shows the
share of activity on the bus (e.g. the CPU uses the bus for 50% of the time). If we
assume that all components used for this application are taken from the same family
and we set up four identical systems, we can compare the performance.

The 74F family uses the highest power consumption for the application. This family is
made in bipolar technology and consumes in tristate the same current as during
active operation. Also the propagation delay time is the slowest with 7 ns.

ABT has improved performance in both power consumption and speed. ABT devices
are made in BiICMOS Technology. During tristate-mode the power consumption is
decreased down to 190 microamps. The speed is increased by 44% against the 74 F
family.

A comparison with ALVC shows that only 0.15% of the ABT power consumption is
used by ALVC. Also the propagation delay is improved to a value of Tpg=2.9 ns.
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This foil shows the dynamic power consumption of different 5V and 3.3V Logic
families.
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where :

Vec= Supply voltage C, = External Load Capacitance
lcc = Supply frequency Ngw = Total Number of Outp g
f, = Input frequency fo = Output frequency

Theroretically : o o PTOT = .34%1

2) assume that Output-Level Vo, is changing to 3.3 V

i TERITRINR
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The answer to the question : “Why 3.3V” is given by the formula for determination of
the power consumption related to logic circuits, here as example the formula for
CMOS devices ( CMOS level inputs) .

A logic circuit’s total power consumption, Prgr, is strongly influenced by a number of
parameters. If we investigate this formula, we can split this into two parts:

1) Vee
2) the ‘rest’ , which is determined by various parameters such as number of outputs,
frequency, etc.

Some are inherent to the technology, like the static Igc currents and the so-called
“current spike” (Igp), that flows across the output during circuit switching. Others
depend on load conditions, operating frequency, and so on.

However, the parameter with the most significant effect on the overall power
consumption, is Vc.

The theoretical saving of power dissipation is 34%, if you reduce the voltage from 5V
down to 3.3V.

Practically, the power saving will be about 50-70%, because other parameters are
also improved by reducing the supply voltage.
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Changing a system’s V¢ from 5V to 3.3V by reducing a circuit's supply voltage will
worsen its speed. However, as the figure on the ieft shows, the reiative ioss of speed
is much less than the improvement in power consumption.

Practically, most system designs do not allow for any speed degradation. The way out
for suppliers is to use process technologies with smaller feature sizes that (often even
over-) compensate the speed loss. This results in the availability of 3.3V logic
families that offer the same or higher speeds than the 5V families they replace, in
combination with a drastic reduction of the power consumed.

The significant improvement in power consumption is only one reason why there is
such a strong momentum in the industry to migrate towards reduced supply voltages.

Another strong push to reduce V is driven by the accelerated use of small process
geometries. Advanced microprocessors or ASICs sometimes employ several millions
of transistors. This demands process feature sizes of 0.5 micron and below.
Unfortunately, such small process geometries start to show reliability problems, if
operated with a 5V supply voltage. Some types of equipment, e.g. industrial control
systems, are therefore frequently forced to change their V¢ to 3.3V, although their
operating environment would still allow for the high power consumption of 5V designs.
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Texas Instruments’ Low Voltage Logic families have been designed to provide a
performance that is at ieast equivaient to, but usually even better than, that of
commonly used 5V devices.

If you are in the situation to design a new application with 3.3V logic, but are only
familiar with the performances of the 5V logic families, this foil will help you.

LV is somewhat comparable to the well-known LS and HC/HCT families, but features
improved speed.

LVC addresses the medium performance range, where families like F or AC are
predominant in 5V applications.

Two different solutions are available for high performance 3.3V system design:

ALVC combines medium output drive with very high speed performance (unmatched
by any other 3.3V logic family).

LVT, which is the 3.3V equivalent to the 5V ABT family of bus interface devices,
combines speed with a drive capability that is high enough for reliable operation of
large backplanes.
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Product Family SN74LVT SN74LVC SN74ALVC SN74LV
Speed ['245 type] tpd(typ) =2.4ns tpd(typ) =4.0ns tpd(typ) =2.1ns tpd(typ) =8.0ns
tpd(max) = 4.0ns tpd(max) = 6.5ns tpd(max) = 2.9ns tpd(max) = 14.0ns
Drive IOH = -32mA IOH = -24mA IOH = -24mA IOH = -8mA
0L = 64mA I0L = 24mA 0L = 24mA I0L = 8mA
Current consumption  ICCH/Z = 190uA ICCH/Z = 1QuA ICCH/Z = 4QuA ICCH/Z = 20uA
ICCL= 5mA
Vcc range - Vee=27 <36V o g
Temperature range -40... +85 degrees Celcius
Swichingnoise e Ground-Bounceless hanBOOMY g

SOIC/SSOP/TSSOP  SSOP/TSSOP  SOIC/S

P | 1850P

impedance
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% Very fow noise  spectrum incl
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These four families of 3.3 V logic devices can be used for portable applications from
electronic games up to high performance engineering workstations.

The LVT family is the only low voltage family using BiCMOS technology.
LV, ALVC and LVC families are manufactured in CMOS technology.

The LVC and the LV families are designed for low cost 3V Systems such as
consumer equipment, portable computers, electronic games, toys, portable telecom
equipment that require medium performance at low cost.

The ALVC family, with a typical propagation delay time of 2 ns has been designed to
meet the requirements of high speed systems including engineering workstations and
interfaces to SDRAM-modules.

The LVT family, with its high drive capability, can be used for Backplane/Bus Driving
applications, high-performance engineering workstations, desktop-PC’s and telecom
transmission/switching equipments.

Tl has second source agreements with Philips and Hitachi for all of these four Low
Voltage Logic families. The agreement with Philips has recently been extended to
cover other new logic families like ALVT and AHC.
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Before discussing the special requirements of mixed mode designs (i.e. systems,
where there is a need to interface between the 5V and the 3.3V part), we would like to
briefly discuss the different voltage level specifications used in both environments.

During the development of the 3.3V specification in JEDEC, there were basically two
“interest groups” endorsing slightly different proposals.

The LV-CMOS proposal was mainly targeted to mobile applications, where battery
operation requires a Ve min of 2.7V. ‘

This proposal favoured a concept that basically copied the 5V CMOS one, i.e. an
output voltage swing that almost equals Vg, where Vg ~ OV and Vg ~ Vgc. This
would allow the proper operation of existing 5V CMOS devices from 3.3V (“Scaled
CMOS").

On the other hand, the LV-TTL proposal favoured Vg/V, specifications that are
identical with 5V TTL, go that interfacing the two worlds is greatly eased.

Fortunately, the final 3.3V specification agreed upon by JEDEC covers both
proposals.

It specifies a 2.7-3.6V V¢ range, in which the max/min values of the logic input levels
are identical with the 5V TTL spec (0.8/2.0V) and max/min values of the logic output
levels match the CMOS spec.
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As has been explained on the previous page, both LV and ALVC do not allow input
voltages higher than V¢ + 0.5V.

However, this does not necessarily mean that these technologies are unable to
interface with 5V signals.

If a 5V TTL signal is applied, its High level will typically be about 3.2V. This does not
violate the LV or ALVC inputs specifications. One will have to make sure, however,
that no overshoots can occur on the line which might again cause trouble.

On the output side, both LV and ALVC can directly drive 5V inputs that are TTL-
compatible. No additional provisions will have to be made.

If the 5V receiver expects to see CMOS levels a special ‘Level-Shifter’ is required.



Loaic Families

wemmmemes® Digital Design Semi

XXXA an devices allow direct interface from
* The direct interfacing to 5 V CMOS is not adviced

i VRADMISIR
HUC) \DDSVLogicfappt  Augd6

Both LVC and LVT allow input voltages to go up to 6.5V.

It means that these technologies can interface directly to 5V signals. Care needs to
be taken, however, when driving the inputs from a 5V CMOS device, as possible
overshoots may lead to the maximum LVC/LVT input voltage being exceeded.

On the output side, LVC and LVT can again (like LV and ALVC) directly drive 5V
inputs that are TTL-compatible. No additional provisions will have to be made.

If the 5V receiver expects to see CMOS levels a special ‘Level-Shifter’ is required.
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Certain applications will require a ‘Level-Shifter’ between 3.3V and 5V that can
provide 5V output signals. Examples are:

1) interfaces to 5V CMOS-level devices which, as shown on the previous page,
cannot be operated reliably from 3.3V outputs, or

2) 5V memory modules that should be connected to 3.3V components.

In the latter case a designer might want to provide a true 5V input signal to the
memory, even if it has a TTL-type input, as the memory circuit’s current consumption
will otherwise be increased.

In these cases a dual Vg level shifter will be required. This is a device that is
connected both to the 5V and the 3.3V supply voltages such that it can independently
access to and interface between both sides.

Here are two level shifter examples. The LVC4245 is an 8-bit version and the
ALVC164245 is a 16-bit version, both with true 5V < 3.3V level translation. Both
devices are, or will be, offered by Texas Instruments.



Logic Families

wmmwsw== Digital Design Semi

Vec=56

InfOut

% Crossbar Switches (CBT) are high-speed bus connect devices with ry .= 5Q.
=» Each switch consists of a N - channel MOS transistor.

+¥ The diode drop of 0.7V and the gate to source drop of 1V brings the input voltage of the 3 V logic
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~» Crossbar Switches with integrated diode (CBTD) are available from Texas Instruments
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If a device with the capability to switch bus signals on or off is needed, then TI's CBT
devices can be used to support easy bus communication.

CBT devices serve a number of unique applications in PC, Workstation, Bus Board,
Telecom, Industry and Hard Drive end-equipment markets.

A CBT switch consists of simple n-channel MOS transistors. When the switch is open,
it provides isolation (3-state) for the bus line. When the switch is closed, it imposes a
near-zero propagation delay on the line (250 ps).

In multiprocessor systems, CBT can be used for extremely fast bus connections, bus
exchanges in crossbar systems, memory interleaving, bus byte-swapping and a
variety of other switching functions. CBT switches also serve as 5-V to 3.3-V bus
translators, helping designers to mix devices of different voltage levels in the same
system.

Crossbar Scwitches with integrated diode (CBTD) are available from Texas
Instruments.

Extremely low propagation delays of 250 ps make CBT devices an effective
replacement for drivers and receivers in high-speed systems, where signal buffering
is not required.

In addition, low power consumption helps to improve battery life in portable systems.
Small foot-print packages save board space.
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Four different signal level constellations may have to be addressed in mixed mode

design:
S5VTTL - 33VTTL
3.3V TTL - 5VTTL
5VCMOS — 33VTTL

3.3VTTL - 5V CMOS

While the first two are very easy to address, the last two are difficult, as a certain
technology may not support their requirements. LVC and LVT have 1/Os that are 5V
CMOS-tolerant. Interfacing a 3.3V part to a 5V system that expects CMOS levels,
however, usually requires a dedicated level shifter. CMOS levels are specified as
follows:

V. =0.3x Ve
Viu=0.7x Ve
The driver should at least be able to deliver:
Vor< 0.3 X Vegmin= 1.35V (with Vegmin = 4.5V)
Vor> 0.7 X Veomax= 3.85V (with Vigmax = 5.5V)

This also implies that a standard 3.3V output does not deliver a high enough output
voltage to reliably drive 5V CMOS inputs.

Even with a pull-up resistor
Vomax = Veemint0.7V (diode) =3.7V<3.85V
the result is the following: a special ‘Level-Shifter’ is required.
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* Holds the last known state of the inputs -
* Provides for +/- 74 pA of holding current at 0.8 and 2. OV
* Bus Hold current does not load the driving output at a valid logic level
* Negligible impact to input/output capacitance (0.5pF)
* Eliminates the need for external resistor on unused or floating 1/0 pins
* Reduces the number of passive components per board
* Implemented in LVT,ALVC,selected LVC’s and ABT'’s functions
Bus Hold nomenclature : SN74xxxHxxx; e.g. SN74LVCH245
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Tl has addressed many important design issues including testability, memory driving,
bus termination, low skew requirements, and low-impedance line driving with
specialized, advanced logic devices that improve overall system performance.

This figure shows the typical V-l characteristics of a bus line with pull-up resistors
versus a bus line using a bus interface device with integrated bus hold. The bus hold
circuit basically consists of a non-inverting driver that will drive a small current
(typically peak value is about 100-200 pA) back into the bus, to pull it back to proper
signal levels, if the bus is floating.

As can be seen, the pull-up solution causes a constant current to flow on both ends.
The bus hold circuit, on the other hand, not only consumes much less current, but
also does not represent any static loading to the bus. This means that it will not
consume any current, as long as the bus is at a proper Low or High level.

The Bus Hold feature has been implemented in the LVT and ALVC family as well as
in selected LVC and ABT functions.

Look for the ‘H’ within a device nomenclature.
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Function |Description Fami| Function | Description Family \
( B ABT TLVT/ | Ti_yv‘é“ﬁﬁ"’“"‘""““ ABT TLVV JALVC 1LVC |
J LVTH i LVTH
2240 ; 8- bit mem. dvi. 7 162374 16-bit D-flip-flop e Fau
2241 @-bitmem.dvi i H162409 9-bif, 4-port bus exchr. v
2294 8- bit mem. drv. & v} '162460 4101 bit mem. dvimux.} il 2
7245 B bt mem. drv.i ¢ | 162800 18bit memory UBT. V| 7
5400 13- bit mem. d. 7 162501 18:bit memory UBT ™1~
5401 : 11-bit mem. dvi 7 ‘762525 1.1t rog bus trans. : <
5402 ; 19 bit mem. dv. | 162540 1ebitbulerdr| | ptl b
5403 12- bit mem. drv.l 7 ‘162541 16-bit buffer arv. s s
162240 16-bit mem. drv. S 1162601 18-bit memory UBT ™| . : <
‘162241 16- bit mem. dv. b 162721 20-bit D-M.clk enable &
162244 16-bit mem. dv.i . 1 7 vl 162820 10bit FF w dual Output] -« %3
{R62245 1B bmem dvl 1 o1 41 #1762823 18bH Bus Intet, FE| . &
‘162260 12 10 24-bit mem.drmux. 71 < ‘162825 18-bit mem.dvi 0 & v
‘162268 12 1o 24-bit reg.bus exchr. v '162827. 20-bit mem. drv. & 7
‘R162269 12 to 24-bit reg.bus exchr. 7 ‘162830 1:2 addr.drv. Z
162344 8-bit 1:4 adar fine drv. v 162831 14 addr. drv. b
162873 16-bit transp. latch vl oy : /
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One line termination technique, which was already mentioned earlier is the so-called
Series Termination.
As opposed to most other termination techniques (where the lines are terminated at

the end), here the driver output impedance is matched with the line impedance by
adding a series resistor. This means that no reflection will occur on the driver side.

It is thus a very efficient method for a point-to-point connection, or for a line driving a
concentrated load. This technique is especially useful when driving memory array
address lines as it suppresses signal under- and overshoots which may otherwise

lead to data loss.

Several 5-V and 3.3-V logic devices are available with an integrated output resistor.
The resistor value is typically around 25Q, leading to an effective output resistance of
about 33Q.

As a certain impedance mismatch is acceptable, these circuits will be feasible for line
impedances up to approximately 75Q.
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Boundary scan products allow easy test of high-density boards

* SCOPE™ bus drivers support most applications * Test node access on high-density

demanding boundary scan functions board
* Path support functions allow easy handling * Inexpensive test adapters
of scan path’s in large systems % Std interface for ICs, boards, systems

* Easy to implement in ASICs
* Broad spectrum of bus driver
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i * 3.3-volt drivers already on the market
* Support from IC and ATE vendors

Product features
e o A i e * State-of-the-art techniques used
™s TDO GND * Popular bus driver functions available
* 3.3-volt versions
IEEE1149.1 was developed by the Joint Test Action Group (JTAG) * Universal-Bus-Transceivers available

isa of Texas

-
HUCI \DDS\Logicfa.ppt  Augd6

SCOPE (System Controllability Oberservability Partitioning Environment) * Functions available for Iarge systems

Scope™ products from Texas Instruments comply with the IEEE1149.1 specification.

Scope products are offered in BICMOS technology (ABT and LVT) and Advanced
CMOS (ACT).

The nomenclature includes an ‘8’ to express its testability feature (e.g SN74ABT8245,
which is a ‘245 function additionally supporting testability (IEEE1149.1).

The widebus devices including this feature can be recognized with ‘18’ instead of ‘16’
(e.g SN74.LVT18502).

The generic IEEE1149.1 function:

Between each IC pin (input and output) and the chip functional logic there is a
boundary scan cell (BSC). '

All BSCs are connected to a serial scan path with the function of a shift register.

The BSCs are to be controlled via 4 control pins: TCK (test clock), TMS (test mode
select), TDI (test data input), TDO (test data output).

The BSC allows capturing data from and providing data to the chip data path.
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Along with the power reduction trend that drove the transition to 3.3V, live insertion
has become of much more interest in system design. Also, so-called “partial power
down” is being applied more frequently, where the supply voltage V¢ will be switched
off in certain parts of the system, while these are not in use.

In both cases (live insertion and partial power down), there are two potential problems
that need to be addressed. First, there is a risk of unexpected device behaviour
during the power transition. All logic circuits available in the market have
specifications that guarantee proper circuit operation only within a certain V¢ range.
During power up or power down, the circuit will be operated outside this range, which
may lead to an unpredictable device response. For example, the output may start
sinking large currents or, worst case, even start oscillating.

Second, the block diagram shows a constellation, where an active device output is
connected to a device, whose V¢ has been switched off. In this special case, the
inactive circuit uses protection diodes as its inputs. This method is being used in
many CMOS circuits for ESD protection. Unfortunately, a high signal applied to this
input will be fed to the circuit's Vo connection via the protection diode. The V¢ level
of the inactive circuit will be about 3.0V, which is high enough to activate this circuit
and (via the V¢ path) the remaining devices in the inactive system part. This may
result in all kinds of unexpected system behaviour.
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This table illustrates the feasibility of using certain logic families for live insertion
applications.

As can be seen, the 5V families HC/HCT and AC/ACT, as well as the 3.3V family LV,
will be difficult to use in any live insertion applications. This is mainly, because they
all use protection diodes that connect the inputs and outputs to V.

Those families that do not use protection diodes to V¢ will be easier to design-with.
However, only 5V ABT and 3.3V LVT circuits feature full live insertion suppon, as
they also comprise a “power-up 3-state” circuitry that will 3-state the device outputs, if
Ve is below a certain limit. A system designer can thus easily design interfaces that
allow reliable power-down operation.



Logic Families

smswssewwww® - Digital Design

loL Drive (mA)

|
20
Performance - max t,, (ns) ‘ i

HUCI \DDSW.ogicfappt  Augd6

Plotting o Vs t,q we see that the 3.3V families (ALB, LV, LVC, ALVC, LVT and ALVT)
and the 5V logic families (ABT, AC/T, AHC/T and CBT) cover the whole range of
required performance nodes.

For reference, some 5-V families (AHC and AC) are also shown with their

performance parameters, when operated with 3.3V.
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* Microprocessors are synchronous systems.

+ Data sources (peripheral devices, memories, etc.) provide data
mostly asynchronously with respect to the microprocessor.

* Therefore the control signals of the data source have to be
synchronized to the system clock.

# In synchronization circuits the timing requirements of flip-flops
(tsu, tn) are violated.
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Standard microprocessor systems are synchronous systems, which means that
there is a common ciock signai that feeds the ciock inputs of ali fiip-fiops in the
system. Under these circumstances it's easy to fulfill the set-up and hold-time
requirements of all flip-flops.

Its a common situation that external data has to be transferred into a
microprocessor system and mostly the external equipment is running
asynchronously to the clock of the microprocessor system. In this situation it's
usual to put the new data-word onto the data-lines and use a separate strobe line
to indicate the presence of the new data. Anywhere within the microprocessor this
strobe signal will be stored in a flip-flop, whose clock is synchronous to the
microprocessor clock.

Under these circumstances the designer can not ensure that the set-up or hold-
time requirements of this flip-flop will be fulfilled. If a violation of the set-up or hold-
time takes place, the manufacturer of the flip-flop will no longer guarantee proper
function and the system may malfunction.
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Every flip-flop data-sheet specifies a set-up and a hold time. The set-up and hold-time define
a time window around the active (mostly rising) edge of the clock signal, where it is not
allowed to change the signal at the D-input. If the signal at the D-input changes within the
forbidden set-up and hold-time window, one of two reactions of the flip-flop can be observed:

1) The flip-flop works perfectly with no special behaviour
2) The output of the flip-flop becomes metastable

If the output of a flip-flop is metastable, the voltage value V,, is higher than the V, low-level-
limit, but lower than the high-level-limit V;: It is in the forbidden area between low and high.
This situation can last less than 1ns, but could also last longer than 30ns. This normally is a
major problem for the input of the circuit that gets its signal from this metastable flip-flop.

Because it's not possible to avoid this situation by design, the only way to deal with it is
statistically. The value used here is MTBF (Meantime between failure) and can be
calculated using the following formula:

MTBF = _ 1
fin xfoLk X tq
with f;: Data rate at D-input

fo:  Clock frequency

ty: Critical time window
The set-up and hold-time window is a time window guaranteed by the manufacturer of the
flip-flop, guaranteed over the temperature range, supply voltage range and production
variations. If the signal at the D-input changes within the critical time windows t;, then the

flip-flop will become metastable. The above example with MTBF = 33.3s shows a
unacceptable situation.
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To find out the metastable behaviour of the flip-flops from Texas Instruments, the
applications lab has made measurements with the above setup:

The flip-flop under test (DUT) gets a stable clock signal and a data signal with
some jitter. The output of the flip-flop is connected to two comparators, one for the
comparison against a valid logic high level v, and one for the valid logic low level
V,. The result of this comparison is stored in two flip-flops, whose clock signal is the
delayed clock of the tested flip-flop (DUT). The following EXOR gate filters the
errors and sends them to a ordinary counter.

With the amount of delay that is added to the clock signal of the two comparators
flip-flops, we give some time to the tested flip-flop to make the decision between a
logic high- and low-level. If the flip-flop wasn’t able to make this decision within the
specified time-frame, and the output of the flip-flop is still within the forbidden
voltage area, a metastable state will be counted with the failure counter.

Some of these tests have to be running over several days to find a reasonable
number of metastable conditions.
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The Applications Lab of Texas Instruments measured the flip-flop of all available
product families with the test set-up described one page before. The result of these
measurements can be seen in the above diagram.

In X-direction the diagram shows At, the time-frame the flip-flop gets to make a

decision for high or low, and the Y-axis applies to the resulting meantime between
failure (MTBF) rate.

These curves have been measured with a clock frequency of 1MHz and an input
data rate of 500 kHz.
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o(T x A1) 748TD 0,74  2.9E-4
MTBF =t x fok * To 74LS 072  48E-3
745 036  1.3E9

74ALS 102 B8E6
74AS 403  14E3
74F 920 19E8

74BCT 151  1.14E6

* There is no way to avoid metastable
states in synchronization circuits.

* Fast Logic Circuits return quicker from a 47ABT 3.61 0.033
metastable to a stable state. 74HC 055  1.48E-6
o . . TAAHC 141 209E4
* The probability of system failures is 74AC 280 11E-4
greatly reduced by a delayed test of the 74LV 0.60  1.38E-5
synchronization circuit. 74LVC 440 4008

‘T4ALVC 4.60 1.047
TALVT 213  1.52E4
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The following equation is the mathematical representation of the graphs on the
previous page:

o(T x AY)
MTBF =
fin X fcLk % To
with f;.: Data rate at D-input
folk: Clock frequency
Tand Ty Constants describing the device family characteristics
At: time for the flip-flop to decide between high or low

With this equation it's possible to calculate the MTBF rate of a specific circuit
design.
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Asynchronous

Assumptions: System clock rate 10 MHz

Average access rateto 100 kHz
the global memory

Logic family SN74ALS
Required: Mean time between > 100 years
failure

e(1.02ns'1 x At)

100 years = 3.2 x 10% = 5
100 kHz x 10 Mhz x 8.8 x 10™°s

At = 37 ns

To meet the required system reliability, the test of the synchronization circuit output
signal has to be delayed by 37 ns.

i 9303030000
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In the above example a CPU, running with 10MHz clock frequency, accesses a
externai giobai memory with an average data-rate of 100kHz. The designer wants
to use a SN74ALS flip-flop and needs a meantime between failure rate of 100
years. Using the equation of the page before, At can be calculated to be 37 ns. This
means, that if the CPU waits 37ns after the active clock edge before it looks at the
output of the SN74ALS flip-flop, an MTBF rate of 100 years is achieved.
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FROM
VETSTIBLE FEMOTER

ASYNCHRONOUS STATE
INTERRUPT é > 21 ?
T [h q I NErRPTTOTHE

FF1 l- STATE CONTROL
[—b LOGIC
?
] PRICRITY | {

SYSTEM CLOCK LoGiIC

Possible failure :

Due to an undefined logic level caused by a metastable state at the output of
the synchronization flip-flop, the OR gate forces an interrupt to the state control
logic, while the priority logic provides a wrong interrupt vector.

i goseeoee
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In the first example (page 3-2) the metastable states could be supervised by
intelligent software: The CPU looks at the STROBE signal twice before it accepts
the logic state.

The example above shows a situation where metastability must be solved by
hardware. Assume the output of the interrupt flip-flop is metastable and
correspondingly the logic level is undefined. The gate that sends the interrupt to the
CPU can detect a valid interrupt while the priority logic takes the same signal and
decides that there is actually no interrupt. Therefore an interrupt occurs, but no
interrupt (or a wrong) vector is sent to the CPU. In this case the CPU will jump to a
no existing interrupt service routine and a system crash will be the resuit.
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ASYNCHRONOUS
OUTPUT
INPUT D Qi D Q2}—
Dual-ranking
> > N
svsTemcLock [ | [ synchronizer
ASYNCHRONOUS
INPUT : > At |
SYSTEMCLOCK m
METASTABL 7
Qrr1 S ek
i
Qrr2 (AUSGANG) / /
The output of a dual-rank synchronizer provides a defined (but not necessarily correct)
logic level, if
P2 AL

Note: The output signal response is delayed by one clock period.

i A0
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To increase the MTBF rate a further circuit design method is available: The Dual-

Rank Synchronizer. Here we take two fiip-flops and connect them as a shift-
register. In this case the output of the second flip-flop will be less often in a
metastable condition than the output of the first flip-flop. Three situations can occur

when flip-flop 1 is in metastable state:

1) The metastable state of the first flip-flop is short enough, so at the
next rising edge of the clock signal the second flip-flop already
gets a good signal at its D-input.

2) The metastable state of the first flip-flop lasts longer than one clock period, but
the second flip-flop accepts the undefined signal as a valid high or low state.

3) The metastable state of the first flip-flop lasts longer than one
clock period and the second flip-flop becomes metastable, too.

In the first two cases the output of the second flip-flop is not metastable, while the
first one is metastable. This shows the reduction of metastable states with this
circuit.
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Improved system reliability due to dual-rank synchronizer SN74AS4374

i = _ N )
iD D aQ D Q | I/ 1Q
> >

8D D Q D Q 8Q

&

CLK

o]

/ S—
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Because dual-rank synchronizers are a common way to reduce the occurrence of
metastable states, Texas Instruments invented the SN74AS4374. This circuit has
nearly the same function as the well known octal flip-flop SN74AS374, with the only
difference that there is a dual-rank synchronizer instead of a single flip-flop in each
data-path. Here no extra board space and no redesign is necessary to upgrade a
single flip-flop synchronizer to a dual-rank synchronizer.

3-10
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e(T x At)
MTBF(2) =
fin2) < fcLk X To
INPUT o1
ity [5 g [ QUTPUT in2) = MTBF(1)
cLock | FF1 | FF2 _ fin(r) x feLk x To
[ i = —
* o Jerk!
1
eMxt) o T JeLr)
MTBF(2) =

fin(1) X foLk? x To2

Note: The flip-flop (2) will only fall into a metastable state, if the output of
flip-flop (1) violates the timing requirements at the input of flip-flop (2)

i 00008080
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To calculate the MTBF rate of a dual rank synchronizer only the metastability of the
second fiip-fiop is of interest. Here we use the previously discussed formuia:

e(T x At)

MTBF =
fin X fcLk % To

It's not possible to generate a metastable state at the output of the second flip-flop
if the first flip-flop is working well. To drive the second flip-flop into metastable
condition a metastable state of the first flip-flop is necessary. Hence the input data
of flip-flop two that is of interest regarding metastability is only the situation where
the first flip-flop is metastable. So the reciprocal MTBF value of the first flip-flop can
be used as input data rate of the second flip-flop.

fin(2) = 1 _ fin(1) X feLk % To
n = = 1
MTBF(1) e(Tx /CLK)

Now the final formula can be calculated:

1
(T x 1) o e(T X /CLK)

MTBF(2) = > >
fin() X feLk® % To

3-11



Metastabilitx

oot Digital Design Semi

Multi-Stage Flag Synchronization reduces the Probability of Metastable States

: Second flip-flop stage filters
Dual rank synchronizer metastable events from first stage,

ASYNCH. : ; : Sg{féi increasing the MTBF by several
a9 ) ' orders of magnitude.

cioer i T N e N
FlAG —ﬁ
i P ; 0 10 20 30 40 50 80 70

Hequency (Miz)

i 20000000
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Texas Instruments offers FIFO (first-in-first-out) memories. One key feature here is
the possibility of asynchronous write and read operations. This is a product where
metastability is a major issue and Texas Instruments uses at least dual-rank
synchronizers to avoid metastable conditions at the outputs.

During the design phase investigations took place to find out the MTBF rate of
FIFOs with and without dual-rank synchronizers. The result of these investigations
can be seen in above diagram. For example at a clock frequency of 50 MHz the
single flip-flop synchronizer shows a MTBF rate in the range of several minutes,
while the dual-rank synchronizer is in the range of 10'? seconds or 3.17 x 10
years.

This example shows the tremendous improvement this type of circuit design can
achieve regarding metastable behaviour.

3-12
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Propagation delay: 1,
Transitiontime: 1, (rise time) or 1, (fall time)

Voltage swing: v v
OH ™YoL

&
. /+ R
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Noise in digital logic systems arises from different sources:

- External noise radiated into the system

- Power-line noise coupled through the AC and DC power distribution system
- Cross talk induced into signal lines from adjacent signal lines

- Signal- and supply-current spikes caused by switching several loads

- Transmission-line reflection from unterminated transmission lines.

A major noise source is the integrated circuit, simply because of its high-speed
switching.

As can be seen from the formula, a circuit's slew rate corresponds to the transition
(rise or fall) time of the output signal. The shorter the rise or fall time, the higher the
slew rate.

Knowing about the slew rate is a good way to get a rough estimation on the noise
potential of the device in use. However, keep in mind that propagation delay and slew
rate are not necessarily proportional.
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Propagation
delay

>

Voltage
Swing

Slew

Rate Vins

4 Example: ‘244 function (‘16244 in case of ALVC), outputs loaded with
500 Q/50 pF; all values are typical

# Slew rate values shown are the higher ones of rising and falling edge of output
signal

&,
B oo
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This table shows the propagation delay, t,4, voltage swing, (Voy - Vo), slew rate, and
dv/dt for selected logic families. HC, AHC, ALS, AC, F and ABT operate from a 5V
supply voltage, while AHC, LV, LVC, LVT and ALVC have a 3.3V supply. The data
indicates that tpg and dv/dt show common trends (the shorter the propagation delay,
the higher the slew rate). However, there is no direct link between the two
parameters. In particular, the fastest family is not the one with the highest slew rate.

This must be considered especially when designing high speed systems. As will be
discussed later in this section, high slew rates are very unfavorable as they design in
high noise levels generated by the components. The worst technology in this respect
is 5V AC. All of the low voltage technologies have somewhat lower signal slew rates.

It should be especially noted that ALVC, the fastest of all technologies shown, exhibits
a comparably low slew rate. This is due to appropriate circuit design techniques and
the SSOP/TSSOP package technology used for these 16- to 20-bit bus interface
functions.
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not in reality!

Slow input signals can cause oscillations
both on the output and input side
because of induced chip-internal noise.

With an input voltage hysteresis, this effect
will only occur, if very slow input signals are
applied.

i SRR
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A problem often overlooked in system design is the floating (or slow) input. When using
CMOS inputs especially (i.e. with all CMOS and BiCMOS logic devices), leaving an input
floating may sometimes lead to very high supply currents, lgc, or to subsequent
oscillations on the circuit’s output side.

The reason for this is that in each state - high or low - only one transistor conducts. In
transition, however, some current flows in both transistors.

If the voltage at the input rises slowly and if it reaches the value of the threshold voltage,
the output then switches rapidly from high to low, as a result of the high voltage
amplification, and discharges the load capacitor. The discharge results in a voltage drop
at the internal ground potential of the IC. This causes a reduction of the potential
difference between the input and the internal ground potential, which has the effect of
reducing the input voltage, and as a result causes the output to switch to the opposite
direction. The process repeats, but with reversed polarities.This continues periodically,
with the duration of the period determined by the delay time of the circuit.

As these oscillations mean high energy moving back and forth between the output and
the load, they drastically increase the overall power and heat dissipation. Worst case,
the circuit may be destroyed after some time.
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- 1. Do nothing - - - fael lucky?
2. Do nothing, if duration of 3-state is < 2us

% 3. Use a pull-up resistor
Downside: extra components
SL bus parasitics

high power dissipation

4. iUse a device with integrated bus hold celt
- L¥Y
- LYT1S (Widsbus™)
- -~ LYCH*
- LYCHIS” (Widebus)
~ ALVCH 16 (Widebus)
- ABTH18® (Widebus)

* Selected functions only

{7 Y-
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A few options are available to the system designer, to address the problem of floating (or
slow) inputs. Obviously, one can choose to ignore it and, depending on the load
conditions along the floating line, may even be lucky that the increase in power
consumption remains uncritical. However, Murphy’s famous law unfortunately also
applies to electronic design: whatever CAN go wrong, WILL probably go wrong.

The problem can be ignored, though, if the duration of 3-states, i.e. the time period(s)
during which the line may start to float, is shorter than 2 microseconds. In this case, the
line level will only change gradually.

In all other cases, there are two options left: one can use a pull-up (or pull-down) resistor
to ensure proper signal levels, if all circuits are 3-stated. This is a reliable, but power
consuming method. It also changes the line’s impedance unfavourably.

The other option is to use so-called bus hold cells, to ensure proper signal levels along
the line. Separate ICs are being offered by some manufacturers to provide this function.
The best method, however, is to use devices with integrated bus hold cells. Most of
Texas Instruments’ LVC, ALVC and LVT devices feature integrated bus hold cells.
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The table above gives an overview of Texas Instruments’ logic families with respect to
the maximum input transition rise or fall rate. There is a direct correlation between speed
and the parameter for rise and fall time. The faster the family, the higher the rise or fall
time and more critical the slew rate.
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SN74ACT245 SN74AHC245
/~ Technology  Peak current (mA} N\
rrent spikes ar e ALS 10
p ,. F,BCT 30
Totem pole overlap’ : i 3%
HCMHCT 20
Both output transistors are AHC/AHCT 15

conductive for a short time
during switching the output
stage
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This foil explains the current peaks which occur always during switching.

A characteristic common to all Totem-Pole and 3-State output stages is an additional
current transient, when the output changes from a logic low to high and vice versa.

The internal output circuitry of the devices consists of two alternately conducting
transistors. At every transition from logic high - state to logic low - state both output
transistors are - for a very short time - conductive. This is called ‘ Totem pole overlap'.

The total supply-current spike is a combination of three major effects:
- the difference in high-level and low-level supply current
- the charging of load capacitance
- the conduction overlap.

The charging of load capacitance in most cases overshadows the other two effects with
respect to noise produced on the supply voltage lines by switching current transients.
However, to keep the current spike as low as possible, it is important to maintain low
impedance of the power lines, use a decoupling capacitor (bypass capacitor) at the
devices’ supply pins and keep the area covered by the power traces small.
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The current spikes at the Vcc terminal lead to a higher power dissipation, the

power COHSU"]DIIOh increases pr‘(‘)p(‘)mona | to the o pérallf)ﬁal Ir'equency

The possible malfunctions can be forced by high current deltas on the supply lines
related to the given formula.
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- Advanced CMOS cireuit -

_ attypical output :
- load conditions

% {all outputs active)

R
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The formula shows that the current peaks are the chief device parameter in the
formula of the EMI radiation. All other parameters are either constants or
parameters which the designer may consider in PCB layout.

(See details in the EMI section).
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On long transmission lines (21 > t) the Crosstalk can be calculated as follows :

I
iy

Z, = Line Impedance
Z. = Coupling Impedance

<

>
> < |32 >
+

WW>

+
Crosstalk :
z 2 .
I
L L L 0.52, 1
= x 100 % = x 100 %
052Zy+2Z; 1+2xZ2:/ Z,

Note: At the end of an unterminated line Crosstalk is twice as high
(Reflection Factorp=1)!
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When currents and voltages are impressed on a connecting line in a system, it is
impossibie for adjacent iines to remain unaffecied. Static and magnetic fieids
interact and opposing ground currents flow, creating linked magnetic and capacitive
fields. These cross-coupling effects are lumped together and called crosstalk.

The coupling from the sending line to the receiving line can be represented by
taking coupling impedance Z; into account. The voltage at the sending line is the
voltage source V,. V, is then coupled to the receiving line via the coupling
capacitance Z., where the impedance looking into the line is line impedance in both
directions.

The voltage impressed on the receiving line (V,) then propagates along the
receiving line to the input of the receiver, which - in case of an unterminated line -
can be considered as an open-line and voltage doubling occurs.

The term V, /V, can be defined as the cross-talk coupling constant.

The worst-case for signal line cross talk occurs when sending and receiving lines
are close together, but widely separated from a ground return path. The lines then
have a high characteristic impedance and a low coupling impedance (as lower the
coupling impedance, as higher the cross talk constant!).

The next page shows some cross talk examples of typical lines used in digital
systems.

4-10
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Line Impedance Coupling Crosstalk
Z,[Q] Impedance Z. [Q] [%]
200 100 50
80 125 25
i ] fi]
100 400 1"

“shielded” lines

Note: line width = line distance

, [ -
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Crosstalk on a printed circuit board is a function of the mutual reactances (Z¢) and
the line parameters which define the line impedance (Z,). Therefore the coupling
constant will vary with the type of transmission-line used.

The use of ungrounded strip-lines (see figure in the top) is a simple and low cost
method, but it is also the poorest for noise rejection.

A microstrip line as well as a strip line with an adjacent ground line (figures in the
middle and bottom) is, by definition, a conductor placed relatively close to a ground
plane/line. Because of the low line impedance and shielding characteristic of the
groung plane/line, its crosstalk is minimal and not a problem with most logic
families.

The data shown above can be used to estimate the typical crosstalk effect in digital
systems.

4-11
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Crosstalk between ungrounded, same-direction transmission lines
is uncritical when using HC, but critical when using AC(T) !
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This and the next 4 pages show some practical examples of cross-coupling effects.
As a test vehicie we used the High-Speed CMOS (HC) and Advanced CMOS
(ACL) technology. ACL with its high slew rate is a good example to demonstrate
crosstalk problems in digital systems.

This foil shows the crosstalk between two ungrounded strip-lines of 25 cm in length
with data transmission in the same direction! Crosstalk between same-direction
transmission lines is uncritical, when using HC or AHC (as well as all bipolar,
BiCMOS and low-voltage technologies), but is critical, when using Advanced
CMOS technologies, e.g. such as AC(T)!

4-12
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Crosstalk between ungrounded, opposite-direction transmission
lines is uncritical when using HC (but be careful when using HCT !).
High crosstalk noise when using AC(T) circuits !
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This foil shows the crosstalk between two ungrounded strip-lines of 25 cm in length.
It is important to notice that now the lines use the opposite transmission direction.
Opposite-direction transmission is worse than same-direction transmission!

Crosstalk between opposite-direction transmission lines is uncritical, when using
HC or AHC (and most bipolar, BICMOS and low-voltage technologies), but be
careful, when using HCT! Very high crosstalk noise is caused, when using AC(T)!
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Data transmission in ungrounded, opposite direction is usually
uncritical, if the lines are shorter than 12 cm. However, be careful
when using HCT/ACT circuits !
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Crosstalk can be reduced by shortening the length of the adjacent lines.

This foil shows the crosstalk of two ungrounded strip-lines of 12 cm in length.
Again, to reflect the worse-case situation, both lines use the opposite transmission
direction!

If the lines are shorter than 12 cm, data transmission in opposite direction is usually
uncritical. However, be careful, when using 5V CMOS circuits with TTL compatible
inputs, such as HCT, AHCT and ACT!

The same improvement can be seen, if we increase the space between both lines.
However, either shortening the line length or increasing the space between the
lines, is not very effective to reduce crosstalk noise, because that means changing
the layout or even the hardware.

4-14
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By using a shielding (GND line between the transmission
lines), crosstalk can be reduced to an uncritical level.
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A more effective method to minimize crosstalk noise is to use a shielding line
(ground line) between the adjacent strip-iines.

This foil shows the crosstalk of two strip-lines of 25 cm in length with a shielding
line in between. Also here, to show the worse-case situation, both lines use the
opposite transmission direction!

By using a shielding line (grounding on both sides is advised), crosstalk for all logic

families can be reduced to an uncritical level - even with 5V CMOS circuits with
TTL compatible inputs (HCT, AHCT and ACT).
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Crosstalk on opposite-direction transmission lines over a
ground plane (micro-strip) is uncritical in most cases.
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The same improvement demonstrated with the shielding line can be seen, if we
use a ground piane underneath the adjacent signai lines. Even if the crosstalk
constant is slightly worse than with the shielding line, it effectively eliminates
crosstalk in most cases.

4-16
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* Example: ‘244 function (‘16244 in case of ALVC), outputs loaded with
50 pF; all values are typical

* Slew rate values shown are the higher ones of rising and falling edge of output
signal

®
_— : - N—
GEBE DS Criterib ppt Fob0T

This table summarizes different noise types, noise sources and some methods of

[ [ RPaY PR Ry SRR PRy SRS B PR e N

(,Ulllr()lllllg tneim 107 seiected 10gIC 1aimtines.

Critical noise sources are the propagation delay, t,4, voltage swing, (Vou - Vo),
slew rate, dv/dt and current spikes. HC, AHC, AC, F and ABT are operating from a
5V supply voltage, while LV, LVC, LVT and ALVC have a 3.3V supply.

The data indicate that t,4 and dv/dt show common trends (the shorter the
propagation delay, the higher the slew rate). However, there is no direct link
between the two parameters. In particular, the fastest family (ALVC) is not the one
with the highest slew rate.

Crosstalk will be worse in case of opposite-direction transmission lines. Remedies
are shielding lines or the use of separate ground and Vcc planes with multilayer
boards. In the latter case it should be noted that crosstalk may still in some cases
be critical with ACT or other fast TTL-compatible CMOS parts.

Current spikes are one of those effects which apply to more or less all digital
circuits. While the supply voltage drop effects can be addressed by appropriate
design measure (e.g. by using a GND and Vcc plane and a bypass or a decoupling
capacitor), both the increased dynamic power consumption and the increased EMI
noise energy are device-related effects. Therefore a system designer’s only option
is to choose appropriate technologies that have low current spikes.

4-17



sttem Desian Criteria

=t Digital Design Seminar

* Capacitance can be calculated
= C x dvfdt,
from the amount of current i \‘ \ \\ o N V208 )
needed, how long the current is [ EEaER WA
needed, and what change in PR O\ e
voltage is allowable. VTRTTR LN e

* Choose a capacitor whose
resonant frequency is at least as :
high as the corresponding edge e
rates of the switching signals,
where frequency response @ 1/
(3'5 X tige san )

: 1 :
fres(LVC) = ms‘:)143 MHz

* Place the capacitors as close to the switching device as possible. In the case of a
transceiver place the capacitance between the VCC and Ground planes at the
part. In the case of termination place the capacitance from the supply voltage to
Ground at the termination resistor.
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While the slew rate and the corresponding ground bounce noise mainly depend on the
technology chosen, a system designer will have to decide on the decoupling method
used to prevent voltage drops and ringing on the power supply lines. This is
somewhat more critical in 3.3V systems than in 5V environments, where sometimes
larger voltage drops are still acceptable.

A bypass (decoupling) capacitor stores an electrical charge that is released to the
power line, whenever a transient voltage spike occurs. It provides a low impedance
supply, thereby minimizing the noise generated by the switching outputs of the device.

Bypassing a power line (or plane) from the device internal noise requires capacitors
with very small inductances. That is why the multilayer ceramic chip capacitors (MLC)
are more favourable than others for bypassing power lines (or planes). They exhibit
negligible internal inductance, thereby allowing the charge to flow easily, when
needed, without degradation. For TTL and CMOS systems, a good guideline is
0.01 pF per device.

For effective decoupling on printed circuit boards the most desirable arrangement is a
multilayer board with solid GND and V¢ plane. In addition it is highly recommended
that the bypass capacitor is placed as close as possible between the power pins of
the device.
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Noise margin is a voltage specification that ensures the static DC immunity of a circuit
to adverse operating conditions. The noise margin is defined as the difference
between the worst-case input logic level and the worst-case output logic level.

The usefulness of noise margins at the system design level is the ability of a device to
be resistant to noise spikes at the input.

The above comparison shows the noise margin for selected logic families. The 5V
CMOS families - HC, AHC and ACL - have a typical noise margin of 50% and even in
the worst-case condition a remarkable noise margin of 29%. In comparison, the TTL-
compatible Bipolar and BiCMOS families have only 13% in the worst-cast condition.
But if we have a look at the low-voltage families, all 3.3V devices have an improved
noise margin of 20% in the worst-case, which makes this families even more attractive
for new designs.

The improved noise immunity of 5V CMOS and 3.3V families over bipolar and
BiCMOS devices is due to the rail-to-rail (Vcc to GND) output voltage swing. This
noise immunity makes them ideal for high noise environments. However, keep in mind
that TTL-compatible 5V CMOS devices, such as HCT, AHCT and ACT, have similar
noise margins to bipolar and BiCMOS.
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B-Y
CRMOS

5-V CMOS slew rate and output current are 50% greater than 3-V -
CMOS or bipolar, for equal speeds.

Thus electromagnetical interference for 5-V - CMOS is more than
twice as great.
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Like line-reflection, crosstalk or simultaneous switching, noise from Electro-magnetic
Interference (EMI) depends on the integrated circuits switching characteristic.

The three major factors affecting EMI are the output voltage swing, the devices’ slew
rate and the output current. However, all three factors can be addressed to minimized
switching noise: .

- Output Edge Control™ (OEC) reduces high-frequency components (implemented in

all new logic families at Tl)

- lower output voltage swing - this reduces critical slew rate (e.g. use 3.3V logic)

- reduce package inductance (SOICs better than DIPs)

- minimize output drive (e.g. use AHC instead of ACL)

As a result from above calculation, the EMI noise from 5V CMOS is more than twice
that of bipolar or 3.3V devices.
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5-VCMOS 5-VCMOS

CMOS compatible  TTL compatibie

Reducing Vcc (e.g. to 3.3 V) will not improve switching noise, but will
give a better noise margin.
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A general technology comparison between bipolar, BICMOS, 5V CMOS and 3.3V
CMOS circuits will only make sense, by looking at both the device-related noise
energies and the noise margins that are dictated by the input and output signal level
specifications.

Considering these two parameters, one finds that bipolar or BICMOS circuits show
about the same ‘ease of design’ level as CMOS parts working at CMOS levels (ie with
a Vce/2 input threshold voltage).

Looking at the 3.3V technologies you actually see the best ratio in noise energy vs
noise margin, which in addition makes 3.3V devices very attractive for new designs.

The most critical combination, however, is CMOS process technology and bipolar-
like TTL-level specifications. Because of high noise levels of CMOS and the lower
noise margins of TTL-level systems sometimes a crucial obstacle is encountered,
whilst developing reliable systems.
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* Since January 1996, a new EC (European Community) directive
regarding eIect_yomagnet’ical compatibility (EMC) came into effect.

* vTv_h'é'“EMC regujatibn affgcté:izmahy aspects of circuit and system

Eleétromagfnetifc Inierferendé (EMI) is switching noise that is
' -radiated or conducted via electric and magnetic field.

As ma"‘hutad”tuujef"of__eiectténic Y,c':omponents, Texas Instruments are
committed to minimize both the emissions from and susceptibility
to electromagnetical interference.

RIS
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The EC (European Community) regulations regarding EMC will affect many aspects of
circuit and system design. However, there are many considerations that can be
applied generally to reduce both the emission from and susceptibility to EMI.

Electromagnetic interference (EMI) often seems like a mysterious phenomenon. EMI
can be difficult to control, and even the results of EMI testing can vary from day to day
and from test facility to test facility. At times, the act of controlling EMI has been called
“pblack magic” or “voodoo”. However, EMI has been researched for many years, and
guidelines have been established that can improve the electromagnetical compatibility
of a system to which they are applied.

Designing for low EMI from the start of a project results in much easier and less
expensive solutions than attempting to fix EMI problems, after a design has reached
the testing phase of development. Consequently, following a few guidelines for printed
circuit board (PCB) design at the beginning of a project can help to minimize the
systems’ EMI while adding little or no cost to the system.

This chapter will give some tips and recommendations for low-noise design.
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Let us start looking at typical digital PCB with a quick look at the most EMI critical
areas on the PCB.

There are three important contributors of RF noise.

The number one problem is noise from the IC I/O pins, simply because the area
covered by traces connected to them on the PCB makes large antenna (basic
loops!).

The second most important contributor is the power supply system which includes
the voltage regulation, the bypassing capacitor and the supply lines. These
‘components’ are the source and the sink of all RF energy in the system.

The number three noise source is the oscillator circuit, where the oscillator swings
rail to rail. In addition to the fundamental frequency, harmonics are introduced on
the output side.
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RF-Bourge: Trace bound (RF-voltage/current) and radiated "
interface (RF- noise), e.g. active components ab;i
like diodes, transistors, integrated circuits, etc.

[y

RF-Channel: Signal lines; power lines; boards; modules; systems \%

A ¢

RF-Sink: Receiver of RF-noise (e.g. IC input, IC supply-pins) 17

N

RF-Noise:  Caused by voltage, current or field effects {\‘é}j
--> important factors are amplitude and period \ f

RF-Effects:  Reflection; cross talk; current spikes; simultaneous @
switching; coupling of signals; etc.

L
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EMI requires a source, a path and a receiver. In today’s electronics, integrated circuits
(IC) often supply the source and the printed circuit board, as well as the associated
cabelling and wire harness, acts as the conductive and radiating part of the path,
otherwise called the antenna. The receiver simply can be a IC’s input, a sensitive
electronic module, such as a radio, or it can be a loop at the PCB, accidently designed
to receive electromagnetic noise.

EMI generation is a function of RF-source, RF-channel and RF-sink. All three
‘components’ are involved in EMI generation in a system, as they source, transmit and
feed the current required in switching.

The two major factors affecting RF energy are the amplitude and period of the
switching signal: Switching frequency, duty cycle, edge rate, noise content and
voltage levels.

Noise is generated and coupled out through many different possible mechanisms: line
reflection, crosstalk, current spikes, simultaneous switching, etc.
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To get a better understanding of EMI, it is important to know the frequency spectrum
of the waveform used in digital systems.

The upper curves represent some basic signal waveforms which could be found in
today’s electronic systems. In digital systems, however, the trapezoidal (square)
signal dominates. Beside the sine waveform, all others include beside the
fundamental frequency also harmonics of the fundamental frequency.

The fundamental frequency and its harmonics, as well as any noise (ringing) on the
signal, will influence the frequency envelope in which EMI generation may be
expected.

The lower curve illustrates the theoretical spectrum lines of the upper signals.

The sine curve consists of only one spectrum line, whereas the square wave includes
a lot of high frequency harmonics. The right-hand figure illustrates the logarithmic
spectral content in dB.
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.........

Rising Edge

245 (2,00 vtomp)
Tore
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The above slide illustrates a lab measurement of output spectral content for

OAIZ AL \IMNNAC-

ON/4LVLZ40.

The measurement setup represents a typical bus line with about 150 Ohm resistance
and 47 pF capacitance.
The spectrum of the digital signal was measured with a spectrum analyser at the end
of the artificial bus line.

The shape of the spectrum envelope shows good conformity to the theory. At this
point you should not forget that the spectrum is given in dB (20 dB are equal to factor
101)

The figure on the right-hand side shows the output signal of the SN74LVC245.

The slew rate with this test condition is about 1.5V/ns and the rising and falling edges
are very symmetrical.
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* The number one problem is RF-noise from
the IC - HO pins

« signal/power traces connected to the pins on
the PCB make a large antenna

+ Noise from a pin is g function of the chip and package

= minimize output voltage swing =» e.g. 3.3V logic

« reduce package inductance = SOICs are better than through-hole
devices

= smooth output waveform edge  -» use devices with Output Edge
Control ™

« minimize capazitive loading = reduces current loading per part

« eliminate switching noise => use bypass capacitor, advanced
packages, aveid undefined inputs
voltages

« minimize output drive = e.g. use AHC instead ACL

TS
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We are going to be concerned with the RF noise from the device. That noise is
generated internally in the device and is coupled out through many different possible
mechanisms.

The noise will be present on all outputs, inputs, and power and ground, at all times.
Basically, every pin on the device could be a problem.

The most critical pins are the IC I/O pins, simply because the area covered by traces
connected to them on the PCB makes a large antenna. The noise from clock
switching internally to the IC, simultaneous switching, internal crosstalk or current
spikes, appears as noise spikes on outputs, inputs as well as power/ground pins.

On the chip and package level several design improvements have improved signal
quality. Additional circuitries like Output Edge Control™ (OEC), Power-On-Demand
(POD), Bus Hold (BH) and package improvements like a split ground lead frame, (thin
small-outline packages), Widebus™ packages and flow-through pinout, help to
minimize device-generated noise.
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* Every signal sent out from the IC to another chip returns on the refurn
path back to the IC (e.g. via ground)
* it travels in a loop back to where it originates
* loops are antennas which radiate RF energy

shield cable loops
S
] 9 h I
. M H o
bypassing loops H 1 b connector loops
1 v v d
i >
: N
H ~signal loops
:
power supply ambient field  oscillator loops
voltage regulator loops
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The amount of radiation produced by an electronic system is to a large extent

____ PSRN [ P} R J - P | emme  mamd oo o - et D A

proportional to the efficiency of its radiating antennas - or basic ioops. Antennas or
loops on a PCB include all traces, components, component leads, connectors and
wiring harnesses.

Every edge transition that is sent out from the puP to another chip, is actually a current
pulse. It goes to the receiving device and actually exits through that device’s ground
pin. It then returns, via ground traces, back to the ground pin of the pP. It travels in a
loop back to where it originates.

Loops exist everywhere. Any noise voltage and its associated current will travel the
path(s) of lowest impedance back to the place where it was generated.

A loop can be a signal and its return path, the bypassing loop between power and
ground and the active device inside the pP, the oscillator crystal as well as the loops
from power supply or voltage regulator to bypassing caps. Other more difficult loops
are actually ambient field loops. For example, the crystal itself radiates and can be
coupled into a wire running nearby. Then the wire contains noise that is going to try to
get back to the crystal loop. That may mean a very long convoluted path, which of
course serves as another antenna for the crystal noise.

The understanding what loops are is a very powerful concept, because it allows us to
track all signals on the board, to avoid unknown return paths (flying leads) and to
change noise propagation by controlling the shape and impedance of the return path.
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* Loops and dipoles are antennas. Their radiating efficiency
increases up to 1/4 wavelength of the frequency of interest,

* at
= 1MHz, \/4=75 meters *)
= 300MHz, A/4=25 cm *)

* Normally, trace length becomes important when greater than
= A/10: FCC Limits
= A/20: Automotive E=k-1 A l sin ¥
= A/40: Mil Std r

*) vacuum; effective length of the antenna
is determind by y1, and ¢, (PCB ¢,=5)

/7 -
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Loop areas can be the most serious EMI threat. A loop can transmit as well as receive
electromagnetic energy. Thus, the loop areas associated with a PCB directly affect
the emissions and immunity of the system.

Loops and dipoles are antennas. As the size of a loop increases, so does the
efficiency of the loop as a radiator. The radiating efficiency increases up to 1/4
wavelength of the frequency of interest. Geometrically, that means, in case of a loop,
that the larger the laid-out area of the loop, the stronger the radiation. This is true until
one or both legs of a loop reach 1/4 wavelength.

Thus to minimize radiated and received EMI, loops must be made as small as
possible.
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* The power supply system is often the most important contributor of RF noise
(Current spike)

* Ground&Power should have as low an inductance as possible
- 2-layer board: length to width ratio should not exceed 3:1 (bypass capacitor)
- power and ground should be run directly over each other (Z ; looparea)

* A 2-layer board can achieve 95% of the effectiveness of a multilayer board, if you:
- route the ground underneath power
- grid the power and ground
- route return path directly under/parallel the signal trace (gridding; ground plane)
- build a solid plane for ground under the IC

RIS
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Proper power routing is of fundamental importance to achieve electromagnetic

comnatibility. The onlv non-DC current that should flow in the nower lines of the PCR
compaudiily. 1 ne oy Nen-LC current natl SNoUiC 1ICW 1IN the power ines e r

is the current for the bypassing capacitor. High frequency current used inside the IC
should come from the bypass capacitor, not the power supply!

Since a “ground” is really a current return path in most cases, the goal of any trace
carrying RF energy is to provide the lowest impedance current path possible without
generating additional noise. A ground (power) plane will best accomplish this task.
However, also a ground grid for digital circuitry can provide low-impedance signal
return paths on a two-layer board and does not require the additional cost of a ground
plane.

Power should be routed over (under) or next to the ground, whenever possible. The
power lines typically contain the most high-frequency noise in a digital system.
Therefore routing power directly over ground results in a path with low inductance and
minimized radiating loop area. Routing power and ground next to each other is the
next best alternative.

Additionally, series filters, such as ferrites or inductors, often prove helpful for
reducing noise on power supply routes. A Tt configuration can be used on the V¢c pin.
Also, the ferrite should be located very close to the pin of the IC, in order to keep the
noise off the PCB trace.

A solid ground area under the IC becomes a ground island for the RF noise made by
the IC. It provides a low inductance path and minimized radiating loop area. The
ground should be connected to IC ground and the bypassing capacitor ground.
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* Muiltilayer board

A: Poor - buried trace cuts ground plane C: Poor - Slot cuts up ground plane, focuses

into two parts slot antenna radiation into that
connection
B: Better- buried trace around the perimeter; D: Better- Ground plane extends between 100 mil
best is no trace at all in the ground centers
plane

i R
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gnuuillg the ground. The following guidelines a
gained with a ground plane or ground gridding:

- Pay upmost attention to how the holes and cutouts on planes are done. They break
up the plane and therefore cause increases in loop areas.

- Avoid buried traces in the ground plane. If you have to use them, put them in the
upper side of PCB. See A and B in above figure.

The closest approximation to having a ground pla
re

e in
eant to
rearit

- When making through-holes for sockets or connectors in the plane, place a small
trace between each pin. Breaking up a plane with a row of holes is much, much
better than having a long slot. See C and D in above figure.

- When splitting the ground plane up to make, say a digital and power ground, make
sure that the signals connected to the IC are still located entirely over the digital
ground. Extending signals over the power ground hurt, because the power ground
does not work to reduce the loop area for digital noise signals.
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star point multiple point gridding

*short traces

R
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In a mixed-signal environment digital and analog parts should be separated from each
other and connected only at a low-impedance ground node. This configuration will
reduce coupling of digital noise onto sensitive analog circuitry.

Digital grounds should be designed to return high frequencies through a low
impedance path, and analog grounds should normally be designed to return low
frequency current or DC to its origin through a low-resistance path.

For digital signals, a ground plane or alternatively a ground grid can provide a low-
impedance signal return path for high-frequency noise. Contrary to the star point
scheme, the ground grid (plane) is best in order to reduced RF noise and overall
costs.

For analog circuitry a star-point grounding scheme is often better, in order to avoid the
presence of ground loops. The star point (parallel connection) or the multi-point
(series connection) provides the cleanest current return path for analog signals. Star
point connection is best, in order to avoid ground loops, but more expensive to design
on PCB. Multi-point is less desireable, but easier to design. Thus, a star point should
be used for the most sensitive analog signals, and multipoint can be used for less
sensitive analog devices. Star point grounding is also preferred for noisy or high-
power circuitry.
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* Place high-speed ICs close to power supply, with slower components located
further away, and analog components even further still;

* Place oscillator tank loops away from analog circuits, low-speed signals
and connectors;

* Build a gridded or solid ground between the IC, volt. reg and Vcc input,
and tie the shield in at that point;

* Locate the IC next to the volt. reg and the volt. reg next to where Vcc comes
on the board;

* Don’t design in cable assemblies that fold over oscillators or high-speed devices.

7 -
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Board zoning (or floor-planning) a PCB is the first step towards designing EMC.
Board zoning consists of creating zones on the PCB for analog, digital and noisy
components and providing proper space for grounding. Also, devices should be
arranged to minimize routing distances of EMI-critical signals, such as clocks, power,
cabling and control signals.

High-speed ICs are placed close to the power supply, with slower components located
further away, and analog components even further still. In this way the high-speed
logic has less chance to pollute other signal traces.

Of special note, oscillator tank loops should be placed away from analog circuits, low
speed signals and connectors.
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* At the system level RF noise is radiated via cables interconnecting the PCBs

* RF energy becomes critical if return path has high RF impedance
- reduce RF impedance in the ground wire
- use several ground wires

* Crosstalk in cables is the same as in PCBs - therefore run clocking or other
high-speed wires twisted with their own separate return

* As for number of returns:
- best is to run 1 ground return for each signal in the cable, as twisted pair
- never run less than 1 ground for every 9 signal lines
- cables over 30 cm long should be 1/4 ground lines
- whenever possible, use a solid metal bracket soldered between the two boards

i RS
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The problem at the system level becomes the radiation due to cables interconnecting
the PCB with any off board support function or other processor or display or keypad
PCBs. Since there is usually only one ground wire between boards, this one inductive
wire has to return all of the RF energy carried into the second PCB by the other
(signal) wires.

If there is any impedance in the one ground wire (e.g. connector), a portion of the RF
energy will not return to the IC’s PCB via the ground wire, but rather through a
radiated path. It will radiate off the second board and couple back to the first, but
during that process that radiation can add noise in other locations in the system.

The key corrective action is to insure the conducted path for the return has a very low
RF impedance. For low speed data transmission it is common practice to have at
least 1 ground for every 9 signal lines in a cable or harness. The number is moving
towards 1:5 with higher speeds. The best is to run 1 ground return for each signal line
in cable, as twisted pair.

Whenever possible, there should be a solid metal bracket, used as a mechanical
brace, soldered between the two boards that serves both as a mounting brackets and
as a robust RF ground return.
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+5V re=-- +5V
R4 ' R4
180Q }Q—d=2crn—b' ZlS 180Q
R2 - f Ry
220Q ZS 220Q
100Q Lo Lo 100Q
- +2,75V
I R S O N SR N
LINE PARAMETER
UNLOADED ryYr— CAPACITANCE OF THE CONNECTOR CONTACT ~ 5pF
LUMPED CAPACITANCE CAPACITANCE OF THE PRINTED WIRE ~ 5pF
6nH/cm 6nH/cm
o 0,6 pFlcm 0,6pFlcm CAPACITANCE OF THE TRANSCEIVER (10) ~ ~ 10pF
C, - 20pF/2cm
z 100Q 250 LUMPED CAPACITANCE C;_ ~ 20pF
T 6ns/m 25ns/m
i
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A signal line on a backplane bus compared to a signal line on a board is just the
same wire with the same capacitive-layer (0.6pF/cm) and inductive layer (5nH/cm)

with the only difference, that on a bus-line every 2 cm an additional capacitance
adds to the capacitive-layer:

* a connector with a capacitance of 5pF
* a stub line on the plug-in-board (5pF) and
« the 1/O-pin of a transceiver (10pF).

This 20pF additional capacitance, added every 2 cm, dramatically increases the
capacitive layer from 0.6pF/cm to 20.6pF/cm. If we look at the basic equations

LI
- E

To = JL' x C'
we can calculate an extreme decrease of the characteristic impedance from 100Q

to 25Q and a massive increase of the signal propagation delay time from 6ns/m to
25ns/m.
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This table is an overview of the basic formulae of transmission line theory. It
compares unloaded signal traces and loaded bus-lines.
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2v| |2v] 10ns
Line driver SN74ALS245 (loL = 24mA
— Zo=30Q;t=8ns;L=32cm
A No line termination
T\ Output impedance of the driver = Zo
(impedance matching)
B/ A: Signal at driver output
\ B: Signal at line end
10ns

* No incident wave switching

* valid logic levels after2 x 1

* owing to matching of driver output impedance and line
impedance, no undershoots

* not applicable in fast systems with long bus lines

{ Y—
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The output impedance of an SN74ALS245 pull-up transistor is in the range of 35Q
and is therefore higher than the impedance of the bus line (30€2). The incident
wave of the rising edge, which is calculated from the resistor divider, output
impedance of the driver and line impedance, therefore is about

30Q
VIncident = Vo|_ + (VG m) = 0.3V + (3-3V X 0.46) = 1.8V

For the falling edge the situation is not much better. The pull-down transistor has a
output impedance in the range of the line impedance and so the incident wave on
the falling edge is again slightly below 2V.

Because of this physical situation, valid logic levels on the bus-line are available
after the reflected wave comes back from the end of the line (2 x 7).

This type of bus-driver is not applicable for fast systems with long bus lines.
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* The driver output reaches high level (>2 Volts) only after twice the
propagation time

* Negative undershoot at the line end is limited by the clamping diode

i 0NN
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If we take a driver of the latest BICMOS technology for 5V supply voltage, the
SN74ABT240, the output drive capability at the low level is higher than for the
SN74ALS240 and hence the incident wave at the falling edge reaches a value of
about 1V. But with the advantage of incident wave switching at the falling edge
comes the disadvantage of a tremendous undershoot at the end of the signal line.
In this situation we need at least a clamping diode at the line-end to limit the
undershoot to about -0.7V.

The higher output impedance of the pull-up transistor still generates a incident
wave below 2V at the rising edge and thus no incident wave switching is possible
here.

For a fast system with a long bus this modern technology still is not able to switch
all slopes with the incident wave.
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The Bergeron Diagram shows the behaviour of an SN74ABT240 which is driving a

transmission line of 30Q2 with a clamping diode at the end of the transmission line.

A comparison between the measurement on the page before and the theoretical
discussion here shows good correspondence.
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* Incident positive wave has an amplitude >2 Volts

* Line reflections are sufficiently dampened by a 100 Q
termination

¢+ Jp—
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An additional Thevenin termination network of 180Q to Vcc and 22022 to GND at
the end of the transmission line reduces the output impedance of the pull-up driver,
a combination of the ABT240 and termination network, and thus helps us at the
rising edge. This lifts the incident wave of the rising edge above the 2V hurdle and
now we are able to switch the rising and falling edge with the incident wave.
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The Bergeron Diagram shows the behaviour of an SN74ABT240 driving a
transmission line of 30Q with a Thevenin termination network of 180 to Vcc and
220Q to GND and a clamping diode at the end of the transmission line. A
comparison between the measurement on the page before and the theoretical

discussion here shows good correspondence.
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+5V +5V 2v| |av 10ns

180Q A IIB 180Q

* Effective load =15 Q

* Driver output reaches high level only after the reflected
wave is returned from the line end

* Line reflections are dampened sufficiently by the
termination network

i RE0000000.
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In the examples on the previous pages the bus-driver had to drive a transmission
line with a impedance of 30Q. But in real bus application only two drivers sit at the
ends of the signal line and most of the bus-drivers are located in the middle of line.
These drivers in the middle of the line now have to drive a 30Q line to the left and a
30Q line to the right side with an overall impedance of 30Q Il 30Q = 15Q.

Although we are using Thevenin termination networks and clamping diodes on both
ends of the signal line, the SN74ABT240 in this situation is not able the switch the
bus-level with the incident wave from low to high or vice versa. The output
impedance of the driver is too high to generate a reasonable output voltage. For
the calculation we need the resistor divider of the driver's output-impedance Rg
and line impedance Z,:

Zo

Vincident = Vg Z—(’+—%
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This Bergeron Diagram shows the behaviour of an SN74ABT240 driving two
transmission lines of 30Q2 equivaient to one 15Q-iine with a Thevenin termination
network of 180Q to V. and 220Q2 to GND, and a clamping diode at both ends of
the transmission line. A comparison between the measurement on the page before

and the theoretical discussion here shows good correspondence.

5-10
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* IWS (= Incident Wave Switching) drivers have a greatly
improved drive capability in the high state

* High level at the driver output is achieved with the
incident wave

/ —
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The main reason for the low amplitude of the incident waves is the impedance of
the driver-output which is too high compared with the low impedance (30Q) of a
bus-line. Often a driver is sitting in the middle of a bus and has to drive two 30Q
lines in parallel. As a result of this physical situation we need a driver with an
extremely low output impedance to be able to switch a bus line with the incident
wave.

The Texas Instrument IWS drives family (SN74ABT25xxx) has a guaranteed high
level DC output current Igy = -80mA and low level DC output current |5 = 188maA.
This is possible only, because the output impedance for low and high level is below
2Q. Such a low impedance driver easily generates incident waves above 3.3V at
the rising edge and below 0.5V at the falling edge when driving a 30Q line. If the
load is 150, it still reaches more that 3.2V and less than 0.6V with the incident
wave.

The IWS-line drivers SN74ABT25xxx are the ideal solution for fast, TTL-compatible
systems with long bus-lines.

5-11
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Here the Bergeron Diagram shows the behaviour of an SN74ABT25240 IWS-line-
driver driving a transmission line of 30Q with a Thevenin termination network of
180L2 to Vcc and 220€2 to GND and a clamping diode at the end of the transmission
line. A comparison between the measurement on the page before and the
theoretical discussion here shows good correspondence.
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Benefits:

* Extends life of TTL characteristic bus
*Enhanced noise margin

* Supports live insertion

* Lower part-to-part skew

* Higher driver capability

Characteristics:

* Tighter input threshold (1.4... 1.6 V)

*Input circuit is current mode switch (compensates
for temperature, voltage, process)

* Precharge function (to 1.5 V) added to minimize
capacitive discharge to active backplane

* VCC-BIAS used to control high impedance state
during live insertion

Products:
SN74ABTE16245, SN74ABTE16246

FOPE \DDS\Bussyst.ppt  Jan97

To increase the speed of the VME-bus the new VME-64 has been defined. The

viainnal lawvuar Af thia \/AME o :n Aall
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rar |

ysceiver Logic (ETL).

Here the standardization committee found another way to speed up the bus system
and still keep backwards compatibility to the older TTL-compatible VME-bus. With
differential amplifiers at the inputs, the threshold (1.5V) is better defined than with
the common TTL-inputs and so V, can be defined to be below 1.4V (TTL: V, <
0.8V) and Vg above 1.6V (TTL: Vg > 2V). With this modification we gain room for
the incident waves at the inputs which now have to jump above 1.6V instead of 2V
and below 1.4V instead of 0.8V for standard TTL devices.

The specification also includes the precharge feature for live insertion. Each pin
has an overall capacitance of about 20pF. If a card is inserted while the system is
running, the precharge feature charges the 20pF capacitance of each signal-pin to
the threshold (1.5V) before the pins are connected to the bus-lines. This makes
sure that the voltage spike, which is generated by changing the capacitance of the
pins to a valid logic high or low level, never exceeds the threshold.

SN74ABTE16245 and SN74ABTE16246 are TlI's offer of bus transceivers to the
ETL specification.
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Always some bus-signals are carried out in open collector or open drain mode. In
these cases, the falling edge is actively generated by the driver, and knowledge
about TTL-drivers on bus systems shown previously is also valid here: Only a low
impedance driver can switch the bus with the incident wave.

The rising edge is generated by the passive pull-up-network. If we choose a pull-
up-network with a output impedance like the impedance of the bus-line, then we
see a excellent rising edge at the driver output with the disadvantage of a
tremendous low-level-current of 90mA for one signal-trace.

Because this current is not acceptable we change the output impedance of the pull-
up-network to about 100Q. Now for the rising edge, a driver with 100Q tries to pull-
up a transmission line of 30Q with the result that we have to wait for several
reflections of the bus-signal until we reach a valid logic high level.

Remember: Rising edges on open-collector bus-lines are always slow ... and there
is no generally valid work around.
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This Bergeron Diagram shows the behaviour of the rising edge of a open collector

. . . le
bus-line. A pull-up-network with an impedance of 100Q compared to a 30Q network

is driving a transmission line of 30€. A comparison between the measurement on
the page before and the theoretical discussion here shows good correspondence.
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2Vi |2V 10ns Bus driver SN74HC245
A \_\ Z20=30Q;1=8ns;L=32cm
Output impedance of the driver > Zg
./: \ - No fine termination
Bf A: Signal at driver output
I N B: Signal at line end
10ns

* No incident wave switching

* Valid logic level after 2 x r,
in worst case only after 4 x t

* Due to the high output impedance of
the driver no termination necessary

* Not applicable with long bus lines

i N0
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After a detailed look at the behaviour of bipolar outputs connected to a backplane-
bus, we now look at CMOS outputs driving a backplane bus.

The low drive capability, and therefore high output impedance, (=25Q..35Q) of
HCMOS devices and AHC devices makes it impossible to switch bus lines with the
incident wave. Under worse case situations the signal settles after four times the
propagation delay time of the signal on the bus line. For short buses and/or slow
systems HC or AHC could be a acceptable solution.
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Bus driver 74AC245
Mg L[ 10ns

2
Al Zo=30Q;t=8ns;L=32cm
n Output impedance of the driver > 10 Q

Line termination R = 100 Q and diodes

A: Signal at driver output
p. B: Signal at line end

Z=30Q

Do

L C>4+/R
%R =100Q

* Low Signal distortion and low reflections due to line termination
and clamping diodes

* Incident wave switching capability sufficient for TTL compatible
circuits

/ —
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Advanced CMOS (SN74ACxxx) drivers have, with an output impedance of about
10Q, the highest drive capability and lowest outbut impedance of all CMQOS
outputs. Because of this, incident wave switching is possible, especially for TTL
compatible circuits (SN74ACTxxx). The high voltage swing of 5V and the low
output impedance make the presence of line termination and clamping diodes

necessary.

Advanced CMOS drivers generate a high current spike at the supply current
because of the high voltage swing and the fast rise/fall times. These current spikes
generate a lot of electromagnetic noise (EMC) and so Advanced CMOS is not the
first choice in big backplane systems.
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LINE 32 MEMORY CIRCUITS
DRIVER A 5V
180 Q
- 4 pd B d4 B d B 4 B 2200
1 |
| >

L=32cm

* Resulting line impedance = 30 Q
* Line driver with lo. = 64 mA required (AS, F, BCT, ABT, LVT)

* High power dissipation in the termination network and high
component count

+ Qional nronanationtima=7ne /2% em
sighait propagationtime=/ns/32cm

= additional propagation delay time =14 ns

i QR0
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Besides huge backplane busses there are also smaller busses in computer
systems: e.g. a memory bus on a processor board. These memory busses add, for
each 2 cm length, the capacitance of one I/O pin (10pF) to the capacitive layer of
the signal trace. So the capacitive layer changes from 0.6pF/cm to 10.6pF/cm,
exactly the same value we see on backplane busses with 20pF connected each
2cm. As a result the impedance of the signal trace is about 30Q and the
propagation delay time of the trace about 20ns/m.

In the example above, 32 memory chips are placed in one row and this leads to a
line length of about 32cm and a signal delay time of 7ns along the bus-line. When a
memory read takes place we have to add two times the propagation delay time of
the trace (2 * 7ns = 14ns) to the RAM access time. This additional delay time
comes only from the wire on the boards, and not from the delay time of active
electronics like the bus transceiver.

Because of the 7ns delay on the signal line is longer than the rise-/fall-time of the
signal, the designer has to terminate the line in parallel to avoid signal reflection,
which would increase the settling time of the signal on the trace beyond the delay
time of 7ns. DC-current through the termination network is the result.
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4 LINE 4 x 8 MEMORY CIRCUITS
A

DRIVER

— : :@:::::::;:;{
OO0

* Resulting line impedance =30 Q

* Signal propagation time 1.75 ns / 3 cm (20 ns/m), therefore total
propagation time 3.5 ns only

* Matching of driver impedance by series resistors (R = 10 ... 20 ),
= no increased power consumption!
(line driver with lo. = 24 mA sufficient = LS, ALS)

Line driver with integrated series resistor available, e.g. SN74ABT2240,
SN74ABT5400A

/ —
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Here the design of the previous page has been modified to speed up the RAM
access. Now the 32 RAM chips are located in 4 rows of 8 memory devices. In this
case the length of the bus trace is only 8 cm, and the propagation delay time along
this line is 1.75ns.

The calculation of the access time shows now 3.5ns for the wire, which has to
added to the RAM access time. With 3.5ns compared to 14ns of the previous
example, the RAM access has been improved by more that 10ns. Now the
designer can choose RAMs with a access time which are 10ns slower. The cost of
cheaper RAM circuits more than offsets the increased cost of the four instead of
one bus-transceiver.

Now twice the signal delay time (3.5ns) is in the range of the rise/fall time of a
typical digital signal and hence parallel termination is no longer necessary. Serial
termination has been selected to avoid undershoots that could lead to malfunction
of the RAM circuits.
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This Bergeron Diagram shows the behaviour of the rising and falling edge of a
memory driver circuit with an output impedance of 30Q2 driving a memory-bus line
with an impedance of 30Q2. A comparison between the measurement on the page
before and the theoretical discussion here shows good correspondence.
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+2.1V
R=Zo%

VREF=1 55V

BUS
LINEDRIVER = ‘l-

* Reduced voltage swing: V, =1V; Vy4=2.1V

—

RECEIVER

* High drive capability: lo.max = 100 mA = Incident wave switching down to
10Q or 2 |l 20Q line impedance

* Correct line termination by a pull-up resistor at the line end avoids line reflections
* Decoupling diode reduces output capacitance to < 5 pF = increased line impedance
* Maximum output edge rate 2 ns = Trapezoidal wave-form reduces system noise

* Supports live insertion/withdrawal = Output high impedance when V=0V
= Power-up 3-state control at outputs
= BIAS V¢ pin to pre-charge BTL outputs

FOPE \DDS\Bussyst.ppt  Jan97

* Differential amplifier guarantees stable threshold voltage of the receiver ‘ i

One of the problems of TTL or CMOS circuits driving bus lines come from the high

[ RN IR R S Y

voitage swing: no correct termination is possibie and big iCC current spikes are
necessary to enable incident wave switching. A bus system with reduced voltage
swing could solve a lot of problems.

The physical layer of the Future-Bus is called Backplane Transceiver Logic (BTL)
and works with a voltage swing of 1.1V only. The bus system is open collector. The
low level of 1V is generated by the saturation voltage of the pull-down transistor
and the forward voltage of the serially connected diode. The high level of 2.1V
comes from the termination resistor connected to a termination voltage of 2.1V.
The value of the termination resistor is equal to the impedance of the bus-line and
therefore the bus-line is terminated correctly. For safe detection of the logic levels,
the inputs are designed with differential amplifiers and a threshold at 1.55V, exactly
in the middle of the voltage swing.

To reduce ICC current spikes, the fall-time is defined to be at least 2ns. The rise
time is not generated by active electronics, but by the pull-up resistor.

All necessary features for live insertion and withdrawal have been included: The
outputs are in high impedance when V:=0V and during power up/down (Power-up
3-state). The pre-charge feature reduces voltage spikes when the 1/O connects to
the bus-line (see ETL logic).
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ll\ | 30Q A
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Driver at the end of the bus B \
+2V A B +2V
500mV 10ns
300 | z-30q | 3300 1
0 A X
T 1 N /
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Driver at the middle of the bus B
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Measurements of BTL circuits driving 30Q bus-lines show excellent wave forms. In
the upper example a BTL output drives a point-to-point connection with a
characteristic impedance of 30Q and a termination resistor of 30Q at the end of the
line. In the second example the BTL driver is sitting in the middle of the bus-line,
driving two signal traces of 30Q. Both lines are correctly parallel terminated with
3022 pull-up resistors.
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* Tl offers BTL to TTL converter

* Bus width from 7-bits to 18 bits

ransceivers with and without registers or iaiches

re avaiiabie

SN74FB1650 100-PIN SQFP 18-Bit Universal Storage Transceiver
SN74FB1651 100-PIN SQFP 18-Bit Universal Storage Transceiver
SN74FB2031 52-PINPQFP  9-Bit Address/Data Transceiver
SN74FB2032 52-PIN PQFP  9-Bit Competition Transceiver
SN74FB2033 52-PIN PQFP  8-Bit Registered Transceiver
SN74FB2040 52-PIN PQFP  8-Bit Noninverting Transceiver
SN74FB2041 52-PIN PQFP  7-Bit Noninverting Transceiver

FOPE \DDS\Bussyst.ppt Jan97

{i’m

All the circuits Tl offers are bi-directional BTL to TTL converters. The designer can
choose from 7 to 18-bit bus-width and gets bus functions with and without registers
and/or transparent latches.
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1.2V|  RECEIVER VIV]
LINE DRIVER R=2 % 12V Vou
-- o] [ — 0.85V VIH
— By 08V VREF
075V ViL
= 04V VoL
ov GND
* Reduced voltage swing: V. =0.4V; Vy=1.2V GTL LEVEL

* Low drive capability: lo.max = 40 mA = Incident wave switching down to
20Q or 2 |1 40Q line impedance
= Low power dissipation (0.4V x 40mA per output)

* Correct line termination by a pull-up resistor at the line end avoids line reflections
* High data rates (> 100 MBit/s)

* Integration of line driver and receiver into ASICs possible

* Doesn’t support live insertion/withdrawal = Output high impedance when V=0V
* Differential amplifier guarantees stable threshold voltage of the receiver

i 00N
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The basic concept of a GTL bus is very similar to a BTL system.

Because of the missing diode in the open collector/drain outputs the low level is
0.4V. With a chosen high level of 1.2V the voltage swing is reduced to 0.8V only.
Again the threshold is in the middle of the voltage swing at 0.8V.

The drive capability of GTL outputs is defined to be 40mA, which enables a output
to drive one termination resistor of 0.8V / 40mA = 20Q. If the bus line is terminated
correctly, the lowest impedance that can be driven by a GTL driver in the middle of
a bus now is 40Q (in both directions: 40Q Il 40Q = 20Q).

On the previous pages, the heavily loaded backplane-bus always had a line
impedance of 25Q to 30Q. Here we see that a 40Q bus is not heavily loaded and
GTL was designed for a smaller bus on a board, e.g. between a processor and it's
memory. Because the target application for GTL is not a backplane bus, but a bus
on a board, no requirements for live insertion/withdrawal have been included into
the specification. '

As a result of the 0.8V swing and the 40mA |5, the maximum power dissipation of
one output is 16mW. It is thus possible to integrate these low power drivers into
ASICs.
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* Tl offers GTL and GTL/GTL+ to TTL converter
* Bus width from 7-bits to 18 bits
* Transceivers with and without registers or latches are available

Released:

SN74GTL16612 56-PIN SSOP/TSSOP 18-Bit Universal Storage Transceiver

SN74GTL16616 56-PIN SSOP/TSSOP 17-Bit Universal Storage Transceiver
with buffered clock output

SN74GTL16622 64-PIN TSSOP 18-Bit GTL/GTL+ Registered Transceiver
Planned:
SN74GTL16922 64-PIN TSSOP 18-Bit GTL/GTL+ Registered Transceiver

accepts TTL-compatible CMOS signals
(0V/5V) at TTL-inputs.

i DHN00000
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All the circuits Tl offers are bi-directional GTL to TTL converters. The designer can
choose between 17- and 18-bit bus-width and seiect bus functions with and without
registers and/or transparent latches. The SN74GTL16616 also includes a separate
buffered path for the clock signal.
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A B
A NZZN
/A B'  7=25Q;T=25nsim
BACKPLANE BUS
Gl , < BA )
P [ L=40cm;tg=10ns ——
TTL BUS
500mV 10ns A Total
propagation time
[ tPD A>B A>C
A s ABT SN74ABT245 46ns 28.2ns*) 192ns
Ar WS SN74ABTZ25245 43ns 86ns  188ns
I BTL SN74FB2031 508ns 10.0ns 20.0ns
c |\, * Settling time = 2 x propagation time
BTL BUS
FOPE \DDS\Bussyst.ppt  Jan97 %

As a summary of the bus system section a comparison between three bus
concepts is shown. To find out the bus speed, an investigation of the propagation
delay times from input A to the outputs B and C is done:

Example 1:

ABT circuits are quite fast buffers with a max. propagation delay time of 4.6ns only.
Because they are not able to switch a bus signal with the incident wave, we have to
wait until the reflected wave travels back to the input B’. Now the overall max. delay
time from input A to output B is 29.2ns.

Example 2:

The usage of the SN74ABT25245 IWS (Incident Wave Switching) driver enables
incident wave switching. Here the propagation delay time from input A to output B
is 8.6ns only and the speed limiting path is now from input A to output C with
18.6ns - still more than 10ns faster than example 1 with SN74ABT245.

Example 3:

On a backplane bus, BTL drivers show about the same speed as IWS drivers. With
correct parallel line termination and the reduced voltage swing we get excellent
wave-forms combined with very low noise.
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0 1 2 3 5

4
Vi [V] —»

When the input voltage of a CMOS circuit is between the defined
voltage levels (low or high) -e.g. floating-, the P- and N-Channel
transistors conduct simultaneously. This results in increased supply
current.

i 10000000090
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Besides the different bus concepts there are some problems that can be seen on
most bus systems. One of these probiems is a fioating bus iine which ieads to an
open input.

The diagram above shows an input of any standard CMOS or BiCMOS circuit.
Normally this input sees only OV (low) or 5V (high) and in this case one of the two
transistors is ON and one is OFF. Hence nearly no supply current is flowing from
Ve to GND.

If CMOS inputs are connected to a floating bus line, any voltage between V¢ and
GND can be observed. With the input voltage close to the threshold value, both
transistors are partly switched ON and now supply current (Icc) can flow from V¢
to GND.

The graphic shows this behaviour of HC and AC circuits: With an input voltage of
2.5V the supply current of a HC circuit can rise more than 1mA per input. Looking
at a 32-bit bus with 10 modules the increase of I here can be 32 x 10 x 1mA =
320mA! Using Advanced CMOS (AC) circuits will result in a 5 times higher current,
in this example 5 x 320mA = 1.6A.



Bus sttems

HRNNOTOANRNRRY Digilal Design Semi:
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E el
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f=60...80 MHz N h -
OUTPUT Av _Zh ~ S00pA 1V/us

* When a bus line is left floating, the line is charged by the input currents of
the receivers attached to the bus up to the threshold voltage.

* The feedback via the GND inductance Lgnp causes an oscillation. The

resulting output stage currents lp of these circuits overload and destroy the
devices.

i 20
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Another effect that can be seen on floating bus-lines is device oscillation:

When a bus line is left floating, it is charged by the leakage currents of all
receivers-inputs attached to the bus-line (e.g. from L to H). When this leakage
current charges the bus line above the threshold voltage, the output of the driver
switches (e.g. from H to L). For this transition of the output a current spike is
necessary and via the VCC and GND inductance Lgyp the internal reference for the
threshold voltage drifts away. The input voltage does not change, but the threshold
changes and so the input of the driver reads a change in the logic input-level (e.g.
back from H to L). Thus the output switches again (e.g. from L to H).

Under worse case conditions this behaviour can lead to a high frequency

oscillation. The output stage currents |y of the circuits involved overload the circuit
and destroy the devices.
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* Bus holders ensure valid logic levels in CMOS bus

A systems, when all drivers are inactive (3-state).
L] —[ . * No pull-up resistors are required!
LE WA * Integrated clamping diodes limit the under- and

overshoots caused by line reflections and thus
ensure system integrity.

Type Function Package

SN74ACT1071 10-Bit Bus Holder 16 Pin SOIC/SSOP
SN74ACT1073  16-Bit Bus Holder 20 Pin SOIC/SSOP

! Lo SN74ABTHxxx, SN74LVTHxxx,
L SN74ALVCHxxxx, SN74LVCHxxx

{ Y—
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To address the problem of floating bus lines and open inputs TI made many
investigations and look at various solutions to ease the design of bus systems.

One solution for floating bus lines is the Bus Hold circuit. This circuit holds the last
valid logic level during the high impedance state and the floating bus line is held at

a valid logic level. No other precautions have to be taken to avoid problems that
arise from floating bus lines.

Bus hold circuits are included in the inputs of SN74ABTHxxx, SN74LVTHxxx,
SN74ALVCHxxx and SN74LVCHxxx circuits. Ten or sixteen Bus-Hold circuits with
integrated clamping diodes to Vg as well as to GND are available as stand alone
function under the device name SN74ACT1071 and SN74ACT1073.
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* Do nothing, if the duration of 3-state

BUS LINE is <2...5 us only.

* Take no hardware precautions, but
ensure no floating bus lines with bus
protocol (e.g. PCl bus)

BUS LINE * Use pull up, pull down resistors or

line termination networks to ensure
defined voltage levels (high power
dissipation!)

BUS LINE . .
* Terminate the bus line by a bus hold
5T

= A circuit which freezes the last active
1...50kn logic level.
No increase of supply current !

i RO000N000
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Floating bus line normally only occur on bi-directional signal lines.
To avoid floating bus lines several actions can be implemented:

* If the duration of the 3-state doesn't last longer than 2...5us, the leakage
currents can’t charge the bus line into the threshold region.

* With an intelligent bus protocol, long 3-state periods can be avoided. For
example, the specification of the CPI bus claims: The last user of the bus has to
drive the bus with any valid logic level, until the next module requests and gets
the bus. This is an intelligent solution with low power consumption.

* Any resistor network at the line-end, like pull-up or pull-down resistors or any
line termination ensures defined logic levels during high impedance periods.
This solution is not acceptable in low power environments.

* Using bus-transceivers with integrated bus-hold cells or terminating the bus line
by a bus hold circuit with integrated clamping diodes freezes the last active logic
level. This is a good solution for low power systems.
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* A bus conflict occurs when, from a timing mismatch, two line drivers
apply different logic levels (voltages) to the bus at the same time.

* The excessive output current lp ( = log) causes a high power
dissipation, which yields in a high chip temperature T;.

Tj=Ta+ Pror * Rsja; (Roja=80...100° C/W)

Note: The chip temperature T; must not exceed 150°C without dramatic
reliability degradation (mechanical stress, etc.).

i 0020000008
FOPE \DDS\Bussyst.ppt Jan97

A bus conflict occurs when, from a timing mismatch, two line drivers apply different
voitage ieveis to the bus at the same time. The excessive output current ip (= ios)
causes a high power dissipation, which yields in a high chip temperature T;.
According to the output characteristics the output that’s driving a high-level is the
“loser”, but the designer can only observe a low-level voltage that’s little bit higher
than normal. In this situation the highest power dissipation can be observed in the
output that's driving a high-level, because this output has a voltage drop of (Vg -
Vouyp. = 3V and an output current flowing is in the range of los > 100mA.

To find out whether a reliability problem could arise or not, a examination of the
over all power dissipation is necessary. With the over all power dissipation Prqr,
the ambient temperature T, and the thermal resistance of the package Ryja, the
chip temperature T; can be calculated with the following formula:

Tj= Ta+ Pror X Rgja; (R =80 ... 100°C/W)

The chip temperature T; must not exceed 150°C. Otherwise there is a risk of
dramatic reliability degradation because of mechanical stress between the silicon,
the metal of the lead-frame and the plastic of the package.
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PTQT=PQ+(Ps*ts+PQ*2tp+Pc*tc)*f*n

Pa = Quiescent power dissipation

Ps = Average power dissipation caused by current spikes

ts = Duration of current spike

Po = Power dissipation caused by driving the transmission line
to =  Signal propagation time on the transmission line

Pc= Power dissipation caused by the bus conflict

tc =  Duration of the bus conflict

f= Repetition rate

n= Number of engaged outputs

The biggest contributors to the power dissipation are :
1) Pq 2)Pc  3)Po

Therefore short bus confiicts (duration < 50 ns, Duty-Cycle < 10%) are
mostly uncritical when using (A)LS-, BICMOS- and CMOS-circuits,
but may be critical when using AS- and F-circuits.

i 200N
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To calculate the overall power dissipation, not only the power dissipation of the bus
conflicts (P¢ x tg) have to be taken into account, but also all the other sources like
the quiescent power dissipation Pq, the average power dissipation caused by the
current spikes (Pg X tg) and the power dissipation caused by driving output loads
(e.g. transmission line) Po must be included into the calculation.

Under typical conditions, bus conflicts that are shorter than 50ns with a duty-cycle
of less that 10% are mostly uncritical when using LS, ALS, BiICMOS and CMOS
circuits. It may be critical for AS or F circuits.
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SENSE n

+5V-

SN74AC32 SN74F00

SN74ABT541 SN74ABT245 SN74ABT245
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Bus conflicts don't occur only during normal operation. A good chance to generate
bus conflicts for a long time is during power-up and power-down. Power supplies
typically have settling times up to 100ms, while soft-start power supplies may even
need more time to reach the final voltage. During the V¢ ramp-up, the different
circuits start to work at different voltage levels and under worse case the bus
drivers are already functional while the control logic connected to the “direction”
and “enable” pins is still out of order. Under these circumstances very long bus-
conflicts can occur and especially when using widebus devices this often leads to
destroyed devices.

Using bus functions with two enable inputs allows us to connect one of these
enable inputs to the system-reset line. In this case the bus drivers are in high
impedance during the reset period and when using a supply voltage supervisor like
the TLC7705 this reset signal is active during power-up and power down. Drivers
with only one enable input can be expanded to two inputs using external gates.
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d b g b | d b | d h

s f— O e O u o 1]

i b | d b | b | d h

i b | g b | d p L i

d g g g i g d g

¢+ N .
a h H h | d h b %~ When drawing signal lines at
/ random, each junction and line-end
/ causes a point of discontinuity

d b | d b [ d b | d h ina li i

d h a b i H 0 » generating line reflections.

g b | d 0 | o = 1]

s b | d b O b | d 1]

b | d b | d b | d ]

H B | g B | 3 B | 8 4 @~ The signal is heavily distorted.
Malfunction of the system is
probable.

0 d d b | d 1]

leb1] B8 OBlD OB

O i d

g clock b | g b g p— b

g driverp | ¢ h b o

i b g n b d 1

g q i d h i

clock
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Another issue in all synchronous systems such as bus systems is the clock

adth et PRy Py P S — SR G S S |

distribution network. The ciocK signai is the most important signai in every
synchronous system because it is the signal with the highest frequency and has to
be routed to nearly every chip within the system. Clean clock signal slopes are
essential.

Under these circumstances the clock distribution network in the figure above is a
bad example. According to transmission line theory signal reflections occur at every
branch of the wiring and a bad wave form will be the resuit. Because of this the
above example can’t even be used for slow systems.
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& Interconnecting the circuits in series
provides a homogeneous line
impedance (in ECL systems the
interconnections between the various
circuits are all made the same length to
ensure constant impedance along the
line.

ooooooo
ooonoo

&~ Line termination eliminates reflections.

&~ Termination impedance 1...2 x Z,.

opoooon

co¥onno
>

&~ Typ. Propagation time: 10...20 ns/m.

" Note: Take care of interconnect
propagation time.

clock
driver

F” Be careful with data-fines: watch for
“Race Condition”

s o o v o s e o e
| a— i

ooooooo

DNEID:‘H:ID

'y
—_—

clock
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The minimum requirement for a clock distribution network is to use signal lines with
a defined beginning and defined end-point and without any branches. in this case
we can implement parallel line termination to guarantee a excellent signal quality all
along the signal trace. The above example is mostly a solution for slower systems,
because the propagation delay time of the clock-signal along the clock-trace leads
to a enormous skew: The slope arrives at different moment at the various clock

inputs.

A special trap for designers is the “race condition”. In above example a data-line
carries a signal from device A to device B. While new data is generated in A, and
the new data-signal runs to device B along the data-line, the clock signal has to go
a long way from the clock input of device A to the clock input of device B. If the
data-signal arrives at device B before the clock-signal, then the new data is clocked
into device B using the same slope that has generated this data. This is not what
the designer usually expects and malfunction of the complete system will be the
result.
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q b q b g
g — s 1 i 1]
q 0 0 [ 1]
q ] g o [i i
g 4 E 3 d g * A star-connected network reduces
g 0 g A g p skew caused by signal propagation
delays.
: ; g b * Use clock driver with guaranteed low
E E d 1 : g skew propagation delay, e.g. CDC208
g E E E 31 (skew < 0.5 ns).
q p g p g p * For lowest skew make all clock
interconnecting lines of the same
-V E g E E length.
- :jv o d p d p- * Eliminate overshoots by matching the
driver V q 1] q i] driver impedance to the line
- g 3 g o impedance by series resistors.

‘:’- _1nnnnn

delaytime compensation
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In most cases a star connected clock distribution network is the best solution for
fast systems. To minimize the skew of the wiring the designer can chose equal
length for all clock wires. Serial termination is the first choice for this lay-out,
because these wires are point-to-point connections, which means that one output
located at one end of the line drives one (or several) output(s) at the other end (or
close to the other end) of the line.

If the board layout of the clock distribution network is made perfectly, the drivers of
the clock signals should have the lowest skew possible. In this case the output
skew is defined to be the difference of the propagation delay time between the
slowest and the fastest driver within one clock driver package.

Texas Instruments offers a broad range of clock distribution circuits (CDC) that
have guaranteed output skew values below 500ps.




Bus sttems

s Digital Design Semi

&~ Only a few lines from
the central clock driver
to distributed clock
drivers using serial
termination

" Short signal-lines from
distributed clock drivers
to clocked devices, no
termination necessary

i DN
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In large electronic systems with a huge number of clock inputs the clock distribution
network can be designed iike a iree. The above exampie shows one primary ciock
driver whose input is connected to the clock generator and whose five outputs feed
the inputs of five secondary clock drivers. The signal traces between the primary
and the five secondary clock drivers are point-to-point connections and should be
serially terminated. If the length of the traces between the five secondary clock
drivers and the clock inputs of the clocked circuits are short enough, no termination

is necessary.

To calculate the overall skew of this clock distribution network another skew
definition is necessary: The process skew. This type of skew (tgpnyp. < 1nS)
guarantees a maximum difference in the propagation delay time between the
fastest and the slowest driver in different packages. In above example the overall
skew can be calculated in the following manner:

tsk(overatl = tsk(o) + tsk(pr)y
with tg o) = output skew of the primary clock driver
tsk(or) = Process skew of the five secondary clock drivers
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DESCRIPTION \
CDC203 HEX INV CLOCK DRIVER (Vee = 3.3 V) 1
CDC204(-7) HEX INV CLOCK DRIVER i
CDC208(-7) DUAL 1 TO 4 CLOCK DRIVER
{# il CDC209(-7) DUAL 1 TO 4 CLOCK DRIVER
OUTPUTY —ow 4 ¥ i CcDC303 OCTAL DIVIDE BY 2 CLOCK DRIVER
— i i cpcaos OCTAL DIVIDE BY 2 CLOCK DRIVER
¥ lii cpcaos OCTAL DIVIDE BY 2 CLOCK DRIVER
§ iif CDC328A  HEX CLOCK DRIVER W. SEL. PHASE
OUTPUT2 i Ili CDC320A  HEX CLOCK DRIVER W. SEL. PHASE
i gggggg DUAL 1 T0 3, 1 T0 4 DIVIDE BY 2 !
g on QUAD 1:1 / QUAD 1:2 CLOCK DRIVER i
Skew &"ﬁzzfﬁmut s of i Il CDC338  QUAD 1:1/ QUAD 1:2 CLOCK DRIVER ||
' beth § il cDC340 1-LINE TO 8-LINE CLOCK DRIVER i
one circuit: tgy(o) ~ 0.5 ns, if i CDC341 1-LINE TO 8-LINE CLOCK DRIVER
i ilf cpcagt 1- TO 6-LINE CLOCK DRIVER
Process Skew §# it CDC392 CDC 391 WITH CMOS OUTPUTS
Skew between outputs of various i i Soosse S L DR ER RIVER
circuits of same type tek(pr) ~ 1.0 ns, i It CDC586  3.3-V PLL CLK DRIVER
i ili CDC2536  CDC536 WITH SER RESISTORS
Puise Skew i {if CDC2562  CDC586 WITH DIFF. LVPECL INPUS
Skew between rising and falling edge i g%gggf CDC586 WITH SERIES RESISTORS
it ~ i PC MOTHERBOARD SYNT/DRV
of outputs of one circuit: tgy(p) ~ 0.8 ns, { CDCos42 PC MOTHERBOARD SYNT/DRV
¥CDCY843  PC MOTHERBOARD SYNT/DRV

/¢ -
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Besides the output skew tg ) and the process skew tg(, some clock drivers have
a third type of skew: the pulse skew ty,. The pulse skew is defined to be the
maximum difference in propagation delay time between the rising and the falling
edge of a clock signal. If it is necessary to guarantee a maximum duty cycle (e.g.
45%) for the clock signal, devices with a specified pulse skew should be chosen.

Texas Instruments offers a broad range of clock distribution circuit (CDC) with
various functionalities:

* single drivers and several drivers connected to one clock input
* inverting and non-inverting types

* with and without built in dividers

* supply voltage V¢ = 5V and Vg = 3.3V

* clock drivers with and without PLL

* application-specific clock drivers e.g. for PC motherboards
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* Bus lines have very low line impedances (Zo = 20...40 Q).

* Bus lines have to be terminated to prevent line reflections (signal
distortion, circuit malfunctions due to undershoots).

* Take care of propagation times (t = 25 ns/m). Settling time of
signals on TTL-type buses is 2 x tp (no incident wave switching).

* Take care of control lines (clock, read, write, etc.).
* Provide shielding between control lines and data/address lines.

* A multiplexed data and address bus reduces design problems
(50% less signal lines and 50% less line driver).

* Driver output current is 100 mA/line. Provide adequate and low
inductance GND return path (simultaneous switching)!

* Rule of thumb: 25% of all backplane connector pins have to be
GND lines!

* Use multilayer boards with separate GND and V¢ plane for
backplanes.

i D000
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The above list shows a collection of bus design rules. Most of them have been
aiready expiained in detail on the previous pages.

One basic rule, not previously discussed. is the rule of thumb:

25% of all backplane connector pins have to be GND lines!

This huge number of GND pins is necessary to generate a low impedance and low
inductance connection between the backplane and the modules. Otherwise it is not
possible to get the necessary current, especially the peak values during current
spikes, onto the modules. The GND lines should be distributed on the connector
and not lumped together at one end (e.g. the bottom 3 rows). Otherwise the current
path on the GND lines is too long from the backplane board to every location on the
module and EMC problems can arise.
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50 Q 50 Q

Ciock driver
CDC204

* Care for well-defined impedances and clock drivers with low skew.

* Match the output impedance of the clock driver to the line impedance
by using resistors to avoid under- and overshoot.

i 0000000000
FOPE \DDS\Bussyst.ppt Jan97

“Design Problem 1” had a bad clock distribution network. The clock driver was
sitting close to microprocessor 1 and far away from processor 2. No line
termination was included and therefor bad signal quality, caused by line reflections,
was the result.

A clock distribution network in star-connection with correct line-termination leads to
a reliable system.
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16-bit bus

* Signal integrity is now guaranteed by Incident Wave Switching.
* System power dissipation is greatly reduced :

2 x ABT25245 transmitter Icc = 20.5 mA

2 x ABT25245 receiver lcc = 20.5 mA

56 x ABT25245 3-state lec= 28.0mA
total lc = 69.0 A *)

*) | power p will be caused by req low
Recommended 6002 8012 split termination on both line ends.

i 2000000000
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The designer of the backplane bus in “Design Problem 2” should have a closer look
to the family of incident wave switching (IWS) driver SN74ABT25xxx. These drivers
are able to switch the bus with the incident wave, so the signal quality on the
backplane will be excellent. In addition, the current consumption of the drivers
connected to the bus will drop from 6.5A down to 69mA!
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% The reduced clock rate in module 2 provides a few nanoseconds
more settling time in the synchronization circuit. Thus reduces the
probability of metastable state to a certain extent.

“* An evaluation of the real failure rate (1 failure/week? 1 failure/year)
is now nearly impossible.
Therefore a careful circuit design (timing of the synchronization
circuit) and the selection of suitable integrated circuits (SN74AS,
SN74ABT, SN74F, SN74AC) is a must.

i 0000020000
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The synchronization circuit of computer module 2 in the “Design Problem 3” had a
mean time between faiiure (MTBF) rate iess than one week. The reduced ciock
frequency of computer 2 increased the MTBF rate, but the designer didn't really
know the actual value of his design (1 failure/week? 1 failure/year?). Therefore a
careful circuit design (timing of the synchronization circuit, dual-rank synchronizer)
and the selection of suitable integrated circuits (SN74AS, SN74ABT, SN74F,
SN74AC) is essential to increase the MTBF rate into an uncritical region (e.g. 1000

years).
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BCT

SPECIALTY

GEBE \DDS\Trends.ppt Feb97




Advanced Logic Trends

R Digital Design S

19%2

adustinn of Bisro Sates AHCIS

Irtredinstion of TVSOP package

Introduction of GTL-GTL diivers

Alternate soutce agresent with Philips on AHC and ALYT
Inttodustion ot Advanc:d HCKMOS, AHC

s AL LAY address bulfers
nos CBE devices

1988

Intraduction o} 18-Chamnet FB+ XCYFL
Intreduction of ABTE {ETL)
Aiternate source agreemant with Phillips and Hitacht on 81.VC
on ¢f CBY
introduction of SLVC Widebus
Alternate source agreement with Philips on LVT, LVC and LV

Introduction of GTL/TTL translators

1893/ Atternate source agreement with Hitachi on LVT and LVC
Introduction of LVC and LV
P release of LVT

intreduction of LYY
Production release of Shrink Widehus™ package
intioduction of Widehus+™
Alternate source agmement with Hitachi on ABT Widehus

14604

e /
1

Production release of first EIAJ TSSOP

introduction of ABT Widebus

2 of &

AR geadint

f Pt Sesmni o S8
st Of st 183 BIDF

1989 /* Tiintroduces ACL Widebus P
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Widebus, Shrink Widebus and Widebus+ are of Texas
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Percentage of design starts
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ALVT 16245: 3.5ns
AVCT 16245: ~25ns

o

» ALVC and ALVT are specified for both 3.3V and 2.5V operation
» AVCT is designed for dedicated 2.5V operation. Sampling starts in 1Q97 ‘ E
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Standard Gates Single Gate
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SN 74 AHC 1G xx DBV R + 3.5ns typ propagation delay
| ¢ +/-8mA output drive
Tape&Heel + 20uA static current
SOT-23Package |, GMOS (AHC) and TTL (AHCT)
Logic Function compatible versions
Single Gate + AHC versions compatible with
Advanced HCMOS Technology Toshiba’s TC7SHxx series
+ Samples now
Area (max.): ? Cross-Feferencs {(sxamples}
9.3 mm? %
Height (max.): DBv 2.0mm Texas Instruments Toshiba
1.3mm SN74AHC1GO0ODBV TC7SHOOF
Lead Pitch: SN74AHCT1G00DBV
0.95mm  «g——p 3.1mm SN74AHCU1G04DBV TC7SHUO4F

/- Y-
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* New ALB product line from Ti
uses Advanced BiCMOS
technology; op-amp A Ot ALB16244 Y
architecture

+ 2 ns prop delays (MAX!) ‘__

» 3.3 VBICMOS process = l
+ Full 25 mA drive capability OF

+ ‘16244 and ‘16245 functions

available soon
> ‘16827 possible

* Architecture limitations:
< No hysteresis or buffering
options possible (e.g. ‘240,
'373, '646...)

i RIER
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WIDEBUS WIDEBUS+

Package Code  N/NT DGV

* Selected functions Widebus and Widebus+ are trademarks of Texas Instruments Inc.
RS
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TVSOP = Thin Very Small Outline Packages

e TVSOP is available in 14, 16, 20, 24,
48, 56, 80 and 100-pin types

» * All TVSOP packages have
" received JEDEC (Joint
Electronics Device
Engineering Council)
regisiration under
semiconductor package
standard MO-194.

e TVSOP has a lead pitch
of 0.4 mm (16 mii) and
a device height meeting

the 1.2 mm PCMCIA

Y
TVSOP “ Typical Dimensions | Area I% Smalier]% Smaller | % Smaller
Package S (i mim) : : (mm?) | than " | than" than
A B C D E SSOP TSSOP TQFP

14-Pin 360 440 640 0.18 040 23.00 52.4 29.3

16-Pin 360 - 4.40 640 0.18 0.40 23.00 52.4 293

20-Pin 5.00 - 440 6.40 - 0.18 0.40 32.00 43.0 24.0

24-Pin 5.00 < 4.40 640 0.18 0.40 32.00 50.0 34.0

‘48-Pin. 11980 440 640 0.18 0.40 63.00 ] 619 3804

56:Pin 1.3 440 640 0.18 0.40 72.30 62.2 36,0 7
80-Pin 17.0 6,10 810 0.18 040 1378 | : 30.0
100-Pin 208 6.10 810 0.18 0:40 168.5 B ; i 350

&
g oo
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Listed below is a collection of Texas Instruments’ Mixed Signal and Logic Products technical documentation. The
alphanumeric code is the literature number for each item listed. These documents can be ordered through a TI
representative, an authorized distributor or the Product Information Center by referencing this literature number.
Document Revision Lit-Code Document Revision  Lit-Code
* Mixed Signal and Analog CD-ROM 1996  SLOD001 *  AHC Selection Guide 1996 SCLBEOIA
* Logic Application Report & Product CD-ROM  Jan97 SDZDEOIA  * AHC MicroGate Product Information 1996 SCLTEOL
* Mixed Signal & Analog Designer’s Guide Apr96  SLYU0OO1 * Low Voltage Logic Selection Guide 1996 SCVBEO1A
*  Logic Selection Guide 4096 SDYUO0ID * CBT Crossbar Switch Seiection Guide 1996 SCVBEOZA
* GTL/ETL/BTL Backplane Selection Guide 1996 SCBBE04
* Data Converter Selection Guide Oct96 SLABEOSA  * E[FO Memories Selection Guide 1996 SCABEO1A
*  Data Transmission Line Circuits Selection Guide 1996  SLLBE(02 * CDC Clock Circuits Selection Guide 1996 SCBBEO5
*  Single Supply CMOS OpAmp Selection Guide 1996 ~ SLOBEO3
*  Rail-to-Rail OpAmp Selection Guide 1996  SLOBE02 * AHC,AHCT,HC,HCT,LV Data Book 1996 SCLDO004
*  Excalibur OpAmp Selection Guide 1996  SLOBEOIA * AC,ACT Data Book 1996 SCADE02
*  TPIC Integrated Power Switches Selection Guide 1996  SLIBEOIB * ABT Data Book 1994 SCBDEO8
* Intelligent Opto Sensors Selection Guide 1996 SOYBEO03 * LVC,ALVC,LVT,LV,ALB Data Book 1996 SCBD003B
*  MSP430 Selection Guide 1996  SLABE03A  * Widebus/Widebus+ Data Book 1995 SDWDE02
* BCT Data Book 1994 SCBDO01B
* Data Acquisition Circuits Data Book 1995  SLADOO1 * 74F Data Book 1994 SDFD001IB
* Data Transmission Line Circuits Data Book 1995/6 SLLDOO1A * CDC Clock Cirucits Data Book 1996 SCBTEO7C
*  Data Transmission Communication Controller 1996 ~ SLLD003 * GTL,ETL,BTL Backplane Data Book 1995 SCBDEI10
*  Data Transmission Design Seminar Manual 1996  SLLDEOIA  * CBT Crossbar Switch Data Book 1995 SCDDEO1
*  Power Supply Circuits Data Book 1996 SLVDO002 * FIFO Memories Data Book 1996  SCADO03C
*  Linear Circuits Power+ Products Data Book 1996  SLYDOIOA  * FIFO Memories Designer’s Handbook 1996 SCAAO12A
*  Operational Amplifier and Comparators/ Vol. A 1995  SLYDO11 * 3.3V FIFO Memories Data Book 1995 SCADE04
*  Operational Amplifier and Comparators/ Vol. B 1995  SLYDO012 * JTAG/Boundary Scan/IEEE1149.1 Data Book 1994 SCBDE09
* Intelligent Opto Sensor Data Book 1996  SOYDEO2B  * TNETA - ATM Network Data Book 1996 SDNDE02
*  Wireless and Telecom Products Data Book 1996  SLWD001 * Adv.Logic SPICE Models Data Book 1995 CBDOOMA
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EBV LOMEX KFT: Tel: +36 1 272 06 07, Fax: +36 1272 06 03
Elbatex: Tel: +36 1 269 90 93/94, Fax: +36 1 269 90 96

Macro Budapest Kft: Tel: +36 1 203 02 77, Fax: +36 1 203 03 41
Setron: Tel: +36 1 250 46 28/18, Fax: +36 1 168 67 86

SPOERLE ELECTRONIC: Tel: +36 1 270 62 75, Fax: +36 1270 6277

NORGE/NORWAY

Arrow-Tahonic A/S: Tel: +47 22 378 440, Fax: +47 22 370 720

Avnet Nortec A/S: Tel: +47 66 846 210, Fax: +47 66 846 545

Jakob Hatteland Electronic A/S: Tel: +47 53 763 000, Fax: +47 53 765 339

0, Fax: +45 44 92 60 20

12A

OSTERREICH/AUSTRIA

Avnet E2000: Tel: +43 1 911 28 47, Fax: +43 1 911 38 53

EBV Elektronik: Tel: +43 1894 17 74, Fax: +43 1 894 17 75
SEI-Elbatex GmbH: Tel: +43 1 866 42 0, Fax: +43 1 866 42 202
SPOERLE ELECTRONIC: Tel: +43 131872700, Fax: +43 13692273

POLSKA/POLAND

Constrans Tl: Tel: +48 71 25 26 21, Fax: +48 71 25 44 39

EBV Semicon Components: Tel: +48 71 48 56 41, Fax: +48 71 48 56 41
Elbatex: Tel: +48 22 621 71 22, Fax: +48 22 623 06 05

Macropol Ltd.: Tel: +48 22 22 43 37, Fax: +48 22 22 91 36

Setron: Tel: +48 26 28 67 27, Fax: +48 26 21 15 40

SPOERLE ELECTRONIC: Tel: +48 22 640 03 49, Fax: +48 22 640 03 48

PORTUGAL
ATD Electronica: Tel: +351 1 471 4182, Fax: +351 1 471 5886
SEI-ADM Electronica: Tel: +351 2 973 6957, Fax: +351 2 973 6958

ROMANIA
Liviu Bejan: Tel: +401 686 93 12, Fax: +401 686 93 12
Macro: Tel: +40 1 634 31 29, Fax: +40 1 634 31 29

POCCWFA/RUSSIA

Macro Petersburg: Tel: +7 812 531 1476, Fax: +7 812 327 8650
Scan Ltd.: Tel: +7 095 232 23 43, Fax: +7 095 938 22 47
SEI-Elbatex: Tel: +7 095 210 00 44, Fax: +7 095 956 10 78
Setron: Tel: +7 095 278 00 68, Fax: +7 095 278 00 68

SCHWEIZ/SUISSE/SWITZERLAND

Avnet E2000: Tel: +41 1722 13 30, Fax: +41 172213 40

EBV Elektronik: Tel: +41 174 561 61-30, Fax: +41 174 151 10
Eurodis Electronics AG: Tel: +411 843 31 11, Fax: +41 18433475
SEI-Elbatex AG: Tel: +41 56 437 51 11, Fax: +41 56 437 54 54
SPOERLE ELECTRONIC: Tel: +41 1 874 62 62, Fax: +41 1 874 62 00

SLOVENSKO/SLOVAKIA
Elbatex: Tel: +427 7221 37, Fax: +42772 21 39
Macro Components s.r.o.: Tel: +42 89 63 41 81, Fax: +42 89 63 41 09

SLOVENIA/CROATIA
EBV Elektronik: Tel: +386 61 133 0216, Fax: +386 61 133 0457
Elbatex: Tel: +386 61 159 71 98, Fax: +386 61 159 23 98

SOUTH AFRICA
Pace Electronic Components: Tel: +27 11 9741211, Fax: +27 11 9741271

SUOMI/FINLAND

Arrow-Field Oy: Tel: +358 9 777 571, Fax: +358 9 798 853

Avnet Nortec Oy: Tel: +358 9 613 181, Fax: +358 9 692 232 6

Jakob Hatteland Oy: Tel: +358 9 351 615 21, Fax: +358 9 351 615 22

SVERIGE/SWEDEN

Arrow-TH:s Elektronik: Tel: +46 8 362 970, Fax: +46 8 761 3065

Avnet Nortec AB: Tel: +46 8 629 1400, Fax: +46 8 627 0280

Ericsson Standard Components AB: Tel: +46 8 757 4900, Fax: +46 8 752 926!
GB TopComp Electronics: Tel: +46 8 757 5300, Fax: +46 8 757 5353

Jakob Hatteland Electronic AB: Tel: +46 8 760 0140, Fax: +46 8 364 686

TURKIYE/TURKEY
Empa A.S:.Tel: +90 212 599 30 50, Fax: +30 212 599 30 59

YKPAIHA/UKRAINE
SEI-Elbatex: Tel: +38 44 227 22 62, Fax: +38 44 227 36 68

UNITED KINGDOM

Arrow-Jermyn: Tel: +44 1234 27 00 27, Fax: +44 1234 21 464

Avnet Access: Tel: +44 1462 48 08 88, Fax: +44 1462 48 85 67

Bloomer Electronics Ltd.: Tel: +44 1762 33 98 18, Fax: +44 1762 33 06 50
EBV Electronic: Tel: +44 1628 783688, Fax: +44 1628 783811

Macro Marketing Ltd.: Tel: +44 1628 60 60 00, Fax: +44 1628 66 68 73

SEI 2001 Electronic Comp.: Tel: +44 1438 74 20 01, Fax: +44 1438 74 20 02

" E-PIC

TI SC European Product Information Center

HNICAL HOTLINE:

+33(0)13070 11 64
+44 - (0)1604 - 66 33 99
+33(0)1 3070 11 67

+49 (0)8161 80 33 11

‘t’f TEXAS
INSTRUMENTS

Chlorine-free paper —to protect our environment

SDYDE@1A
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