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INTRODUCTION

This collection of application reports and articles is intended to provide the design engineer with a valuable
technical reference for Texas Instruments (TI) products. It contains reports written or revised between
September 1992 and March 1997. The book is divided into eight sections, each focusing on different
aspects of design decisions.

Section 1, General Design Considerations, includes discussions about logic features, such as the
bypass capacitor and output-damping resistor, and provides answers to difficult questions, such as how
to improve electromagnetic compatibility and what negative consequences can arise when operating ICs
outside their recommended operating conditions.

Section 2, Backplane Design, includes reports on TI's Gunning Transceiver Logic (GTL) and Backplane
Transceiver Logic (BTL) families. Aspects of line reflection and live insertion also are considered.

Each design is ultimately the result of several individual-device decisions. Consequently, the designer
needs skew, transition rise and fall times, input characteristics, and waveforms for many devices.
Section 3, Device-Specific Design Aspects, covers these topics and many more for TI's most popular
product lines. Tl is dedicated to providing support for older families, while remaining on the cutting edge
of technology. Section 3 includes our most popular CMOS (AC, ACT, ALVC, LV, LVC, and HC) and
BiCMOS (ABT, ALB, BCT, and LVT) logic families, as well as some of our older technologies (ALS, AS,
F, LS, and S).

Section 4, 5-V Logic Design, delivers more specific information on the Advanced BiCMOS Technology
(ABT), Advanced High-Speed CMOS (AHC), Crossbar Technology (CBT), and Advanced Schottky (AS)
logic families. ABT and AHC devices are the recommended families for high-to-medium-performance
5-V designs.

As process geometries continue to decrease in size to accommodate higher performances, system
voltage requirements decline as well. In addition, end-consumer segments are always looking for ways
to extend battery life. Section 5, 3.3-V Logic Design, contains reports designed to aid the 5-V to 3.3-V
transition and highlights the Low-Voltage CMOS (LVC) logic family.

Section 6, Clock-Distribution Circuits (CDC), provides information on skew, electromagnetic
interference (EMI) prevention, and phase-lock loop (PLL) based clock drivers.

As packaging trends and increased device functionality continue to allow smaller packages, board testing
will become increasingly difficult. IEEE Std 1149.1 (JTAG) and Tl's boundary-scan logic devices are the
answer. Section 7, Boundary-Scan IEEE Std 1149.1 (JTAG) Logic, includes 12 reports that give
designers the facts on built-in self-test and designing with boundary-scan logic.

Section 8, Packaging, covers DIP to TVSOP packages and concludes with a discussion of package
thermal considerations.

For more inforrpaﬁon on these or other Tl products, please contact your local Tl representative,
authorized distributor, the European Product Information Centre, or visit the TI logic home page at
http//www.ti.com/: ic.

For a complete listing of all Tl logic products, please order our logic CD-ROM (literature number
SCBCOq1) and/or Logic Selection Guide (literature number SDYU001) by calling our European Product
Information Centre.
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Introduction

High-speed switching environments generate noise on power lines (or planes) due to the charging and discharging of internal
and external capacitors of an integrated circuit. The instantaneous current generated with the rising and falling edges of the
outputs causes the power line (or plane) to ring. This behavior can violate the Vo recommended operating conditions or
generate false signals, creating serious problems. A simple and easy solution must be considered to prevent such a problem
from occurring. This solution is the bypass capacitor.

Bypass Definition

A bypass 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 Considerations

A system without bypassing techniques can create severe power disturbance and cause circuit failures. Figure 1 shows the Voe
line of the * ABT541 ringing while all outputs are switching. Note that there is no bypass capacitor at the Ve pin. There are
a few issues that should be considered when bypassing power lines (or planes).

® The capacitor type

®  The capacitor placement
® The output load effect

®  The capacitor size

No Bypass Capacitor

Vec=5V,
Ta=25°C,
Output Load = 60 pF/500 W

Vee -V

[ Vec ringing amplitude due to
the switching of the outputs

Frequency - MHz

Figure 1. Vg Line Disturbance vs Frequency



Capacitor Type

In a high-speed environment the lead inductances of a bypass capacitor become very critical. High-speed switching of a part’s
outputs generates high frequency noise (>100 MHz) on the power line (or plane). These harmonics cause the capacitor with
high lead inductance to act as an open circuit, preventing it from supplying the power line (or plane) with the current needed
to maintain a stable level, and resulting in functional failure of the circuit. Therefore, 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 favorable than others for bypassing power lines (or planes). They exhibit negligible internal inductance,
thereby allowing the charge to flow easily, when needed, without degradation.

Capacitor Placement

Most of the printed circuit boards are designed to maintain a short distance between power and ground. This is done by
laminating the power line (or plane) with the ground plane and can be electrically approximated with lumped capacitances as
shown in Figure 2. However, this is not enough to have areliable system, and another technique must be considered to provide
a low-impedance path for the transient current to be grounded. This can be done by placing the bypass capacitor close to the
power pin of the device.

Pt

RS A e
Dielectric T T ]

%o = ﬁ - e l

Figure 2. Typical Power Layout

Why This Location Is Very Important

Consider a device driving a line from low to high having an impedance (Z = 100 Q) and a supply voltage (Vcc =5 V) (see
Figure 3). In order for the device to change state, an output current (I = 50 mA) is needed instantaneously. Note that for eight
outputs switching, I = 50 x 8 = 400 mA. This current is provided by the power line (or plane) in a period less than or equal
to the rise time of the output (approximately 3 ns for ABT). The bypass capacitor must supply the charge in that same period
to avoid Vc drop; therefore, distance becomes an important issue. Line inductances can block the charge from flowing,
leaving the power line (or plane) disturbed.

Using the formula for paralleled wires:

L= l%ln% )

Where:

d = distance between wires

1 =length of the wires

r =radius of the wires

Ko = permeability of medium between wires

The inductance (L) is directly proportional to the distance between the lines as well as the length of the lines. Therefore, by
reducing the loop ABCD in Figure 3, the inductance is minimized, allowing the capacitor to function more efficiently and,

owing the
hence, keep the noise off the power line (or plane).




Vee

3|
]

Vee

Z=100Q

1=5V/100Q =50 mA

_i_c D

GND

Figure 3. Capacitive Storage (Bypass Capacitor)

Several tests were performed on an *ABT541 device to study the behavior of its power line (or plane) as the outputs switch
simultaneously. This data is taken at different distances from the power pin (0.3, 1, and 2 inches) using four capacitors (0.001,
0.01,0.1, and 1 pF), with an input frequency of 33 MHz and all eight outputs switching simultaneously (worst case). Figure 4
shows that the line disturbance increases as the capacitor is moved away from the power pin.

Veec -V

Vee -V

Distance From V¢ Pin = 0.3 inch

o

Jd o,

4

0.001

T T T

0.010

0.100

T
Capacitance - uF

Distance From V¢ Pin = 2 Inches

0.001 0.010 0.100

Capacitance - uF

1.000

Distance From V¢ Pin =1 Inch

Vec -V
o
[ ]
C ]

4

T T T T

T
0.001 0.010

T T

0.100
Capacitance - pF

Vee=5V,
Ta=25°C,
Frequency = 33 MHz,
Output Load = 500 Q

I Vg ringing amplitude due to
the switching of the device outputs

Figure 4. Vg Line Disturbance vs Capacitor Size at Different Distances

1.000



Output Load Effect

Capacitive loads combined with increased frequency result in higher transient current and possible V- oscillation. If the
output load is purely resistive, the increase in frequency does not affect the rising and falling edge of the outputs; therefore,
it does not increase the V¢ line disturbance. Figure 5 shows the power line behavior across frequency while driving only a
resistive load. Figure 6 shows the same plot with an additional 60-pF capacitive load.

Frequency = 1 MHz Frequency = 10 MHz

Vee -V
2]
]
]

Vec -V
@
]

4 4

T T LN B 1 e e e e S RN
0.001 0.010 0.100 1.000 0.001 0.010 0.100 1.000
Capacitance — uF Capacitance — uF
Frequency = 33 MHz Frequency = 50 MHz
6 6

Vee -V
v
]
(]
Vee -V
w
—
]
[ ]

4
4 TT T TT7TTT T TTT T ™ T T TTTTTT T T T TrTTTmT T T T

0.001 0.010 0.100 1.000 0.001 0.010 0.100 1.000
Capacitance — uF Capacitance — uF

Distance From V¢c Pin = 0.3 Inch,

Vec=5V, I Ve ringing amplitude due to
Ta=25°C, the switching of the device outputs
Output Load = 500 Q

Figure 5. V¢ Line Disturbance vs Capacitor Size With Resistive Load at Different Frequencies
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Vee -V

Veec -V

Frequency = 1 MHz

4
0.001 0.010 0.100 1.000
Capacitance — pF
Frequency = 33 MHz
6
5.
4
0.001 0.010 0.100 1.000
Capacitance - pF
Distance From Vge Pin = 0.3 Inch,
Vec=5V,
Ta=25°C,

Frequency = 10 MHz

6
7
5
Q
L
4
0.001 0.010 0.100 1.000
Capacitance — pF
Frequency = 50 MHz
6.
>
. 5
Q
L
4
0.001 0.010 0.100 1.000
Capacitance - pF
Vg ringing amplitude due to

the switching of the device outputs

Figure 6. V¢ Line Disturbance vs Capacitor Size With 60-pF Load at Different Frequencies
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When driving large capacitive loads, more charge must be supplied to the output load, resulting in a slower rising or falling
edge. However, if the bypass capacitor is not capable of providing the needed charge, power lines (or planes) start to ring and
eventually oscillate, causing failures across the board. These oscillations can be of a great amplitude, 2- to 3-V p-to-p. Figure
7 shows these oscillations at four different loads (0, 60, 115, and 200 pF) using four different bypass capacitors (0.001, 0.01,

0.1, and 1 pF).
Output Load = 500 Q
6
T s i s i
Q
>
4
3 L e o o e R e e o a0
0.001 0.010 0.100 1.000
Capacitance — uF
Output Load = 115 pF/500 Q
6
>
t 5 l
[$]
£
4
3+———rrrrrr———
0.001 0.010 0.100 1.000

1-12

Capacitance — uF

Distance From V¢ Pin = 0.3 Inch,
Vec=5V,

Ta=25°C,

Frequency = 33 MHz

Output Load = 60 pF/500 Q

-

Vee -V

v
]
L]

4
1I T T T TTrTTTTT T TrrIrm
0.001 0.010 0.100 1.000
Capacitance - pF
Output Load = 200 pF/500 Q
6
>
t 5
Q
£
4
34—
0.001 0.010 0.100 1.000

Capacitance — uF

V¢ ringing amplitude due to
the switching of the device outputs

Figure 7. V¢ Line Disturbance vs Capacitor Size at Different Capacitive Loads



Capacitor Size

How can we choose the right bypass capacitor? The most important parameter is the ability to supply instantaneous current

when it is needed.

There are two ways to calculate the bypass-capacitor size for a device:

1. The amount of current needed to switch one output from low to high (I), the number of outputs switching (N), the
time required for the capacitor to charge the line (At), and the drop in Vo that can be tolerated (AV) must be known.

The following equation can be used:

_IXN XAt
C= AV

where At and AV can be assumed.

(&)

For example, with AV = 0.1 V, At =3 ns, N = 8, and I obtained from either Figure 3 (for rough estimate) or from the plot in
Figure 8 (assuming 50-MHz frequency), using I = 44 mA, the equation is:

C=44x10_3)(8)(3)(10‘9___10080x10—12=0.01up

0.1

3)

2. Several capacitor manufacturers specify the maximum pulse slew rate. This allows the capacitor’s maximum current
to be calculated. For example, a 0.1-pF capacitor rated at 50 V/us can supply: i = ¢ dv/dt = 0.1 x 50 = 5 A. This

current is greater than the maximum current (Ix N =44 mA x 8 outputs switching =352 mA) required by the device
used in the previous example.

Ilcc—-mA

One Output Switching
50
Vee=5V,

45+ Tp=25°C, )

7 Output Load = 60 pF/500 Q .
40 « .

1 -
35 JPrY: .*
30 %" i

.

e-”
254
20 — T T T

0 10 20 30 40

Frequency — MHz

Figure 8. Icc vs Frequency

50
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Summary

Bypass capacitors play a major role in achieving reliable systems. The absence of the bypass capacitor can generate false
signals and create major problems across the entire board. Figure 1 shows the undesired ringing caused by simultaneously
switching the outputs of the "ABT541. Also, choosing a capacitor with negligible lead inductance can avoid unpredictable
behavior at high frequencies. Locating the capacitor closer to the Ve pin of a device can avoid further complications and
eliminate the ringing entirely. Figure 6 shows the V¢ line behavior with the bypass capacitor placed 0.3 inch away from the
Vcc pin, whereas Figure 9 shows the same plot with the same load, but the bypass capacitor is located at the pin; there is
dramatic improvement in the latter case. This technique can also be applied to Texas Instruments Widebus™ family by
bypassing all Ve pins. This is the most effective method for eliminating the Vcc line ringing. It is always important to
minimize the loop between the Ve pin, the ground, and the bypass capacitor. Finally, choosing the capacitor size by using
either method mentioned earlier is highly recommended. If one considers all these issues, a good bypass technique can
be employed.

With 0.1-uF Bypass Capacitor

Vee-V

24 Vgc=5V,
] Ta=25°C,
Output Load = 60 pF/500 Q

(1] 10 20 30 40 50
Frequency - MHz

Figure 9. Vgc Line Disturbance vs Frequency
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Abstract

The significance of electromagnetic compatibility (EMC) of electronic circuits and systems has recently been increasing. This
increase has led to more stringent requirements for the electromagnetic properties of equipment. Two property aspects are of
interest: the ability of a circuit to generate the lowest (or zero) interference, and the immunity of a circuit to the effects of the
electromagnetic energy it is subjected to. The effects on electronic circuits and systems is well documented, but little attention
has been paid to circuit behavior and the interference it generates. This application report explains important criteria that
determine the EMC of a circuit and, thus, provides the development engineer with information for the design of circuits and
layout of circuit boards.

Introduction

The EMC of an electronic circuit is mainly determined by how components are laid out with respect to each other and by how
electrical connections are made between components. Every current flowing in aline generates a current of the same magnitude
flowing in a corresponding return line. This line loop creates an antenna that can radiate electromagnetic energy whose
magnitude is determined by the current amplitude, the repetition frequency of the signal, and the geometrical area of the current
loops. Figure 1 shows the current paths of a typical circuit layout.
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Figure 1. Current Paths in an Electronic System
Classes of lines that contribute, in varying degrees, to the undesirable radiation that is generated are:

® The supply lines in Figure 1 form loops A-C-D-B and A-E-F-B. The energy the system needs to operate is
conducted by these lines. Since the power consumption of the circuit is not constant but depends on its instantaneous
state, then all the frequency components generated in the individual parts of the system are represented on these
supply lines. Because of the relatively high impedance of the supply lines (usually about 100 Q), fast current changes
cannot be suppressed while en route, therefore, this function must be fulfilled by the blocking capacitor (Cg).

®  Additional loops are formed by the signal and control lines (L-M—F-D and N-Q-P-~F). The area these lines enclose
is usually small, if those lines outside the system are not considered. These lines often transmit signals at high
frequencies, so signal and control lines must be considered.

®  The oscillator circuit and its external frequency-determining components form loop G-H-J-K. Since the highest
frequencies are usually found at this point, particular care must be taken with the design of the circuit to avoid
unnecessary interference voltages and, with the routing of connecting lines, to minimize the effective areas of
the antennas.



Behavior of Digital Circuits

Knowing the relationships of several important properties of logic circuits leads to specific and effective ways of improving
EMC. These properties are demonstrated with CMOS integrated circuits (ICs). An example will help explain several
improving effects that arise in a similar way with other device technologies.

Figure 2 shows the circuit of a simple inverter constructed with N-channel and P-channel transistors. If a voltage, Vy, is applied
to the input, which is less than the threshold voltage (V) of the N-channel transistor, this transistor will be nonconducting,
whereas, the P-channel transistor will conduct. In the opposite way, the N-channel transistor will conduct and the P-channel
transistor will be nonconducting if a voltage V| > Vo — ViTy is applied at the input (V.. is the threshold voltage of the
P-channel transistor). In both cases, no current, except negligible leakage currents, flows through the circuit. This is also the
reason for the extremely low current consumption of CMOS circuits in a quiescent state.

-t
1

Figure 2. CMOS Inverter Circuit

However, if a voltage between the two limits (Vi1 and Ve - Vit ) is applied to the input of this inverter, both transistors will
be more or less conducting. The result with this configuration is a considerable increase in the supply current (see Figure 3).
In such a case, HCMOS circuits take a current of up to about 1 mA, whereas, with advanced CMOS (AC), the supply current
can increase to over 5 mA.
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Figure 3. Supply Current of CMOS Circuits as a Function of the Input Voltage
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Because the input voltage at such a circuit cannot traverse the critical voltage :gion when changing from a low to a high (or
vice versa) in an infinitely short time, there is flow during this time of pulse-shaped current peaks (often known as current
spikes), of such magnitude that cannot be neglected. In an input stage, current amplitudes of 1 mA to 5 mA must be expected
(see Figure 3). Considerably more critical is this phenomenon at the outputs of an IC. Since the output stages must drive the
load that is connected to the output, these transistors must be made considerably bigger. As aresult, the amplitudes of the current
peaks also increase correspondingly to values of from 20 mA for HCMOS devices to 60 mA for AC devices, with a pulse width
of 5 ns to 10 ns.

Suppression of Interference on Supply Lines

The current peaks mentioned previously are one of the most significant causes of electromagnetic interference. Every time an
output is switched, a corresponding pulse of current flows along the supply lines. The latter connections lead by a more or less
direct route from the module to the central power supply. The problem will be aggravated when the outputs of an IC are
switched at a high repetition rate, such as along the lines connecting a processor with its corresponding memory.

In practice, decoupling the supply voltage close to the IC with a ceramic capacitor (Cg = 100 nF) is recommended. in digital
systems this technique is effective in ensuring that, with the expected load changes, no inadmissible supply voltage changes
can occur. However, this will result in only a very limited reduction of the electromagnetic interference.

To achieve a significant improvement, it is first necessary to analyze the complete circuit and its parasitic components. Figure 4
shows the circuit under examination. Two transistors (Q1 and Q2) are the output stage of an IC whose behavior is to be
analyzed. Connection to the surrounding circuitry is made with the Lp/Rp/Cp network, which represents the parasitic
components of the package. The following individual values are assumed:

~  Inductance of the package leads L, = 5 nH to 30 nH
Capacitance of the package leads Cp, = 1.5 pF to 3 pF
- Ohmic resistance of the package leads R, =0.1 Q2

Vee
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Figure 4. Circuit With Parasitic Components

From the supply terminals Ve and GND of the IC, a connection is made to Cp as identified in Figure 1 across the dc source.
The following values for the components of the impedance per unit of length of the line from the V¢ source on the circuit
boards to the V¢ terminal of the IC are assumed:

-~ Inductance per unit length L' = 5 nH/cm
—  Capacitance per unit length C’ = 0.8 pF/cm
— Resistance per unit length R’ = 0.01 Q/cm

The supply line subsequently reaches the first blocking capacitor, Cg (see Figure 4, right-hand Ly, Ry, Cy, totem), whose
equivalent circuit is made up as follows:

- Capacitance Cp, = 100 nF (typical value)
- Inductance of the leads Ly, = 2 nH (SMD package)
- Resistive losses Ry = 0.2 Q

1-21



From here, along line (ength = 5 cm) is taken to the next blocking capacitor, Cg (see Figure 4, center Ly, Ry,, Cy, totem); this
line and the capacitor can also be represented by the same equivalent circuit as mentioned above. For simplicity, it will be
assumed that the subsequent circuit can be represented by the well-known vehicle power-supply equivalent circuit
components:

~  Inductance L= 5 uH

—~  Capacitance C, = 0.1 uF

—  Resistance R, = 50 Q

The behavior of this circuit was simulated using a SPICE program,; it was assumed that no load was connected to the output
of the IC, i.e., the circuit was left open. Figure 5 shows the calculated current waveforms. The following definitions apply:
—  I¢c: Current in the Vo connection to the IC
—  Icy: Current in the first blocking capacitor
—  Igo: Current in the second blocking capacitor
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Figure 5. Currents in the Supply Lines

The waveform of the current Icc demonstrates the current peaks already mentioned that have an amplitude of about 15 mA.
From the previous discussion it can be determined that the blocking capacitor is now scarcely able to smooth out this pulse
of current. In fact, the resonant circuit formed by the line inductance (principally that of the package of the IC) and the Cg will

be excited, and an increase of current will take place (current I ). A major part of the current (Ic7) is transplanted via the supply
line, and flows with a scarcely diminished amplitude also into the next Cg.

From the point of view of the EMC of the circuit shown, Cg, in this form, is unable to significantly reduce the radiated
interference. The long supply lines — which, in practice, are always present — with the relatively large areas that these lines
surround, form an effective antenna. At the frequencies present, an unacceptable level of interference is radiated.



To improve the behavior of the circuit, measures must first be taken to ensure that the spread in the system of the currents shown
in Figure 5 is limited. This cannot be achieved with Cg alone; improvement of its properties, relative to the requirements
detailed here, cannot be achieved. Because the inductance causing the interference has already been formed, to a large extent
by the packages of the ICs and by the connection to the capacitor, no significant improvement can be achieved by simply
connecting in parallel several capacitors having different capacitance values. Of greater concern is preventing the current
causing the disturbance from reaching other parts of the circuit. This can be achieved by introducing an inductive coil behind
the first Cg, which represents a sufficiently high resistance at high frequencies. In the simulated circuit, an inductor having
an inductance Lcy = 1 pH was assumed, the impedance of which could be limited at high frequencies by a resistor of 50 Q
connected in parallel.

The results of the simulation are shown in Figure 6. As might be expected, the currents in the leads to the IC Icc and in the
first Cg (Ic1) have not become any smaller. However, Figure 6 shows that there is a reduction of the current amplitude (Icy)
by more than 20 dB after the inductor. This method can contribute to a significant reduction of the radiation.
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Figure 6. Currents in the Supply Lines Using an Inductor

Next is the question of how the individual components should be arranged on the circuit board to achieve the maximum
reduction of the radiation. Figure 7 shows a circuit proposal for this purpose. A grounded area under the IC is connected to
the GND pin of the circuit. This ground ensures that the major part of the field lines emanating from the IC are concentrated
between the IC and ground level. As a result of the skin effect on the large surface area, the line inductance to Cp is reduced
still further. It is immaterial whether the capacitor is situated near the positive (V) or the negative (GND) supply connection.
It is only important that the parasitic inductances and the effective areas of the antennas are kept as small as possible. The
inductor (L) should be as cloge as possible to the part of the circuit where the interference is to be suppressed.
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Figure 7. Placement of the IC, Cg, and Lcy

Suppression of Interference on Signal Lines

Figure 8 shows where the signal currents should flow to reduce the interference radiated from the signal lines. In this circuit,
a gate drives a line that is terminated with an impedance Z. The impedance can be made up of the IC input capacitance
(CiN = 5 pF) and its input resistance (Ryy) of several kilohms to a few megohms. At the transmission of a negative signal edge,
the current flows from the output of the driver to the drain, and from the drain, via the ground line, back to the signal source.
Simply expressed, the capacitance of the connecting line and the input capacitance of the receiver are discharged via the output
resistance of the driver. When a positive signal edge is transmitted, thé opposite occurs: this capacitance must be charged by
the supply voltage source via the output resistance of the driver. In this case, these signal currents also appear on the supply
lines. This demonstrates that the precautions taken to reduce interference from the supply lines are effective.
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Figure 8. Arrangement of Signal Lines and Their Return Lines

Figure 9 shows the results of the simulation of the arrangement just discussed. In this example, the output of the IC drives a
5-cm-long line having a characteristic impedance (Zg = 100 Q) that is terminated at its end with 100 k2 and 5 pF in parallel.
As aresult of the largely capacitive loading, the amplitude of the current peak Icc is significantly reduced on the negative edge
at the output Voy. The capacitance at the output keeps the voltage at this point at the original potential (high) for a short time
and prevents a current flow through the upper transistor of the output stage (voltage difference = 0 V). At the positive edge,
the signal current Igyr is added to the lateral current in the output Icc.
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Figure 9. Currents in Signal and Supply Lines

Currents may be reduced by connecting a resistance (Rg) in series with the output. Line-transmission theory shows that this
resistance has no negative influence on the speed of the circuit, provided the output resistance of the driver (consisting of its
internal resistance + series-resistance Rg) is smaller than, or equal to, the characteristic impedance of the line (Zg =70 Q to
120 Q) to which it is connected. In practice, resistance values are about 50 £, so the current amplitude can be reduced by about
3 dB. This solution needs more components and should be used only when the distortion resulting from line reflections must
be reduced at the same time.

Care should be taken to make the antennas as ineffective as possible, i.e., make the areas enclosed by the outward and return
lines as small as possible. An effective method is to run the return line parallel to the signal line (see Figure 10). (This is
automatically ensured with multilayer circuit boards that have a continuous ground level under the signal lines.) If signals with
high frequencies (such as clock signals) are transmitted or lines are very long, this method will often be used. In this case, lines
having defined line impedances (be cautious of reflections) as a result will also be provided. With an appropriate layout of the
additional ground lines, crosstalk between critical lines can be reduced.

Cr"‘ Ground Matrix n
j

Ground
Return

Figure 10. Layout of Signal and Ground Lines
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The most cost-effective and technically-effective method consists simply of keeping the critical lines as short as possible, while
observing the following priorities:

1. Clock lines
2. Low-order address lines between processor and memory
3. Data lines between processor and memory

All ICs between which information at high frequencies is exchanged should be mounted as close to one another as possible
to keep the line lengths short. This applies particularly to lines between a microprocessor and its memory.

The next step is to keep the areas of the antennas as small as possible, i.e., to provide the transmitted signals with a return path
which, in turn, is as close as possible to the corresponding signal line. To reduce the effect of tangled lines on circuit boards
for fast digital circuits, a ground connection of the circuit board in the form of a network is effective, but the mesh area should
be only a few square centimeters. In this way, the inductance of the connections to ground and their lengths can be optimized.
This technique results in short return lines and in small-area antennas. With a logical reduction of the mesh area, a final
arrangement conforms electrically to that of a continuous ground layer in a multilayer circuit board. Ground lines with a
spacing of 2 cm to 4 cm horizontally and vertically make up the required network structure. Subsequently, all free areas can
be filled out with copper, which then must be connected by the shortest possible path to ground potential. With large areas,
it is advisable to make the contacts at several of the ends. With the positive supply line connected firmly to the supply-voltage
connections via the blocking capacitors to the ground system, a network structure connection is not needed.

Oscillator

The highest frequencies in digital systems are usually found in the clock generator. From this point, the oscillator signal is
transmitted to the other subsystems, mostly in the form of a divided frequency. It is customary for the oscillator amplifier to
be integrated into the microcomputer or processors so that only passive components, such as the crystal and necessary
capacitors, need to be connected externally (see Figure 11).
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Figure 11. Crystal Oscillator Circuit
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The crystal-oscillator circuit needs to be analyzed with respect to the flow of significant currents to determine where
interference suppression is necessary. A parallel resonant circuit is formed by the delta section, consisting of the crystal (X)
and the two capacitors (C). The crystal behaves like an inductance, with the resonant frequency being somewhat above the
actual resonant frequency of the crystal. The impedance of the delta section, measured at the input or output, typically amounts
to several tens of kilohms because of the high Q of the crystal. When components are correctly dimensioned, a very small
current (Ig) flows between the amplifier and the external components because of the high resistance of the circuit. However,
there is an opposite effect as a result of the MOS circuits not having output impedances that are ideally matched to the crystal;
they should also be several kilohms. In addition, these circuits usually supply a square-wave signal containing harmonics, to
which the delta section no longer represents a high resistance. The result is correspondingly high output currents in the
amplifier. Animprovement usually can be achieved by aresistor (Rg) in series with the amplifier output (see Figure 11). Ideally,
the voltage waveform at the input of the resonant circuit will then be a sine wave. The output is correctly terminated by the
high input impedance of the MOS circuit, such that, in this case, only a very small current (Iy) flows.

Capacitor C (see Figure 11) has an impedance of only a few hundred ohms at the resonant frequency. Consequently, a current
(Is) flows in the resonant circuit that is much higher than the current on the line leading to this part of the circuit. This loop
must be regarded as considerably more critical; therefore, construction must be compact, with extremely short lines.

Figure 12 suggests how this can be done. The two capacitors (C) of the resonant circuit are placed directly beside the crystal
(X). Note that these components should be as close as possible to the corresponding pins of the IC.

Figure 12. Proposal for the Layout of the Metallization for an Oscillator

The crystal and the capacitors’ part of the circuit board, and the radiated interference that results from them, are largely under
the control of the development engineer. Nevertheless, it is also necessary that the ground connection needed for the amplifier
be made as near as possible to the IC, i.e., beside the amplifier connections, if possible. This ensures that when there are also
longer connections in the IC package, unavoidable current loops will enclose only a small area.
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Summary

This application report covers several important factors to be considered when designing circuit boards to ensure the EMC of
subsystems. The proposals are based on well-understood basic principles and have been successfully implemented to make
electronic circuits immune to self-generated interference (e.g., crosstalk) or interference coupled into them from outside
sources. Since radiation is simply the opposite of irradiation, the logical further development and application of these rules
results in circuits that fulfill the requirements of electromagnetic compatibility.

The implementation of EMC-compatible circuit boards begins when a circuit is first being developed and components are
being selected. If wrong decisions are made at this early stage, they often must be corrected later with a considerable
expenditure in time and effort, for example, with costly screening. An understanding of circuit operation is absolutely
necessary when laying out circuit boards to ensure that appropriate ECM measures are taken. The reduction of the effective
areas of the antennas requires, for example, that not only the signal line is taken by the shortest route, but the corresponding
return line as well. Perhaps a longer line, but one that is taken parallel to an existing ground or supply line, will be the better
solution. Computer-aided layout programs have, until now, been unable to provide useable results with respect to an
improvement in EMC. The processes used for these programs do not take electrical requirements into account. This means
that the experience of the development engineer is needed to decide how and where every critical connection should be made.
The computer can then serve as an intelligent draftsman.
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Introduction

The spectrum of bus-interface devices with damping resistors or balanced/light output drive currently offered by various logic
vendors is confusing at best. Inconsistencies in naming conventions and methods used for implementation make it difficult
to identify the best solution for a given application. This report attempts to clarify the issue through looking at several vendors’
approaches and discussing the differences.

Output-Damping Resistors

The idea of integrating output-damping resistors in line buffers and drivers is to suppress signal undershoots and overshoots
on the transmission line through what is usually referred to as line-impedance matching (see Figure 1). The effective output
impedance of the line driver (Zg) is matched with the line impedance (Z; ) Thus, no signal reflection occurs at the line start
(Zp = Zy ; reflection coefficient at point A is 0). The input impedance of the receiving device (Zj) is assumed to be several orders
of magnitude higher than the line impedance. This is valid for CMOS and BiCMOS devices. In this case, the reflection
coefficient at point B is approximately 1, such that almost all of the wave energy is reflected at the end of the line.

20=2 z

Figure 1. Line-impedance Matching

Figure 2 illustrates the signal waveforms for a high-to-low transition for a line driver without and with output-damping resistors
under these conditions. T is the line signal transmission time, i.e., the time it takes for the signal wave to travel from point A
to point B or vice versa. The high-level signal prior to the output transition of the line driver has a level of about 3.3 V, typical
for 5-V TTL-level devices, suchas ABT or FCT-T, as well as all 3.3-V logic devices. The line impedance is assumed to be 33 Q

Without the damping resistor (see Figure 2a), a driver output impedance of 5 Q is assumed. The incident wave at point A and

t = 0 establishes a signal level of:

- 1-33W_ _
Va =33V X g2t = 043 V (1)

Due to the reflection at the line end, the receiver (point B) sees the initial line level dropping to

Ve=33V-2xXB3V-043V)= —-244V @

which represents a considerable undershoot. With a damping resistor, the effective output impedance is assumed to be 33 Q
thus matching the line impedance. In this case, while there is a step in the signal at the driver output (point A), the receiver side
(point B) sees a very clean signal transition without any significant undershoot or overshoot. Signal waveforms are analogous
to this for a low-to-high transition, in which case the line without damping resistors shows significant signal overshoot.
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b) SIGNAL WAVEFORMS WITH DAMPING RESISTOR (Zo = 2 =33 Q)
Figure 2. Signal Waveforms Showing Effect of Damping Resistors

The damping-resistor solution is particularly important when designing memory arrays because excessive undershoots and
overshoots may cause data loss in memory devices. Although line-impedance matching is optimized for point-to-point
transmission where it helps establish near-perfect signal waveforms, it also works fine in most memory array configurations
where there is one driver and many receiving modules. Some of the modules may see a step in the signal waveform (see
Figure 2b), but this is only for a short period of time (typically less than 1 ns) and does not affect data transmission. The goal
to prevent excessive undershoots and overshoots is still fully accomplished.
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Texas Instruments (TT), Philips, and a number of other manufacturers implement output-damping-resistor options in several
logic families. The device nomenclature used by all these vendors is a “2” added in front of the device number, that is, the
damping-resistor version of the popular *244 octal buffer is referred to as a *2244. Having been the first to introduce a *2244
function with the SN74ALS2244 in the mid-1980s, TI quickly expanded its spectrum of devices with output-damping resistors.
Today, it covers the ALS, F, BCT, ABT, LVT, LVC, and ALVC product lines as well as other specialized bus-interface devices.

R1
_q fo
Ro
a) BIPOLAR OR BiCMOS OUTPUT b) CMOS OUTPUT
WITH DAMPING RESISTOR WITH DAMPING RESISTOR
(e.g., ABT2xxx, LVT2xxx) (e.g., LVC2xxx, ALVC162xxx)

Figure 3. Damping-Resistor Implementation

Figure 3 shows simplified output diagrams that illustrate how damping-resistor outputs are implemented in the ABT/LVT and
LVC/ALVC families, respectively.2: 3 The value of the output-damping resistor (Rg) is typically about 25 Q.. The resistor value
in the upper output stage of the bipolar/BiCMOS output, R1, is only a few ohms. Together with the impedance of the output
stage itself, this leads to an effective total output impedance of about 33 Q for all of these circuits. Because line impedance
in memory systems is usually around 20 £ to 50 Q and some level of impedance mismatch is acceptable, this output impedance
value covers almost all practical uses. A good rule of thumb is that a mismatch up to a factor of two will not change signal
characteristics much. Figures 4 and 5 show the signal condition for an output-damping-resistor device with a 33-Q output
impedance and line impedance of 20 Q and 50 €, respectively. Signal distortion is still acceptable in both cases.

Signal at Point A Signal at Point B
4 4
3 N
2 2
> 1 > 1
| |
2 2 I_
S o G ]
-1 -1
-2 -2
-3 -3
0 2T 4T 6T 8T 10T 127 0 2T 47 6T 8T 10T 12T

Time ' Time

Figure 4. Signal Waveforms With Iimpedance Mismatch (Zo = 33 Q, Z =20 Q)
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Figure 5. Signal Waveforms With Impedance Mismatch (Zg =33 Q, Z; =50 Q)

The output stage dimensioning of devices with damping resistors usually remains unchanged. The introduction of the damping
resistor reduces the nominal output drive currents, but still leaves a drive capability sufficient for most applications. Table 1
shows low- and high-level output drive specifications for the families mentioned above. Note that Ioy and Iy, are balanced
on all *2xxx devices.

Table 1. Low- and High-Level Output Drive Specifications for Selected Tl Logic Devices

OUTPUT
CURRENT
TECHNOLOGY (mA)
loH | loL
ABT00/LVT 00 -32 | 64
ABT2x000LVT2x00¢ -12 | 12
LVCxoo/ALVC 16300t -24 24
LVC200/ALVC16200t | —12 | 12
T ALVC devices are available in Widebus™

versions (16x0¢/162xxx) only. All other
technologies listed come in octal and
Widebus versions.

Reduced-Drive Outputs

Some vendors refer to balanced- and light-drive outputs. The idea behind these is based on a concept different from the damping
resistor. While the basic device characteristics remain unchanged and no line termination is added, a balanced- or light-drive
device would show output drive currents significantly reduced when compared with its standard high-drive equivalent. In
essence, this follows the finding that lower drive currents result in a reduction in undershoot and overshoot generated.

Figure 6 shows implementations of this approach for FCT16xxx devices.4 The impedance values given include the impedance
of the FETs. Some manufacturers accomplish reduced drive solely by reducing the dimensions of the output FETSs, which, in
turn, increases their impedance. In this case, no series resistors are added. This helps to reduce the amount of energy that could
cause undershoots and overshoots, but does not necessarily establish true line-impedance matching because output impedance
may remain too low (for example, lower output path in Figure 6b).



R1=28Q

R2=125Q

a) HIGH-DRIVE FCT16xxx OUTPUT b) BALANCED-DRIVE FCT162xxx OUTPUT c) LIGHT-DRIVE FCT166xxx OUTPUT

Figure 6. Implementation of Various Drive Concepts
Table 2 shows the resulting nominal output drive specifications.

Table 2. Low- and High-Level Output Drive Specifications for FCT16xxx Logic Devices

OUTPUT
CURRENT
DRIVE TYPE (mA)
loH | lovL
FCT16xxx High drive -32 64
FCT162xxx | Balanced drive —24 24
FCT166xxx Light drive -8 8

Based on a line with Z; =33 Q (see Figure 7) showing a high-to-low signal transition, Figures 8 through 10 illustrate the effect
on signal undershoot and overshoot. As illustrated in Figure 6, the output impedance of the driver, Zq, is 6 & 12.5Q, or 32 Q,
for high-, balanced-, and light-drive outputs, respectively.

Zo
I\ O a J‘)__Di
|~ A 8
High-, Balanced-,

or Light-Drive
Output

Figure 7. Line Driven By High-, Balanced-, or Light-Drive Device

As would be expected, the high-drive version (see Figure 8) exhibits signal characteristics very similar to those shown for a
standard bus driver without an output-damping resistor (see Figure 2a).

Similarly, signal waveforms with the light-drive version (see Figure 10) resemble those of a bus driver with an output-damping
resistor (see Figure 2b). The low nominal output drive of +8 mA limits the applicability of these devices to systems where the
output drives one or a few receivers only.

undershoots because its low-level output impedance of 12.5 Q is too low to match the line impedance. Matters get worse if
line impedance is higher than 33 Q. Figure 11 demonstrates this, assuming a line impedance of 50 Q
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Figure 8. Signal Waveforms With High Drive (Zg =6 Q, Z} =33 Q)
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Figure 9. Signal Waveforms With Balanced Drive (Zg = 125 Q, Z; =33 Q)
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Figure 10. Signal Waveforms With Light Drive (Zo =32 Q, Z} =33 Q)
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Figure 11. Signal Waveforms With Balanced Drive (Zg = 12.5 Q, Z; =50 Q)
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Practical Applicability of Wave Theory to Predict Signal Waveform Curves

Obviously, all signal waveforms shown in Figures 2, 4, 5, and 8 through 11 are derived from wave theory. They assume a line
without terminating impedance, which is an acceptable approximation when using today’s CMOS receivers with their very
high input impedances, but ignores the output loading effects by the capacitive loads that receiver inputs, connectors, traces,
etc., represent. While these theoretical curves help understand the influence of output and line impedances, a necessary
question is, therefore, whether the curves reflect real-world signal waveforms closely enough to be useful.

With heavily loaded outputs, typically with line impedances of 30 Q or below, in practice, heavily distorted signal waveforms
are found. Damping-resistor outputs will not improve this much. Other termination techniques may be more appropriate but
will still lead to acceptable signal waveforms only of a line driver with very high output drive capability. The signal distortion
often results in extended signal propagation times because one or more reflections are needed before a well-defined signal level
is established. Sometimes, slow signal slew rates prevent excessive signal bounces such that undershoots and overshoots do
not reach critical levels. However, relying upon this to suppress undershoot and overshoots is not a good design practice.
Figure 12 shows measured curves derived from SN74ABT244 and SN74ABT2244 devices, respectively, driving a SIMM
memory module with 18 memory devices. As before, the driver output is referred to as point A and the receiver, in this case
the memory device that is the farthest away from the driver, as point B. The curves illustrate quite well how the strong capacitive
loading represented by the memories distorts the reflected waves. Signal undershoot on the receiver side is still overcritical
in the standard device without a damping resistor, while the damping-resistor version ensures that no undershoot occurs.

Lightly loaded lines represent another problematic application for devices that do not have an output-damping resistor. Here,
the aforementioned slew-rate reduction cannot be expected to improve things more than only marginally. Therefore, with line
impedances of 50 Q or more, that is, in applications where there are only a few receiving devices connected to the line, in
practice, waveforms usually are very similar to theoretical ones. Large undershoots and overshoots occur if the line is
left unterminated.
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Figure 12. Signal Waveforms for SN74ABT244 and SN74ABT2244 Driving a SIMM Module
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Overview of Technologies and Application Areas

As mentioned before, the spectrum of available bus-interface devices with damping resistors or reduced output drive currently
offered by various logic vendors is very confusing. This is mainly because similar naming conventions are being used for
different approaches. Tables 3 and 4 give an overview of advanced 5-V and 3.3-V logic families. Please note that the device
series field ignores other vendor-specific parts of device names, such as device revisions or indicators for bus-hold
device inputs.

Table 3. Advanced 5-V Buffers With Damping Resistor or Reduced-Drive Options

DEVICE SERIES VENDOR TYPE ('g:) ('"?k) COMMENTS

ABTxxx T1, Philips, et al. High drive -32 64

ABT16xxx Tl, Philips, et al. High drive -32 64 | Same as octal version (ABTxxx)
ABT2xxx T, Philips, et al. Damping resistor 1 12 12

ABT162xxx T1, Philips, et al. Damping resistor -12 12 | Same as octal version (ABT2xxx)
AC/ACTxxx TI, Motorola, et al. Balanced drive -24 24

AC/ACT16xxx Tl Balanced drive -24 24 | Same as octal version (AC/ACTxxx)
AHC/AHCTxxx TI, Philips, et al. Light drive -8 8

FCTxxx IDT, @S|, etal. High drive -15 64

FCT16xxx IDT, QS|, etal. High drive -32 64 | lon differs from octal version (FCTxxx)
FCT2xxx IDT, QS|, etal. Balanced drive -15 12

FCT162xxx IDT, QS|, et al. Balanced drive —24 24 |l loy differ from octal version (FCT2xxx)
FCT162Qxxx Pericom Damping resistor -12 12 No octal version

FCT166xxx IDT Light drive -8 8 No octal version

While FCT16xxx versions have the same output drive as ABT, FCT162xxx corresponds to technologies such as AC and ACT.
FCT166xxx has the low output drive of families like HC/HCT or AHC/AHCT. Note that FCT characteristics are different for
octals and 16-bit versions. This may lead to different signal waveforms in practical applications. All TI logic families have
identical characteristics for octal and Widebus devices.

Table 4. Advanced 3.3-V Buffers With Damping Resistor or Reduced-Drive Options

DEVICE SERIES VENDOR TYPE (I::.):) (:3!‘) COMMENTS
LVTxxx TI, Philips, et al. High drive -32 64

LVT16xxx T1, Philips, et al. High drive -32 64 | Same as octal version (LVTxxx)
ALVT16xxx T, Philips, et al. High drive -32 64 | No octal version

LVT2xxx T, Philips, et al. Damping resistor -12 12

LVT162xxx TI, Philips, et al. Damping resistor -12 12 | Same as octal version (LVT2xxx)
ALVT162xxx T, Philips, et al. Damping resistor -12 12 No octal version

LVCxxx TI, Philips, et al. Balanced drive -24 24

LVC16xxx TI, Philips, et al. Balanced drive -24 24 | Same as octal version (LVCxxx)
LVC2xxx Tl Damping resistor -12 12

LVC162xxx Tl Damping resistor -12 12 | Same as octal version (LVC2xxx)
ALVC16xxx TI, Philips, et al. Balanced drive -24 24 | No octal version

ALVC162xxx T Damping resistor -12 12 | No octal version

LVxxx T, Philips, et al. Light drive -8 8

LCXxxx Fairchild, et al. Balanced drive -24 24 | No reduced-drive versions available
LCX16xxx Fairchild, et al. Balanced drive -24 24 | Same as octal version (LCXxxx)
FCT3xxx IDT, QS, et al. Reduced, unbalanced drive | -8 24 | No hignh-drive versions available
FCT163xxx IDT, QS et al. Reduced, unbalanced drive | -8 24 | Same as octal version (FCT3xxx)
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LVT and ALVT are the only high-drive 3.3-V logic families available in the market. For 3.3 V, only the LVT, ALVT, LVC,
and ALVC product families offer true damping-resistor options. FCT3xxx and FCT163xxx devices have significantly lower
drive capability than their 5-V equivalents. Also, their Ioy/Iop, drive currents are unbalanced, which limits their use in
certain applications.

Application areas for damping-resistor and reduced-drive line buffers and transceivers cover many different types of end
equipment. In addition to required device function, output loading (line impedance) and available termination are the decisive
factors when choosing a device. The decision tree shown in Figure 13 provides a general guideline. However, specific
requirements may represent further constraints.

Does the driver output have to
drive more than one receiver?

Is the line impedance 50 Q?

(see Note A)
Yes No
Is the line properly terminated? Is the line properly terminated? Is the line properly terminated?
(see Note B) (see Note B) (see Note B)
Yes No Yes No Yes No
Damping- .
Ral " Damping-
resistor or or Damping Balanced or
High drive balanced light drive resistor light drive rosistor of
drive ight drive

NOTES: A. If exact line impedance is unknown, a good rule of thumb is that line impedance is lower than 50 Q if more than four or five

inputs are d m the line.
B. ples of other line. ination methods are a spm-reststor (Thevenin) network, an R-C combination, or clamping diodes.
A more iled di ion of ad ges and di ges of these and other termination methods is found in reference 3.

Figure 13. Decision Tree for Selecting Driver Output Type
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Transceivers With Output-Damping Resistors or Reduced-Drive Outputs

So far, this report has dealt with buffers and line drivers only. As has been shown, several different output versions support
a wide range of output load configurations.

The number of choices is even larger when looking at transceivers because any combination of output versions can be chosen

independently for the A port and B port of the device. Not all possible combinations are being offered in the market, but the
list of drive types is fairly long.

High-drive outputs on both ports

High-drive outputs on one port and damping-resistor outputs on the other port
Balanced-drive outputs on one port and damping-resistor outputs on the other port
Balanced-drive outputs on both ports

Damping-resistor outputs on both ports

Light-drive outputs on both ports

7. Reduced-, unbalanced-drive outputs on both ports

S b LN~

The best combination for a particular application can be determined using the decision tree in Figure 13 independently for the
A and B ports of the transceiver. In general, applications that require a transceiver between a backplane and a local board require
types 1 or 2 (type 3 may work in some applications). Applications with lighter loaded local buses on both sides require any
one of types 2 through 5, while type 6 addresses point-to-point transmission requirements.

The spectrum of devices offered in the market is complex and difficult to comprehend. Tables 5 through 11 show the options
available for each type.

Table 5. Advanced Transceivers With High-Drive Outputs on Both Ports (Type 1)

DEVICE Vee VENDOR COMMENTS
ABTxxx 5V T1, Philips, et al.
ABT16xxx 5V TI, Philips, et al.
FCTxxx 5V IDT, QS!, etal.
FCT16xxx 5V IDT, QS|, et al. loH differs from octal version (FCTxxx)
LVTxxx 33V TI, Philips, et al.
LVT16xxx 33V Tl, Philips, et al.

Table 6. Advanced Transceivers With High-Drive Outputs on One Port and
Damping-Resistor Outputs on the Other Port (Type 2)

DEVICE | Vgc | VENDOR
ABT2x00¢ 5V Tl
ABT1620x | 5V Ti
LVT2x0¢ 33V i
LVTi620x | 3.3V Tl
ALVT162xxx | 3.3V T

Table 7. Advanced Transceivers With Balanced-Drive Outputs on One Port and
Damping-Resistor Outputs on the Other Port (Type 3)

DEVICE | Vcc | VENDOR
LVC2xxx 33V TI
LVC1620x | 33V Tl
ALVC162xxx | 3.3V TI




Table 8. Advanced Transceivers With Balanced-Drive Outputs on Both Ports (Type 4)

DEVICE Vee VENDOR COMMENTS
AC/ACTx00x 5V Tl, Motorola, et al.
AC/ACT 160 5V T
FCT2xxx 5V IDT, QS|, et al.
FCT162xxx 5V IDT, QS|, et al. IoH, loL differ from octal version (FCT2xxx)
LVCxxx 33V TI, Philips, etal.
LVC16xxx 33V Tl, Philips, etal.
ALVC16x0x 33V T\, Philips, et al.
LCXoox 33V Fairchild, etal.
LCX16xxx 33V Fairchild, etal.

Table 9. Advanced Transceivers With Damping-Resistor Outputs on Both Ports (Type 5)

DEVICE Vee VENDOR COMMENTS
ABTRxxx 5V Tl Same nomenclature, but different type from TI ABT162xxx
ABT1620x 5V Philips
FCT162Quo 5V Pericom
LVCR2xxx 33V T
LVCR162x0a¢ 33V TI
ALVCR162xxx 33V T
ALVC162xxx 33V Philips Same nomenclature, but different type from Tl ALVC162xxx
LVT162xxx 33V Philips Same nomenclature, but different type from Ti LVT162xxx
ALVT162x00x 33V Philips Same nomenclature, but different type from Tt ALVT162xxx

Table 10. Advanced Transceivers With Light-Drive Outputs on Both Ports (Type 6)

DEVICE Vee VENDOR
AHC/AHCTxxx | 5V TI, Philips, et al.
FCT166xxx 5V DT
LVxoxx 3.3V | T, Philips, et al.

Table 11. Advanced Transceivers With Reduced-, Unbalanced-Drive Outputs on Both Ports (Type 7)

DEVICE Vee VENDOR COMMENTS
FCT3xx 33V IDT, QS etal.
FCT163xxx 33V IDT, QS|, et al. loH. loL differ from octal version (FCT3xxx)

The majority of solutions offered are symmetrical, that is, they use the same output type on the A port and on the B port. While
this may appear logical, it does not address the needs of most backplane-based applications where the backplane usually
requires a high-drive output. TI was the first to introduce a transceiver with output-damping resistors, the SN74BCT2245, and
ever since has used the AAA2xxx or AAA162xxx concept (AAA = family indicator, xxx = device number) to indicate a device

with st

dard (high or bal

d) drive on one side and damping-resistor outputs on the other side. Others, including Philips,

use the same nomenclature to indicate both output sides having damping resistors. TI uses AAAR2xxx or AAAR162xxx for

this arrangement.



Conclusion

While buffers or transceivers with integrated output-damping resistors or reduced-drive outputs are required by many
applications, the system designer needs to carefully choose a solution because vendors’ denomination methods for these
devices may be confusing. In particular, the difference between true damping resistors, i.e., integrated series resistors in the
output path, and reduced-drive outputs, where the output drive is limited through changing the dimensioning and/or adding
a resistor to the upper and lower transistor of the output stage, needs to be understood relative to different applications.

TI is the only vendor who offers 5-V and 3.3-V versions of all driver output types discussed in this report.
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Abstract

Information in data sheets, which usually give information on device behavior only under recommended operating conditions,
may only partially answer engineering questions that arise during the development of systems using integrated circuits (ICs).
However, information is frequently needed regarding the behavior of the device outside the conditions in the data sheet. Such
questions might be: “How does a bus driver behave with reduced (or even switched-off) supply voltage?” or “How does the
delay time of a gate with a large capacitive load change?” or “What must be considered when using so-called backdriving?”.

This report gives information on a number of questions that frequently arise. In addition, it provides examples that explain
phenomena that the designer should be aware of when using ICs outside their reccommended operating conditions.

1 Introduction

The function and behavior of digital ICs are described fully in data sheets. Most questions regarding the behavior of the device
that arise when developing a system can be answered with the information given. However, the devices might be operated under
conditions not covered by the data sheet. This report addresses this issue and provides information on the behavior of ICs under
such conditions.

Many parameter values in data sheets are not measured when the circuits are tested. The information is based on typical values
that have been established experimentally and that are applicable to the majority of devices of the same type or family. In
individual cases it might be necessary to interpret data and make measurements to accurately forecast the behavior of the
complete system.

2 Behavior With the Supply Voltage Reduced

Although not specifically mentioned in data sheets, additional components, some of them parasitic, influence operational
characteristics of ICs. These components can affect the function of a system if the devices are not operated within the
recommended operating conditions. For example, large systems often require that parts of the system be shut down while other
parts continue to operate. Frequent problems occur at the interfaces between subsystems, which are operated with different
supply voltages, or whose supply voltages are switched off. This section describes the behavior of digital circuits operated with
low supply voltages.

21 B_ehavior With the Supply Voltage Switched Off

Because many circuits can be used with the various logic families, no general rule applies to the behavior of systems with supply
voltages switched off. For this reason, only the most important circuits and their behavior are discussed.

2.1.1 Bipolar Circuits

Figure 1 shows the simplified circuit of a TTL device with diode inputs, such as used with devices in the SN74LS (Low-Power
Schottky TTL) logic family. However, the following comments apply to all other bipolar logic families.

Vee
R1
Input

D1

Figure 1. Input Circuit of a Bipolar IC
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When the supply voltage in a system is switched off (Vo =0 V), the Ve pin of an IC is short circuited to ground via the other
components in the system. If a voltage is then applied to the input of an IC, as shown in Figure 1, and if this voltage lies within
the logic-level range (V=010 5.5 V), diode D2 is blocking and the clamping diode D1 is biased into a blocking state. Therefore,
a very small current flows into the IC, corresponding to the leakage current of these diodes. The value for this current given
in the data sheets for the corresponding input voltage can be used. This statement applies, without exception, toall TTL devices.

Figure 2 shows the output stage of circuits from the SN74 (Standard TTL) series. Parasitic collector-substrate diode D2 and
diode D3 are in a blocking position between the Vo and GND connections of all ICs. If the Ve pin is at GND potential and
a positive voltage is applied to the output, diode D1 is blocking and the output is in the high-impedance state.

p—— Veeo

GND

Figure 2. IC Output From SN74 Family (Standard TTL)

Other bias relationships result when supply voltages are switched off to Schottky TTL devices (SN74LS, SN74S, SN74ALS,
SN74AS, and SN74F series). Figure 3 shows the important parts of the output stage. If a voltage is applied to the output of
the device whose supply voltage is switched off, parasitic diode D1, which is in parallel with resistor R, becomes conductive.
The output is then at a low impedance.

Vee

Output

GND

Figure 3. Output of Schottky TTL ICs

If the circuit in Figure 3 is modified for bipolar devices using 3-state outputs, parasitic diode D1 at the output is no longer
significant. One possibility is to tie resistor R to GND potential instead of to the output of the circuit (see Figure 4). In this case,
the output remains at a high impedance when the supply voltage is switched off.

The outputs of TTL circuits with an open collector are always at a high impedance when the supply voltage is switched off.
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Vee

Q2
R
D1 Output
— a1 D2 D3
L d L 4 L 2 GND

Figure 4. 3-State Output of Schottky TTL Devices
2.1.2 CMOS Circuits

The behavior of CMOS devices when the supply voltage is switched off is essentially determined by the protective circuits
at the inputs and outputs. These circuits are intended to protect the device from damage from electrostatic discharge. Figure 5
shows, in simplified form, the construction of a CMOS circuit with additional diode paths at the input and output. Both the
input, via diode D1, and the output, via diode D3, are at a low impedance when the supply voltage is switched off. Diode D3
also exists in circuits having an open drain at the output.

* +—¢— Vce
D1 D3
Input Output
D2 D4
® L - GND

Figure 5. Diode Paths in CMOS Devices

2.2 Behavior With Low Supply Voltages

The behavior of ICs at low supply voltages is difficult to predict because a detailed knowledge of the internal circuit, including
its dimensions, is necessary. An example is the behavior of a noninverting buffer with open-collector outputs (SN7407) when
the supply voltage is switched on and off. Figure 6 shows the internal circuit of the SN7407. At supply voltages lower than
the forward voltage of the diode path (base-emitter path), all transistors are blocking. Therefore, the output voltage (V) first
follows the supply voltage (V). When the latter reaches about 0.7 V, current flows via resistor R3 into the base of transistor
Q4 and the output switches to a low level. If the supply voltage reaches a value of 3 X Ve, and if a logic high is applied to the
input, current flows into the base of transistor Q3 (via transistors Q1 and Q2), which switches. Output transistor Q4 is again
switched off, causing the output voltage to rise to the value of Vcc. In the previous analysis, the voltage drop necessary for
a sufficient base current to switch on the transistor is neglected. TTL devices attain stability with a supply voltage of about
3.5V, and are fully functional at a typical voltage of 4 V. However, with supply voltages below the minimum specified in data
sheets, not all parameters can be attained. This applies to both dc parameters, such as output currents and voltages, and to ac
parameters, such as propagation delay time and maximum clock frequency.

1-53



Vo

Input

Vo

* * * GND 0 Vpe 2Vpe 3Vpe
Figure 6. Behavior of a TTL Device at Low Supply Voltages

In a manner similar to TTL devices, CMOS devices also fail to operate at supply voltages below the threshold voltages of the
MOS transistors. If the supply voltage is further increased, parts of the circuit are activated (see Figure 6). As previously
mentioned, the precise circuit configuration of the device determines the circuit behavior. Full functionality of CMOS devices
from the SN74HC family is ensured from Vo = 2 V, whereas the 74AC family can only be ensured from 3 V, although the
latter is also stable, with a supply voltage of only 2 V. Since the maximum clock frequency of CMOS devices is dependent on
the supply voltage, at a high clock frequency, circuits might not operate reliably during the switch-on or switch-off phases,
even though the supply voltage is more than 2 V.

Special design measures have been taken to achieve a defined behavior, even when circuits are operated at supply voltages
far below the conditions recommended in data sheets. For example, on bus drivers of the BICMOS series (SN74ABT/BCT),
a voltage-monitoring circuit ensures that the 3-state outputs remain in the high-impedance state at supply voltages below about
3.5 V, regardless of the inputs to these devices. At supply voltages above this threshold voltage, the control inputs (enable and
disable) are effective. If a voltage level is applied to these inputs that results in a high impedance at the output, the same state
is implemented at the output.

2.3 Supply Voltages Partially Switched Off

In large systems, often part of the voltage supply is switched off, while other parts of the system continue to operate. Then,
the critical part of the system is the interface between the device that is supplied and the device that is not supplied with voltage.
In such a case, two requirements must be met. First, the part of the system that continues to operate must not be disturbed by
the part that is switched off. Second, the switched-off part must not be disturbed by voltages fed back from the operating part.

These requirements can be met with bipolar circuits. As mentioned previously, the inputs of switched-off bipolar circuits are
at a high impedance and do not influence parts of the device that are still active. With outputs of switched-off parts of devices
that are connected to active parts, only the outputs of bus drivers (e.g., SN74xx240 or SN74xx245) are at a high impedance.
Therefore, only such devices should be used for bus lines connecting systems. For unidirectional lines that connect
switched-off and active devices, it must be determined in each case whether the operation of the system could be influenced
by the outputs being at a low impedance when switched off. If this is not the case, then at this position in the system, any kind
of device, including CMOS, can be used.

As mentioned previously, when switching the supply on and off, the logic state of the devices concerned cannot be ensured.
Therefore, undefined states can arise during this time at the interfaces and cause malfunction of the system (see Figure 6). The

1 hene b a ma imnaadansa
use of SN74ABT/BCT-series bus drivers provides a solution, since the outputs of these parts go into the high-impedance

inactive state at supply voltages below about 3.5 V. A difficult situation arises when using CMOS devices. As shown in
Figure 5, these parts have protective diodes, that are connected to the supply rails, at both inputs and outputs. If the supply
voltage Vo of this circuit is switched off (see Figure 7) while the supply voltage Ve remains switched on, a current (I)
tlows out of gate G1, viadiode D1, into the next circuit. This current can rapidly overload protective diode D1 (the maximum
current of the input clamp diodes of CMOS devices is only 20 mA) and destroy the device. Remember that, in general, the next
device represents a short circuit and, apart from the output resistance of gate G1, there is no current-limiting circuit element.




Veet

. T Veez
D1
Gt a2 o e
D2
. l GND

Figure 7. Feeding Back With CMOS Devices

Figure 8 shows recommended design ideas, with reservations, to provide some current limiting. In Figure 8a, the input current
of the switched-off device is limited by resistor R. Using this, the input current of the circuit to be protected can be limited to
a permissible value. The input current of CMOS devices is extremely low and series resistors of several ohms usually have
no negative effect on the function of the part. However, feeding of the next device, via input clamping diode DI, is not
prevented entirely.

—— Vee Vee
D1 R D1
R
G1 G1
D3
D2 D2
b GND L— GND
(a) (b)
Vee
[
D7
. 4
1
D1 D3 D5
>
o1 S G2
D2 $ T D4 D6
. . GND
()

Figure 8. Ideas for Protecting CMOS Devices

In the circuit of Figure 8b, the flow of current into the device to be protected when the supply voltage V¢ is switched off, is
prevented by diode D3. However, to ensure a high level at the input of gate G1 with normal operation, a pullup resistor is
needed, and this significantly increases the power consumption of the CMOS circuit. D3 also shifts the logic level at the input
of the gate, and as a result, reduces the noise margin of the circuit. Apart from the noise-margin restriction, this circuit is
effective, because it prevents feedback into the switched-off part of the device.

The diode in Figure 8c has no effect if gate G1 has a noninverting function. Even so, the flow of current via clamping diode
D1 and the V¢ rail of gate G1 into the next circuit is prevented. Instead, the current flows via the output of gate G1, which,
in this case, is at a high logic level, and into the following circuit.
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2.4 Changing Powered-Up Subsystems

In many applications, to carry out service or repair work without interrupting operation, it must be possible to change individual
subsystems. Because of the partial switch off of supply voltage described previously, this is permissible only when circuit
design modifications are made that prevent the destruction of semiconductor components and ensure that the operation of the
rest of the system is not disturbed.

In the input and output circuits of ICs, some desired and some parasitic diodes are present. As explained, these components
represent additional current paths, and undefined currents may flow into the device, either through the clamping diodes to the
inputs and outputs, or through additional parasitic diodes in the ICs. To avoid uncontrolled operational states, changing
subsystems while powered up is permissible only if the subsystems have a leading GND pin as a reference potential.

If the connection of the GND reference potential is made first when inserting subsystems, and broken only after removing them,
the operational state that results when changing subsystems can be limited to the cases previously mentioned. This assumes
that parts of the system that have the same reference potential are not supplied with voltage.

The inputs of bipolar logic circuits, including devices in the SN74ABT/BCT series that are in subsystems to be changed, are
at a high impedance under all conditions and, therefore, no problems should be expected. The totem-pole outputs of most TTL
devices are at a low resistance when the supply voltage is switched off, so when reinserting a subsystem, the line concerned
is switched to low, which may be incorrect. Three-state outputs of bipolar devices are at a high impedance when the supply
voltage is switched off. However, they can go to a low impedance for a short time during switch on or switch off. This could
generate an incorrect logic level because at low supply voltages the internal circuit does not operate properly. The result is that
during the change of subsystems, short-duration undefined signals that disturb other systems may appear at the corresponding
outputs. This problem can be avoided if devices from the SN74ABT/BCT series are used. With these components, the outputs
are switched into the inactive high-impedance state if the supply voltage falls below about 3 V.

The problem of changing subsystems with power supplied can be easily solved, particularly when using devices that include
a supply-voltage monitor, but CMOS circuits can be used only under these circumstances with certain restrictions. In this case
too, the use of a leading GND pin on the connector is essential. The CMOS inputs of devices on the subsystem to be changed
should, in every case, be protected at least with series resistors (see Figure 8a), to prevent excessive currents in the clamping
diodes of the input protection circuitry. In extreme cases, depending on the layout of pins on the connector, the current for the
complete subsystem could, for a short time, flow through one of these diodes. For the outputs of CMOS devices, no practicable
protection circuit can be recommended. Also, the use of protective resistors must be considered to limit the current in the
clamping diodes at the output. However, this is not possible in most cases because an unacceptable reduction in the output drive
capability would result.

3 Unused Inputs

In many cases, functions or parts of functions of digital ICs are unused, for example, when only two inputs of a triple-input
AND gate are used. Such parts should not be left unconnected because the undefined voltages at the outside connections result
in undefined operational states. A rule that must be observed under all circumstances is:

At all unused inputs of digital ICs, defined logic levels (low or high) must be applied in every case.

The logic level that should be applied to any particular unused input depends on the function of the device. As a result of the
input circuits of bipolar ICs, a high level is established at open-circuited inputs. The voltage at such an input corresponds to
the threshold voltage of the input circuit (about 1.4 V or 1.1 V with devices from the SN74LS family). In a test of the function
of such a circuit, this order of voltage at the input, in general, indicates that this circuit is open. CMOS inputs are of such high
impedance that the smallest change on the open input can generate any undesired logic level. A slight change of the capacitance
at the unconnected input, for example, by bringing the hand close to the package, can so change the effective voltage at the
input that a high level can change into a low level, or vice versa. Additionally, for the same reasons mentioned, unconnected
inputs may react to all kinds of coupled-in interference voltages, and the behavior of the circuit can no longer be predicted.

With gates, the best solution is to connect unused inputs to inputs that are in use. The function of the device is unaffected. This
circuit arrangement can be used equally well with AND (NAND) as with OR (NOR) gates (see Figure 9). Here, connecting
the inputs together increases the capacitive load on the driver stage and, with bipolar circuits, also increases the dc current drain.



& 1
Input —E Output Input { —— Output

Figure 9. Interconnection of Unused Inputs With AND and OR Gates

In many cases, the simple method shown here cannot be used, especially if the unused inputs are not part of gate functions.
In this case, a defined logic level must be applied to the inputs. If a low level is required, the input should be directly connected
to GND; if a high level is required, it should be connected with a voltage source corresponding with a high level. In general,
this is the positive supply voltage Vcc. Figure 10 shows how, in the previously mentioned cases, a fixed potential should be
connected to unused inputs. Note that a high level should be applied to the unused inputs of an AND (NAND) function and
a low level to unused inputs of an OR (NOR) function.

Vee _t & Input
| oOutput

|—— Output
Input ———— E

Figure 10. Fixed Potential Connected to Unused Inputs

21

Devices with multiple-emitter inputs (SN74 and SN74S series) are exceptions to the above. Since no voltage greater than 5.5V
should be applied to the inputs (because if exceeded, the base-emitter junction at the inputs breaks down), the inputs of these
devices must be connected to the supply voltage Vo via series resistor Rg (see Figure 11). This resistor should be dimensioned
such that the current flowing into the gate or gates, which results from overvoltage, does not exceed 1 mA. But, because the
high-level input current of the circuits connected to the gate flows through this resistor, the resistor should be dimensioned so
that the voltage drop across it still allows the required high level. Equations 1 and 2 are for dimensioning resistor Rg, and several
inputs can be connected to a high level via a single resistor, provided the following conditions are met:

Veer =55V
R =~ @
Vecmn — 24 V '
Rtmany = —"‘——‘: X g (6]
Where:
n = number of inputs connected
Iy = high input current (typical 40 pA)

VC(min) = minimum supply voltage Ve
Vecp  =maximum peak voltage of the supply voltage Ve (about 7 V)

If whole parts of an IC are unused, the unused-input rules should be applied. If, for example, in an application only one flip-flop
from a dual flip-flop type SN74ALS74 is used, all inputs of the unused flip-flop should be connected to a defined logic level,
which, in this case, could be either low or high.

NOTE:
Unused outputs of a device should not be left unconnected.
Rs
Vece —'vvv—t &
——— Output

Input

Figure 11. Series Resistor Connected to Unused Inputs of Multiple-Emitter Transistors
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4 Excessive Input Currents

AllICs have protection circuits at outside connections. These diodes, or similar components, are intended to protect the device
against destruction by electrostatic discharge. In addition, clamping diodes at IC inputs limit overvoltage and undervoltage
resulting from line reflections and divert the currents that flow, in consequence, to either the negative (GND) or positive (Vo)
supply rails. Currents that flow in these circuit parts can, under certain circumstances, activate so-called parasitic transistors,
which results in incorrect operation of the circuit.

Examples of this are the clamping diodes at the inputs of HCMOS devices, which are intended to limit overvoltages resulting
from reflections. These diodes are created with a P-doped region in an N-doped substrate which, in turn, is connected to the
positive supply voltage (see Figure 12). Between two adjacent diodes and in conjunction with the substrate, a parasitic PNP
transistor is effectively created. A part of the current in one of the two clamping diodes is, therefore, not diverted to the Voc
rail but, instead, flows to an adjacent input. The current gain of this transistor is small (about 0.01), so that under normal
operating conditions no effect can be expected. If, however, a high positive voltage is applied to the input of a circuit, as in
Figure 12, which adapts signal voltages with an amplitude of 24 V to HCMOS circuits, a current flows into the adjacent input,
despite the low current gain of the parasitic transistors. The current in the adjacent input may then be sufficient to generate a
false input signal. However, destruction or damage to the IC (as a result of latch-up) is not likely to occur.

100 kQ
Vee

Bond Pad

Protective Diode

N+ P
; \a /
N Substrate hpg=0.01...0.1

Figure 12. Parasitic Transistors in CMOS Input Stages

Similar effects caused by parasitic transistors can also be observed with bipolar transistors. Figure 13 shows a bipolar input
that includes Schottky clamping diodes, realized with an N-doped region covered by a metallic contact. With a small negative
input current, the forward voltage of the Schottky diode is about 400 mV, and the current in such an input is diverted, via the
diode, to the GND pin of the device. If this current is increased, the forward voltage of the diode increases accordingly, and
ata certain amplitude exceeds 700 mV. At this point, the silicon diode (which results from the N-doped region and the P-doped
substrate under it, connected to the GND of the device) conducts. Here, also, a parasitic transistor is activated, whereby the
whole adjacent N-doped region, comprising the collectors of active transistors, functions as a collector. This collects together
a part of the current circulating in the substrate. If the amplitude of the negative current is sufficient, incorrect operation of the
circuit can be expected.
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Figure 13. Parasitic Transistors in Bipolar Input Circuits

Negative voltage undershoot of considerable amplitude must be expected in practical operation of logic devices. Therefore,
the semiconductor manufacturer must take the steps necessary to ensure reliable operation. Guard rings, which are placed in
aring around the circuit in question (see Figure 13), ensure reliable operation. In this example, these guard rings consist of
an N-doped region connected to GND potential, which has the effect of an additional collector for the parasitic transistors,
collecting the majority of the current circulating in the substrate and diverting it to GND potential. These guard rings are
constructed so that a negative input current of Iy = —-60 mA with a duration t = 100 ns does not cause an incorrect function
of the circuit. These values are again reflected in Figure 14. Here, a TTL device with a signal amplitude of 3 V drives a
10-meter-long coaxial cable with a characteristic impedance of Z = 50 €, at the end of which the input circuitry (with clamping
diode) of the device in question is connected. High-amplitude current pulses, such as those generated by line reflection, are
captured with this measuring setup.

Tc Z=50QLength=10m VTC
— " ) —
] LE

Figure 14.. Setup for Generating an Undershoot Pulse (I = -60 mA, t = 100 ns)

Negative input currents with an amplitude of only a few milliamperes, but with a duration of several microseconds, can cause
incorrect operation of the device. Since the transit frequency of the parasitic transistors is only about 1 MHz, the circuit and
dimensioning of guard rings are simplified. A certain duration of the undershoot pulse is necessary to switch on the parasitic
transistors, and possibly to cause abnormal operation of the circuit.

5 Transition Times
Correct operation of the circuit can be ensured only if the rise and fall times of the signal at the input do not exceed certain
values. With CMOS devices (SN74HC and 74AC/SN74AC), these values are given in the data sheets. For devices from the
SN74HC series, a rise and fall time (transition time) less than 500 ns is specified at Voc = 4.5 V, while for ACL devices
(T4AC/SN74AC series), a value of 10 ns/V is given. Figure 15 shows this in more detail.
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Figure 15. Definition of Signal Amplitude and Pulse Width

The signal amplitude is specified as the difference between the two stable signal levels for high (V) and low (V| ); overshoot
and undershoot of the signal are not taken into account. The difference Vi — V| is taken as 100% of the amplitude. The rise
time of the signal is defined as the time taken to rise from 10% to 90% of the full amplitude; similarly, the fall time is the time
taken to fall from 90% to 10% of the amplitude. The pulse width (t,,) of a signal is measured at 50% of the amplitude. However,
these definitions must be used for digital circuits with certain qualifications because, in most cases, the switching threshold
(V) of the input is not 50% of the amplitude. So, the level needed by the circuit must be considered and, from this, the required
signal waveform derived.

The values of voltage that are decisive for the correct operation of the part are the maximum permissible low voltage at the
input Vi (max) and the minimum necessary high voltage at the input Vig ). The following example applies for adevice from
the SN74HC series:

VIL(max) =09V
ViH(min)=3.15Vat Ve =45V

However, the rise and fall times are specified between 10% (0.1 X V= 0.45 V) and 90% (0.9 x Ve =4.05V)of the amplitude.
The voltage waveform below 0.9 V (low level) and above 3.15 V (high level) has no influence on the function of the device,
as long as the absolute maximum ratings are not exceeded. Therefore, it is better to define rise and fall times over the range
between V[ (max) and Vig(min), Which must be adhered to in order to ensure correct functioning of the device. From the
amplitude (4.5 V) and the rise time specified in the data sheet (t; = 400 ns), the transition time (dt/dv) rate can be derived
as follows:

- 400 ns — 400 ns _
dv/dt 09X Vo) — 01X Ve) ~ 36V 110 ns/V 3)

The input signal must cross the region between Vi (max) and ViHmin) (and vice versa) at the transition rate or faster. This value
is comparable to the transition rate given in 74AC-series data sheets of dt/dv = 10 ns/V. The pulse width (ty,) is measured at
the actual threshold voltage (V) of the circuit and with CMOS devices at 50% of the amplitude. Bipolar and TTL-compatible
CMOS devices have a switching threshold that is shifted considerably from the middle of the signal amplitude. This shift must
then be taken into account when determining the pulse width. Table 1 shows the necessary minimum transition rise/fall rates
for various logic families.
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Table 1. Required Minimum Input Rise/Fall Rates for Logic Families

v v
SERIES (s)c IL(max) Vlu&n;ln) V(\;r) (:'l;\v'l)
SN74 4.75-5.25 0.8 2 14 15
SN74LS | 4.75-5.25 0.8 2 1.4 15
SN748 4.75-5.25 0.8 2 1.4 15
SN74ALS | 4555 0.8 2 1.4 15
SN74AS 4555 0.8 2 1.4 15
SN74F 45-55 0.8 2 1.4 15
2 0.3 15 14 | 625
SN74HC 46 0.9 3.15 225 | 110
6 1.2 4.2 3 80
SN74HCT | 4555 038 2 1.4 125
3 0.9 21 15 10
74AC 45 1.35 3.15 2.25 10
55 1.65 385 275 10
74ACT 4555 0.8 2 1.4 10
SN74BCT 4.5-5.5 0.8 2 1.4 10
SN74ABT | 4555 0.8 2 14 | sno
SN74LV 2.7-3.6 0.8 2 =15 | 100
SN74ve | 27-36 0.8 2 =15 | 510
SN74LVT | 3.0-36 0.8 2 1.4 10

The values for the transition rise/fall rates (dt/dv) are understood to be a level that ensures the function of individual
components if the circuit is controlled with these rates. This does not necessarily mean that the device operates correctly under
all circumstances in a large system. Figure 16 shows this in more detail. It shows two D-type flip-flops connected as a two-stage
shift register. The first flip-flop is the TTL-compatible device 74ACT11074 (input threshold voltage = 1.5 V), but the second
flip-flop (74AC11074) has CMOS-compatible inputs with an input threshold voltage of 0.5 X V(.

B
D aQ D Q c

r> ab— l—> ap—
Clock —2-¢

Figure 16. Two-Stage Shift Register

According to Table 1, devices from the 74ACT series must be controlled with a transition rate of at least 10 ns/V, if the function
of individual parts is to be ensured. If, however, the behavior with time of the circuit is analyzed, it is found that the shift register
does not behave as required (see Figure 17). When the clock signal reaches 1.5 V (having the required transition rate of
10 ns/V), the first flip-flop switches. The output typically reacts about 5 ns later. Only after another 5 ns does the voltage of
the clock signal reach a value of 2.5 V, so that the second flip-flop switches. As aresult of this late triggering, it accepts incorrect
information: namely, the state that the first flip-flop has reached after the switching clock edge, and not the state that the
flip-flop had before the clock edge.
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Figure 17. Incorrect Operation of a Shift Register
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Under typical operating conditions, the circuitry would, however, operate correctly. The output signals of advanced CMOS
devices have arise time <5 ns (typical 2 ns). At the clock signal, a voltage change of 1.5V to 2.5 V takes place in about 1.25 ns.
A 74ACT11074 flip-flop has a minimum delay time of 1.5 ns, and under these circumstances correct functioning of the circuit
is ensured.

Similarly, problems need not be expected when using devices from other families under similar conditions, as long as the
signals have nominal rise and fall times. Under extreme conditions (for example, with unfavorable line routing), the switching
times can be so lengthened that faults of the kind just described may occur.

6 Propagation Delay Times

6.1 Propagation Delay Times With Several Outputs Switching Simultaneously

The propagation delay times of circuits given in data sheets apply when only one output switches at a time. The reason for this
is that the production equipment used to test circuits can test only one transmission channel at a time. If several outputs switch
simuitaneousiy, the propagation deiay times given in data sheets can be used only with reservations. The reason for this is that
the package inductances (Lp) of the supply-voltage lines, as well the output lines (see Figure 18), have a significant influence
on the circuits and, thus, on the delay times. These inductances have the effect that the current in the power supply lines, and
consequently in the output of the device, has a limited rate of rise. For this reason, when several outputs switch simultaneously,
only a limited output current is available.

Vece

Lp

Lp

CL
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Figure 18. Inductances in the Lines Supplying a Package
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Figure 19 shows the influence on the delay time of the number of outputs that are switched simultaneously. When packages
having two supply-voltage pins (Vcc and GND) are used, as is the case with the majority of digital ICs, an increase of the delay
time of 150 ps to 200 ps for each additional output that is simultaneously switched must be expected. With an octal bus driver,
such as an SN74xx240, the delay time is increased by 1 ns to 1.4 ns when all eight outputs switch simultaneously. In those cases
where there are several supply-voltage pins, such as the advanced CMOS devices in the 74ACT series from Texas Instruments
(TI), the result influences speed of the circuit. As shown in Figure 19, the loss of speed of the components is halved when several
outputs switch simultaneously.

11
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Figure 19. Increase of the Delay Time When Several Outputs Are Switched Simultaneously

With bus drivers and also VLSI circuits that have more than eight outputs that switch simultaneously, an appropriate number
of additional supply-voltage pins are provided. A good example is given by the Widebus™ circuits from TI, which are bus
drivers with 16, 18, or 20 outputs. To keep the loss of speed (because of so many outputs) within limits, about 25% of all pins
of these devices are reserved for the provision of supply voltage. Figure 20 shows the increase of the delay time of a 74AC16240
as a function of the number of outputs that are switched simultaneously.
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Figure 20. Increase of the Propagation Delay Time With a Widebus™ Circuit (74AC16240)

6.2 Propagation Delay Times With Negative Undershooting at the Outputs

With bipolar circuits, negative voltages caused by undershooting can influence the function of the device. Figure 21 shows
this effect. This circuit represents the output stage of a bus driver, which should be in an inactive and high-impedance state.
Active bus driver U1 switches the line between the two devices from a high to a low level. As a result of an inadequate
termination of the line, there is a negative undershoot on the line, which causes a current (Ix) to flow in the internal circuit of
the output stage. This current flows via the collector-base diode of transistor QS and Schottky diode D1, in parallel with it and
via transistor Q1 to the base node of transistor Q2. Now this node is clamped to a low level. If this output stage should again
be switched to the active state (output enable switches from low to high), the output does not follow until the capacitance of
the bus line is charged through resistor R to the extent that the collector base diode of transistor QS5 is turned off again, which
takes, typically, 5 ns to 10 ns. Apparently, the delay time to again switch on the output stage is increased by approximately

this amount.
g Vee
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Figure 21. Currents in the Output Stage of a Bus Driver With Negative Undershoot
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To prevent this delay, a clamping circuit (D2, D3, and Q4 in Figure 21) is integrated into modern bus drivers. This ensures that,
should the output voltage go below —0.3 V, transistor Q3 switches on the output stage and the current I is diverted to the
positive supply-voltage rail V. With ABT devices, clamping is unnecessary and a different circuit that can be more effective
is used.

6.3 Propagation Delay Times With Large Capacitive Loads

In digital IC data sheets, propagation delay times are specified with a capacitive load of 50 pF (15 pF on older logic families).
This value represents the capacitive load of the test circuit on the output of the IC being tested. This value is also the capacitive
load when the output drives five inputs of other circuits and this assumes that the length of the connecting lines is only a few
centimeters, as is typically the case on printed circuit boards (PCBs). With such short lines, the first assumption is that the line
itself behaves like a capacitor, which additionally loads the output and influences the propagation delay time accordingly.
However, with long lines, this assumption leads to errors, because the signal delay is actually determined by the propagation
speed of the electrical wavefront along the line. In fact, the propagation delay time of the IC is determined by the loading of
the output, that is, by the characteristic impedance of the line to which it is connected, not by its length or capacitance. When
driving a line terminated at its end with a resistance of 100 €, and lengths of O (resistor connected directly to the output), 1 m,
and 11 m (see Figure 22), an SN74LS00 device has the output waveforms shown in Figure 23. The three resulting output signals
are shown staggered, and are practically identical, i.e., the propagation delay time of the IC is not influenced. The length of
the line and the resulting signal propagation time (5 ns/m) influence the delay time of the system. The propagation time of the
wave along an 11-m transmission line is 55 ns. Add the propagation delay time of the SN74L.S00 of about 10 ns for a total delay
of 65 ns.
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Figure 22. Measurement Setup
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Figure 23. Waveforms for Various Line Lengths
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If the capacitive load connected to the output of a device is represented as a single capacitor, the resulting propagation delay
time can be calculated. A purely capacitive load can be assumed if the output of the IC controls a MOS power transistor with
arelatively large input capacitance. To a first approximation, this assumption is correct if an output drives adjacent inputs over
a line length of only a few centimeters. The propagation delay times given in data sheets consider the following:

®  Propagation delay time through the internal circuitry of the IC
® Delay resulting from the switching time of the output stage
® Time needed to charge and discharge the capacitance of the load (typically 50 pF)

The first two considerations are independent of the load that is connected. The last consideration must account for the actual
load, of which a load capacitance of C1 = 50 pF (15 pF) is already given in data sheets. The time taken to charge the additional
capacitance is determined by the current that the device is able to deliver. For the high level, this value can be deduced indirectly
from the data sheet. Figure 24 shows the relevant part of the circuit of a bipolar output stage and the resulting
output characteristics.
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Q3
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Figure 24. Bipolar Output Stage With Output Characteristics at a High Level

The short-circuit current of the output, when at a high level, is determined by the resistance (R1) and the saturation voltage
of Darlington transistors Q1 and Q2 with collector-path resistance. Using the following equation, the internal resistance (Rg)
of a circuit can be determined from the open-circuit output voltage (typically 3.5 V) and from the short-circuit current (Ipg)
given in the data sheet:

Ro = —3'15 v @
0S
With circuits that use MOS transistors in their output stages (SN74HC and 74AC/SN74AC), the output current is determined
by the size of the transistors and the potential difference between gate and source. Since there is no linear relationship between
this voltage and the output current, only an approximate indication of the output resistance can be made.

Table 2 shows Igg and Rq for the most important device types.
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Table 2. Short-Circuit Current and Internal Resistance of Logic Families

SHORT-CIRCUIT | INTERNAL
TYPE CURRENT RESISTANCE

Ios (mA) Ro ()
SN7400 35 50
SN7440 45 75
SN74LS00 35 100
SN74LS40 65 53
SN74LS240 70 50
SN74S00 65 53
SN74S40 140 25
SN74S240 60 58
SN74ALS00 50 70
SN74ALS40 60 58
SN74ALS240 100 35
SN74ALS1000 120 29
SN74AS00 100 35
SN74AS240 140 24
SN74AS1000 160 21
SN74F00 85 41
SN74F40 140 25
SN74F240 140 25
SN74BCT240 140 25
SN74BCT25240 700 5
SN74ABT240 120 29
SN74HCT00 60 40-120
SN74HCT240 80 30-100
74ACT11000 220 4-25
74ACT11240 220 4-25
SN74LV00 35 35-100
SN74LV240 55 25-80
SN74LVC00 85 16-40
SN74LVC240 85 16-40
SN74LVT240 400 8

The typical output voltage of a bipolar device at alow level is about Vg = 0.3 V. The increase of the delay time resulting from
the capacitive load (Cy ) is determined by the time until the external load capacitance has been charged by an external voltage
source from Vg to the threshold voltage of the circuit, typically Vg = 1.5 V. The external voltage source is described by an
internal voltage (Vop) and an internal resistance (Rp). In this way, the delay time (tg) resulting from the load capacitance can
be calculated from the following equation:

— X Ry X Cp =05 X Ry X Cp [©]

v v
You ~ YoL
tg = Ing——=XRo X C, =
¢ Vou — Vs
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Figure 25 shows the waveform of the positive edge at the output of a gate (SN74LS00) with various values of capacitive loads
(CL = 10 pF, 56 pF, and 616 pF). As expected, the rise time at the output and the resulting increase of the propagation delay
time are determined by the time constant Rg X Cp .
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Figure 25. Waveform at SN74LS00 Output (C;_ = 10 pF, 56 pF, and 616 pF)

The values for the low level of a bipolar device cannot be taken directly from data sheets. Transistor Q3 in Figure 24 is
responsible for the output current Iy . As with all semiconductor components, this parameter is nonlinear, and is influenced
by the distribution of components in the circuit on such parameters as current gain, conductance, and resistance values. For
this reason, only a rough calculation of the actual output current at low level is possible. As a first approximation, the internal
resistance of the circuit at low level is lower than at high level. It follows that, in the worst case, the increase of the delay time
of the negative edge is always smaller than that of the positive edge (see equation 5). The precise value must be determined
in individual cases by measurement.

6.4 Input and Output Capacitances of Digital Devices

All digital devices capacitively load the outputs of the circuits driving them. The input and output capacitances are given in
Table 3. These are typical average values for the logic families shown. Different circuit configurations are used within a family,
depending on the function and application. Therefore, wide variations from the values given in data sheets can occur with
individual devices. In specific cases for new families, the values given in data sheets should be taken as a basis. If this data
is not available, for example with older families, the user must make appropriate measurements if more precise values
are needed.

The capacitances given in Table 3 are measured at the following voltages:

® Bipolar devices: V=25V
® CMOSdevices: V=0VandV=25V



Table 3. Capacitances of Digital Devices

OUTPUT CAPACITANCE
INPUT
FAMILY CAPACITANCE OPEN-
(pF) COLLECTOR D:,‘",in
outputt

SN74 3 5 -
SN74LS 35 35 5
SN74S 35 35 9
SN74ALS 2 4 5
SN74AS 4 - 10
SN74F 5 5 9
SN74HC 3 3 9
74AC/ISN74AC 4 - 10
SN74BCT 6 - 12
SN74ABT 4 - 8
SN74LV 3 - 8
SN74LVC 4 - 8
SN74LVT 4 - 8

t Open-collector output of gates and other devices with low drive
capability (e.g., SN74xx03). Open-collector outputs of bus drivers
have the same output capacitance as totem-pole (3-state) outputs.

7 Bus Conflicts

If several bus drivers with 3-state outputs are connected to a single bus, it often cannot be ensured that during the time when
switching from one bus driver to another, both are not simultaneously active for a short time. For this short time, a short circuit
of the outputs exists, resulting in an overload of the circuit. This situation is known as bus conflict.
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Figure 26. Determining the Short-Circuit Current With a Bus Conflict

The currents that result from bus conflict can be calculated by means of the output characteristics of the devices (see Table 2).
As shown in Figure 26, the short-circuit current (Igg) is limited by the high-output current of the devices involved in the bus
conflict. With bus drivers having an output current of Ig, = 64 mA (SN74AS, SN74F, SN74BCT, SN74ABT, or SN74LVT),
a current Ing = 120 mA flows in such a case. The power dissipation (P¢op}) of the output supplying the low level, as shown
below, can be ignored.

Pow = Vo X Ios = 0.5 V X 120 mA = 60 mW ©®
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Even if all eight outputs of a bus driver are involved in a bus conflict, the total power dissipation is less than 500 mW. However,
the situation is different at the outputs supplying the high level. In this case, the short-circuit power dissipation (Pgonp) of each
output is as follows:

Pow = (Vo — Vo) X Iog = 4.5 V X 120 mA = 0.54 W -

If all eight outputs of a bus driver are involved in this bus conflict, the total power dissipation is about 5 W. With Widebus
circuits, it is 10 W and more.

To analyze the situation inside an IC under these extreme conditions, one has to know that the heat caused by this power
dissipation is not immediately spread over the total chip. Rather, one has to consider a certain propagation speed of the heat,
which is about 1 pm/ps. This means that during a bus conflict with a duration of only a few nanoseconds, the heat is not
distributed over all the chip. In the first moment, the affected component inside the IC (the transistor or resistor) heats up. The
resulting increase in temperature can be calculated by knowing the volume of the component in question and the thermal
capacitance of silicon. By using the output stage of an ABT device (see Figure 27), this is shown in detail. Also, all voltages
are shown in this circuit diagram that apply when the output, which should provide a high level, is forced to 0.5 V externally.

Vee=5V
4¢—— 3.9V
479V 4— 185V
LA /' o5V

ov

Figure 27. ABT Output-Stage Circuit Diagram

Table 4 shows the conditions in this output stage during a bus conflict. When calculating the volume of the single components,
only that volume was considered that is related to the function of the component. For example, a transistor’s total area was taken
into account, but only the junction width, where the heat is dissipated, was considered as the component’s height.

Table 4. Output-Stage Conditions During a Bus Conflict

POWER POWER
VOLTAGE | CURRENT | . cn mon | VOLUME | DISSIPATION/
v(V) 1(mA) P W) Vv (um3) VOLUME
(Wipm3)
D1 1.01 142 0.156 3200 46x 106
R1 2.14 142 0.304 3840 79 x 106
Q2 1.35 142 0.192 495 38x 103
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According to this analysis, the highest power dissipation per volume unit is found in transistor Q2. This is because the junction
width of only 0.5 pm was considered as the height of this component. Using equation 8, calculate the temperature
increase (A9):

_PXxt
A% = VXcr ®)
Where:
cp = heat capacitance of silicon = 1.631 x 10-3 Ws/Kmm3
P = power dissipation
t = time
V = volume

Considering a propagation speed of the heat of 1 pm/pus and a junction width of 0.5 um, one can assume that during the first
500 ns of a bus conflict the heat is not distributed over the chip, but stays in the transistor junction. Under this condition, A%
is calculated as follows:

g = 0.192 W x 500 ns
495 pm>® X 1.631 X 10-3 =

WXs
K xmm3

=119 K 9

Short bus conflicts, with a duration of a few, or of a few tens of nanoseconds, cause a temperature increase of the component
in question of about 10°C. Therefore, a degradation of the reliability of the component is unlikely. Furthermore, in
well-designed systems, the period of bus conflicts is high compared to the duration of the bus conflict (period:duration > 10:1).
Conservatively, the mean chip temperature should be calculated to ensure that this temperature does not increase beyond
150°C. Beyond this temperature, the thermal expansion coefficient of the plastic material of the package becomes different
from the expansion coefficient of silicon. This fact is likely to lead to a mechanical stress at high temperatures, which can result
in failure of the bond wire.

The total power dissipation (Pt) of a bus driver is calculated by the following equation:

Pr=Po+ (Ps X tg + Pc X 2T + Py, X t) X f X n

10)

Where:

f = frequency

n = number of outputs at which a bus conflict occurs

Pcon = power dissipation during bus conflict

Pc = power dissipation when discharging the bus capacitance

Po = quiescent power dissipation

Pg = power dissipation resulting from current spikes when output switches

tcon = duration of bus conflict
tg duration of current spike
T = signal propagation time on the bus

The power dissipation of a bus driver is calculated in a practical example in accordance with the following assumptions:

®  Circuit: SN74F245
® Po=0.45 W (from data sheet)
® Pg=5Vx30mA =0.15mW with tg = 5 ns (measured)
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To calculate the power dissipation (Pc) that occurs when charging the capacitance of the bus line, the voltage waveform at the
output with the given load (the line impedance) must be known. The easiest way to determine this is to use the Bergeron
diagram. With a line impedance of 30 £, a stable state is reached after double the time of the signal propagation with a positive
edge. That is, for this time, a current is supplied into the line from the driver circuit. The amplitude of the preceding waveform
and the output voltage of the circuit is about Vg =2 V. The power dissipation during this time and under these load conditions
is calculated as follows:

Yo

Pe = (Ve — V(,)x—-(sv—2V)><309 02W an

The signal propagation time on a backplane in a 19-inch rack (wire length about 40 cm) is T = 10 ns.

Further, assuming a bus cycle time of 100 ns (f = 10 MHz), a duration of the bus conflict of 10 ns, and that all eight outputs
of the device are involved, the resulting total power dissipation is calculated as follows:
Py =045 W+ (0.15 W X 5ns + 0.2 W X 2 X 10 ns + 0.53 W X 10 ns) X 10 MHz x 8 a2
= 045 W + (0.75 nW/s + 4 nW/s + 53 nW/s) X 10 MHz x 8
129 W

This power dissipation results in a rise of the temperature of the chip, which, in turn, influences the reliability of the device.
The chip temperature can be calculated as follows:

]

Ty = Ta + Pr X R a3
Where:
Rgja = thermal resistance of package
Tp = ambient temperature
Ty = chip temperature

Table 5 shows the typical thermal resistance of the packages, which are mostly used for digital devices. These must be
considered as typicai vaiues, because a number of factors determine the actuai vaiue, inciuding chip size, iead-frame materiai,
composition of the plastic, ambient air flow, and thermal properties of the circuit board. The values given apply if the device
is soldered onto a PCB.

Table 5. Thermal Resistance of Plastic Packages in Still Air

THERMAL RESISTANCE
NO. OF (ccw)
PINS DL [Ye)
PACKAGE | PACKAGE
14 86 17
16 80 110
20 78 95
24 73 85

According to Table 5, the thermal resistance of a 20-pin DL package is Rgya = 78°C/W. This means that, in equation 8, the
chip temperature would be about 100°C above the ambient temperature. The chip temperature must not be allowed to exceed
150°C, because the reliability would be reduced significantly. Therefore, the maximum permissible ambient temperature is,
in this case, 150°C — 100°C = 50°C.
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In cases in which bus conflict can occur, which is in most bus applications, power dissipation is of particular importance. There
is usually nothing that can be done about dynamic conditions (the frequency of operation) without adversely affecting the
performance of the system. Also, the overlap of operating states cannot always be prevented if worst-case conditions are taken
into account. However, bus conflicts of a duration of a few, or of a few tens of nanoseconds should not be a problem. The choice
of the most suitable components allows control of the quiescent power dissipation. With fast bipolar logic families (SN74S,
SN74AS, and SN74F), the permissible total power dissipation might be exceeded because of their high quiescent power
dissipation. Better, in this respect, are the SN74LS and SN74ALS series. Because of their lower quiescent-current
requirements, bus conflicts do not result in overdissipation in most cases. Even better are devices from the BiICMOS series and
all CMOS devices, although in CMOS parts, a part of the advantage of their low quiescent current is lost by their higher
dynamic power dissipation.

One critical application area is bus conflicts during the power-on phase of a system. These bus conflicts occur because, during
the power-on phase (system reset), the supervising circuit does not provide defined control signals even though the rest of the
system may already be functional. Therefore, there is a high probability that various bus drivers might be accidentally activated
at the same time. This, again, results in bus conflicts that can last several 100 ms (duration of the power-on phase or reset time).
Because the thermal time constant of an IC is about 1ms to 5 ms, after this time expect the final temperature in the device to
be determined by momentary power dissipation. If a total power dissipation of 5 W in an 8-bit device during this bus conflict
is assumed, a theoretical 500°C overtemperature of the chip must be considered. With Widebus circuits, the theoretical
overtemperature is 1000°C. Mostly, these devices are immediately destroyed during these kinds of bus conflicts. Even if no
defect is detected after such a bus conflict, a dramatic degradation of the device is likely, which leads to a final destruction of
the component some time later.

An adequate design of the control logic prevents bus conflicts during the power-on phase of a system. Preventing bus conflicts
is not easy because no defined supply voltage can be expected during the power-on phase. Therefore, no defined operation of
the logic circuits can be expected. The supply-voltage range below 3 V usually is not critical. Many advanced bus drivers
contain a supply-voltage monitor that disables the outputs (3-state) as long as the supply voltage is lower than about 3 V.
Furthermore, below this voltage, an overload of the devices is unlikely, because under this condition, the drive capability is
very limited. Above a supply voltage of 3 V, additional measures are necessary. One method is to connect a pullup resistor
between the enable inputs of the bus-interface circuits and the positive supply rail. This may ensure a high level as long as the
preceding control logic does not provide a defined logic level, but is not helpful if the control logic delivers a wrong logic level.
A reliable solution is to disable all bus-interface circuits in question during the critical time with additional control logic (see
Figure 28). In this circuit, a supply-voltage monitor (TLC7705) provides a signal that disables all bus drivers during the critical
time period and may reset the main processor, which then resets the control logic of the system. For this kind of application,
bus-interface circuits that provide two enable inputs, like the SN74ABT541, are advantageous. One control input controls the
normal operation via the system-control logic. The other input is connected to the monitor device to disable the bus logic when
an undefined system condition (e.g., during power on) is expected. If no second enable input is available, such as in an
SN74ABT245, another gate is required to perform the additional disable function.
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Figure 28. Bus Supervision During Power On

CAUTION:
Since considerably higher currents flow during bus conflicts on signal lines than with normal
operation, the noise margin in the system is reduced accordingly. This can result in faulty operation
and care should be taken to avoid bus conflicts.

8 Backdriving

..t
1ne esi

ng of highly complex elecironic sysiems must ensure that the system or subsysiem operaies faultiessly. For this
purpose, it is advantageous to install at the system level diagnostic programs that are able to recognize and localize faults.
Certain limitations are unavoidable with self-testing because a defective system may no longer be able to seek and localize
faults. This method usually breaks down completely when individual component groups are being tested because fault
diagnosis on their own is generally too limited. In such cases, additional test equipment that stimulates the component group
with special test signals, test samples, or patterns, and analyzes the results is necessary.

If all relevant circuit segments in the component group can be addressed via a defined interface, e.g., built-in testability (BIT),
testing can be performed without additional test circuits and adapters. Test bus IEEE 1149.1 (JTAG), with an appropriate IC
interface, allows testing of all circuits, the connections between them, and the complete subsystem.

If this option is not available, appropriate signals can be injected into the circuit from outside to achieve the required circuit
stimulation. For this, the inputs to the circuits to be tested must be supplied with the necessary voltages (e.g., logic low or high)
via nail-bed adapters and the reaction at the outputs of these circuits is monitored. In this way, the functions of complex systems
can be tested step by step and the most common faults recognized, such as:

®  Solder bridges and broken metallization
® Incorrect, faulty, damaged, or missing devices
®  Functional disturbances and signal-processing faults

Because only a few single devices are accessed at a time, only the special, appropriate functions (e.g., the truth table of a gate)
need to be known, not the function of the complete device group. In this way, standard test program libraries can be used to
put together the complete test program. With this method, large systems also can be tested step by step without using
excessively complex test procedures.

The stimulation of the circuit to be tested might present a problem. For example, the inputs of gate G3 (see Figure 29) must
be switched to a particular potential. These same inputs are already controlled by other devices (G1 and G2), which supply
their own signals to the gates to be tested. The test equipment must be able to force another voltage on to the same node as is
supplied by the existing circuit. The expression commonly used here is backdriving or node forcing. The output of a device
is forced from outside into a state not corresponding to its normal control-logic state.
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Figure 29. Feeding Test Signals Into a Node Test Point

The test equipment must have substantial drive capability to force the IC into another logic state. Table 2 gives the short-circuit
current at high level of the most important logic families. The situation in which the test equipment must force an output to
low level is not the most demanding requirefnent. Currents of up to several-hundred milliamperes must be provided to force
from outside an output that is supplying a low level into a high-level state.

Serious interference arises when the high currents are switched on or off and line reflections occur on the lines connecting the
test equipment and the circuit being tested. All these effects can result in a real or apparent malfunction of the circuit being
tested. This test method is of limited use when the precise timing of fast circuits must be assessed.

When injecting the test-signal current into the outputs, which then must be forced into an inverted state, the devices usually
are driven far outside their maximum permissible ratings. This can damage or destroy the devices. At the very least, their
reliability and, therefore, their operating life, is adversely affected. In recent years, the drive capability (maximum output
currents) of ICs has been steadily increased in the interest of improved technical performance. Modern bus-driver currents of
500 mA and more are needed to force the outputs of devices to particular logic levels (see Figure 30). The high current densities
in the internal connections of ICs can cause a drift of metallic ions, or so-called electromigration. This effect begins at current
densities of 3 X 105 to 106 A/cm2. Metallic ions are released from the grain boundaries and then drift in the inverse direction
of current flow (in the direction of the electron flow). If the excessive current density lasts long enough, the interconnections
are eroded.
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Figure 30. Low-Logic-Level Output Characteristics of SN74AS645
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When backdriving, the most important effect is the extreme rise in temperature that occurs in the chip during the test. The heat
that results must be conducted away via the package. The equivalent circuit of Figure 31 shows the thermal relationships in
the package.

RyJs Rysp RopA

1T

Figure 31. Thermz! Resistances inan IC

The thermal source (P) first fills up the thermal capacitance of the semiconductor junction. The heat spreads, via Ryjs, in the
complete substrate (chip) of the IC. From there, the heat flows, via the resistance (Rggp), into the package and then, via the
resistance (Rgpa), to the ambient environment. Only the sum of the thermal resistances Rgjy = Rgjs + Rgsp + Ropa
(thermal-resistance junction ambient) is given in data books (see Table 5). This resistance is not helpful for the problem under
consideration but it can be used to calculate the temperature in a stable state. Rapid temperature increases, such as result from
backdriving, cannot be calculated from the sum of thermal resistances. The thermal capacitance and thermal conductivity of
the chip can be calculated, but it is better to determine the thermal behavior through measurements (see Figure 32).
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Figure 32. Thermal Behavior in an IC

Figure 32 shows that, with an SN74AS645, a temperature rise in the chip of 100°C must be expected after 2 ms. After 10 ms,
temperatures are attained that are not permissible in plastic packages. CMOS and BiCMOS circuits have a very low power
dissipation and do not behave better in this particular case. With these modern components, expect at least the same driving
capability. The short-circuit current at the output of an ACL IC is >250 mA. It is ultimately these currents that are responsible
for the high power dissipation during backdriving.
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The following rules always should be observed when using the test methods discussed:

Backdriving should be used only when the state required at the node point in question can be reached in no other way.
The maximum permissible power dissipation of an IC should not, under any circumstances, be exceeded.
Outputs that are at a low-level state, as a result of their logic functions, can be raised to a level of Vo =3V fora
short period by backdriving. The energy, which as a result of this backdriving is injected into the device
(Vo X IoL X tpg), must not exceed 25 mW/s. The current that results in an output should not exceed a value of
Iop, = 300 mA. The pulse duration must not exceed tq= 100 ms. To keep the thermal stress within acceptable limits,
the duty cycle of the pulses (duration of the pulse + duration of the period) should be less than 1:10.

Outputs that are in a high-level state as a result of their logic functions can be lowered to a level of 0 V for a short
time by means of backdriving. One output of a device can be short circuited to ground, in such a case, for maximum
tq = 100 ms. The product of the output current, the supply voltage, and the pulse duration (Ioy X Ve X tpd) must
not exceed 25 mW/s. If n outputs are simultaneously short circuited to ground, limit the total energy injected into
the device under test (Iog X Vo X tpg) to 25 mW/s. To keep the thermal stress within reasonable limits, the duty
cycle of the short circuit (short-circuit duration + repetition time) should be less than 1:10.

All voltages, including peak voltages of overshoots/undershoots, must be within the absolute maximum ratings on
data sheets.

Simultaneous backdriving of several outputs in parallel (wired OR) with a common current source is not
permissible. Since current sharing cannot be predicted, there is danger of overloading the circuit.

The chip temperature of the circuit under test must not exceed 125°C.

Open-circuit (unterminated) lines should be avoided to prevent faults caused by reflection.

Semiconductor device manufacturers consider testing with backdriving as involving a measure of risk. The danger of
overloading devices cannot be excluded since they are operated in regions that can lie far outside those for which they were
designed. For this reason, no statement about the reliability of devices that are subjected to this test procedure can be made.
TI does not use such test methods. Such test methods are not permissible in many (e.g., military) areas of application.

9 Summary

This report provides the designer of digital systems information that is not found in data books, but which is of interest and
necessary in many applications. The differences between individual circuit families have been discussed. The circuit design
techniques used with various devices, combined with the different technologies used to manufacture them, often make it
difficult to give specific designrules; in many cases it is possible to give only very general guidance. In practice, few parameters
are actually measured, particularly with older devices. In all such cases, this report provides guidelines that enable the designer
to predict the behavior of circuits in a system.
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CUSTOMER'S RISK.
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Tl assumes no liability for applications assistance or customer product
design. Tl does not warrant or represent that any license, either express
or implied, is granted under any patent right, copyright, mask work right,
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combination, machine, or process in which such semiconductor products
or services might be or are used. Tl's publication of information regarding
any third party's products or services does not constitute Tl's approval,
warranty or endorsement thereof.
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1. Introduction

The introduction of surface mount technology at the beginning of the 1980s led
to a substantial reduction in space requirement on a board. The customer
made use of this benefit either to implement a particular system within a
smaller volume, or keeping the same volume, to enhance the performance of a
system. At about the same time we saw the transition form 8-bit processors to
16-bit and 32-bit processors. The widening of data and address buses that
accompanied this reversed the newly won space benefits because, instead of
one bus driver for instance, two or even four circuits had to be used. To
support the user in meeting requirements for increasingly compact equipment,
TEXAS INSTRUMENTS developed a new package called the shrink small
outline package (SSOP), doubling the number of pins but without requiring
more space. At the same time, with the new functions that became possible,
special emphasis was placed on producing major features like high speed
while keeping noise voltages small.

2. The Shrink Outline Package

The greater packing density combined with the same space requirement of an
SSOP is achieved by reducing the pin spacing from 1/20 inch (=1.27 mm) to
1/40 inch (= 0.635 mm). So a package that used to have 24 pins will now offer
ample space for 48 pins, and the pin count of a conventional 28-pin SO
package increases to 56 pins on an SSOP package. This is illustrated by the
comparison of the size of the two packages in Fig. 1, showing that the area of
the new packages is no greater than that of familiar SO packages.

48-Pin
Shrink Small
Qutline

Figure 1: Comparison in size of 24-pin SO package and 48-pin SSOP package

The greater number of pins makes it possible to integrate twice as many
functions in a circuit, e.g. to implement a 16-bit driver instead of an 8-bit one.
And in a 56-pin package 18-bit and 20-bit functions can then be integrated by
doubling up the familiar 9-bit and 10-bit bus drivers.



These new Widebus™ circuits offer the designer substantial advantages when
it comes to designing advanced systems. In the past, for reasons of cost, a
compromise was often made, i.e. of actually using a 16-bit microprocessor but
only letting it communicate with peripheral boards on an 8-bit data bus, like
with the so-called XT bus for instance. With the growing performance demands
that are being made of computer systems however, you have to expand the
width of bus systems to 16 or even 32 bits so that the high data throughput
that is required can be achieved. The space available for a circuit is limited, so
this can only be implemented with components like Widebus™ circuits, which
also support these bus architectures for attractive cost. Fig. 2 compares the
block diagrams for a memory interface on an EISA (Extended Industry
Standard Architecture) bus, in one case using conventional bus drivers with an
8-bit organization like 74ACT11244, and 16-bit Widebus™ circuits like
74ACT16244 in the other. 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, so the new circuit only takes
up 50% of the area on the printed circuit.

LA<31:2> BE<3:0> Control DA<31:0>

ACT
16244

LA<31:2> BE<3.0> Control DA<31:0>

Figure 2: Comparison of component count for EISA interface

3. Electrical Characteristic of the package
As circuits become faster, the electrical characteristics of the package come

more and more into focus. 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, restrict their possibilities of use. Fig. 3
shows the equivalent circuit of a CMOS output stage with the inductances L, of
the leads in the package.



L

Vee

5

GND

Figure 3: Equivalent circuit of CMOS output stage with lead inductances

If one or more outputs switch, the currents flowing on the output leads will
cause voltage drops, especially on the inductances of the leads of the supply
voltages V_, and GND. Such a voltage drop V can be calculated by the
following formula:
di

V=L, o
This voltage is superimposed on the supply potentials inside the circuit and
thus automatically also on the potential of outputs that are not at all involved in
the switching operation. The amplitude of the interference depends on the
current, so you find that it increases with the number of simultaneously
switching outputs. Fig. 4 shows the noise voltage on the output of a CMOS
circuit when seven other outputs switch simultaneously from High to Low. In
this case the noise pulse reaches an amplitude of almost 2.5 V and is thus
capable of producing a malfunction in other circuits.

1V|

/ \\
/7 M

5(13 A

Figure 4: Simultaneous switching noise on output of CMOS circuit

There are various ways of reducing the amplitude of the noise voltage. You
can limit the output current, which directly influences the amplitude of the
noise. This approach will not be possible in most cases however, because - as
mentioned later - a large current is necessary for driving low-impedance lines,
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i.e. unless you want to sacrifice a substantial amount of speed. Another way is
to slow down the rate of pulse transition at the output of the circuit, in other
words to increase the term dt in above formula. But 50% of the rise or fall time
of a signal makes itself felt as extra delay in the circuit, so this solution also
has its limits. To master the problem of the slew rate of the signals, Texas
Instruments uses a technique called output edge control in the output stages of
the ACL circuits (Fig. 5). Here the large n-channel or p-channel MOS transistor
in the output stage is broken down into a number of small transistors Q,,
through Q,,, whose drain and source leads are again connected in parallel. The
gates of these transistors are connected in series across resistors so that they
form a delay line - in conjunction with the input capacitance (primarily the Miller
capacitance) of the transistors. In this way, when a signal is applied, the whole
transistor is not turned on abruptly, instead the individual transistors conduct
one after the other. The turn-on operation is delayed, producing a rise or fall
time of approx. 2 ns at the output. A further slowing down is not possible
because of above reasons. However, this delay circuit must not take effect
when transistors are turned off to prevent any unnecessary increase in the
peak currents when switching push-pull output stages. So the gates of the
output transistors are then tumed off without any delay by transistors Q,,
through Q.

A circuit of this kind is used especially to control the negative output edge on
ABT circuits, which have a bipolar output stage. No measures are necessary
for the positive edge in this case because the circuit, with increasing output
voltage, automatically limits the base current of the transistors and thus their
switching speed.

Output

- ' D

loth ot el

b = =

Figure 5: CMOS output stage with Output Edge Control

What has been described up to now is still not enough for adequately
eliminating the mentioned interference however. So there is nothing else for it
but to try to reduce the inductance L, of the supply-voltage leads. One
possibility is to break away from the conventional pinning of V_ and GND at
the ends of the package (corner pin) and to lead in the supply voltages in the
middle of the package (center pin). This enables you to reduce the harmful
inductances by about 60%. But that is still inadequate for suppressing the




noise voltages. In circuits of this speed category, decreasing the inductances
on the supply leads only produces an increase in speed to begin with because
their "braking effect" is reduced. In practical terms therefore, the improvement
is only very slight. The desired results are not achieved until the inductances
are reduced to a value of less than 2 nH. And to achieve this, you have to
connect a number of pins in parallel (multiple center pinning). With the large
pin count of circuits with a 16-bit or even 20-bit organization you then find an
additional effect however: about 30% of the observed noise voltages are
caused by crosstalk between adjacent pins. You can only reduce this through
shielding measures, e.g. extra ground lines between the output lines. The
result is what is called staggered pinout, with the supply-voltage leads
distributed over the entire width of the circuit to produce low lead inductances
on the one hand and reduced crosstalk between pins on the other. In Fig. 6
you can see a comparison between the different kinds of pinout.

Staggered
Center pining

Cormner pinning
pinning

GND GND

GND

GND

GND

GND GND

Figure 6: Corner, (multiple) center and staggered pinout

The measures described here for reducing the noise caused by the circuits
themselves will substantially enhance the behavior of the devices.
Simultaneous switching noise only reaches a level of 900 mV at most. As the
bipolar output stages have lower signal swings (3.2 V versus 5.0 V with CMOS
circuit outputs), the ABT circuits have even less noise levels of about
400...500 mV. With conventional 8-bit, fast bipolar circuits you would have to
expect values up to 1.5 V. In Fig. 7 the measured noise voltages are shown as
a function of the position of the output examined when the other 15 outputs of
a 16-bit bus driver switch at the same time. You can also clearly see that the
outputs which are right next to a supply-voltage pin exhibit especially small
levels of noise voltage because of the shielding effect of these leads.
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Figure 7: Simultaneous switching noise in Widebus™ circuits

4. Widebus™ Circuit Technology

Widebus™ circuits are offered in two different technologies: under the
designation 54/74ACT16xxx in familiar Advanced CMOS and as
54/74ABT 16xxx in Advanced Bipolar CMOS. So the two kinds of circuits differ
in their electrical characteristics and in the way they behave in various
applications. The major distinctions will be looked at below.

ACL (Advanced CMOS Logic) circuits are fabricated using the EPIC1™
(Enhanced Performance lon-implanted CMOS) process, permitting gate
lengths of 1 micron. This determines the speed of the circuits. The typical
delay of a bus driver is about 6.5 ns. The fabrication of ABT (Advanced
BiCMOS Technology) circuits uses the GPL-2B process, a follow-on
development of EPIC that now allows structural sizes of 0.8 micron. This,
together with the combined bipolar/fCMOS technology, reduces typical delays
by more than 50% to less than 3 ns. The relationship between the two is
analogous for the (worst case) maximum values.

Because of the constant growing together of bipolar and MOS technologies,
the two circuits have a lot in common. ACL circuits - as the name implies - use
pure CMOS technology. This is also the case in ABT circuits, i.e. in as much
as minimizing the power dissipation is concerned. But bipolar technology is
also added if it leads to an improvement in characteristics. One example of this
is in the output stage, where bipolar transistors are used to produce larger
output current (Fig. 8 shows the simplified output stage of an ABT and an ACL



circuit). This results in a smaller signal swing at the output of ABT circuits of
approx. 3V, whereas the signal swing in ACL circuits is equal to the supply
voltage and thus typically some 50 % greater (cf. Table 1). This proves to be a
drawback at high frequencies, meaning that ACL circuits show higher power
consumption than ABT circuits above about 5 to 10 MHz (Fig. 9). Bipolar
transistors are also used at critical points in ABT circuits when larger currents
are required for fast reversal of switching capacitances.

Vce

Figure 8: Simplified circuit of ABT and ACL output stages

A PW
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100k ™ 10M 100M

Figure 9: Power consumption of ABT and ACL circuits
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Table 1: Output specification of ABT and ACL circuits

Parameter ABT ACL

A l,=-24mA,V_=45V 37V
l,=-75mA,V_=55V 3.85V’
l,=-32mA,V_=45V 2.0V

A I,= 24mA,V_=45V 0.44V
l,= 75mA,V_=55V 1.65V’
l,= 64mA V_=45V 0.55V

" These voltage levels are only permissible in CMOS level environments.

The different circuit concepts in these components result in different output
characteristics (Fig. 10 and 11), which are reflected in the figures specified in
the data sheet (see Table 1). ABT circuits show the characteristic of a
saturated transistor at Low level (Q, in Fig. 8). Sufficient base current is
supplied, so this transistor will not go into current saturation even at currents of
150 mA. At High level the output voltage is determined by the voltage drop on
the base-emitter diodes of transistors Q, and Q, (2 x 0.7 V). This means an
open-circuit output voltage of about V_- 1.4 V. The slope of the curve at
higher output currents is determined by resistor R,, which limits the short
circuit current to typically 140 mA. ACL circuits exhibit at both High and Low
level the output characteristic of a p-channel or n-channel MOS transistor. At
small currents the turn-on resistance R, , of the transistors is only about 8 Q.
But even at larger currents it only increases slowly, so valid logic levels can still
be guaranteed in a CMOS level environment (74AC) at an output current
I, = 75 mA, which corresponds to a load of 50 Q (Table 1).
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Figure 10: Output characteristics of ABT circuits
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Figure 11: Output characteristics of ACL circuits

The input stages of the two kinds of circuit are very similar (Fig. 12). The input
buffer consists of a simple CMOS inverter. To shift the threshold voltage -
which is at half the supply voltage in balanced CMOS stages - to the level of
TTL circuits (1.4 V), the supply voltage of the input stage is dropped by
transistors in series with it. This shift, combined with a defined unbalance of
the two transistors in this inverter, thus produces a TTL-compatible switching
threshold.

Circuits operating at this speed tend to oscillate when driven with slow edges.
The permissible slew rate at the input of these circuits is specified as 5 ns/V or
10 ns/V (corresponding to a rise or fall time of 15...30 ns). The designer
cannot guarantee such sharp edges under all circumstances in all applications,
so Texas Instruments has integrated a feedback circuit (Q,) into the input
stages of ABT and ACL devices, as a result of which the threshold voltage of
the input stage has an hysteresis of about 100 mV. Fig. 13 illustrates the
response of the circuits described here to signals with slow edges. The effect
of the circuit measures implemented is that typical rise or fall times >100 ns
will not cause the circuit output to oscillate.
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Figure 12: Input stage of ABT and ACT circuits
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Figure 13: ABT and ACL slow input edge response

All modern integrated circuits incorporate extra circuitry to guard them against

destruction through overvoltage, e.g. caused by electrostatic discharge (ESD).
Here there are minor differences between ABT and ACL circuits because of
their different technologies. On their inputs the circuits are protected by a
thyristor (Q, and Q, in Fig. 14). This element has a breakdown voltage of about
40 V. If a positive electrostatic discharge appears on the particular pin, the
thyristor will trigger and conduct the current to ground. Resistors R, and R, are
rated at approx. 1 Q, so the hold current of the thyristor is a few hundred mA.
When the current drops again at the end of a discharge therefore, the thyristor

t1rirma nff HAamatin nA tha antial s Af tha Anrmnanant ia ractars ~A
o v aul\llllﬂ“\lﬂlly GI U uIT aviuai IUI l\.:l.l\.lll UI ll IS Lvuitipui |c||l |° |c°lUlUU

For negative discharge the current is conducted away across the very low-
rated resistors R, and R, and the collector-base diode (a Schottky diode in
ABT circuits) of transistor Q,. This diode also limits negative undershoot
caused by line reflections in normal operation. The gate oxide of the input
transistors of the circuits is additionally protected by transistors Q, and Q,.
These have a breakdown voltage of approx. 15 V and thus limit the voltage on



this sensitive part of the circuit, resistor R, in turn serving to limit the current.
No further protective measures are necessary on the outputs of the circuits.
The large transistors of the output stages and the high current density that is
permissible in these transistors insure adequate safeguards against typical
electrostatic discharge up to 5000 V.

ABT ACL Vee
Input R3 Input
O — p—
El R1 R1 RS
Q1 ) Q1

Q2 Q3 Q4
R2 R4 R2
—a— P p—— P ]

Figure 14: ESD protective circuitry in ABT and ACL circuits

There is one major difference between the protective circuitry of ABT and ACL
circuits. Fig. 14 shows that there is a parasitic diode in ACL circuits between
resistor R, and the V_ pin. If a voltage is applied to the input of the device with
the supply voltage switched off, this diode will conduct and the input goes low-
impedance. There are similar parasitic diodes on the outputs, which likewise

cause this part of the circuitry to go low-impedance when the supply voltage is
switched off. In ART circuits, as illustrated, these diodes are omitted. So here

ey O CHCUNS, as musiialel, o LIOUCS Al

both the inputs and the outputs go high-impedance when the supply voltage is
switched off. This is of interest for all applications where parts of a system are
switched off during operation, while other parts continue to work. ACL circuits
without supply voltage would cause a ’short circuit’ on the interfaces, e.g. the
system bus, and so impair the working of the system. ABT circuits remain
high-impedance under these conditions however, and so they do not disturb
that part of the circuitry which is still working.

One problem remains during the turn-on or turn-off phase of the disconnected
part of the circuitry. During both buildup and breakdown of the supply voltage it
is not normally possible to state precisely how the components are functioning.
Practice also shows that the logic circuits produce undefined output signals in
a certain range of voltage. So in this case there is still the risk of the interface
lines to the remainder of the system being disturbed at this moment in time.
For this reason Texas Instruments has also integrated a voltage watchdog in
the ABT circuits to insure that the outputs of bus drivers switch to the inactive,
high-impedance state (3-state) below a supply voltage of approx. 3V,
regardless of what signals are applied to the inputs of the circuit. This is based
on the assumption that the user will be able to present a

valid logic signal at least to the control inputs (chip enable) above a supply
voltage level of about 3 V. So, with the integrated voltage watchdog, defined
functioning of the system can be insured in this kind of application too.
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This circuit implementation is also in response to a requirement that is made
with many electronic systems today: namely that an item of equipment (e.g. a
telephone switching system) must not be switched off during repair. Instead
the defective boards must be exchanged with the supply voltage still applied
and without hindering the operation of the other circuitry. An application of this

kind can also be solved using the ABT circuits from Texas Instruments. What
is necessary is that the connector of the board to be replaced should have a
leading ground pin. When the board is slotted in, this contact makes first and
insures that there is a defined reference potential for all circuits of the system.
During the following buildup of supply voltage the voltage watchdog in the ABT
circuits makes sure that all outputs initially remain in the inactive, high-
impedance state, i.e. that no undefined signals issue from this part of the
circuitry until its supply voltage has stabilized (the inputs of ABT circuits are
high-impedance in any case, as already mentioned). In the same way
interference is also avoided when a board is removed from a running system.

A phenomenon of CMOS circuits, and thus also of ACL and ABT circuits, is
so-called latch up. In the fabrication of complementary MOS circuits, parasitic
PNPN structures are generated on the chip which form a thyristor between the
supply pins of the circuit. All other pins of the circuit form the gate for this
thyristor. If a sufficiently large current is impressed on an input or output of the
circuit, the thyristor will be triggered, which can lead to a short circuit across
the supply pins of the device and result in its destruction. A number of
measures are taken in design and fabrication to suppress this dangerous
effect. For one thing, all ABT and ACL circuits have an epitaxial layer that
conducts critical currents for the most part into the substrate, thus lowering the
current gain of the parasitic transistors which form the thyristor. This
substantiaily reduces the sensitivity of the thyristor. For the same purpose
there are so-called protective guard rings, arranged around critical parts of the
circuit on the chip. These conduct most of the dangerous currents to ground or
to the supply-voltage pin. This measure also helps to prevent accidantal
triggering of the thyristor during operation. All of these precautions insure, for
both ABT and ACL circuits, that latch up will not be observed until currents of
>>500 mA appear on the pins of the devices. In other words problems of this
kind will not be expected in normal operating conditions.

5. Widebus™ Bus Interface Circuits

As the name Widebus™ implies, these products are intended primarily for bus
applications. So the type spectrum covers circuits that, where their functions
are concerned, are familiar from other logic families, whether CMOS or bipolar,
except that the word width is expanded from 8, 9 or 10 bits to 16, 18 or 20 bits.
A typical example is the SN74ABT16244 bipolar 16-bit bus driver, or
SN74ACT 16244 which is its equivalent in CMOS technology. Fig. 15 shows
the logic symbols and Fig. 16 the logic diagrams of these two devices. As you
can see, the devices incorporate twice the functionality of an SN74ABT244 for
instance.
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Figure 16: Logic diagram SN74ABT16244

However the type spectrum of Widebus™ circuits does not simply go as far as
copying or doubling previous functions. The greater number of pins of these



circuits makes it possible to design new and more universal devices, uniting a
number of known functions in a single circuit. That expands the field of
application of these innovative components on the one hand, and the variety of
circuit types required in the past for implementing a particular system can be
markedly reduced on the other. This has a by no means insignificant effect on
logistics and thus the costs of the system manufacturer.
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Figure: 17: Logic symbol of SN74ABT 16500 18-bit transceiver with register

An excellent example of innovative and more universal functions is the
SN74ABT 16500, whose logic symbol is illustrated in Fig. 17. It includes two
18-bit-wide registers, each of which is assigned to a transmission direction.
Depending on the signals or static levels on the different control inputs, the
circuit can operate in one of the following three modes:
- Transparent: the circuit acts as a bi-directional bus driver, e.g. a '245.
- Storing: the circuit acts as a level-controlled register / latch, e.g. a '373,
but it is bi-directional.
- Edge-triggered register: the circuit acts as an edge-triggered register,
e.d. a '374, and again it is bi-directional.
The mode can be set separately for each transmission direction. So with one
of these circuits you can replace two or four of the following types: '240, '245,
'373, '374, 543 or their 9-bit versions, as well as - to a limited extent - '646/'652
also.



The various functions of this device will be explained with reference to the logic
diagram in Fig. 18. For transmission from A to B, output B is switched active
by a Low level on pin OBAE. If pin LEAB is High and pin CLKAB Low, the two
level-triggered flip-flops FF1 and FF2 are switched to the transparent mode,
i.e. the data can pass through the circuit unhindered from input A to output B.
If input LEAB is now switched Low, the data currently present on input A will
be frozen in flip-flop FF1 (latch function), i.e. the output retains its present logic
level regardless of a further change in input A level. In this state the two level-
controlled flip-flops FF1 and FF2 now act as an edge-triggered master (FF1)
negative (!) edge on this input stores the input data in the register (FF1 and
FF2). The SN74ABT16501 circuit differs from the SN74ABT16500 in that the
clock input CLKAB is inverted inside the device, meaning that the register is
triggered by the positive edge.

o255 {1

o E1—{7]

oeas [ T}
3 o 1

CLKAB

LEAB

— 1D

EN|

to 17 identical circuits

Figure 18: Logic diagram of SN74ABT16500 18-bit transceiver with register

6. Applications Areas
As ‘already stated, Widebus™ circuits are fabricated in two different

technologies. So it is for the designer to decide which of the two offers the
greater advantages in his application, the major criteria being

- propagation delay,
- power consumption, and
- driving capability.
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If the speed of a system is the focal point, the decision will go to ABT circuits
in most cases because these show the shortest delay. As Table 2 shows, they
are up to about 40 % faster than the earlier fast bipolar and BiCMOS series
SN74F, SN74AS and SN74BCT. The Advanced CMOS circuits, on the other
hand, are more comparable in speed to the Advanced Low-Power Schottky
circuits of the SN74ALS series.

Table 2: Comparison of propagation delays

t., . Unit
SN74ABT 16244 4.6 4.6 ns
SN74BCT244 5.5 5.0 ns
SN74AS244 6.2 6.2 ns
SN74F244 6.5 6.2 ns
SN74ACT16244 9.5 9.4 ns
SN74ALS244 10.0 10.0 ns

The picture would be incomplete without considering the fact that the delay of
the components is dependent on the number of simultaneously switching
outputs. Here too the inductances of the supply leads act as "current brakes".
For devices in conventional packages (DIP and SOP) you would have to
expect extra delay of 150...200 ps for each additional switching output. In an
SN74F244 that means, for example, a maximum delay t,, =7.5...8 ns if all
eight outputs switch simultaneously. The many voltage leads in Widebus™
circuits are of advantage in this respect. They may not eliminate the effect, but
at least they insure that the loss of speed is no greater than in former bus
drivers, even though twice as many outputs can switch. Fig. 19 illustrates the
delay of Widebus™ bus interface circuits as a function of the number of
simultaneously switching outputs.
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(ABT245) 4 Widebus
1.0ns - 18-bit, SSOP
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| (ABT245)
/
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Q 8-bit, DIP,

multiple-centerpin
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2 :] 18 3¢
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Figure 19: Delay for simultaneous switching of several outputs



The second criterion in selection, which is especially important for battery-
powered equipment, is circuit power consumption. CMOS devices seem to
have the upper hand, particularly when you consider their extremely low
quiescent currents of just a few microampere. But similar values can now also
be achieved by BiCMOS circuits, meaning that the matter has to be looked
into more closely. The current consumption and thus the power dissipation P,
of a circuit are determined by the following three factors:

- the quiescent dissipation P_ of the circuit,

- the power dissipation P_ caused by the current spikes when an output
switches, and

- the power P, needed to reverse the charge of the load capacitance on
the output.

So the total power drawn from the power supply by the circuit is
B, =P +P+F

To simplify application of the following calculation to a random circuit, the
power dissipation is deduced for a single output. The results can then easily be
taken for bus systems of any width by just multiplying them.

Determining the quiescent dissipation is a simple matter. It is derived from the
current consumption of a circuit as stated in the data sheet, taking the average
value for the current consumption in High and Low state of course. In circuits
where the outputs are in the inactive, high-impedance state (3-state) for a
large proportion of the time, a separate calculation has to be made. For pure
CMOS devices the quiescent current can be taken as zero to a first
approximation. For ABT circuits the average value of the data sheet (typical) is
taken and divided by the number n of outputs in a circuit. Thus, for an
SN74ABT 16244 device:

p Loy +10 sv 1mA + 60mA
q « n = 216

In ACL circuits - both on the positive and the negative edge at the output -
triangular current spikes occur on the supply leads with an amplitude
I, =40 mA and a duration t, =5 ns. The energy consumed by these current
spikes has to be multiplied by the frequency f of the output signal to deduce
the power dissipation P

=9.5mW

2.1.\' -I.Y .f

2
2-40mA -5ns- f
2

In bipolar output stages there is, firstly, a current spike with an amplitude
I, =20 mA only on the positive edge. So the power dissipation is

Py =V -

=5V =1nWs- f



Ii-t,-f
Py =V, -2
SABT ¢ 2
20mA -5ns- .
=5v-—'—2"—sf=o.25nm-~f

The power P, drawn by the circuit for reversing the charge of the capacitive
load C, will depend on the signal swing (V. -V,) and is calculated by the
following formula:

v, (v, -v,)-Cf
2 I

CMOS circuits produce a signal swing on the output that corresponds to the
magnitude of the operating voltage V_. Thus:
VoV G f 2% .C-f

2 - 2 !

ABT circuits only have a signal swing of about 3 V. The dissipation caused by
the load can be calculated as

SV3V-C - f 15V-C - f
Pagr = 2 = )

P[:

Pt =

Combining the formulas produces the total dissipation P, of an output. So for
ACL circuits (P, = 0!):

P =(InWs +125V2.C))- s

and for ABT circuits:
Pgr = 95mW +(025nWs +75V2 - C,)- f

By equating the two formulas and appropriate conversion, you obtain the
crossover frequency f, above which the dissipation of a CMOS circuit is higher
than that of a BICMOS circuit:

95mw

L= Tws v oG,

This shows that for a given load capacitance C,=50pF the power
consumption of an ACL circuit will be higher than that of an ABT circuit if at the
same time the switching frequency is greater than 9.5 MHz. It should be noted
that in most bus systems - the preferred application for these circuits - the
capacitive load will be far greater than 50 pF. This shifts things in favor of ABT
circuits (e.g. with C, = 300 pF it will be f, = 4.2 MHz).

The third selection criterion is the drive capability of the circuits. Typical bus
lines have line impedances in the region of 20...40 Q, with values of 20...30 Q
being expected for many applications. Such low load impedances call for high
drive capability, i.e. high output current. This is the only way to insure that the
voltage on the driver output will switch immediately from one logic level to
another (incident wave switching). Otherwise you have to wait for twice the



signal propagation delay until the wave reflectea at the end of the line arrives
back at the driver output and then, because of the voltage increase caused by
mismatch, adequate signal level can be guaranteed.

This phenomenon is made use of in small bus systems. When lines are shorter
than 5...10 cm - which is the case with most bus systems on board - twice the
signal propagation delay (t, = 20... 25 ns/m) will be less than the rise or fall
time of a signal (2...5 ns). So the line reflections go into the rise time and are
barely noticeable, although the resulting lengthening of the settling time of the
voltages must not be neglected. So ACL circuits can be used in these
applications without restrictions, i.e. unless extremely tight requirements for
speed make it necessary to use ABT circuits.

The other extreme is that of bus systems like the VME bus or Multibus II,
which can be implemented with lengths of 40 cm in backplane wiring (19-inch
rackmounts). In these bus systems an output current at Low level
1, = 48...64 mA is required of the line drivers in order to produce the required
input currents for the many modules that are connected and to drive the
networks that terminate the lines and are meant to prevent line reflections.
Such a requirement can only be satisfied with ABT circuits. Fig. 20 shows the
signal shapes for the falling edge on the output of an ABT circuit when driving
a lines with a impedance 30 Q. As illustrated here, the outputs are able to
produce much greater currents ( >100 mA) at Low level than specified in the
data sheets.
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End of line
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R
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Figure 20: Output signal shapes of ABT, Line impedance Z, = 30 Q,
termination impedance R, = 100 Q

At High level the output current of these circuits (data-sheet specification
1., = 32 mA) is inadequate for driving the low line impedances however. The
typical source impedance of the output stage at High level is approx. 25 Q.
The voltage division (source impedance of driver/line impedance) means that
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at the moment of switching a voltage is produced or. the output which for the
worst case (Z, =30 Q) only achieves half the required level. So twice the
signal propagation delay has to be waited until sufficient voltage is produced
with the rising edge on the output of the circuit (Fig. 20). What is interesting is
that signal transmission from one board tc another right next to it takes the
most time: for a 40 cm long backplane wiring approx. 2 x 10 ns. In contrast,
signal transmission from one board to another at the other end of the bus only
requires the single propagation time (max. 10 ns). Because of the mismatch
which is used in the common bus systems and the resulting signal level
increase at the end of the line (reflection coefficient 0.3 to 1), the required
signal level is obtained immediately.

Although these distortions can be tolerated with address and data signals if the
control signals (read, write, clock) are delayed accordingly, such distortion is
generally inadmissible for the latter, i.e. if malfunction of a system is to be
avoided. A proper signal shape is obtained by reducing the output impedance
of the bus driver accordingly. In practical terms this can mean connecting two
outputs of a circuit in parallel (and their inputs too of course). This lowers the
output impedance to values of about 10 Q. In this way the proper signal shape
can be insured on the driver output in the majority of cases.

7. Summary
The trend towards 16-bit and 32-bit wide bus systems continues unabated,

increasing the data throughput in modern computer systems through more
parallel processing. This means that there is a requirement for bus drivers that
support the wider data formats. This was the reason for Texas Instruments’
introduction of Widebus™ circuits. The use of progressive semiconductor
technologies like Advanced CMOS (ACL) and the combination of bipolar and
CMOS through Advanced Bipolar CMOS (ABT) allow the implementation of
integrated circuits that are right for today’s demands for high speed and low
power consumption. The improvements in circuitry are supported by a new
kind of package: the shrink small outline package (SSOP). By halving pin
spacing it was possible to produce a marked reduction in harmful lead
inductances compared to conventional packages. Optimization of the supply-
voltage leads through staggered pinning, i.e. distributed around the package,
guarantees extremely small noise voltages even when a number of outputs
switch simultaneously, and insures at the same time that the speeds made
possible by modern semiconductor technologies can be utilized fully in the final
circuit.



2-1



ubisaqg auejdyoeg u

2-2

Contents

Page
GTL/BTL: A Low-Swing Solution for High-Speed Digital Logic 2-3
Next-Generation BTL/Futurebus Transceivers Allow Single-Sided SMT Manufacturing...2-19
The Bergeron Method:
A Graphic Method for Determining Line Reflections in Transient Phenomena.............. 2-31
Live Insertion 2-59




GTL/BTL:
A Low-Swing Solution for
High-Speed Digital Logic

SCEAQ03A
March 1997

P Texas
INSTRUMENTS



24

IMPORTANT NOTICE
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or other intellectual property right of Tl covering or relating to any
combination, machine, or process in which such semiconductor products
or services might be or are used. Tl's publication of information regarding
any third party's products or services does not constitute Ti's approval,
warranty or endorsement thereof.

Copyright © 1998, Texas Instruments Incorporated



Contents

Title
INtrodUCHION . .. .. ..ottt ittt
L L L LR
Advantages of GTL or BTLOver CMOS/TTL ... ..o ittt
GTL Family Input and Qutput Structire . ...........oint ittt
BTL Family Input and Qutput Structure ... ............ouitintniniiiiit ittt
Power CONSUMPHON ... ..o ..tuttnt ittt ettt ea ettt ettt ettt
Simultaneous SWItChing .. ........ ..ottt e
Output CaPACIfAIICE . . . . ... oottt ettt et et e e
LW RALE . . ...ttt ettt it e e e e
Signal INegIitY . . . . ..ottt ittt e
Design Considerations . ... ..........uuintonenentauaten ettt i
T T Y R R
2 TS 1 o R T T
List of Nlustrations
Figure Title
1 Backplane Model With All Four Boards Connected . ............ooiriiiiiiiiiiiiiiiieee..
2 Point-to-Point Model With Only One Driver and One Receiver Connected ...........................
3 Typical GTL Input and Output Cells . .. ... o\orvni et
4  Typical BTL Input and Output Cells . ... ...uvuenenntneet i
5 FB1650 and GTL16612 Power Consumption With All Outputs Switching ...........................
6  FB1650 High Output Voltage Peak and Valley Noise on an Unswitched Output . ...................o0e
7  GTL16612 High Output Voltage Peak and Valley Noise on an Unswitched Output ....................
8  FB1650 Low Output Voltage Peak and Valley Noise on an Unswitched Output ..................o..0.
9  GTL16612 Low Output Voltage Peak and Valley Noise on an Unswitched Output . . ...................
10 Capacitance Variation ACTOSs PrOCESS ... ......ovininiuimiiiiii e
11  FB1650 Fall Time Measured Between 1.3 Vand 1.8V ... ... iiiiiiiiiiiiiii e
12 GTL16612 Fall Time Measured Between0.5Vand 1V ... ... .o,
13 FB1650 Rise Time Measured Between 1.3 Vand 1.8 V..ot iiiiiiiiiiiinne
14 GTL16612 Rise Time Measured Between0.5Vand 1V .......coooooviiiiiiiiiiiiiiiiii.n
15 FB1650 Signal Integrity at the Receiver Input Using Different-Length Cables ........................
16 GTL16612 Signal Integrity at the Receiver Input Using Different-Length Cables A
17  Proposed Circuit to GENErate VRER « v v« e vnernesrantesnnsesesatnsteenenauaetceneaeeses

Page
2-7
2-7

2-9
2-10
2-11
2-13
2-13
2-15
2-15
2-17
2-17

Page

2-7

2-9

2-9
2-10
2-11
2-12
2-12
2-12
2-13
2-14
2-14
2-14
2-14
2-15
2-15
2-16

2-5



2-6



Introduction

This application report examines the requirements for a low-swing interface in high-speed digital systems and how well this
needis addressed by two interface standards: backplane Transceiver Logic (BTL) and Gunning Transceiver Logic (GTL). Both
interface standards attempt to improve the performance of high-speed digital systems by reducing the difference between the
logic high-voltage level and the logic low-voltage level.

A comparison of various performance criteria, such as power consumption, noise immunity, capacitive loading, speed, and
packaging, shows that GTL and BTL provide a compelling solution in both point-to-point and backplane environments.
Guidelines for system designs using Texas Instruments (TI) GTL and BTL products are addressed, including associated
voltage supplies and proper termination techniques.

Test Setup

The TI GTL16612 and FB1650 were used to study the various performance levels. A backplane-like design has been
established to perform the laboratory work supporting this application report. Four boards with 2-in. stubs and 50-Q
interconnecting transmission lines were used to simulate the backplane environment. A 50-MHz frequency was used unless
otherwise noted. The output supply voltage (V) was supplied through aresistor at each end of the backplane (50-Qto 1.2V
for GTL and 33-Q to 2.1 V for BTL) for both families as specified in both IEEE (BTL) and JEDEC (GTL) standards. Figure 1
shows the backplane model with all four boards connected.

Receiver 1 Driver 2 Receiver 3 Receiver 4

I I I I

Figure 1. Backplane Model With All Four Boards Connected

Another design has been used to simulate the transmission-environment effect when transferring data across a longer
point-to-point transmission line. Figure 2 shows the same backplane model with only one driver and one receiver used to
transfer the data across 12-in., 28-in., and 48-in. transmission lines.

Driver Receiver

Figure 2. Point-to-Point Model With Only One Driver and One Receiver Connected
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Advantages of GTL or BTL Over CMOS/TTL

BTL and GTL were developed to solve the bus-driving problem associated with TTL and to enhance the performance of
point-to-point and backplane applications. BTL and GTL also eliminate the need for the extra time required for the TTL signal
to settle due to reflection and noise generated when switching. The 1-V swing of both signals versus the 3-V to 5-V swing of
TTL and CMOS signals helps reduce the noise generated on the bus when the outputs are switching simultaneously. Table 1
shows the minimum high-level output voltage (Vo) and the maximum low-level output voltage (Vo ) of CMOS, TTL, BTL,
and GTL signals.

Table 1. Voi and Vg, Levels for Various Families

LOGIC | Voumin | VoLmax
LEVEL () W)
CMOS 38 0.44
TTL 24 0.55
BTL 2.1 1
GTL 1.2 0.4
GTL+ 15 0.4

BTL and GTL buffers are designed with minimal output capacitance (5 pF maximum) compared to a TTL output buffer (8 pF
to 15 pF typical). A TTL or CMOS output capacitance, coupled with the capacitance of the connectors, traces, and vias reduces
the characteristic impedance of the backplane. For high-frequency operation, this phenomenon makes it difficult for the TTL
or CMOS driver to switch the signal on the incident wave. A TTL or CMOS device needs a higher drive current than presently
available to be able to switch the signal under these conditions. However, increasing the output drive clearly increases the
output capacitance. This scenario again reduces the characteristic impedance even more. That is why a lower signal-swing
family with reduced output capacitance, such as BTL or GTL, is recommended when designing high-speed backplanes.

GTL Family Input and Output Structure

The GTL inputreceiver is adifferential comparator with one side connected to the externally provided reference voltage, VRgE
The threshold is designed with a precise window for maximum noise immunity (Viy = VRgg + 50 mV and
ViL = VREF — 50 mV). The output driver is an open-drain n-channel device which, when turned off, is pulled up to the output
supply voltage (V). When turned on, the device can sink up to 40 mA of current (Igy ) at a maximum output voltage (Vor)
of 0.4 V. The output is designed for a 50-2 transmission line terminated at both ends (25-Q total load). The inputs and outputs
are designed to work independently of the device’s V. They can communicate with devices designed for 5-V, 3.3-V, or even
2.5-V V. The TTL input is a 5-V tolerant 3.3-V CMOS inverter that can interface with 5-V TTL signals. Bus hold is also
provided on the TTL port to eliminate the need for external resistors when the inputs and outputs are unused or floating. The
TTL output is a bipolar output. It is similar to the LVT output structure.! At this time, the GTL16612 and GTL16616 devices
require two power supplies to function: a5-V supply (V¢c(s)) for the GTL and a3.3-V supply (Vc(3.3)) for the LVTTL. The
maximum operating frequency of the family is 95 MHz (GTL16612 and GTL16616). The GTL16622 and GTL 16923 will
operate up to 200 MHz in both directions (GTL to TTL or TTL to GTL) and will have a single 3.3-V power supply.! Figure 3
shows a typical GTL input and output circuit.
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Figure 3. Typical GTL Input and Output Cells

BTL Family input and Output Structure

The BTL input receiver is a differential amplifier with one side connected to an internal reference voltage. The threshold is
designed with a narrow window (Vi = 1.62 V and Vy, = 1.47 V). Unlike GTL, BTL requires a separate supply voltage for
the threshold circuit to eliminate any noise generated by the switching outputs. The output driver is an open-collector output
with a termination resistor selected to match the bus impedance. When the device is turned off, the output is pulled up to the
output supply voltage (VT = 2.1 V typical). The inputs and outputs work independently of the device’s Vcc. They can
communicate with devices designed for 5-V or 3.3-V V. The TTL input is a 5-V CMOS inverter, and the output is a bipolar
output similar to the ABT output structure.! BTL requires three power supplies: the main power supply (Vcc), the bias
generator supply (BG V), and the bias supply voltage (BIAS V) that establishes a voltage between 1.62 V and 2.1 V on
the BTL outputs when Vo is not connected. The maximum operating frequency of the BTL family is 75 MHz, depending
on the application as well as the board layout. Figure 4 shows a typical BTL input and output circuit.

VIN

Input Stage

vece vVce

Output Stage

VREF

Figure 4. Typical BTL Input and Output Cells

Vour
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Power Consumption

Several factors influence the power consumption of a device: frequency of operation, number of outputs switching, load
capacitance, number of TTL-level inputs, junction temperature, ambient temperature, and thermal resistance of the device. For
BTL and GTL devices, the output power is supplied externally by the output voltage supply (V). The maximum operating
frequency is limited by the thermal characteristics of the package. TI provides package power-dissipation information in data
sheets under “absolute maximum ratings”. These values are calculated using a junction temperature of 150°C and a board trace
length of 750 mils (no airflow).2 Traces, power planes, connectors, and cooling fans play an important role in improving heat
dissipation. Figure 5 shows the power consumption of BTL and GTL devices driving the backplane described above. As the
frequency increases, GTL16612 power consumption does not increase as fast as the FB1650. This characteristic is due to the
predominant use of CMOS technology, the lower drive current, and the lower voltage swing of GTL (0.8-V swing for GTL
versus 1-V swing for BTL). Lower drive current and lower voltage swing are two of the benefits that GTL provides over BTL
drivers. A power-consumption comparison (see Table 2) illustrates the advantage of GTL over BTL when 160 active inputs
and outputs are switching.3 Another benefit GTL offers is that the family uses the common 56-pin SSOP and TSSOP packages
rather than the 100-pin thin quad flat package (TQFP) with a heat slug mounted above the die in BTL parts. The pin count on
the TQFP package is almost twice the pin count of the SSOP or TSSOP packages.

Ta=25°C,Vec =5V, Vig=3V, V=0V

All outputs switching
250
225
1 FB1650 |.-°°"
E 200 et
| E “d
E 175 o2
o 1;“ - -
5 4-°
g 125
_% 100
{ GTL16612 | =]
75
~
50 T T T T
20 40 60 80 100

Frequency - MHz

Figure 5. FB1650 and GTL16612 Power Consumption With All Outputs Switching

Table 2. Power Comparison (160 Active Inputs and Outputs)

POWER | TERMINATION

TECHNOLOGY w) (BOTH ENDS)
BTL 1 33BQo21V
GTL 2 50Qto1.2V
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Simultaneous Switching

In a given digital circuit, there is a large change in current over a very short time when multiple outputs switch simultaneously.
As this increased current flows through the bond wires and the leadframe, it develops a voltage across the wire’s inductance.
This feedback mechanism is known as simultaneous switching noise (SSN). This noise manifests itself as Vop_ or Vgy voltage
bounce at the package pin(s).

From basic circuit analysis, the induced voltage across an inductor is defined as:

=4
v=1L at [¢)]
Where:
L = Inductance

di/dt = Rate of change of the current

The current through an output is dependent on the voltage level and the load at the output, which can be expressed
mathematically as:

oy

l=cdt

)
Analysis of equations (1) and (2) clearly shows that because of the lower voltage swing, GTL and BTL offer better noise
immunity compared to TTL or CMOS outputs.

As the speed of today’s circuits increases, the current rate of change (di/dt) increases and so does the susceptibility to SSN,
i.e., voltage bounce (GND and V). The standard methodology devised by the industry to measure voltage bounce is to keep
one output at either logic high (Vo) or logic low (V) and to switch all other outputs at a predefined frequency. Figures 6
through 9 compare both GTL and BTL for noise immunity as 17 outputs are switching simultaneously.

TA=25°C,Vec=5V,Viy=3V,V =0 V,BIASVcc =5 V,BGVec =5V, Vyr=21V,R7=33Q

FB1650 Voup

L
AV‘Jp éf—_

VOHV

Channel 1 = 500 mV/div,
17 Outp ing Timebase = 5 ns/div, —
VOHv =1.94V,

VOHT =226V )

GND

Figure 6. FB1650 High Output Voltage Peak and Valley Noise on an Unswitched Output
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Tpo=25°C, VCC(s) =5V, Vcc(s,s) =33V,Vig=3V, V=0V, Vy7r=12V,Ryr=50Q

GTL16612 - Vowe |
71

VoHv

GND

Channel 1 = 500 mV/div,
Timeb. =5 ns/div, —
VOHV =1.13V,
VoHp =158V
1 I

Figure 7. GTL16612 High Output Voltage Peak and Valley Noise on an Unswitched Output

TA=25°C,Vce=5V,Viy=3V, V) =0V, BIAS Vgc =5V, BG Ve =5 V, Vyr=2.1 V, Rrr =33 Q

T | |
FB1 650‘ Channel 1 = 500 mV/div

l Timebase = 5 ns/div ]
—— 17 Outp itching VoLy =097V -

VoLp=13V

VoLr
e
o pr———
~

Vowv
GND

Figure 8. FB1650 Low Output Voltage Peak and Valley Noise on an Unswitched Output

Ta=25°C,Vee5) =5V, Vee3.3)=33V,Vip=3V,V; =0V, Vy7=12V,Rr=50Q

GTL16612 17‘,. " [ .
\
\ VoLp
__________________________________ M o e
GND y’ __________________
v
oLv Channel 1 = 500 mV/div
Timebase = 5 ns/div
VoLv =0.02V —]
VOLPI =041V .

Figure 9. GTL16612 Low Output Voitage Peak and Valley Noise on an Unswitched Output
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Output Capacitance

GTL and BTL devices are designed to meet a 5-pF capacitance on their input and output ports (B port). Figure 10 shows the
variation of the output capacitance across both processes.

Tao=25°C, Ve =5V, Vijy=3V, V=0V
All unused inputs are biased low

Capacitance — pF

GTL
MIN  MAX MIN
B Port

BTL BTL
MAX

Figure 10. Capacitance Variation Across Process

Slew Rate
Slew rate plays an important role in backplane or point-to-point application designs. The slower the output slew rate of adevice,
the less susceptible the signal is to reflections and noise. Using the backplane model (see Figures 1 and 2), the output slew rate
(t; and ty) of the driving device was taken under the following conditions: a 10-in., 50-Q transmission line and a single
termination to V- at the receiver end. Figures 11 through 14 show the rise and fall times of both devices taken between the
two specified voltages of 0.5 V to 1 V for GTL and 1.3 V to 1.8 V for BTL. Both the BTL and GTL slew rates are acceptable.
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TA=25°C,Vec=5V,Vijy=3V, V)L =0V, BIAS Vcc =5V, BG Vgc =5V, Vi1 = 2.1 V, RyT = 33 Q, Frequency = 10 MHz

[
| FB1650 18V J

[ 13V
J

\d

[~ Char el 1 = 500 mV/div,

I Timebase = 5 ns/div,
t¢=1.51ns

GND

B (distance between driver

[~ and rec?iver is 10 iln.)

Figure 11. FB1650 Fall Time Measured Between 1.3V and 1.8 V

TA =25°C, Vcc(s) =5V, Vcc(a_a) =33V, VIH =3V, V"_ =0V, V'n' =12V, H'rr =50Q, Frequency =10 MHz

| GTL16612 1V
\ 0.5V
GND |— Channel 1 = 500 mV/div,

| _ Timebase = 5 ns/div,
t§=2.05ns

(distance between driver
— and recleiver is 10 iLn.)

Figure 12. GTL16612 Fall Time Measured Between 0.5V and 1V

Ta=25°C,Vce=5V,Viy=3V, Vi =0V, BIAS Vcc =5 V, BG Ve = 5V, Vyr = 2.1 V, Ry = 33 @, Frequency = 10 MHz

]
| FB1GS0 |

O s e
N 7
/
Ch I 1=500 mV/div,
Timebase = 5 ns/div,
=1.27ns

GND ::Iishnce between driver

and recelivor is 10 il‘i.)

Figure 13. FB1650 Rise Time Measured Between 1.3 Vand 1.8V

Ta =25°C, Vee5) =5V, Vee(ag) =33V, Vig=3V, V)L =0V, Vy7 =1.2V, RyT = 50 Q, Frequency = 10 MHz

L GTL165‘12 LA N
/‘\./ﬁ |
o5V
~ 7
J
GND Channel 1 = 500 mV/div,

Timebase = 5 ns/div, —
ty=2.05ns ]
(distance between driver
and m:lalver is 10 :n.)

Figure 14. GTL16612 Rise Time Measured Between 0.5 Vand 1V
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Signal Integrity

Figures 15 and 16 show the signal integrity of data propagating across the 50-Q transmission line using three cable lengths
(A=12in., B =28 in., and C = 46 in.). The clock frequency is 75 MHz. The measurement was taken at the receiver end of
the cable. The GTL output waveform has kept its input square-wave shape better than the BTL waveform has. The cable and
the termination resistors used in this laboratory are not precisely matched; that is why a small reflection can be seen on the GTL
outputs when switching low to high. In real systems, where both the termination resistor and the traces are matched, these
reflections will be reduced.

Ta=25°C,Vec=5V,Viy=3V, V)L =0V, BIAS Vgc =5 V,BG Vgc =5V, Vi =21V, Ryy = 33 ©, Frequency = 75 MHz

| FB1650l

A
RO XN RN R
'\M,///\ﬁgé// N/ 1/ SN\
=5 ns/div —

|- Channel 1 = 500 mV/div, Til
GND |- Di b driver and
A=12in,B=28in.,C=46in.

N

Figure 15. FB1650 Signal Integrity at the Receiver Input Using Different-Length Cables

Ta =25°C, VCC(S) =5V, Vcc(3_3) =33V,Viy=3V, V) =0V, V7 =1.2V, Ryy =50 Q, Frequency = 75 MHz

arieel2 ., | B c
21V N — - — AL A DT
Y \ N\ \A \, \\\/
o= | N =5
Channel 1 = 500 mV/div, 7

Timebase = 5 ns/div e
Distance between driver and receiver:
A=12in,B=28 in.l, C=46in.

{ |

Figure 16. GTL16612 Signal Integrity at the Receiver Input Using Different-Length Cables

Design Considerations

To successfully design with the GTL family, several rules and techniques with regard to voltage generation and proper
termination must be followed. First, both 3.3-V and 5-V V¢ are needed in the present generation of GTL devices (only the
3.3-V V¢ will be needed in the next-generation GTL). Second, the termination voltage (V) should be regulated from the
5-V Vc, keeping in mind the current requirements of the outputs (40 mA per output). There are several linear regulators that
are capable of performing this function. Depending on the design, the regulator could be either on the backplane itself or on
the individual cards. Third, the reference voltage (VR gp) must be generated from V. The VRgF voltage can be generated using
asimple voltage-divider circuit with an appropriate bypass capacitor (0.01 uF or 0.1 uF) placed as close as possible to the VRgp
pin. The VREF input circuitry consumes very little power (1 LA maximum). This enables several devices to have their VRgp
pin connected to the same voltage-divider circuit, thus eliminating the need for multiple voltage-divider circuits (see
Figure 17).
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vrT

Figure 17. Proposed Circuit to Generate VRgfr

For the BTL family, four power supplies and two grounds are connected. For live-insertion applications, the power-up
sequence should be: the GND pin should make contact first, followed by BIAS V. This sequence will precharge the board
and the device capacitance and will establish a voltage between 1.62 V and 2.1 V on the BTL outputs. Next, the Vcc pin makes
contact and, as Vo ramps up, the BIAS V¢ circuitry starts to turn off. When V( reaches its final value, the BIAS Ve
circuitry is completely isolated and does not interfere with the device functionality. BG Vc and BG GND pins supply power
to the bias generator input circuitry. BG V¢ and BG GND must be isolated from the other power supplies to ensure signal
integrity at the BTL input. The 2.1-V V- should be regulated from a higher voltage and should supply enough current to switch
all 18 outputs (100 mA per output). V- variation should not exceed 2% and it is recommended that proper bypass capacitors
(0.01 puF or 0.1 uF) be used. The termination resistor should not exceed £1% of its resistance value.

Table 3 gives the designer an estimate of the maximum number of loads allowed when designing with GTL and BTL families.4
Note that crosstalk and poor board layout can degrade the overall quality of the backplane, thereby affecting the number
of loads.

Using the formula:

t, t,=22XZg X [(L X Cp) + (N XCWI )

and assuming t, t; = t, = 2lf (for worst-case condition), the maximum number of loads on the backplane (N) can be

calculated as follows:

N = 1 _LXxGCo @
44 X fXZg X Cyx10-6 Cy
Where:
tr = Rise time of the device (ns)
tr = Fall time of the device (ns)

Zg = Output impedance of the source (€2), 25 Q for GTL, 16.5 Q for BTL

Co = Characteristic capacitance per unit length of the transmission line (pF/in.) (see Table 3)
L = Length of the backplane (in.)

N = Maximum number of loads on the backplane

CN = Capacitance for each load (pF), 5 pF for the device, 5 pF for the connector

tp = Pulse width of the signal (ns)

f = Frequency of the signal on the backplane (MHz)
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Table 3. Typical Strip-Line Characteristicst

DIMENSIONS LINE MAXIMUM NUMBER OF LOADS
(mils) IMPEDANCE | CAPACITANCE | tod GTL BTL
Co (PFAin) | (nsfin,)
T H w 20(Q) L=12in. | L=16in. | L=24in.
15 | 6 | 20 27 6.67 0.18 10 8 12
15 | 6 15 32 5.83 0.186 11 9 14
15 | 10 | 20 34 5.58 0.189 11 9 14
15 | 12 | 20 a7 4.75 0.176 12 1 16
15 | 10 | 15 40 4.67 0.187 13 11 16
15 | 12 | 15 43 4 0.172 13 12 18
15 | 20 | 20 44 4 0.176 13 12 18
15 | 20 | 15 51 35 0179 14 13 19
15 | 30 | 20 55 325 0.179 14 13 20
15 | 30 | 15 61 2.92 0.178 15 14 21

1 The characteristic impedance of the strip line is based on the following:
er = 5, relative dielectric constant of the board material (G10 glass epoxy)
H = thickness of the insulation dielectric
T = cross-sectional length of the strip line
W = cross-sectional width of the strip line
Frequency of the signal on the backplane is 50 MHz.

Summary

Today’s high-speed backplane and point-to-point applications require devices that can provide high performance, excellent
signal integrity, and cost effectiveness. GTL and BTL transceivers are designed to meet these characteristics. Both transceiver
families show similar skew, slew rate, and SSN performance. BTL is generally used for heavily loaded backplanes (100-mA
IoL) and for frequencies less than 75 MHz. However, the laboratory data presented in this report show that GTL is more suitable
for designs that require high performance (up to 100 MHz for the GTL 16612 and GTL16616 and 200 MHz for the GTL16622
and GTL16923) and low power consumption at low cost and minimum board space.
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Introduction

BTL (IEEE 1194.1-1991) and Futurebus designs offer significant performance advantages over conventional TTL backplane
implementations, but these advantages come with trade-offs. Switching noise in the form of ground bounce and EMI must be
controlled, and proper termination schemes must be employed to ensure signal integrity in this high-speed switching
environment. Trade-offs for price in the form of total system solution versus overall system performance are also of concern.
This paper begins with the historical perspective on signal-integrity issues addressed by the IEEE and follows with new
pioneering bus-interface solutions to help reduce overall BTL or Futurebus system costs and design complexities.

Current Generation of BTL/Futurebus Transceivers

A number of suppliers have developed BTL and Futurebus transceiver solutions that comply with IEEE 1194.1. These devices
share the same reduced output swing and tight switching thresholds shown in Figure 1 and a slew-rate control (see Figure 2).
The various devices differ considerably in wafer-fab process technology, propagation-delay performance, and other
performance metrics (see Table 1).

5-VTTL
Vec —— SV
VOH —— 24V BTUFuturebus
Vi — 2v VoH 21V
Vin 162V
1 Vi 155V
Vi 1.5V viL 147V
v 11V
oL 1V
ViL —— 0.8V
VoL —— 0.4V
GND —— 0V

Figure 1. Comparison of TTL and BTL Switching Standards



21V
7 Low-to-High and High-to-Low Transition
1V

1 ns Minimum +—i|

Figure 2. Slew-Rate Control (OEC™) Diagram

Table 1 shows an evolutionary progression in bipolar wafer-fab technology and improved propagation-delay performance.
Bipolar fab technologies are chosen for this class of device for their high drive capability, low switching noise, and relative
ease of designing (relative to pure CMOS) the analog circuitry required to meet the slew-rate control requirement (see
Figure 2). Bipolar circuits have the disadvantage of relatively high power dissipation. The heat generated by this high power
dissipation, coupled with the large switching currents coming from the bus termination, place a thermal limitation on the
numbers of bits that can be integrated into a single, standard integrated-circuit package (typically, only four bits).

Table 1. BTL/Futurebus Transceiver Offering Available Today

TRANSCEIVER | SUPPLIER | TECHNOLOGY | BITS/PACKAGE | tpd (ns)
ALS056/057 T, NSC 3-um Bipolar 4/8 20
DS3890 NSC 2-um Bipolar gt 15
DS3896/7 NSC 1.5-um Bipolar 4/8 12
DS3893A NSC 1.2-um Bipolar 4 7
FB1650 Tl 0.8-um BICMOS 18 7.2
FB1651 Tl 0.8-um BICMOS 17 7.2
FB1653 Tl 0.8-um BICMOS 17 6.6
FB2032 Tl 0.8-um BICMOS 9 8.3
FB2033A Tl 0.8-pm BICMOS 8 5.6
FB2031 TI, Philips | 0.8-um BICMOS 9 6.6
FB2040 TI, Philips | 0.8-um BiCMOS 8 6.5
FB2041A TI, Philips | 0.8-um BICMOS 7 5.6

1 Unidirectional driver only; not a true bidirectional transceiver

The newer class of BICMOS transceivers employs a bipolar output structure to achieve the desired drive, noise, and slew-rate
control of previous-generation products. They also offer higher performance, much lower power dissipation, and take the next
step toward higher integration.

Futurebus adds an additional constraint to board layout by mandating that all compliant cards have a maximum stub length
of 25 mm to reduce loading and minimize reflections. This is also a wise rule of thumb for non-BTL/Futurebus designs. As
data paths have increased in width from 32 to 64 bits (128 bits in the future), this stub-length requirement has forced system
designers to wrestle with the manufacturing problems of double-sided surface mounting of the transceivers on boards as large
as 12 Standard Units (12SU). Even with the relatively dense packaging of today’s fastest and most integrated transceivers, this
can be a formidable design problem that adds significantly to the overall manufacturing cost of a board (see Figure 3).
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TFB2022
TFB2002 64-Bit TFB2010
VO Controller Data-Path Arbitrator
Unit
FB2031* l FB2031* |l FB2031* ll FB2031* I ::2031' I FB2032 ll FB2040* I
25-mm Stub Length MAX
| Address/Data I Status I Command l Arbitration | Sync |
Connector

NOTE: The second-part type descriptor (*) indicates that a second transceiver is mounted on the opposite side of the board.

Figure 3. Uncached 64-Bit Futurebus Layout With Texas Instruments Controller Chipset
and Today’s Most Integrated Transceivers

Another problem with the present generation of transceivers is the purchasing requirement for multiple transceiver types.
Continuing with the above example, the common 64-bit uncached solution requires three different transceiver types for a
complete distributed arbitration Futurebus implementation (see Table 2).

Table 2. Transceiver Descriptions for 64-Bit Uncached Futurebus Boards
Using FB20xx Series Transceivers

QUANTITY
DEVICE DESCRIPTION PER
BOARD
FB2031 9-Bit Data/Address Transceiver With Clock and Latch 9
FB20321 | Arbitration Contest Transcei 1
FB2040 8-Bit Status/Sync Transceiver With Split TTL I/O 3
Total Part Count 13

T Optional for distributed arbitration only

These transceivers were designed quite differently from one another due to the specific functions they perform in the system
(data/address, sync, arbitration, status, or command). Figure 4 highlights the functional differences between the FB2040 (status
and sync transceiver) and the FB2031 (address/data transceiver). The main distinctions are the universal storage modes
(transparent, latched, or clocked) of the FB2031 and the separate, or split, TTL /O pins of the FB2040. As previously noted,
until recently, efforts to develop any sort of true universal BTL/Futurebus transceiver have not been practical due to the absence
of a viable, high-power, fine-pitch package with more than 56 pins.
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A New Generation of BTL/Futurebus Transceivers

In response to the need for single-sided surface mounting and simplified transceiver architectures, Texas Instruments has
developed both a high-power package and a series of 18-channel BTL/Futurebus universal bus transceivers (UBT™). These
new devices, designated as the FB16xx series, are packaged in a high-power version of the EIAJ standard 100-pin TQFP
package (0.5-mm lead pitch). A package cross section, as shown in Figure 5, reveals a metal heatsink that facilitates the
excellent thermal performance of the package. Refer to Thermal Characteristics of SLL Packages and Devices, literature
number SCZAQ05, for 84 and reliability issues.

&NQ%&\WMVQN\

IR .  _____ 1
CRRCERCRCRCEERCRCRERCRERERE

Figure 5. Cross Section of Thermally Enhanced EIAJ 100-Pin TQFP

The FB16xx series devices are designed with both the universal data-storage capabilities of the FB2031 address/data
transceiver and the separate TTL I/O of the FB2040 control transceiver. This series of devices can be configured as two
independent 9-channel transceivers (see Figure 6) or one coherent 18-channel transceiver.
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This flexible design approach eliminates the need for double-sided surface mounting, along with all of the associated
manufacturing costs, and still meets the IEEE 896.2-1991 25-mm maximum-stub-length requirement (see Figure 7).

TFB2022
TFB2002 64-Bit TFB2010
/O Controlier Data-Path Arbitrator
Unit

FB16xx | FB16xx I I FB16xx I | FB16xx l I FB16xx I lFBZOaZ I I FB16xx ]

25-mm Maximum Stub Length

I Address/Data | Status I Command l Arbitration | Sync

Connector

NOTE: There is no double-sided SMT requirement.

Figure 7. Uncached 64-Bit Futurebus Layout With Texas Instruments Chipset
and FB16xx Transceivers

In addition, the 18-channel architecture lends itself naturally to reduced pin-to-pin signal skew. Advanced BiCMOS circuit
design techniques have improved propagation-delay performance over the previous generation of BiCMOS transceivers.
Table 3 shows a transceiver description for the same 64-bit uncached Futurebus example considered previously (see Table 2).

Table 3. Transceiver Descriptions for 64-Bit Uncached Futurebus Board
Using FB16xx Series Transceivers

QUANTITY
DEVICE DESCRIPTION PER
BOARD
FB16xx | 18-Bit TTL/BTL UBT With Split TTL /O 6
FB2032t | Arbitration Contest Transceiver 1
Total Part Count 7

' Optional for distributed arbitration only

This is nearly a 50% reduction in component count and approximately 15% in cost savings on the transceivers alone.
Significant savings (tens of dollars per board) in manufacturing costs also are realized by moving to single-sided SMT
manufacturing. Other members of the FB 16xx family include system clock-distribution features that lend themselves to more
specific end-system applications such as ATM hubs and routers (see Table 4).

Table 4. Transceiver Descriptions for Other Members of the FB16xx Series

DEVICE DESCRIPTION

FB1650 18-Bit TTL/BTL UBT With Split TTL /O
FB1651 17-Channel UBT With Separate Buffered and Delayed Clock Bit
FB1653 17-Channel UBT With Separate Buffered Clock Bit (variable delay lines)
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Summary

The high-speed data-communication requirements of today’s fastest board-level computers and telecommunications and
network switching equipments can be met with BTL- and Futurebus-compatible transceivers and switching levels. Stub-length
constraints and ever-increasing data-path widths have made it difficult to control signal integrity and manufacturing and
procurement costs in these high-performance systems. The next generation of 18-channel BTL/Futurebus universal bus
transceivers meets this market need by facilitating low-cost single-sided surface-mount manufacturing, and single-device-type
procurement, characterization, qualification, and specification.
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Abstract

The user of modern, fast, logic systems must consider the effect of line reflections very closely. This report describes the
Bergeron method of determining line reflections, then illustrates some typical examples of its use and the results it produces.

1 Introduction

The engineer designing fast digital systems must consider the response of electric signals on circuit lines very closely to avoid
interference caused by signal distortions. Applications of familiar mathematic methods of line-transmission theory are limited
in determining line reflections because the nonlinear input and output characteristics of digital circuits are difficult to represent
in mathematical terms.

In transient phenomena on lines with defined characteristic impedances, it is simple to show the response of current and voltage
as a function of time, at the beginning and end of a circuit line, in graphic form. This method is particularly suitable for the
nonlinear line terminations used in digital engineering.

2 Derivation of Method

A transient phenomenon propagates (see Figure 1) along aline (A, B) in the form of a forward (v, if) and reflected (vy, ir) voltage
and current waves as follows:

Vo = Vet Ve [6))
io = ir + i @
t=0 f

vt
I
it

Vol 20

Zs

o
- >

!
NR D

Rt

Q

B I )

Figure 1. Wave Propagation Along a Line

The ratio of voltage to current for the traveling waves is the characteristic impedance, and the negative sign of reflected waves
stems from the reversed current sense of iy as follows:

Zo=o ®

I

Zo = _L, @
Equations 1 through 4 produce:

V+ZoXi=vi+ Vv,+ZoX (i +i)=2v{x = v X1) ®)

V=ZoXi=vi+Vv,=Zo X (ig+i)=2vix+vVv XU ©)
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‘Whereby:

v= T'-C—’ (velocity of traveling waves) @
Zo = /é_: (characteristic impedance) @®
Where:
| ¢ = inductance per unit of line length (nH/m)
(o4 = capacitance per unit of line length (pF/m)
(x—vXxt) = delay parameter for forward wave (f)
(x+vXt) = delay parameter for reflected wave (r)

If an observer moves with the forward or reflected wave (i.e., observer and wave are equally fast), Figure 2 applies to the
delay parameters.

Forward Reflected

X -V x t= constant X + V x t = constant

Figure 2. Wave Propagation

If the delay parameters are constant, this also applies to their functions as follows:

Forward
f(x — v X t) = v{x — v X t) = constant )
f(x —vXt)=v+Z,Xxi= constant 10
Reflected
f(x + v X t) = v{x + v X t) = constant (1)

f(x + vXt)=v—2Z,Xi= constant 12)

The straight lines of the functions are shown in Figure 3.

Forward Reflected
> Negative Slope >
[ é, Positive Slope
[
- (+Zo)
g e == 8 —_—
S S
> >
1-Current-mA 1 - Current—mA

Figure 3. Function of Current and Voltage
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The constants of the functions define the location of the straight lines. They are determined by the boundary conditions of the
transient phenomenon. In movement with the wave, all operating values for current and voltage of the straight lines are passed
through. The values for current and voltage, at the beginning or end of the line, are given by the points of intersection of the
conditional straight lines with the characteristics of the line terminations (impedance and generator characteristics).

3 Ideal Voltage Source

3.1 Turning On an Ideal Voltage Source (Open Circuit at End of Line)

To begin with, consider a case in which an ideal voltage source (V) (source impedance = 0 ) is connected to a loss-free line
with the characteristic impedance (Zg) unterminated at the end (open circuit). Of course, this case is not found in actual practice
because there are neither ideal voltage sources nor loss-free lines. Nevertheless, it clearly shows the influence of line reflections
on signal shape in extreme cases.

vol

vg t=1{ (delay time)

«—=
>
a
O4—pr O

v,

L

Figure 4. Ideal Voltage Source and Open-Circuit Line

To obtain the potential gradients at the beginning and end of the line, first enter (as shown in Figure 5) the generator
characteristic (parallel to the I axis because source impedance = 0 Q) and the characteristic of the line termination (coincides
with the V axis because the line is open circuit). Then determine the state of the line before switching. Enter the values for
voltage and current at the end of the line at the point in time t < O (in this case, the intersection of the V and I axes). These values
define the starting point of reflection to the beginning of the line (Bergeron straight line) as follows:

Starting point
V<o) = 0 a3)
ige<coy = 0 149)
? va=Vo
>
i / ;
[ i iB=0 j
.8; V //
S Y /7 Reflected
| 7
o >
Cf —»
/'l B(—y) I-Current-mA
Starting Point

Figure 5. Voltage Current Diagram

Through this point draw a straight line with the slope Zq (see Figure 6). The intersection of the straight line with the generator
characteristic produces the voltage and current value at the beginning of the line at the point in time t = 0.

Ideal voltage source
va= Vo @as)
. \
i = Z—z ae)
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Through this point again draw a straight line with the slope ~Zg (see Figure 6). The intersection of the line with the
characteristic of the line termination produces the voltage and current value at the end of the line, when the electric wave has
reached the end of the line. The line is open circuit, so the voltage that appears at its end is twice that which is at the beginning
of the line (the current is 0). To continue, draw straight lines with the slope Zg and —Z through the respective points that have
been defined. This obtains the voltage and current values at the end of the line at the points in time 17, 31, 51, etc., plus the
corresponding values for the beginning of the line at the points in time 0, 27, 47, etc. In this particular case, the straight lines
meet to form a parallelogram, which means that the line is not in a stationary state at any time.

v
2Vp L B(y)-.-
Reflected | Forward
A(2) lVo—zo A@)---A@4r)---
| +Zo
Forward I Reflected
T B(—) |- Current — mA'
| B(-31)

Figure 6. Bergeron Diagram

Current and voltage at points A and B, because of the causality of time, cannot change until a wave has been forwarded and
reflected (27). Consequently, current and voltage take on a rectangular form (staircase, pulses). Since no energy is consumed
at the end of the line, the wave is fully reflected. The forward and reflected waves are superimposed on one another and add
to form double the amplitude 2 X V. The source impedance of the ideal voltage source (0 Q) also prevents breakdown of the
wave energy. This case results in an undamped rectangular oscillation at the end of the line with amplitude 2 X Vo and period 4t
(see Figure 7).

o
>
1
hvo
A T
=
Va | b —
3 o 1 2 3 4 5 6 7 8 9
Time -1
S
T 2Vo T r-
1 |
5 !
> Vo + |
|
~ 2
= VA t T } 1
0o 1 2 3 4 5 6 7 8 9

Time -1

Figure 7. Potential Gradient at Beginning and End of Line
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3.2 Turning On an Ideal Voltage Source (Short Circuit at End of Line)

t=0
A B
oO—O» >
1 A iB 2
Vo l lVA val
A"‘ .
1 2

Figure 8. Ideal Voltage Source and Short-Circuited Line
The procedure is the same as in the previous example. First, establish the boundary conditions as follows:
A:
Vae=00 = Vo an
B:
Vae=0y = 0 as)

Before turn-on, the line is without energy. For t < 0, therefore:

Starting point
Vae<n = 0 19
ipe<or = 0 (20)

Because the line is short-circuited at the end, the characteristic of the terminating impedance is coincident with the horizontal
abscissa. Proceeding according to the method previously described and drawing the straight lines with the slope Zg and -Zg
in Figure 9, a zigzag line is obtained following the positive sense of current. There is no attenuation, so the current mcreases

in steps towards infinity (see Figure 11).
4 VA=Vo

Ap)  A@y Ay Ay Asy Al

Vo

I-Current—mA

e ————
By B Bay) By Buy B
Voltage -V

Figure 9. Bergeron Diagram for Short-Circuited Line
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S
1 | Il [ | | |
T 1 T T T T T L
0 1 2 3 4 5 6 7 8
Time -t
A
m
T Vo
B §
g
>
1+t 1 t T
0 1 2 3 4 5 6 7 8
Time -1

Figure 10. Potential Gradient for Short-Circuited Line at Beginning and End of Line

8x

7x

6x

o 5x
N

4% —

3x

2x

1x

Time -1t

Figure 11. Current Form for Short-Circuited Line at Beginning and End of Line

4 Real Voltage Sources

4.1 Turning On a Real Voltage Source

4.1.1 Terminated Line

The examples described previously have no practical significance because there are no ideal voltage sources and the lines
themselves are not loss-free either, although these losses may be neglected in the cases looked at here. Also, lines over which
asignal is transmitted are terminated at the end in some form or another, if only by the input impedance of areceiver. Therefore,
in what follows, the line reflections are examined that appear when a voltage source driving a line has a certain source
impedance. The major cases encountered in practice are shown in Figure 12.
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Figure 12. Real Voltage Source and Terminated Line

In a steady-state condition (i.e., t = e0), the characteristics of the line are ineffective. Then the voltage that appears is a result
of the voltage division by the voltage source impedance and the terminating impedance at the end of the line (see Figure 13).

1L
Vo -

Ro ia=ig
44— Quiescent Point

Voltage -V

Vo VA=V Rt
l A=VB Vo-Roxia

-0
t—b o

v

1=~ Current - mA
Figure 13. Line in Steady-State Condition

Determining the line reflections by the Bergeron method is performed in a manner similar to that previously described. At time
t < 0 (switch open), the current and voltage on the line are 0. This value produces the starting point in Figure 14. The wave
plan shows a zigzag form with the slope +Zq between the characteristics of the two line terminations. The zigzag line ends
at the quiescent point. The condition on the line then is steady state, and there are, again, dc relationships.

A A
Vo
[}
&— Quiescent Point (t —¥ ) %
> N L
é. 8 A(ar) 1 r-
By N T N
-] A@y —————— e T
S (B f—— N 3 . Zo<Ro <Rt
Re -Zo .
G 11
[ J
i R . >
|- Current - mA 0 2 4 6 8 10
Starting Point (t > 0) Time -1

Figure 14. Line Reflections for Terminated Line
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4.1.2 Unterminated Line

'With an open-circuit line (i.e., R = o), the straight line for the impedance coincides with the V axis of the diagram. In this case,

too, the voltage slowly builds up to its final value. However, the line is not loaded at the end, so the final value of the amplitude

is equal to the open-circuit voltage of the generator V.

4 A
&— Quiescent Point

D

Final Value: vp =vg = Vg

>~ .
1
&
S
S Voltage Response
______ L
|
|
¢ | | | ) | | >
T — —T T — T »
I 1-cCurrent-ma o 2 4 6 8 10 12
Starting Point t>0) | | | Time -t
| | ‘A »
| | !
2 (.
|
o 6
E
-8 Current Response
10
12

Final Value: ip = ig = 0 (open-circuit)

Figure 15. Voltage and Current for Open-Circuit Line

In the examples shown in Figures 14 and 15, the voltage reaches the same amplitude during the time 0 < t < 27 at the beginning
of the line, despite different line terminations. This is because when the switch is closed, the generator only sees the line
impedance Zq that is characteristic of the line for twice the delay time, no matter how the line is terminated.

Observing the reflections shown in Figures 14 and 15 on an oscilloscope with a low cutoff frequency, the risers are obliterated.
Consequently, it seems as if the voltage would approach its final value in the form of an e-function. In other words, it appears
to the observer that only the capacitance of the connected line is effective. This leads to the wrong conclusion that the connected
line would behave like a large capacitive load.

Source impedance of the generator R smaller than the characteristic impedance Zg) leads to what is called overshoot at the
end of the line. Figures 16 and 17 show the nature of the reflections for a terminated and an open-circuit line.
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Vo

Voltage - V

Voltage - V

- ©
____________ > .
<
>
|
)
Vo-iaxRo -] Ro<Zpo <Rt
S
» f 1 t + t t >
1= Current - mA 0 2 4 6 8 10 12
Time -t

Figure 16. Terminated Line (Rp <Zg <Ry

A
o 1
e N e > L1 1 ] rreTe
>\ P B [ st
>
1
°
5
~~ 3
S~ > Ro<Zo <Rt=
20
> 1 [ NI 1 >
» t t T t t + L d
1- Current - mA 0 2 4 6 8 10 12
Time-1

Figure 17. Open-Circuit Line (Rg < Zg < Ry)
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Characteristic impedance Z( greater than the terminating impedance leads to overshoot at the beginning of the line (see
Figure 18).

'y 'y

o
I -_-i

> Ro = L—n Ri<Rg <Zo

-3 : |

8 g, —

° [ W—

= ] T

Ry
> + } ! - } + >
1 - Current- mA 0 2 4 6 8 10 12

Figure 18. Terminated Line (Rg < Zg)

4.1.3 Matching i
Line reflections are avoided if the line is terminated with the characteristic impedance. It is possible to terminate a line either
atthe beginning, by matching the generator source impedance (shown in Figure 19), or atits end with an appropriate impedance
(as shown in Figure 20). In both cases, reflections at the end of the line are avoided. However, if a line is terminated by matching

the generator source impedance, there will be reflections at the beginning of the line.

' A
Vo - Ry>2Zo
\/_ : Ro=Zo <Rt
> [
! N
& |
°
g y
g Ro=Zp >Rt
—> | t ! —>
|- Current- mA o 2 4 6 8
Time -t

Figure 19. Line Termination by Matching Generator Source Impedance

A 'y
(]
>
> <
1 >
& ]
g H
2 S
+20
» 1 L 1 i »
> — >
1= Current-mA 0 2 4 6 8

Time -1

Figure 20. Line Termination by Terminating Impedance at the Line End
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4.2 Turning Off a Line

The nature of the reflections on a line, when the voltage source is turned off (see Figure 21), can also be examined by the method
previously described. If the switch at the generator output is opened, the energy stored in the capacitance of the line must be

broken down and the voltage will not immediately fall to zero.

Figure 21. Turning Off a Line
The starting point for the Bergeron method is determined by the state at the point in time t < 0 as follows:

v =R X
B-9 7 Ro + R,

. Vo
v T RO+ R,

Vo

Boundary condition (t = 0)

ih=0
B:
vp = ig X R,
Figure 22 shows the corresponding Bergeron diagram and the resulting potential gradient.

' 3 A
/ in=0
S <4— Ryxig
N >
> -
1 N Starting Point <
(3 +Zo N _ (Quiescent Point) I
3 *o B~ g
> <) ~ ~ - -]
Bx) ~ S
A2y N
B ~
31) o
~
N »
/' I~ Current - mA
End Point

Figure 22. Line Reflections When Turning Off a Line

If the line is terminated at the end with an impedance R; = Zg, the voltage immediately swings to zero.

@1

2)

23)

249
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4.3 Switching a Line
The outputs of digital circuits are generally push-pull outputs. This means that when an output is switched, either a high voltage
or a low voltage is connected to the line across the source impedance of the output stage (see Figure 23).

t=0
Ro A
A B ig
> >
Vol @ VA 20,1t vB Ry
_ —O —O-

Figure 23. Switching a Line

At the point in time t =0, the line is short-circuited on the input side across the source impedance of the generator. Before the
switching, the same dc values apply as in the previous example.

Boundary condition
A:
va = —=Rp X i, (loop M1) 25)
B:
vg = R, X ig (26)

At the beginning of the line and at the end there are finite impedances, so the wave energy and, thus, the voltages V4 and Vg
can break down faster than in the previous example.

A A
Vo &
> \\
L N, /
£ ) >
; +20 4\-—- Starting Point ;-‘ =
By)\ I3 Zo> Ry
Ao PN g
0; =
t=0 /' AN S
%o vg=Ryxig AN
N
AN
Wal N [ _|=:|
Ro x i, > >
0% A 1 - Current —mA Time -1

Figure 24. Line Reflections When Switching a Line (Zg > Ry)
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Figure 25. Line Reflections When Switching a Line (Zg < Ry)

5 Bergeron Method With Nonlinear Line Terminations
As mentioned previously, the method can easily be applied for nonlinear characteristics exhibited by the inputs and outputs
of TTL circuits. The senses shown in Figure 26 apply to currents and voltages.

Vee

lo>0

>0 m
» Device >

V' |

Vo

Figure 26. Definition of Current and Voltage Senses

Figure 27 shows the typical input and output characteristics of an AS/TTL circuit. A high output responds like a voltage source
with an open-circuit voltage of about Voy = 3.5 V and a source impedance of R =30  In the low condition with positive
voltages, the very low collector series resistance (=3 Q) is primarily effective, while negative voltages are limited by a Schottky
diode at the output. The input characteristic is determined in the positive region by the high input impedance of the circuit
(several kQ). Again, negative voltages are limited by a Schottky diode (clamping diode).

2-47



OUTPUT

Ro=30Q Source ia Sink
> 7 o
1
[ VoH l VoL
E:
>° 3 = = =
High
1
0 } t —> } } ——»
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Figure 27. Input and Output Characteristics of AS/TTL Circuits
5.1 Gate Configuration Without Matching

Figure 28 shows a typical transmission line when two gates are connected on a circuit board.

20,1 [ -
ﬂ' Gate1 p— ’ Gate 2

Figure 28. Transmission Line Without Matching

For the above configuration, all the necessary characteristics are entered into the V/I diagram (see Figure 29). The intersections
of the input characteristic with the output characteristics are the steady-state conditions for high or low, and thus, the starting
and finishing points of the Bergeron straight lines.
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Figure 29. Bergeron Dligram for Transmission Line Between SN74AS000 TTL Circuits

5.1.1 Low-to-High Transition
Recause of the low loading of the output by the line (Rg < Zg), the voltage at the beginning of the line immediately rises to

avalue of about 2.5 V. The end of the line is terminated by the high input impedance of gate 2, thus, there is virtually a doubling
of voltage. In this voltage region, the output impedance of gate 1 is also very large, so the voltage is slow in building up to its

final value (see Figure 30).
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Figure 30. Line Reflections (Low-to-High Transition)
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5.1.2 High-to-Low Transition
At the output of gate 1, the voltage initially jumps to a value of 1 V. At the end of the line, the negative overshoot is very much
limited by the diode characteristic of the input circuit, meaning that the line reflections rapidly decay (see Figure 31).

Voltage -v,,v g

N -

Figure 31. Line Reflections (High-to-Low Transition)

Figure 32 shows the oscillogram recorded for this data-transmission line. As shown, the actual response of the circuit coincides
with that predicted using the Bergeron method.

T -

il
i

Ch.1-2.00 Ch.2-200V M500ns Ch.1_/ 252V

Figure 32. Measured Line Reflections (Line Length = 3 m, Zg = 50 Q)

5.2 Transmission Lines With Line Termination
adnn"mnl.

Generally, lines in 2 TTL system do not have to be terminated. As shown previously, the reflections are usually adeg
damped by the output impedance of the circuits (matching to the beginning of the line) or by clamping diodes (short-cxrcumng
of the reflected energy). However, in certain applications, e.g., large bus systems, it may be necessary to provide for further

damping of reflections by an additional termination of the line. The first possibility is that of terminating the end of the line
with a resistance (see Figure 33).
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Figure 33. Termination of Line With a Resistor

Figure 34 shows the new characteristic of the line termination composed of the input characteristic of gate 2 and the parallel

resistance Ry.
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Figure 34. Characteristic of Line Termination

Figure 35 shows the signal shapes resulting on the line with matching (R; = Zp). As expected, reflections are completely
avoided in this circuit. However, a drawback in this circuit is the high current that flows across the resistor, and the associated

nower consumntion
power consumption.
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Figure 35. Signal Response for Matched Line

5.3 Split Termination
To reduce the dissipation in the terminating impedance, the line termination shown in Figure 36 is often used in TTL systems.

In this case, the termination is split into two series-connected resistors (R1 and R2), thus, a split termination.
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Figure 36. Line Termination by Voltage Divider (Split Termination)

Figure 37 shows the new characteristic of the line termination. The signal shapes are identical to those in Figure 34, with the
exception that the logic levels are somewhat higher. This applies in particular to the high level, which, in this circuit, is primarily
determined by the open-circuit voltage of the voltage divider. The voltage divider is dimensioned according to the
following equations:

R1 X R2 _

RI+R2- 20 an
W‘-}Z—_, X Veemin > 2.4 V @8
Vec=5V
>
R1
h 25V
\/] R2
]
R1=R2

Figure 37. Characteristic of Line Termination by Voltage Divider (Split Termination)
and Clamping Diode

5.4 Nonideal Matching

The good noise margin of TTL circuits allows a certain amount of line reflection. Ideal matching is, consequently, superfluous.
Thus, termination can be amuch higher impedance (R; > Zg) and power consumption can be reduced appreciably. TTL circuits
provide a typical noise margin (N) as follows:

Vm— Vo _14V-04V _ 1 @9)

N = = Vo 35V =04V
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Figure 38. Typical Noise Margin of TTL Circuits

Spending 50% of the noise margin for line reflections, the acceptable reflection factor will be:

p= -l;- =~ 0.2 (safety factor) 30)

With a reflection coefficient of p = 0.2, interference-free data transmission is ensured. From the equation for the reflection
coefficient, there follows:

p= gt : %Z =02 @
R=12xz,=15x2Z
+ =08 o = L. 0 (32)
Equation 27 alters as follows:
X
4 Low-to-High Transition
5 1
o
> 4+ ——m _
< - 1 1
R
&
8 2.4 R1/R2=1.5xZo
S p=02
1+
0 + t t + »

}
[ | 2 3 4 5 6
-1
Figure 39. Line Reflections for Mismatch of 50% (p = 0.2)

CAUTION:
The supply voltage should be blocked on the terminating network by a ceramic capacitor (C = 0.1 uF)
to ensure that the resistors (R1 and R2) cross ac voltage in parallel.

Lines on which there is data transfer in both directions (e.g., bus lines) must be terminated at both ends (see Figure 40). The
resistors are dimensioned according to equations 28 and 33. This also ensures that defined high level appears on the bus when

all drivers are inactive (3-state).
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Figure 40. Termination of Bidirectional Bus Lines

5.5 Matching by Series Resistor

As shown in Figure 19, it s also possible to terminate the line at the beginning by appropriate matching of the generator source
impedance, which avoids line reflections. In this case, the resistor Rg is connected in series with the output. This is selected
so that, together with the source impedance Rq of the gate, it produces the required terminating impedance (see equation 34).
The advantage of this circuitry variant is that the power consumption of the system is not increased by the termination.

Ro + Rs =Z, (34)

It should be noted that the output impedances of TTL circuits are different for high level (about 30 ) and low level (< 10 Q2).
Therefore, ideal matching is only possible for one of the two logic levels. Since, as previously mentioned, a certain amount
of reflection is admissible, in this case, also, compromises can be made in dimensioning.

The output characteristic is altered by the series resistor Rg (see Figure 41). The fanout of the driver is reduced. In this context
note that this kind of iine maiching is, generaiiy, not appiicabie to bus iines.

High Low 4

(=]
O\, With Series Resistor Rg —b >

P

-~ —— —

L ——

lo lo

Ld
Figure 41. Driver Characteristics for Matching by Series Resistor
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Appendix

Bergeron Diagrams

This appendix shows the Bergeron diagrams for different kinds of line matching. The output characteristics of the driver and
the input characteristics of the receiver correspond to those of the SN74AS00. The following kinds of line termination

are discussed:

No Line Termination (Figures 42, 43)

This is the arrangement of most connecting lines on a printed circuit. The positive edge produces a large positive overshoot
that is slowly broken down because of the high impedances of the TTL circuits at these voltages. The negative overshoot
resulting from the negative edge is largely damped by the clamping diodes at the input of the TTL circuits, meaning that here,
also, no negative effects are expected.
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Figure 42. Line Without Termination (Low-to-High Transition, Zg = 100 Q)
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Line Termination by Resistor to Ground (Figure 44)

In this case, the reflections are entirely suppressed because the line is terminated at the end with its characteristic impedance.

However, because of the high power consumption in the termination, this kind of circuitry is not often used.
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Figure 44. Line Termination by Resistor to Ground, Ideal Matching (Ry = Zg = 100 Q)
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Line Termination by Series Resistor in the Driver Output (Figure 45)

This kind of line termination requires the least amount of power. However, a disadvantage here is that the voltage at the
beginning of the line, after switching, only reaches half amplitude for double the signal-delay time. Consequently, this kind
of termination is not suitable for applications where there are several receivers arranged along the line (i.e., bus applications).

n
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Figure 45. Line Termination by Series Resistor at the Generator Output (Zg = 100 Q)

Line Termination by Resistor Network (Split Termination) (Figures 46 and 47)

This is the most common kind of termination for lines that must be terminated. To reduce the power requirements in the
terminating network, a certain mismatch will generally be tolerated. As shown in the figures, this does not lead to large

signal distortions.
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Abstract

In many current applications, there is a requirement to exchange modules in electronic systems while the supply voltage
remains on. This procedure is commonly known as live insertion. To understand this requirement, consider the case of an
electronic telephone exchange in which replacing modules for maintenance or repair must be possible at any time without
interrupting the operation of the system. To avoid damage to components, and any interruption of operation when changing
modules in this way, additional circuitry modifications are necessary.

This report describes the phenomena that occur during live insertion, then presents circuit proposals to solve the potential
problems that might otherwise arise.

1 Introduction

For many years, diverse functions and processes have been monitored and controlled successfully by electronic systems. The
advantages of electronic controls in such cases (compared with manual or mechanical controls) are lower operating costs and
the improved reliability that electronics now provide. However, faults also can arise in such electronic systems, which then
require repair. By using modular construction for the equipment, itis possible to quickly exchange a defective module and clear
the fault.

With most equipment, it is necessary to switch off the supply voltage during the exchange of the modules to avoid incorrect
operation or destruction of components. In many cases—an obvious example is the computer in an office-the exchange of
modules while the equipment is turned off is permissible.

In many electronic systems, switching off the equipment to exchange a defective module is unacceptable. Examples include
an electronic telephone exchange, the switching control center of an electric utility, or the computer that processes data in the
air-traffic control center of an airport. In all of these cases, when a fault is found in a module, exchanging this module in a
running system without disturbing or otherwise compromising the rest of the system functions must be possible.

The engineer planning and developing electronic systems for such applications must consider the operating states that can arise
and meet these requirements by choosing appropriate components and circuitry layout.

A distinction must be made at this point between two different cases. In the first, it is necessary only to ensure that a module
or a part of the installation can be exchanged during operation without switching off the system and without damaging it. In
such cases, it can be acceptable (for reasons described later) that the operation of the equipment is disturbed. An example is
the installation or exchange of a printer for an operating office computer. The primary requirement is the simple and safe
operation of the entire system; in this case, the requirements can be fulfilled by choosing appropriate components for
the interfaces.

In the second case, the additional requirement must be met that, during exchange of the modules, the components involved
should neither be damaged, nor should the operation be disturbed. To ensure this, beside choosing the appropriate components,
the development engineer also must incorporate additional circuit modifications to allow continuous and reliable operation
of the system.

This applications report provides the development engineer with suggestions for fulfilling these requirements. The report

begins with the choice of the most appropriate components for the application, and continues with a description of circuit
modifications that are necessary under the operating conditions described.
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2 Internal Construction of Integrated Circuits

Some knowledge of the internal construction of integrated circuits is necessary to develop a system in which successful live
insertion during operation is possible. It is less important to have a detailed knowledge of the internal circuit construction of
the device than to know what information, in addition to that contained in data sheets, must be considered. In this case,
protection circuits at the inputs and outputs are particularly important (for example, those for protection against destruction
as aresult of electrostatic discharge), together with the parasitic diodes in these parts of the circuit. The latter are determined
by the internal construction of the circuits and by the characteristics that result from the production process.

In general, the structure of integrated circuits can be represented as shown in Figure 1. This simplified representation shows
basic features of integrated circuits. An understanding of these features is necessary for proper understanding of the problems

discussed in this report.
D1 D3
Input Output
I l I I Circuit
D2 D4

Figure 1. Diodes in the Inputs and Outputs of Integrated Circuits

The diodes shown in Figure 1 have the following functions:
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D1: This diode is integrated into most CMOS circuits for ESD protection. It is intended to limit positive voltages
at the input of the circuit. This diode is not included in ABT, LVT, LVC, or AHC/AHCT devices.

D2: This is a parasitic diode that is predetermined as a result of the internal construction of the semiconductor circuit.
With digital circuits, an additional (lower-resistance) diode is intentionally integrated into the chip to limit
undershoot of the input signals arising from line reflections. This diode also provides some protection from an
electrostatic discharge.

D3: This diode protects CMOS circuits against destruction as a result of electrostatic discharges. Most bipolar
devices have a parasitic diode at this point as a result of the internal construction of the semiconductor. An exception
is bipolar devices with an open-collector or 3-state output. With these devices, special modifications to the circuit
ensure that this diode is not present and that this current path always ins at a high resi e.

D4: This diode is present in all digital circuits. In most cases, it is the collector-substrate or drain-substrate diode
of the lower-output transistor. With bipolar devices, an additional diode (a Schottky diode) is often integrated into
the chip to limit undershoot arising from line reflections. With CMOS circuits, additional ESD-protection diodes
are often incorporated.




Table 1. Internal Diodes and Withstanding Voltages of Logic Circuit Inputs and Outputs

weur | TOTEMPOLE | OFENWCIRCUT | ssrate | PowER-UP

D1 OUTPUT OUTPUT OUTPUT 3-STATE

D3 D3 D3 CIRCUIT
SN7400 55V 7V 7V Voc +0.5V No
SN74LS 7V Voo +05V 7V 5.5V No
SN74S 55V Voo +05V 7V 5.5V No
SN74F 7V Voo +0.5V 7V 5.5V No
SN74ALS 7V Vecc+05V 7v 55V No
SN74AS 7V Vecc+0.5V 7V 55V No
SN74BCT v - 55V 55V Yes
SN74ABT 7V - - 55V Yes
SN74LVT 7V - 55V Yes
SN74HC Vce+05V Vec+05V Vcc+05V Vcc +05V No
SN74AC Vcc+05V | Voc+05V - Voo +0.5V No
SN74LV Vec +05V Vecc+0.5V Vcc+05V Vec+05V No
SN74LVC 7V VoG +0.5V - 55V No
SN74ALVC 4.6V - - Vcc+05V No
SN74AHC 7V Voo +05V = Vcc+05V No
SN74AHCT 7V Voo +0.5V - Veg +0.5V No

When changing modules with the supply voltage switched on, the voltages that are permissible to apply to the input and output
components of the interfaces are of particular interest, as well as voltages at the interfaces with the supply voltage switched
off. There are a large number of circuit variants and diverse logic functions. Table 1 provides development engineers with an
overview of the voltages that can be applied to the terminals of various integrated circuits.

With devices that have diodes D1 and/or D3, a maximum voltage can be applied to the inputs and outputs that are 0.5 V more
positive than the instantaneous V. In Table 1, this is given as a maximum value of Ve + 0.5 V. At higher voltages, these
diodes become conducting. In this case, if there is no current limiting, the possibility of an overload or the destruction of the
device must be accepted. If there are no diodes at this point, a voltage can be applied to the appropriate terminal, depending
on the breakdown voltage of the transistors in the corresponding part of the circuit, independently of the instantaneous supply
voltage. That is, when Vo = 0. The permissible values of voltage are given in Table 1.

BiCMOS circuits also incorporate a power-up 3-state circuit. This circuit consists of a simple voltage-monitoring circuit (see
Figure 2) in which Vo is measured by diodes D1 and D2 and with the base-emitter voltage of transistor Q1. Below a certain
supply voltage Vee(offy (ABT/BCT: Voe(offy = 2-5 V; LVT: Veg(offy = 1.8 V), the output of this circuit is at a high logic state.
This signal switches all transistors in the output stage into a high-resistance blocked state (3-state), independently of signals
applied to the control inputs of the circuits.

This property of BICMOS bus-interface devices ensures that a defined behavior can be predicted, even at very low supply
voltages where, usually, component behavior is not predictable. Because of power-up 3-state, BICMOS devices have an
advantage over CMOS devices in live-insertion applications.
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Figure 2. Voltage-Monitoring Circuit in BiICMOS ICs

3 Operating Conditions When Changing Modules With the Supply Voltage On

The previous section describes certain peculiarities of the inputs and outputs of integrated circuits. The operating conditions
that can arise when inserting a module in a large system are now examined. The basis for this discussion is the circuit shown
in Figure 3. Module 1 is assumed to be connected to the backplane wiring and supplied with voltage from source V1 via the
backplane wiring.

Backplane

Module 1 P1 P2 Module 2
Vec

Signal
Line (SL)

cb1=—— - cb2

Figure 3. Simplified Circuit to Show Current Paths When Connecting a Module to a System

If Module 2 is inserted into a slot, the contacts of connector P2 make contact in random order as a result of the mechanical
tolerances of the guide rails and of the connector. Thus, it is necessary to analyze the various logic states that result.

3.1 GND and the signal line (SL) make contact first; the output of circuit N1 is low

When the module is inserted, a switching capacitance (Cs2 = 20 pF), consisting of the capacitance of the connector P2, the
connection to the module, and the input and output capacitance of circuit N2, is charged to the instantaneous logic level
(Usp, = 0.4 V) of the signal line. Diodes D21 and D22 remain blocking. The signal line is not undesirably influenced. After
the connection to V¢, capacitor Cb2 (consisting of the blocking capacitors and the capacitance of the entire circuit) becomes
charged, and the circuit on the module that has been inserted commences operation. The disturbances that arise during this
switching-on phase, and which result from the initially undefined operation of circuit N2 and from disturbances on Vg, are
discussed later in more detail.

3.2 Ve and the signal line (SL) make contact first; the output of circuit N1 is low

When the module is inserted, a connection between the signal line and GND is made via diode D22. The output of circuit N1
first supplies current via this route to the second module until GND also makes contact. This produces severe distortion of the
signal on the signal line. As a result of the large equalizing currents that can be expected, an overload of both the output of
circuit N1 and diode D22 is likely.

3.3 GND and the signal line (SL) make contact first; the output of circuit N1 is high

When the module is inserted, conditions arise similar to those described in the previous case. The output of circuit N1 supplies
current via diode D21, causing an overload of both the output of circuit N1 and of diode D21. Under these circumstances, a
defined signal on the signal line cannot be expected.

2-66



3.4 V¢c and the signal line (SL) make contact first; the output of circuit N1 is high

Assuming that capacitor Cs2 is discharged and that the high level at the output of circuit N1 < V¢, diode D22 conducts and
charges capacitor Cb2 to the difference between Vcc and the high level at the output of circuit N1. Under these circumstances,
the current that flows is negligible as a result of the low level of current supplied by circuit N1. Signal distortion on the signal
line is also very small, although the high level is somewhat elevated. This situation is not critical until, after a short time, the
output of circuit N1 switches to low, when the state described in section 3.2 is reached.

3.5 Vgc and GND make contact first

Under these circumstances, Ve goes to Module 2 before the signal line makes contact. Assuming that the supply voltage to
Module 2 has reached an adequate level before the signal line makes contact, and that at the output of circuit N2 a defined
(high-resistance) state already has been reached, any disturbance on the signal line can be largely avoided. However, it is
possible that the output of circuit N1 is also at a high level, and the switching capacitance Cs2 also must be charged to this level.
As shown later, under these circumstances a disturbance of the signal also must be expected.

4 Simple Circuit Modifications

The circuit shown in Figure 3 is so arbitrary that, under the conditions described above, it is impossible to attain definite
operating states when inserting a module while the system is operating. The undefined order in which the Ve and GND
connections are made is unfavorable. Diodes D21 and D22 also are detrimental, because, in most cases, they open up
undesirable current paths, which can then result in faulty operation, if not destruction of components.

The behavior of the circuit can be predicted if the following two requirements are met:

®  The connector has one or more leading ground (GND) contacts that make contact before any other contacts
are closed.

® Forthe interface, only integrated circuits without diodes (D11 and D21 in Figure 3) connected to the supply voltage
rail, either at the inputs or at the outputs, are used. This requirement applies to all bipolar and BiCMOS circuits with
3-state or open-collector outputs.

The five possible operating states described previously have been reduced to those described in subsections 3.1 and 3.3.
Figure 4 shows the changed circuit.

Backplane
Module 1 P1 P2 Module 2
! 0 Vee om I
Signal
Line (SL) |
Cb1 = N1

\ 7

Leading GND Pin

Figure 4. Improved Circuit Using Bipolar or BICMOS Circuits

When inserting a module into a running system, the ground connection GND makes contact first. This ensures that definite
potentials exist between the system and the new module. Diode D22, between the inputs and outputs of the integrated circuits
and the ground line, is now operating only in a blocking state. Equalizing currents no longer occur along this path and, to this
extent, destruction of the components is prevented.

If contact is made with the signal line before Ve, outputs of the integrated circuits first remain in a high-resistance state. Only
after the positive Vo has been connected and the supply voltage to the module has slowly risen, can the outputs of the circuits
N2 at the interfaces switch in a more-or-less undefined fashion. At the first instance (charging time of capacitor Cb2), with
supply voltages that are still low, neither a definite operation of the enable logic in these bus-interface circuits can be expected,
nor is it certain that valid signals will be provided by the controlling circuit to the module that has been inserted.
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Using the simple precautions discussed previously can, to a large extent, ensure that a module inserted in an operating system
is not damaged. More comprehensive (and costly) precautions are not necessary.

However, there are a number of effects caused by inserting a module that can result in faulty system operation or, in the worst
case, can destroy the integrated circuits. For such possibilities, the following phenomena must be considered:

®  When inserting a module and before making contact to the signal line, capacitor Cb2 in Figure 4 must be charged.
The resulting currents inevitably cause distortion of the signals transmitted through the backplane wiring.

®  Asmentioned previously, when the supply voltage to the module that has just been inserted ramps up, the outputs
of the interface circuits (N2 in Figure 4) can switch on in an uncontrolled fashion. In the simplest case, this can result
in short circuiting of the signal, which interferes with the transmission of data in progress. If these bus conflicts
continue long enough, thermal overloading of the circuits and destruction of the components can follow, involving
not only the module that has just been inserted, but also circuits N1 and N2 in Figure 4.

5 Avoidance of Bus Conflicts

Bus conflicts arise when two or more interface circuits attempt to drive the bus simultaneously, one circuit delivering a high
level and the other circuit a low level. Figure 5 shows the simplified typical output characteristics of bipolar bus-interface
circuits. The currents that result when a bus conflict occurs are about Iy = 120 mA per output (see Figure 5), determined by
the short-circuit current of the circuit that is attempting to supply the high level. The circuit that is trying to generate the low
level takes precedence in such a situation. With this circuit, the overload is within acceptable limits. With a low output voltage,
VoL < 0.5 V, the total power dissipation Pg; of a circuit with n = 8 outputs (for example, the SN74ABT240) can be calculated
as follows:

Py =nX Vg X1,
8 X 0.5V X 120 mA = 480 mW
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-}

I 1 l
ilo-mA
Figure 5. Curve for Calculating the Short-Circuit Currents That Occur With Bus Conflicts

Even with 16-bit Widebus™ circuits, reliability should not be detrimentally affected. The situation is different in the case of
the circuit that should deliver the highlevel. As aresult of the short circuit, the voltage drop across the output is about 5 V. With
the currents assumed previously, the power dissipation increases to Pgp, = 5 W (with Widebus circuits, to more than 10 W).
A ing a thermal resistance between the chip and ambient temperature of RgjA = 100 K/W, and a thermal time constant for
the silicon chip of ty = 1 ms, in a very short time unacceptably high chip temperatures are reached, and destruction of the
integrated circuit (or at least a significant deterioration of its reliability) is likely.

Additional circuit modifications are necessary to prevent an overload of the interface circuits. The simplest way to make the
situation less critical consists of using only bus-interface circuits, which are provided with the power-up 3-state circuit,
mentioned previously, at any questionable points in the circuit. Assuming that, in the system in question, the other digital
circuits on the module that is to be exchanged have been implemented in CMOS technology (which at Voo > 2 V are known
to supply defined logic levels), bus conflicts should be avoided.
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Unfortunately, in many cases it cannot be assumed that the logic circuits mentioned will also supply defined levels at higher
supply voltages, keeping the bus-interface circuits in an inactive state. These logic circuits usually are controlled by VLSI
circuits, e.g., by the microprocessor on this module. Last, control circuits do not necessarily supply valid output signals at very
low supply voltages and during the initialization phase. The development engineer must use additional circuits that ensure,
under all circumstances, that the circuits switch into 3-state.

A circuit proposal is shown in Figure 6. The heart of this circuit consists of the supply voltage supervision and initialization
integrated circuit TLC7705. A component of this kind in the module is usually necessary to ensure correct initialization of the
circuit (RESET) when switching on the supply voltage. Additionally, the outputs of this circuit are taken to the enable inputs
of the bus-interface circuit in order, during the initialization phase, to keep the bus-interface circuits, under every condition,
in an inactive high-resistance state. For this purpose, it is advantageous to use bus-interface devices having two enable inputs
of equal priority, such as the SN74ABT541. With this device, one of the inputs is connected to the output of the monitor circuit,
while the other input is connected to the part of the circuit that normally releases the outputs of the bus-interface circuits. If
two independent enable inputs are not available, as with the SN74ABT245, the required function must be performed with an
additional gate, for example, the SN74AC32. In some cases, the resulting increase in delay time is unacceptable. Faster bipolar
circuits, such as the gate SN74F00, can remedy the delay-time problem. With these single-stage logic circuits, it is possible
to ensure, even at very low supply voltages of 2 to 4.5V, that a low level at an input will result in a high state at the output.
However, under these circumstances, an adequate voltage level cannot be guaranteed. For this reason, as shown in Figure 6,
a resistor should be provided at the output of this gate to pull the output up to a sufficiently high level.

TLC7705
comp II'| 21
SENSE N
+5V S S<Vy
L) Vi 2 Microprocessor and Control Logic
RESIN
)
it A |
CX
L O = | RESET 45V
“ : " mpy
CONTROL >1 RESET _ 10 kQ
Mis ©®
G1 DIR DIR
G2 da G
SN74AC32 SN74F00
SN74ABT541 SN74ABT245 SN74ABT245

Figure 6. Monitoring Bus-Interface Circuits

6 Avoidance of Disturbances on the System Bus

‘When inserting a new module in an operating system, the switching capacitance (Cs2 in Figure 3) of the individual signal lines
at the interface must be charged to the instantaneous voltage on the corresponding bus line. These additional currents distort
the signal that is being transmitted at that instant. Figure 7 shows the equivalent circuit that describes this situation. This
involves switching a capacitor (Cs2 = 20 pF) into the middle of a bus line. The inductance of the connector contact (L = 30 nH)
isin series with this capacitor. The line has animpedance (Zo = 302) with a signal propagation time (tp = 10 ns). Itis terminated
atboth ends with resistors (Ry = 100 Q) such that, in the quiescent state, a high level (Vp, = 3 V) results. The circuit arrangement
shown here conforms to conditions typically found with backplane wiring systems that are driven by TTL levels.
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Using the SPICE simulation program, the voltage waveform on the line was simulated at points A and B when closing switch S.
Figure 8 shows the result. As expected, connecting capacitor Cs2 to the line at point A generates a voltage peak, which is already
close to the threshold voltage (V= 1.5 V) of the receiver to which it is connected. The situation is even more critical at B (the
end of the line). As a result of intentional mismatching at this point by the terminating resistors (R = 100 ), the amplitude
of the disturbance increases such that the threshold voltage of the circuits at this point may be significantly exceeded.
Considering the short response time of modern logic circuits (the delay time of the inverter in the bus-interface circuits is only
a few hundred picoseconds), faulty operation of the circuits connected to the bus must be expected.

Figure 7. Connecting a Capacitor to a Line

4V

35V +
3v 4
25V -

2V 4

15V +
1V +
05V + Switch

ov —

-05V + t t t t
Ons 10ns 20 ns 30 ns 40 ns 50ns 60 ns

Figure 8. Voltage Peaks When Making Contacts to Signal Lines (Without Voltage Bias)

The amplitude of the interference voltage peaks can be reduced considerably if capacitor Cs2 is charged to the threshold voltage
of the circuit via a high-value series resistor Ry, (in the simulated circuit, R = 10 k€2) before making contact. Cs2 is charged
from an auxiliary voltage source (V) that corresponds approximately to the threshold voltage of the receiving circuits, i.e.,
typically Vi, = 1.5 V. Figure 9 shows the corresponding circuit and Figure 10 shows that the interference voltage peaks have
significantly reduced amplitude.
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Figure 9. Connection of a Capacitor to a Line (With Voitage Bias)
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Figure 10. Voltage Peaks When Making Contacts to Signal Lines (With Voltage Bias)

Resistor Ry, should have as high a value as possible to keep the loading of the bus during the module-insertion process as low
as possible. However, the maximum value of the resistance is determined by the leakage current I ¢r of the circuit to be charged.
This leakage current flowing through resistor R}, causes a voltage drop that must be added to the value of the voltage bias.
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In practice, in addition to the leading ground contact on the connector, a leading supply-voltage contact must be provided.
Figure 11 shows a circuit proposal for such an interface. The following parts of the circuit in the module are initially supplied
via the leading ground connection (GND) and the supply voltage connection (Vccy):

®  The reference voltage supply D1 for generating the voltage bias on the signal lines

®  Switch U3 (for example, SN74CBT3244), which switches the voltage bias to the signal lines during the switch-on
phase via series resistor Rp

®  Voltage-monitoring circuit U1, which keeps bus-interface circuits U2 in an inactive state during the switch-on phase
and, as previously described, controls the initialization of the module.

To avoid a voltage collapse on the supply line of the backplane wiring, which could arise from the sudden charging of blocking
capacitor C1, a current-limiting resistor R3 should be connected in series with the Vo contact on the connector. Because the
current consumption of the part of the circuit supplied via this contact is only a few milliamperes, and because it places no
excessive demands on the stability of the voltage, the current limiting can be implemented with a simple resistor. A similar
filter must also be provided in the Voo line. However, because this line has considerably higher currents, a significantly more
complicated arrangement is necessary. A suitable circuit is described in the next section.
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Filter cc2
7
s €1
u2 R3
SN74BCTxxx 100Q
SN74ABTxxx o
U1 Enable Signal . | YCC 0.1p
TLCT7705 : EN1
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R2 &
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RESIN SN74CBT3244
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Figure 11. Generation of the Voltage Bias and Control of the Interface

Because supply voltage V2, which must power the bus-interface circuits and all other circuits on the module, has not been
applied at this instant, outputs of monitor circuit U1 are active, i.e., the voltage at its SENSE input is = 0 V. The RESET output
holds the bus-interface circuit U2 in an inactive state viaenable input EN1. Simultaneously, the RESET signal closes the switch
in circuit U3, so that the voltage bias supplied by the zener diode D1 via the decoupling resistor is applied to the signal lines.
In addition, the RESET signal and, if necessary, the noninverting RESET signal, as well, are supplied to the other parts of the
circuit on the module that need to be initialized when switching on. When the signal lines make contact as the module is inserted
further, signal distortion on the system bus remains very low (see Figure 10). After Vg makes contact, the other parts of the
circuit on the module are supplied with current. In the same way the potential at the SENSE input of circuit U1 rises to 5 V.
After the elapsed time determined by timing capacitor Cy, the logic circuits on this module are in a defined initial state and can
start operating. At this moment, switch U3 is again opened to avoid an additional loading of the signal lines by the resistors (Ry).

2-72



Itis advantageous to make the signals delivered by voltage-monitoring circuit U1 independent of Vo and Vocp. As aresult
of the contacts bouncing on the connector when inserting a module, undefined operating states can arise. For this reason, switch
S at the inverting RESIN input of circuit U1 is provided, which is coupled with the mechanical interlock of the module. When
amodule is removed, unlatching this interlock automatically switches off logic circuits in the module. In this way, bus-interface
circuits U2 also are immediately switched into an inactive state. Conversely, these circuits are held in an inactive state when
inserting a new module until the interlock has been mechanically latched, and thus the correct mechanical insertion and defined
contacting of the connector is ensured.

7 Special Bus-Interface Circuits

Integrating voltage bias, switches, and resistors into bus-interface circuits allows a significant reduction in the circuit
complexity. This feature has been implemented in the enhanced transceiver logic (ETL), series SN74ABTE, and backplane
transceiver logic (BTL), series SN74FB. The ETL circuits have been specified by the VITA working group, which has been
concerned with the VME bus (ANSI/IEEE Standard 1014), while the BTL circuits are used in the FutureBus+
(IEEE Standard 896), among other applications.

VccBIAS

D1

Figure 12. Generation of the Voltage Bias and Control in the SN74ABTE 16245

The ETL circuits (for example, SN74ABTE16245) have an additional supply voltage connection (VccBIAS). This feeds the
circuit, which generates the voltage bias mentioned above and, together with the Vo connection, controls the switching on
and off of the voltage bias. Figure 12 shows the simplified circuit diagram of this part of the circuit. It does not include the
power-up 3-state circuit (see Figure 2), which also is contained in these bus-interface circuits, and which switches all outputs
into the high-impedance state (3-state) at a supply voltage below about 2.5 V.

Figure 13 shows a bus interface with ETL circuits. At the moment the module is inserted, and after the connection of the Voo~
and GND contacts, the generation of the voltage bias in the bus interface circuit U3 becomes effective. Voltage-monitoring
circuit U1 is simultaneously switched on, which, via OR gate U2, switches the OE input of bus driver U3 to high; when th

outputs of this circuit are inactive, this is the 3-state. Thus, the circuit remains in an inactive high-impedance state unti

initialization of the module has been completed. This also is the case after the Vo2 connector makes contact and this suppl;-
voltage has increased to the point that the power-up 3-state circuit in bus-interface circuit U3 is no longer effective. It also is
advisable to control the end of the initialization phase by means of switch S, which should be coupled to the mechanical
interlock of the module.

Before removing the module from a running system, this circuit must be brought to a definite inactive state. This also is
performed with switch S, which closes when the module interlock is released. Thus, the outputs of bus-interface circuit U3
are automatically switched into the 3-state by circuits U1 and U2.
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Figure 13. Bus-Interface Control in ETL Circuits

Additional circuit features are found in BTL circuits, which support the use of these components in the applications discussed
here. As shown in Figure 12, these bus-interface circuits contain a voltage-bias generator, which is supplied with voltage via
the BIASV ¢ terminal. When inserting the module, this part of the circuit must thus be supplied with voltage (Ve in
Figure 14). In addition, a power-up 3-state circuit also has been integrated, which holds the A and B outputs in an inactive
high-impedance state (3-state), until the voltage at the Voco— connections is < 2.5 V. The circuit design is simplified in that
several of the BTL circuits for the control of the B outputs, which are taken to the backplane wiring, are provided with two
enable inputs. One of the two inputs is monitored by the bus control, while the other input is controlled by the
voltage-monitoring circuit. By eliminating an additional OR gate (U2 in Figure 13) the component complexity is reduced. It
is more important that, because of the delay time of this gate, about 5 ns are saved.
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Figure 14. Bus-Interface Control With BTL Circuits

8 Avoidance of Disturbances to the Supply Voitage

Disturbances on the supply voltage lines of a system can occur as a result of charging the line capacitance in the same way as
when switching the signal lines to the bus. When a module is inserted in a slot, the large capacitance of this circuit must first
be charged. This capacitance is dictated primarily by the blocking capacitor on the circuit board where values of several tens
to hundreds of UF are used. Another source of interference is the load on the module, which causes a considerable change of
current, and hence voltage, when switching on the supply voltage. This problem is easily solved with the leading
supply-voltage connector (Vcy in Figures 13 and 14). Because the part of the circuit fed via this connector has a current
consumption of only a few milliamperes, it is easy to implement current limiting at switch on with resistor R3 in Figures 13

and 14. Minor reductions of voltage are acceptable because the CMOS circuits in question can operate over a wide range of
supply voltage.

The only question to be answered here is, what is the time constant (ty = R3 x C1)?, for example, see Figure 14. This time
constant determines the rise time of V1, and this voltage must have reached its nominal value before the lagging connections
are made to Vca. The time that is available for the build up of Ve should be estimated. For this purpose, assume that the
insertion distance of a module in a module carrier is D, = 15 cm, that the leading contacts protrude by D¢ = 1.5 mm, and that
the time during which the module is being inserted is t; = 0.1 s. Under these conditions, the leading contacts make contact about

1 ms before the subsequent ones. As shown by the applicable mechanical factors, these times are much longer than the time
constant of the previously mentioned R/C network.
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For the filter of the connection to Vo, a significantly more complicated arrangement is necessary. The current of several
amperes, which flows at this point, makes it impossible to achieve current limiting with a simple resistor. A solution is an
inductance in the Vo line. These components have a high ac impedance, but a very low dc resistance. When designing such
a filter, care must be taken that the resonant circuit formed by the L/C element is damped sufficiently to ensure that oscillation
does not occur when switching on the supply voltage (the meeting of the contacts on the connector) or when the load changes.
A simplified representation of the current supply to amodule is shown in Figure 15. After switch S closes (the connector makes
contact), capacitor Cy, (blocking capacitor in the module) is charged via inductance L. Resistor Ry , together with diodes D1
and D2 connected in series, represents the load that is formed by the electronic circuit in the module. Semiconductors have
notoriously nonlinear characteristics, and these are also evident in the current supply path. To account for nonlinearity, the
equivalent circuit of the integrated circuits in the module is represented by a resistor and two diodes.

s L

Figure 15. Equivalent Circuit of the Current Supply to a Module

Optimum results (short ramp-up time, no overshoot of the supply voltage) occur when this network is dimensioned such that
critical damping is achieved. In this case, the following applies:

2X Ry = %- ®
b

The inductance can be calculated as follows:
L =4XxR?xCb 3
With a load resistor of R, = 1 Q and a capacitor Cy, = 50 mF, this expression applies:
L =4 x1’Q* X SOvp.F = 200 pH @
Figure 16 shows the waveform of the supply voltage with various degrees of damping. It shows the following situations:
® Overshoot (Q>1): L <4 XR?>XC,(RL =1, C, =50 pF, L = 50 uH)
e Critical damping (Q = 1): L = 4 X R?X C,(R, = 1 Q, C, = 50 uF, L = 200 puH)
® Overdamping (Q < 1): L > 4 X R2X Cy,, R =1 Q, C, = 50 uF, L = 800 uH)
In the above calculations, the diodes in series with resistor Ry are ignored. This results in the curve (shown in Figure 16 as a
case of critical damping) still showing a slight overshoot. In practice, this simplification of the calculations is permissible
because the differential resistance of the diodes is usually small compared to resistor Ry . In addition, to avoid an overshoot
of the supply voltage, inductance L is made sufficiently large to ensure that, in the worst case, overdamping occurs. In many

applications, a problem is then pr d by the mechanical dimensions of inductance L, which must be designed to carry high
currents.
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Figure 16. Transient Behavior of the Supply Voltage at Switch On, With Various Degrees of Damping

Another way to limit the switch-on current when inserting a module consists of inserting a semiconductor switch, which
switches on slowly, in the supply line. Figure 17 shows such an arrangement. In this case, P-channel MOS transistor Q is used
as a switch, an R/C network (R1, Cd) in the gate circuit of this transistor, ensuring that the latter switches on slowly. Diode D
ensures that the capacitor discharges rapidly when the module is withdrawn.

Vee2 o . Q
T, nIr
0.014F
] RLZ =—— cb
D < Ri
1N4148 10k
GND

Figure 17. Switch-On Delay Circuit Using a MOS Transistor

When considering transistor Q, one with a low on-resistance (Rpgop) should be chosen to avoid an excessive voltage drop
across this component. It may be necessary to use several transistors in parallel. Because the power dissipation is exceptionally

low when in operation (as a result of the low voltage drop), transistors in the SO package, such as the TPS1101PW, also are
suitable at this point in the circuit.
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Figure 18. Decentralized Power Supply With Limiting of Switch-On Current

In equipment where it is required to change modules with the supply voltage switched on, a decentralized power supply is often
used. An unstabilized voltage of several tens of volts is applied to all modules. Stabilization of the operating voltage is
performed by a switching regulator or voltage converter on each module. However, even in this case, limiting of the switch-on
current also should be provided to avoid unacceptable voltage drops on the common ground line (GND). The requirements
of these parts of the circuit can, however, be achieved more simply. Voltage drops across inductances are not so significant,
because these can be compensated by subsequent voltage regulators; therefore, a considerably smaller inductance can be used.
Operating the filter in a region in which overshoot of the voltage at the input to the regulator occurs is acceptable.

Figure 18 shows a proposed circuit for a decentralized current supply of this kind. The switch-on current limiting is again
performed with the help of the inductance L1 at the input. Damping of the switch-on process is implemented with resistor R1
in series with the inductor. Integrated circuit TL5001 is used as the switching regulator. More detailed information regarding
the use of this component can be found in the corresponding data sheets and application reports.
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9 Summary

‘When exchanging modules in electronic equipment whose supply voltage must remain switched on, the development engineer
must make circuit modifications to avoid damage to the circuit and to prevent disturbances in the operation of the equipment.

The first requirement (avoiding damage) can be met comparatively easily. In this case, it is necessary only to ensure that, when
amodule is inserted, no undefined currents flow into the integrated circuits at the interfaces. In addition, the destruction of the
interface circuits as a result of undefined states when the circuits are switched on (bus conflicts) must be prevented and can
be achieved with the following precautions:

® Leading ground contacts (GND) on the connector

e Use of interface circuits that in at a high resi e when the supply voltage is switched off. All circuits in the
bipolar and BiCMOS logic families meet this requirement (see Table 1).

®  Appropriate circuit modifications must be made to prevent undefined states at the outputs of the interface circuits
(bus conflicts) when the supply voltage is switched on. Bus-interface circuits from the series ABT, BCT, and LVT
are provided with a power-up 3-state circuit, which, in many cases, provides adequate protection. It is safer to switch
the interface circuits during the start-up phase so that they are forced into an inactive state (see Figure 6), by means
of an additional voltage-monitoring circuit on the module being inserted. Experience has shown that it is advisable
to take this precaution, not only when modules must be inserted while the supply voltage is switched on, but because
bus conflicts also arise when the system is switched on under normal conditions.

If there is the additional requirement that an operating system not be disturbed when a module is removed or inserted (live
insertion), circuit design is much more complicated and the following requirements must be met:

® Leading supply voltage contacts (GND and V) on the connector

®  Exclusive use of interface circuits that are provided with a power-up 3-state circuit [series ABT, BCT, and LVT (see
Table 1)]. These circuits ensure that, even with supply voltages <2 V, the bus-interface circuits remain in an inactive
high-resistance state.

®  With suitable circuit modifications, undefined states of the outputs of the interface circuits (bus conflicts) must be
avoided when the supply voltage is further increased. A supply-voltage monitoring circuit on the module being
inserted is essential to maintain the interface circuits in an inactive high-impedance state during the switch-on phase.

e Control both the enabling and the deactivation of the circuit on the module (including the bus-interface circuits) with
a switch that is coupled to the mechanical interlocking of the module.

e  Ensure by suitable circuit modifications that, before making contact, the signal lines of the module being inserted
are charged to a voltage (pre-charge) that lies approximately halfway between the high and low logic levels on the
backplane wiring. This avoids disturbances on the system bus. Bus-interface circuits from the series BTL and ETL
are provided with such integrated pre-charge circuits.

® Ensure a slow rise of the supply current when a module is inserted to prevent the rapid charging (giving the effect
of a short-circuit) of the capacitors in a module when the module is inserted. This precaution ensures that no
unacceptable interference voltages (ground bounce) arise on the ground line (GND) of the backplane wiring and
a collapse of the voltage on the power-supply line of the system also is avoided.

If modules must be exchanged while the supply voltage remains on (live insertion), the engineer developing the system must
account for a number of operating states, particularly during insertion. If suitable precautions are taken and the correct
components are chosen, it is possible to not only prevent damage to parts of the circuit, but, more significantly, operation of
the system is not adversely affected by removing or inserting modules.

The precautions that isolate a module from the system logic when the module is removed and reinserted in the system have
not been covered in this report. Results of these tasks must be controlled by the operating system of the computer, a discussion
that is far beyond the scope of this application report.
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Introduction

The data in this application report demonstrates the skew between the outputs of a sample of Texas Instruments Advanced
BiCMOS (ABT) devices. This report explains which output skew is being examined, where the data comes from, and how the
data is analyzed. Some of the errors that may be present in the data are discussed.

Skews

Skew is a term that defines the difference in time between two signal edges. Several different types of skew being used are
defined in JEDEC 99 clause 2.3.5.

Output Skew [ty ()] - The difference between two concurrent propagation delay times that originate at either a
single input or two inputs switching simultaneously and terminating at different outputs.

Input Skew [tgy(i)] — The difference between two propagation delay times that originate at different inputs and
terminate at a single output.

Pulse Skew [tsy(p)] - The difference between the propagation delay times tpy y and tpyy when a single switching
input causes one or more outputs to switch.

Process Skew [tgy(pr)] - The difference between identically specified propagation delay times on any two samples
of an IC at identical operating conditions.

Limit Skew [ts(p)] - The difference between: 1) The greater of the maximum specified values of tpy i and tpy; and
2) The lesser of the minimum specified values of tpy i and tpyj .

The skew discussed here is the skew of propagation delays across the outputs of a device. More specifically, it is the difference
between the largest value obtained for a propagation delay and the smallest value across all of the outputs. For example, if
output 3 has the largest propagation delay tpy g and output 14 has the smallest, the output skew for this device would be the
difference between the propagation delays for output 3 and output 14 (see Figure 1).

The majority of the curves presented in this paper consist of data taken on devices that have one output switching at a time.
This produces a skew that should notbe confused with the defined data-sheet skew tsi (o). The data-sheet value for ty (o) is found
by switching all of the outputs simultaneously. Two of the devices examined in this paper CABT16240 and 'ABT16500A)
include curves that present tgy (o) data.

Source of Data

The data used to produce the curves presented in this paper was extracted from the characterization data bases used to prepare
the data sheets for the devices presented. The sample size of the data base is approximately 30 devices for each characterization
lot (wafer) used.

The data was sorted so that the maximum skew for each device at a particular V¢ and temperature combination could be
determined. Next, the maximum skew values were averaged to produce a data point for each transition. Further statistical
analysis of this data was performed to calculate a standard deviation of the maximum skew across the devices. This value was
then used to produce a three-standard-deviation data point for each V¢ and temperature combination. The data is presented
as a family of curves across V¢, with each member of the family being an output skew versus temperature curve. The curves
for each device are broken out by output transition (i.e., tp {1, tpyr ). Each transition is further separated into a set of curves
depicting the average skew across the devices and a set representing the average skew, plus three standard deviations.
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For those devices ‘ABT16952 and '"ABT16500A) that have registers, the data path chosen for each device was the path that
put the device in a transparent mode. Also, for the bidirectional devices (ABT16245, 'ABT16952, and '"ABT16500A), the
A-to-B direction was used.

#

tPLH14 ; |/ \\

p

tPLH3
16

YT

Figure 1. Skew = Itp H14 = tpLH3!

Sources of Error in Data

The data in this report was taken on an IMPACT tester, which is automatic test equipment used to characterize integrated
circuits. The tester is offset using a golden unit that has had data taken on a laboratory bench setup. The offsetting process is
the main source of error in the data.

Briefly, the tester is offset in the following manner. The golden unit has its propagation delay measurements taken at 25°C and
85°C using a pulse generator as the source and an oscilloscope as the measurement device. The golden unit is then placed on
the IMPACT and the data is again taken. The difference between the two values is the offset. The 25°C offsets are used for
the data taken at —55°C, —40°C, and 25°C, while the 85°C offsets are used at 85°C and 125°C.

Great care is taken during this process to ensure that the induced error is kept to a minimum. For example, the boards are
checked before use to ensure the output loads are correct, the oscilloscope is calibrated each day, and the input signals are
closely monitored to ensure that the intended signal is delivered to the golden unit.

This reduction in error is quite important in this application because the average skews for the devices are about 200 ps. A 20-ps
error in offsets translates into an approximate error of 10% in the output skew data. However, it can be seen in the curves
presented here that the error has been kept to a minimum and that the curves are fairly well behaved.

Summary

The family of curves presented in Figures 2 through 9 demonstrates that the Texas Instruments Advanced BiCMOS family
of devices can be expected to produce an average skew between outputs that remain below 400 ps for devices with single
switching outputs. Also, when a device’s outputs switch simultaneously, the average skew across the outputs can be expected
to remain below 700 ps.
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Introduction

In recent years, CMOS (AC, ACT, LVC) and BiCMOS (ABT, LVT) logic families have further strengthened their position in
the semiconductor market. New designs have adopted both technologies in almost every system that exists, whether itis a PC,
aworkstation, or a digital switch. The reason is very obvious: power consumption is becoming a major issue in today’s market.
However, when designing systems using CMOS and BiCMOS devices, one must understand the characteristics of these
families and the way inputs and outputs behave in systems. It is very important for the designer to follow all rules and
restrictions that the manufacturer requires, as well as to design within the data-sheet specifications. Because data sheets do not
cover the input behavior of a device in detail, this application note explains the input characteristics of CMOS and BiCMOS
families in general. It also explains ways to deal with problem issues when designing with such families where floating inputs
are a concern. Understanding the behavior of these inputs results in more robust designs and better reliability.

Characteristics of Slow or Floating CMOS Inputs

Both advanced CMOS and BiCMOS (ABT/LVT) families have aCMOS input structure. This structure is an inverter consisting
of a p-channel to V¢ and an n-channel to GND as shown in Figure 1. With low-level input, the p-channel transistor is on and
the n-channel is off, causing current to flow from V¢ and pulling the node to a high state. With high-level input, the n-channel
transistor is on and the p-channel is off and the current flows to GND, pulling the node low. In both cases, no current flows
from Ve to GND. However, when switching from one state to another, the input crosses the threshold region, causing the
n-channel and the p-channel to turn on simultaneously, generating a current path between Ve and GND. This current surge
can be damaging, depending on the length of time that the input is in the threshold region (0.8 to 2 V). The supply current (Icc)
can rise to several milliamperes per input, peaking at approximately 1.5 V V (see Figure 2). This is not a problem when
switching states at the data-sheet-specified input transition time (see Figure 3).

Drops
Supply —p
Voltage a1 Vee
Qp Qp
To the Input —— To the
Internal Stage P! Internal Stage
Qp Inverter —p Qn
= <

ABT DEVICES LVTAVC DEVICES

Figure 1. Input Structures of ABT and LVT/LVC Devices
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Inverter —p




T
Vec=56V
14 |- Tp=25°C
One Bit is Driven From0Vto 6 V

Icc— Supply Current - mA
@

LA
/7 \\

0 1 2 3 4 5 6
V| - Input Voltage - V

Figure 2. Supply Current Versus Input Voltage (One input)

recommended operating conditions

MIN  MAX | UNIT
ABT octals 5
S ABT Widebus™ and Widebus+™ 10
AVAv  Input transition rise or fall rate nsiV
LVT, LVC, ALVC 10
v 100

Figure 3. Input Transition Rise or Fall Rate as Specified in Data Sheets

Slow Input Edge Rate

With increased speed, logic devices have become more sensitive to slow input edge rates. A slow input edge rate, coupled with
the noise generated on the power rails when the output switches, can cause excessive output errors or oscillations. Similar
situations can occur if an unused input is left floating or is not actively held at a valid logic level.

These functional problems are due to voltage transients induced on the device’s power system as the output load current (Ig)
flows through the parasitic lead inductances during switching (see Figure 4). Because the device’s internal power-supply nodes
are used as voltage references throughout the integrated circuit, inductive voltage spikes, VGND. affect the way signals appear
to the internal gate structures. For example, as the voltage at the device’s ground node rises, the input signal, V', appears to
decrease in magnitude. This undesirable phenomenon can then erroneously change the output if a threshold violation occurs.

In the case of a slowly rising input edge, if the change in voltage at GND is large enough, the apparent signal, V[, at the device

conditions prevail (simultaneously switching all of the outputs with large transient load currents), the slow input edge will be
repeatedly driven back through the threshold, causing the output to oscillate. Therefore, the maximum input transition time
of the device should not be violated, so no damage to the circuit or the package can occur (refer to Figure 3 for the maximum
transition rate for each family).

3-22



Figure 4. Input/Output Model

Floating Inputs

If a voltage between 0.8 V and 2 V is applied to the input for a prolonged period of time, this situation becomes critical and
should not be ignored, especially with higher bit count and more dense packages (SSOP, TSSOP). For example, if an 18-bit
transceiver had 36 I/O pins floating at the threshold, the current from Ve could be as high as 150 to 200 mA. This is
approximately 1 W of power consumed by the device, which leads to a serious overheating problem. This continuous
overheating of the device affects its reliability. Also, because the inputs are in the threshold region, the outputs tend to oscillate,
resulting in damage to the internal circuit over a long period of time. The data sheet shows the increase in supply current (Alcc)
when the input is at a TTL level [for ABT Vy=3.4V, Alcc = 1.5 mA (see Figure 5)]. This becomes more critical when the
input is in the threshold region as shown in Figure 6.

These characteristics are typical for all CMOS input circuits, including microprocessors and memories.

electrical characteristics over recommended operating free-air temperature range (unless
otherwise noted)

PARAMETER TEST CONDITIONS MIN  MAX | UNIT
ABT Vecc =55V, Oneinputat 3.4 V, Other inputs at Vcc or GND 1.5
Alget [T v ) . 02] mA
VG, ALVO. LV cc=3V103.6V, OneinputatVcc—0.6V, OtherinputsatVcc or GND o5

1 This is the increase in supply current for each input that is at the specified TTL voltage level rather than V¢ or GND.
Figure 5. Supply-Current Change of the Input at TTL Level as Specified in Data Sheets
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Figure 6. Supply Current Versus Input Voltage (36 Inputs)

As long as the driver is active in a transmission path or bus, the receiver’s input is always in a valid state. No input specification
is violated as long as the rise and fall times are within the data-sheet limits. However, when the driver is in a high-impedance
state, the receiver input is no longer at a defined level and tends to float. This situation can worsen when several transceivers
share the same bus. Figure 7 is an example of a typical bus system. When all transceivers are inactive, the bus-line levels are
undefined. When a voltage that is determined by the leakage currents of each component on the bus is reached, the condition
is known as a floating state. The result is a considerable increase in power consumption and a risk of damaging all components
on the bus. Holding the inputs or I/O pins at a valid logic level when they are not being used or when the part driving them

IR IO TP T Sy DU OO SUP ISR P |

is in the nign-impeaance staic is recominenaca.

55555

Figure 7. Typical Bidirectional Bus

Recommendations for Designing More Reliable Systems

Bus Control

The simplest way to avoid floating inputs in a bus system is to ensure that the bus is always either active or inactive for a limited
time when the voltage buildup does not exceed the maximum Vyj_specification (0.8 V for TTL-compatible input). At this
voltage, the corresponding Icc value is too low and the device operates without any problem or concern (see Figures 2 and 4).

To avoid damaging components, the designer must know the maximum time the bus can float. First, assuming that the
maximum leakage currentis gz = 50 LA and the total capacitance (I/O and line capacitance) is C = 20 pF, the change in voltage
with respect to time on an inactive line that exceeds the 0.8-V level can be calculated as in equation 1.

Iz _ 50 pA

= oz = )
AV/At = @ = 358 = 25 V/us
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The permissible floating time for the bus in this example should be reduced to 320 ns maximum, which ensures that the bus
will not exceed the 0.8-V level specified above. The time constant does not change when multiple components are involved
because their leakage currents and capacitances are summed.

The advantage of this method is that it requires no additional cost for adding special components. Unfortunately, this method
does not always apply because buses are not always active.
Pullup or Pulidown Resistors

When buses are disabled for more than the maximum allowable time, other ways should be used to prevent components from
being damaged or overheated. A pullup or a pulldown resistor to Vo or GND, respectively, should be used to keep the bus
in a defined state. The size of the resistor plays an important role and if its resistance is not chosen properly, a problem may
occur. Usually, a 1-kQ to 10-kQ resistor is recommended. The maximum input transition time must not be violated when
selecting pullup or pulldown resistors (see Figure 3). Otherwise, components can be destroyed.

\/

cc Vee
R
R
- V@Y
I [+

Figure 8. Inactive-Bus Model With a Defined Level

Assume that an active-low bus goes to the high-impedance state as modeled in Figure 8. C represents the device plus the
bus-line capacitance and R is a pullup resistor to V. The value of the required resistor can be calculated as in equation 2.

V(@) = V¢ - [5_‘/RC (Voo = Vi)l (0]

Where:

V() = voltage attime t

Vg = 0.8V, maximum allowable floating voltage

Vee = 5V

C = total capacitance

R = pullup resistor

t = maximum input rise time as specified in Figure 3 of the data sheet

Solving for R, the equation becomes:

— t
R =giixc [6))

For multiple transceivers on a bus:

= t
R=gmxcxN @
Where:
N = number of components connected to the bus

Assuming that there are ten components connected to the bus, each with a capacitance C = 20 pF requiring a maximum rise
time of 10 ns/V and t = 50-ns total rise time for 5-V input, the maximum resistor size can be calculated:

R = 15kQ (&)

= 50 ns
0.17 x 20 pF x 10
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This pullup resistor method is recommended for ac-powered systems; however, it is not recommended for battery-operated
equipment because power consumption is very critical. Instead, use the bus-hold feature that is discussed in the next section.
The overall advantage of using pullup resistors is that they ensure defined levels when the bus is floating and help eliminate
some of the line reflections because resistors can act as bus terminations as well.

Bus-Hold Circuits

The most effective method to provide defined levels for a floating bus is to use Texas Instruments (TT) built-in bus-hold feature
on selected families or as an external component like the SN74ACT1071 and SN74ACT1073 (refer to Table 1).

Table 1. Devices With Bus Hold

DEVICE TYPE BUS HOLD INCORPORATED
SN74ACT1071 10-bit bus hold with clamping diodes
SN74ACT1073 16-bit bus hold with clamping diodes
ABT Widebus+™ (32 and 36 bit) | All devices
ABT Octals and Widebus™ Selected devices only
Low Voltage (LVT and ALVC) All devices
LVC Widebus™ All devices

Bus hold is a circuit used in selected TI families to help solve the floating-input problem and eliminate the need for pullup and
pulldown resistors. It consists of two back-to-back inverters with the output fed back to the input through a resistor (see
Figure 9). To understand how the bus-hold cell operates, assume that an active driver has switched the line to a high level. This
results in no current flowing through the feedback circuit. Now, the driver goes to the high-impedance state and the bus-hold
circuit holds the high level through the feedback resistor. The current requirement of the bus hold is determined only by the
leakage current of the circuit. The same condition applies when the bus is in the low state and then goes inactive.

Input & M-

Figure 9. Typical Bus-Hold Cell

As mentioned previously in this section, TI offers the bus hold as stand-alone 10-bit and 16-bit devices (SN74ACT1071 and
SN74ACT1073) with clamping diodes to Voc and GND for added protection against line reflections caused by impedance
mismatch on the bus. Because purely ohmic resistors cannot be implemented easily in CMOS circuits, a configuration known
as a transmission gate is used as the feedback element (see Figure 10). An n-channel and a p-channel are arranged in parallel
between the input and the output of the buffer stage. The gate of the n-channel transistor is connected to Ve and the gate of
the p-channel is connected to GND. When the output of the buffer is high, the p-channel is on, and when the output is low, the
n-channel is on. Both channels are of relatively small surface area — the on resistance from drain to source, Rgson. is about

S0 >0

= z

Figure 10. Stand-Alone Bus-Hold Cell (SN74ACT107x)



Now, assume that in a practical application the leakage current of a driver on a bus is gz = 10 A and the voltage drop across
the 5 k<2 resistance is Vp = 0.8 V (this value is assumed to ensure a defined logic level). Then, the maximum number of
components that a bus hold can handle is calculated as follows:

Vo 08V

= = = 6
P 10 pA X 5 KO 16 components

The 74ACT1071 and 74ACT1073 also provide clamping diodes as an added feature to the bus hold. These diodes are useful
for clamping any overshoot or undershoot generated by line reflections. Figure 11 shows the characteristics of the diodes when
the input voltage is above V¢ or below GND. At V = -1V, the diode can source about 50 mA, which can help eliminate
undershoots. This can be very useful when noisy buses are a concern.
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Figure 11. Diode Characteristics (SN74ACT107x)

Tl also offers the bus-hold circuit as a feature added to some of the advanced-family drivers and receivers. This circuit is similar
to the stand-alone circuit with a diode added to the drain of the second inverter (ABT and LVT only, see Figure 12). The diode
blocks the overshoot current when the input voltage is higher than Vo (Vi > Vo), so only the leakage current is present. This
circuit uses the device’s input stage as its first inverter; a second inverter creates the feedback feature. The calculation of the
maximum number of components that the bus hold can handle is similar to the previous example. However, the advantage of
this circuit over the stand-alone bus hold is that it eliminates the need for external components or resistors that occupy more
area on the board. This becomes very critical for some designs, especially when wide buses are used. Also, because cost and
board-dimension restrictions are a major concern, designers prefer the easy fix: drop-in replaceable parts. TI offers this feature
in most of the commonly used functions in several families (refer to Table 1 for more details).
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ABT/LVT FAMILY ALVC/LVC FAMILY

Bus Hold Bus Hold
Vee Vee
Input Input
1kQ = 1kQ L
b AN— ——AN——
Vee = =
Vee
Input Stage Input Stage

Figure 12. Input Structure of ABT/LVT and ALVC/LVC Families With Bus Hold

Figure 13 shows the input characteristics of the bus hold at 3.3-V and 5-V operations, as the input voltage is swept fromOto 5 V.
These characteristics are similar in behavior to a weak driver. This driver sinks current into the part when the input is low and
sources current out of the part when the input is high. When the voltage is near the threshold, the circuit tries to switch to the
other state, always keeping the input at a valid level. This is the result of the internal feedback circuit. The plot also shows that

the current is at its maximum when the input is near the threshold. If(hoid) maximum is approximately 25 uA for 3.3-V input
and 400 pA for 5-V input.
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Figure 13. Bus-Hold Input Characteristics

When multiple devices with bus hold are driven by a single driver, one may be concerned about the ac switching capability
of the driver becoming weaker. As small drivers, bus-hold cells require an ac current to switch them. This current is not
significant when using TI CMOS and BiCMOS families. Figure 14 shows a 4-mA buffer driving six LVTH16244 devices. The
trace is a 75-Q transmission line. The receivers are separated by 1cm, with the driver located in the center of the trace. Figure 15
shows the bus-hold loading effect on the driver when connected to six receivers switching low or high. It also shows the same
system with the bus hold disconnected from the receivers. Both plots show the effect of bus hold on the driver’s rise and fall
times. Initially, the bus hold tries to counteract the driver, causing the rise or fall time to increase. Then, the bus hold changes
states (note the crossover point), which helps the driver switch faster, decreasing the rise or fall time.
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Figure 14. Driver and Receiver System
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Figure 15. Output Waveforms of Driver With and Without Receiver Bus Hold

Figure 16 shows the supply current (Icc) of the bus-hold circuit as the input is swept from 0 to 5 V. Again, the spike seen at
about 1.5-V Vj is due to both the n-channel and the p-channel conducting simultaneously. This is one of the CMOS

transistor characteristics.
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Figure 16. Bus-Hold Supply Current Versus Input Voltage



The power consumption of the bus hold is minimal when switching the input at higher frequencies. Figure 17 shows the power
consumed by the input at different frequencies with or without bus hold. As shown, the increase in power consumption of the
bus hold at higher frequencies is not significant enough to be considered in power calculations.

Power Plot of the Input With Bus Hold
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Figure 17. Input Power With or Without Bus Hold at Different Frequencies

Figure 18 shows the data sheet dc specifications for bus hold. The first test condition is the minimum current required to hold
the bus at 0.8 V or 2 V. These voltages meet the specified low and high levels for TTL inputs. The second test condition is the
maximum current that the bus hold sources or sinks at any input voltage between 0 V and 3.6 V (for low-voltage families) or
between 0 V and 5.5 V (for ABT). The bus-hold current becomes minimal as the input voltage approaches the rail voltage. The
output leakage currents, Iozy and Iozy, are insignificant for transceivers with bus hold because a true leakage test cannot be
performed due to the existence of the bus-hold circuit. Because bus hold behaves as a small driver, it tends to source or sink
a current that is opposite in direction to the leakage current. This situation is true for transceivers with bus hold only and does
not apply to buffers. All LVT, ABT Widebus+™, and selected ABT octal and Widebus™ devices have the bus-hold feature
(refer to Table 1 or contact the local TI sales office for more information).



electrical characteristics over recommended operating free-air temperature range (for families
with bus-hold feature)

PARAMETER TEST CONDITIONS MIN  MAX | UNIT
V=08V 75
LVT, LVC, ALVC © |vec=3v L
Vi=2V -75
Data inputs -
li(hold) s LVC, ALVC Voc =36V, Vi=01036V 1500 pA
ABT Widebus+™ and Voo =45V vVi=08Vv 100
selected ABT ce == V=2V ~100
ABT This test is not a true 1oz test since bus hold is
Transceivers always active on an /O pin. it tends to supply a +1
with bus hold current that is opposite in direction to the
lozH/lozL LVT, LVC, ALVC output leakage current. KA
Bufers ABT This test is a true 10z test since bus hold does 10
withbus hold | LvT, LVC, ALVC not exist on an output pin. +5

Figure 18. Data-Sheet Minimum Specification for Bus Hold

Summary

Floating inputs and slow rise and fall times are important issues to consider when designing with CMOS and advanced
BiCMOS families. It is important to understand the complications associated with floating inputs. Terminating the bus properly
plays a major role in achieving reliable systems. All three methods that were recc ded in this application note should be
considered. If it is not possible to control the bus directly and adding pullup or pulldown resistors is impractical due to
power-consumption and board-space limitations, bus hold is the best choice. TI designed bus hold to reduce the need for
resistors used in bus designs, thus reducing the number of components on the board and improving the overall reliability of
the system.
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Abstract

This report contains acomprehensive collection of the input and output characteristic curves of typical integrated circuits from
various logic families. These curves go beyond the information given in data sheets by providing additional details regarding
the characteristics of the components. This knowledge is particularly useful when, for example, a decision must be made as
to which circuit should be used in a bus system, or when the waveforms that can be expected in a transmission system need
tobe predicted by using a Bergeron chart. In addition, the waveforms at the outputs of these components are shown when loaded
with a 50-Q coaxial line, which is open circuited at the end of the line. These oscillograms are of great assistance when
generating models for simulation programs that analyze the dynamic behavior of the integrated circuits in a particular
environment.

Introduction

The parameters given in the data sheets of integrated circuits can give only a limited indication of their actual behavior in a
system. Data sheets generally give only information regarding the behavior over an input and output voltage range of 0 to 5
volts. The output currents specified over this range provide an incomplete picture of the actual performance that can be
expected from the device. Often the behavior outside the usually accepted operating conditions is of interest. This is, for
example, the situation when the characteristic curves need to be used to predict the signal waveforms resulting from line
reflections.

For requirements of this kind, the most important input and output characteristic curves of logic circuits are shown in the figures
that follow. In view of the wide range of integrated circuits that are available, it has been necessary to limit this information
to typical characteristics only. As a result, the input and output characteristics of the following circuits have been shown as
being representative of other components which have similar circuit behavior:

’00: The characteristic curves of this NAND gate are representative of all logic circuits having normal drive
capability, such as gates, flip-flops, counters, multiplexers, etc.

’40: For arange of applications, gates are available in several logic families that have increased drive capability.
Such components can supply about three times the output current, when compared with the normal
drive-capability logic circuits mentioned above.

’1004: A special group of driver circuits was introduced into the ALS and AS family for applications requiring
a very large output current. These components play a significant role in clock distribution systems.

°240:  The output characteristics of these bus interface circuits are of particular importance when a decision must
be made as to which circuit family should be used for a specific system requirement. The available output
current has a decisive influence on the distortion of signals on bus lines.

°25240: The incident-wave-switching (IWS) driver was developed to meet the requirements imposed by fast bus
systems and applications with exceptionally low-resistance lines. Since these components play a
significant role in applications of this kind, their input and output characteristics have been included.

Table 1 provides an overall view of the input and output characteristics curves shown on the following pages.



Table 1. Typical Output Types in the Various Logic Families

TYPE
'240 1004 '25240

FAMILY

SN74
SN74LS
SN74S
SN74ALS
SN74AS
SN74F
SN74HC
SN74AC
SN74BCT
SN74ABT
SN74LV v
SN74LVC
SN74ALCV
SN74LVT

T With the AC family, the device type is SN74AC11240.
 With the ALVC family, only the Widebus™ function SN74ALVC16240 is available.
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Waveforms at the outputs of the integrated circuits in the above table are shown in Figures 60 through 88. For these
measurements, the devices under test were loaded with a 1.3-m coaxial cable having a characteristic impedance of 50 Q; the
end of the line was open circuit. These waveforms provide good insight into the dynamic behavior of the components. In
particular, the oscillograms provide information regarding drive capability with a low-resistance load, together with an
indication of the line reflections that can be expected.
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Output Waveforms

The setup shown in Figure 59 was used to obtain voltage waveforms of typically representative output stages (see Figures 60
through 88).
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Figure 78. Waveforms of the SN74HC00

ov @ 2\

o A

WAL NT s \
i Y [\ |
) R
U A U
v \ \\/‘7’ -

v zs“mmmg....@

j: ‘ su74hc24o=
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Abstract

This application report describes metastable response in digital circuits. After defining the phenomenon itself, this report
describes a test circuit with which the response can be analyzed and gives test results. Using examples, the influence of
metastability on the response of asynchronous circuits and measures for improving reliability are assessed.

1 Introduction

Designers of digital systems are constantly confronted with the problem of synchronizing two systems that operate at different
frequencies. The problem is usually resolved by synchronizing one of the signals with the local clock generator using a
flip-flop. But such a solution, of necessity, leads to a violation of the operating conditions for the flip-flops as defined in the
data sheets, i.e., in these cases, the setup time and hold time are not maintained. Therefore, a flip-flop can go into a metastable
state, endangering the operability of the circuit and, thereby, the reliability of the whole system. The purpose of this report is,
first, to acquaint designers with the phenomenon of metastability in dynamic circuits (flip-flops) and, second, to look at test
results on the more common bipolar, CMOS, and BiCMOS circuit families. Using these data the designer can determine the
influence of metastable states in an application and take any necessary countermeasures.

2 Definition of Metastable State

Figure 1 illustrates the internal circuitry of a master/slave D-type flip-flop. Only those parts are shown that are of interest for
the purpose of this application report. If there is a low on the CLK input, the emitters of transistors Q1 and Q2 (master flip-flop)
go high so that they are turned off. By way of the D input, depending on the logic level applied here, there also is high potential
on one of the two bases of the transistors. A positive edge on the CLK input means that, first, gates G2 and G3 are disabled.
As a result of hole-storage effects, the outputs of these gates can maintain their output voltage for a certain time. At the same
time, the emitters of the transistors go low. The transistor on whose base the higher voltage appeared conducts, while the other
transistor remains turned off. The flip-flop composed of the two transistors is held in this stable state by feedback resistors R1
and R2. At the same time, the slave flip-flop consisting of gates G4 and GS5 is set to the new state and the new level appears
on the Q outputs.
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Figure 1. Bipolar Master-Slave D-Type Flip-Flop
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Flip-flop operation, as described here, can only be ensured if the setup time and the hold time on the D input are maintained
(see Figure 2). This means that for a short time before the positive edge on the CLK input (setup time) and a short time afterward
(hold time) the level on the D input must not change if the above function is to be executed correctly.

CLK }V

. m?‘_“ _WWZZ

——
Figure 2. Timing Conditions of a D-Type Flip-Flop

In synchronous systems this timing can be maintained easily. But the situation is different with asynchronous circuits, in
particular, synchronization circuits. Assume that, because of a change in level on the D input, the voltage on the output of gate
G2 goes from low to high, meaning that the voltage on the output of gate G3 goes from high to low, and that the clock signal
switches at the same time. If this happens at the instant when the difference in voltage between the two bases of transistors
Qland Q2 is virtually zero, the master flip-flop will not be able to adopt a stable, defined state. The logic state is neither high
nor low. This is known as a metastable state. As a consequence, no defined state of the slave flip-flop is ensured under these
circumstances.

The output signal of this flip-flop also adopts an unstable or metastable state (see Figure 3). The noise of transistors Q1 and
Q2 (the master flip-flop forms a feedback amplifier) and interference penetrating from the exterior ensures that the master
flip-flop and, consequently, the slave revert to one of the two possible but unpredictable stable states after a certain time.

/
: [

|
(¢ Metastable —,

Figure 3. Timing of Metastable States

In the case illustrated in Figure 3, output Q or Q of the slave flip-flop adopts a level that is between the proper low and high
levels. The output is in the metastable state of the master circuit consisting of transistors Qland Q2. The output voltages of
the master flip-flop do not correspond to the normal logic levels in a metastable state, so the internal voltage values can be
corrupted through the voltage gain of gates G4 and G5 (slave) to such an extent that the signals shown in Figure 4 are on the
output of the flip-flop. Curve A in Figure 4 illustrates the correct output signal. Curve B in Figure 4 shows that the slave, at
first, does not recognize the metastable state of the master. It is not until the latter goes out of the unstable state that a reaction
can be detected on the output, expressing itself as a very slow output edge and appearing, in practice, as a much longer delay.
Curve C in Figure 4 shows that the metastable state of the master first generates a high level on the output of the slave. If the
master then reverts to a stable state, a low level will appear again on the output of the flip-flop. The inverted signal shapes can
be viewed in the same way. The phenomena shown here are described with reference to a bipolar circuit, but the same effects
occur in CMOS and BiCMOS circuits.
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Figure 4. Different Output Signals in the Metastable State

Analyzing the metastable state of flip-flops is difficult because the critical time window in which the unstable state described
may be generated is extremely short, about 10 to 100 ps.

In a circuit in which an asynchronous signal is synchronized with a clock, the mean time between failures (MTBF) in which
a failure (metastable state) occurs is calculated from the frequency of the asynchronous signal (fj,), the clock frequency (f.1x),
and the duration of the critical time window (t4):

=1
MTBF = -5+ )

For fo)x = 1 MHz, f;;, = 1 kHz, and tq = 30 ps, the result is:

MTBF =

1
1Hz><1MHz><30ps=33'38 @
A designer using a flip-flop to synchronize two signals in this application cannot expect the maximum delays stated in the data
sheets. To ensure reliable operation of the system, it is necessary to know how long to wait after the clock pulse before the data
can be evaluated. Conventional test equipment is not capable of measuring these parameters. Therefore, a special test circuit
is needed to determine the MTBF and the time (t) between the clock edge and a valid signal on the Q output. Once these
parameters are known, the designer can choose the type of flip-flop to be used and after how much time valid data can
be expected.

3 Description of Test Circuit

The probability of a flip-flop going into a metastable state is at its greatest when the input signal (f;,) always violates the
setup-time and hold-time conditions. This is the case when the state on the D input of a flip-flop changes with each clock edge.
Any other relationship between the frequency of the signal on the D input and the clock frequency would reduce the probability
of the flip-flop that is to be tested going into a metastable state. The worst case is when the frequency (fj;) on the D input is
precisely one-half the clock frequency (f¢y).

Figure 5 shows a simplified test circuit for determining the MTBF and t, for a particular flip-flop. An oscillator (O1) with a
frequency of 1 MHz drives flip-flop FF1, which is configured as a 2:1 divider, thus satisfying the condition f;, = 0.5 f¢). To
increase the probability of the tested flip-flop going into a metastable state, the high/low or low/high transition of the signal
on the D input must jitter on the edge at the clock input. The width of this jitter should be equal to or greater than the sum of
the setup and hold times of the flip-flop being tested. So the output signal of flip-flop FF1 is applied to an integrator (I) that
slows down the rise or fall time to about 30 ns (tgy + tp,). The signal obtained in this way is impressed on the delta signal of the
free-running oscillator O2 (f =30 kHz) in comparator K1. This produces the datasignal for the tested flip-flop FF2 on the output
of the comparator, with the positive or negative edge jittering by 30 ns. The signal of oscillator O1 is applied at the same time
via delay line DL1 to the clock input of the flip-flop that is to be tested (fcp k). This delay line compensates for the delays
of flip-flop FF1, integrator I, and comparator K1. It is chosen so that the jitter on the D input of the flip-flop to be tested covers
the setup and hold times stated in the data sheet (see Figure 6).
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Figure 5. Test Circuit for Examining the Metastable State
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Figure 6. Oscillogram of Clock and Data Signal on Flip-Flop FF2

The output of flip-flop FF2 is then applied to comparators K2 and K3, which form a window comparator. Their outputs adopt
the same state when there is a valid high or low level on the output of FF2 but adopt different states when the output voltage
(Vo) of the flip-flop is in an undefined range:

Vimim > Vo > Vivmay 3

The clock signal (fcp k2), delayed by the time (t,) by delay line DL2, samples the comparator outputs after this same time and
sets flip-flops FF3 and FF4 accordingly. If there is a metasiable state present at this time, the output of the exclusive-OR gate
goes high.

This event is registered by the following counter. From the number N of metastable states detected within a certain time
interval (t), it is then possible to determine the mean time between two metastable states according to equation 4:

-t
MTBF = N @
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Figure 7. Timing of Test Signals

With the circuit described here, it is possible to determine the time between two failures as a function of the time (ty). If this
relation is entered on a semilogarithmic scale, the metastable characteristic of the flip-flop being examined for the required
frequency of the input signal (f;,) is obtained.

Before discussing the test results, it is necessary to analyze the limitations of the test circuit, which influence the result. Two
things can have a considerable influence on the test results: jitter of the input signal that is not centered on the clock signal and
the delay of the evaluating circuit (K2, K3, FF3, and FF4).

If the edge of the input signal (fj,) does not jitter around the switching edge of the clock signal (fcy k1), the probability that
the flip-flop FF2 being tested will enter a metastable state is reduced. Care must be taken to ensure that the jitter of the input
signal covers the time window formed by the setup and hold times.

In equation 1 it is assumed that the asynchronous signal alters in level randomly distributed over the clock period (tgcpi = 1 ps).
As shown in Figure 6, the signal on the D input of the device under test changes only in the mentioned time window (tj) of 30
ns. The probability of the examined flip-flop being driven into the metastable state increases by the factor F:

pola s

elk )
g 30 ns

The test results give the impression of a somewhat poorer response than can be expected in practice.

The evaluating circuit, consisting of comparators K1 and K2 and flip-flops FF3 and FF4, delays the output signal of the device
under test and thus influences the result. For example, the flip-flop being tested might have left the metastable state, but the
outputs of comparators K1 and K2 have not yet responded (because of the delay of this part of the circuit) when the edge of
the clock signal (fcr_k2) arrives on flip-flops FF3 and FF4. It is difficult, in practice, to determine the magnitude of these errors
precisely. To keep the error as small as possible, extremely fast devices in ECL technology were used in this part of the test
circuit. This ensures that the uncertainty resulting from the delay of the comparators and the actual time of their sampling is
smaller than 2 ns. When evaluating the test results, this error was taken into consideration by an appropriate horizontal shift
of the line in Figure 8.

4 Test Results

Using the test circuit in Figure 5, different devices from the major logic families were examined with different values for tx‘-
The frequency of f.y was 1 MHz, the frequency on the data input (fj,) was 500 kHz. The duration of the test was long enough
for a sufficient number of failures to appear. The number of failures was then divided by the test duration. This result is the
mean time between failures (MTBF) for a particular time (ty). The result was also recorded on a semilogarithmic scale for
further evaluation (see Figure 8).

Basically, circuits from the faster logic families also leave the metastable state faster. Different circuits of a logic family showed
virtually the same response, with only very slight deviations. This was to be expected because the same technology and
practically identical circuit techniques are used within a logic family. The curves in Figure 8 are typical. In measurements on
circuits of the same type but from different fabrication batches, differences were noted that corresponded roughly to the
variation of the propagation delay times stated in the data sheets. An allowance for this variation should be made when
calculating the worst case for a particular circuit. Also, devices of the same type from different producers exhibited substantial
differences.
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If other clock frequencies are used for testing, the probability of a metastable state occurring changes. The higher the frequency,
the greater is the probability that a metastable state will occur; the probability decreases for lower frequencies. With the data
derived from these experiments it is possible to devise an equation that describes the metastable response of a component for
any frequencies:

exp (T X t,) )

MTBF = fou X fin X To

To produce the worst case during a test, that is, the setup-and-hold timing conditions are violated as often as possible, the
frequency (fi,) of the input signal is, as already mentioned, chosen to be one-half the clock frequency (f;, = 0.5 f.ji). On the
basis of this, equation 6 changes to:

MTBF = exp (T X t,) @™
0.5 X fy,2 X Ty
|- 1000 years
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Figure 8. Metastable Characteristic of Logic Circuits

Constants T, and T describe the metastable response of the circuit. These can be calculated for any circuit family from the
experimental data in Figure 8. As an example, the values for the ALS family are determined.



Constant T determines the slope of the lines (for a semilogarithmic representation as in Figure 8, the e function appears as a
straight line). So the figure can be determined from the following equation:

_ In MTBF(2) — In MTBF(1)

®
T e~ tay
And in this case:
_In 102 —1In 1072 _
T =105 m=105ms - 102/ms ®
To calculate constant T, solve equation 7 for Tg:
2 xexp (TXt,)
= -~ x 10)
To = ~MTBF x T2
So, in this case:
2 X exp (1.02 X 19.5)
AR Skttt ar
To 100 x 1072 )

By including the figures found for T and T in equation 6, the equation that describes the metastable response of ALS
circuits is:
exp (1.02 X t,) a2

MTBF = = X 87 x 10-¢

With this equation, describing the worst case, a designer can calculate the metastable response of ALS circuits for any given
input and clock frequencies. The corresponding equations for other digital circuits can be determined by the same method. The
values of constants (T) and (Tg) for the most popular logic circuits are listed in Table 1.

Table 1. Constants Describing the Metastable Behavior

FAMILY | T(i/ns) To (s)
Std-TTL 0.74 29x104
LS 0.74 48x10-3
S 0.36 1.3x 1079
ALS 1.0 8.7x106
AS 4.0 1.4x103
F 9.2 1.9x 108
BCT 1.51 1.14x106
ABT 3.61 33x 103
HC 0.55 1.46x10°6
AC 2.8 1.1x104
First, equation 7 is logarithmized:
In MTBF = t, X T = In T, — In(0.5 X fy?) a3

This shows that the constant (T) determines the slope of the lines and, consequently, has the greatest influence on the failure
rate that can be expected. Constant (T) is in the exponent in equation 7, so it has a more than proportional effect on the
probability that the output of a synchronization circuit will adopt a stable state. This means, in turn, that those logic circuits
are best suited for this purpose where the constant (T) is a high figure, as in AC, AS, ABT, and F circuits. The circuits of the
other families come into question when the circuit has a sufficiently long settling time. Constant (Tg) has a much smaller
influence on the characteristics of the circuits. It produces a parallel shift of the lines in the diagram in Figure 8. Although the
figures for this constant differ by several powers of ten in the different circuit families, the influence of the constant T is still
far more dominant.
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5 Circuitry Measures

Itis not possible to prevent metastability in flip-flops, so systems must be designed so that, to a sufficient degree of probability,
no malfunctions appear in the circuitry. The possible errors and how to avoid them are explained with reference to the circuit
in Figure 9. The circuit in question is the interrupt input of a computer system. External interrupts are normally asynchronous
to the timing of a system, so an appropriate synchronization stage (FF1) must be provided. If this flip-flop goes into a metastable
state, for the reasons mentioned, the voltage levels on its output are no longer defined; in extreme cases they are close to the
threshold voltages of the following circuit. Assume that gate G1, which collects the interrupt signals of different sources and
signals the presence of an interrupt to the state control of the computer, accepts the metastable level as a valid interrupt signal.
But the priority encoder, which is responsible for generating the appropriate interrupt vector, does not recognize this signal
(in such a case differences in the threshold voltage of the individual circuits of just a few millivolts are enough to create the
situation described here). The result is that the interrupt is triggered in the state control, but the wrong interrupt vector is
generated, causing a dramatic malfunctioning of the computer. This result is aggravated by the fact that such errors are
practically undetectable, even with high-grade instruments like logic analyzers. The sampling clock of the logic analyzer most
likely will not sample the signals in question in the examined circuit at the critical moment. It is also highly improbable that
the threshold voltage of this test instrument will have exactly the same value as the circuit examined, meaning that the abnormal
operating state cannot be detected without a special, cumbersome test setup.

From Other
Interrupt Sources >1

Interrupt to
State Control
e —

Asynchronous
Interrupt

YVYY
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Interrupt
Vector
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Figure 9. Interrupt Synchronization
Actual figures can be used to calculate the reliability or error rate (MTBF) of the above circuit. The data used are:

Type of flip-flop SN74ALS74
Mean frequency of asynchronous interrupt signal fin=10kHz
System clock frequency feik = 10 MHz
Setup time of following circuit tsy =25ns
At the output of the synchronization siage, the seiiling time (iy) is caicuiated as foliows:
= f—:; —ta 14)
t, = 5zie— — 15 ns = 25 ns as)
25 MHz



Taking equation 6 and the values of Table 1:

exp (1.0 X 25 ns)

MTBF = 55z x 10 kiiz x 838 X 10-°

= 3273 s = 54 min ae)

This error rate is much too high. To reduce it, there is, first of all, the possibility of using circuits that exhibit a much shorter
settling time and, therefore, leave the metastable state faster. As mentioned previously, these are the components in which the
constant (T) is high, e.g., circuits of the SN74AS series. If you make the same calculation for an SN74AS74, the mean time
between two failures (MTBF) is 2.4 x 1021 years, ensuring adequate reliability.

However, there are many applications in which you cannot just switch to a different family of circuits, e.g., where
programmable circuits are used and one type of flip-flop is prescribed for all parts of the densely integrated circuitry. One
remedy in this case is the use of a two-stage synchronization circuit (see Figure 10).
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—_—] Q

FF1 FF2

Clock

@

Figure 10. Two-Stage Synchronization Circuit

The second flip-flop receives the output signal of the first stage one clock period later and can go into a metastable state only
if its input conditions are also violated. That is, the output of the first flip-flop is still metastable during its setup and hold time.
So the critical input frequency fin(2) of the second stage is calculated from the reciprocal of the mean time between two failures
of the first stage:

1 _ Fay X £ X To an

foor = STBE(D = exp [T/ (r'——)]

If you again take equation 6 and insert the fiy(2) value calculated here as the input frequency, the result, assuming that the same
type of flip-flop is used in both stages of the synchronization circuit, is:

exp (T - t,)
MTBFQ2) = +——5—+ (18)
o finy X fane X To
or
exp (T X t) X exp[T X (Em—'_-'s—")] 19)
MTBEQ) =

finy X foik2 X Top
Now, go back to the synchronization circuit of the interrupt input that was described previously. Using one SN74ALS74
flip-flop, the MTBF was 54 minutes. Again, assuming that the second flip-flop is sampled after 25 ns, the result is:

exp (1.0 X 25ns)
(s%=) X 25 MHz x 8.8 x 10-¢

MTBF(Q2) = = 2 million years 20



By selecting the right component or the right circuit, excellent reliability can be achieved without any difficulty, even in
time-critical applications. In the example shown above, the problem was resolved by incorporating an additional flip-flop
stage, and without having to resort to especially fast circuit families. This was possible, for the most part, because an extra delay
of one clock period in the interrupt input has no marked effect on system characteristics. In most modern microprocessors there
are already appropriate circuits integrated (like the above two-stage synchronization circuit), which is why the engineer only
has to take particular measures when designing special interrupt control circuits). With the READY input of a microprocessor,
for example, things are different. For this kind of input there are setup and hold times specified in the data sheets for the devices,
as with flip-flops, that must be maintained. The integration of an extra flip-flop in the processor, reducing the probability of
errors through metastable states, is not wise because such a circuit would extend each bus cycle by one clock period in
synchronous systems also and, in most cases, the processor works synchronously with the assigned memory. Such integration
is notacceptable. For asynchronous operation an additional synchronization stage must be provided externally (see Figure 12).
To arrive at a reliable circuit and avoid unnecessary delays, the critical times must be analyzed closely. This now will be done
for the TMS320C25 microprocessor. Figure 11 shows the timing conditions of the READY input and the associated clock
signals CLKOUT1 and CLKOUT2.
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Figure 11. Timing Conditions of READY Signal in TMS320C25

For synchronization purposes, the negative edge of the clock CLKOUT!1 is used. The READY signal must, when referred to
this event, be valid after a time of t, pR = 30 ns. A D-type flip-flop, as required in this application, is triggered with the positive
edge, so the CLKOUT!1 signal has to be inverted. The SN74AS04 inverter that is used for this delays the clock signal by a
maximum of tpq = 5 ns. The system clock frequency is f = 10 MHz. Assuming that the mean data rate is f = S MHz and
that a flip-flop of the type SN74ALS74 is used, equation 6 and Table 1 produce:

exp [T Xt — t)] @y
MTBEF = fekoun X fp X Tq

_ _exp[l.0X(30ns—5ns)] [¢7))
MTBF = 15-MHz x 5 MAz X 88 X 1076 ~ 163 8

In this case, a synchronization error can be expected about every 2.3 min, which, as experience shows, leads to a crash, making
it unacceptable. If you use an SN74AS74 flip-flop instead, the MTBF is more acceptable:

exp [4.03 X (30 ns — 5 ns)]

= 19 . (23)
10 MHz X 5§ MHz X 1.4 X 10° 2.58 x 10" years

MTBF =

Figure 12 illustrates the circuit in question.
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Figure 12. Synchronization of READY Input

6 Integrated Synchronization Circuits

There is nothing more obvious than integrating the two-stage synchronization devices described previously into one circuit
in order to reduce the component count in a system. Figure 13 shows the circuit of such a synchronization stage in an
SN74AS4374B.
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Figure 13. Logic Diagram of SN74AS4374B Synchronization Circuit

This integration produces additional advantages in terms of metastable response and, thus, system reliability. The first flip-flop
requires no buffer stage at its output, which is largely responsible for the delay of the flip-flop, so its delay is considerably
shorter than with an SN74AS74, for example. This time saving (about 1 to 2 ns) is then available in addition for stabilization
of the first flip-flop if it goes into a metastable state. Furthermore, the D input of the second flip-flop does not need an input

buffer stage, thus reducing the setup time at this point by about 0.5 to 1 ns. The time gained here is also available for stabilization
of the first stage after a metastable state.

Constants (T) and (T, for this flip-flop were derived experimentally and are:

T =24 and T, = 396 X 10-° )



In a two-stage synchronization circuit, as shown in Figure 13, the mean time between two failures is calculated using
equation 25:
exp [T X (ﬁ)] % exp (T X t,) 25)

MTBF =
fin X fouka X Top

For simplicity, it is assumed that the first flip-flop has time to stabilize, which corresponds to precisely the clock period. The
time ty is again the time by which the output of the second flip-flop is evaluated later by the following circuit, that is, the time
that the second flip-flop has for stabilization. In most cases, it also corresponds to the period of the clock frequency reduced
by the setup time of the following circuit.

7 Summary

The metastable characteristic of a flip-flop in a synchronization circuit determines, to a large degree, the reliability of asystem.
On the basis of what has been said in this report, the designer can decide what type of flip-flop should be used in a given
application and to what extent the metastable response will be manifest.

From the experimental data in Figure 8 it can be seen that fast logic circuits, like those of the series SN74AS, SN74F, 74AC,
or SN74ABT, exhibit the best metastable response. These devices have a very short setup-and-hold time window, thus reducing
the probability that they will go into a metastable state. Apart from this, they return to a stable state much faster if they have
gone metastable. But ALS, LS, or HC circuits, for example, can also produce satisfactory results if the clock frequency in the
application is low enough. When choosing a flip-flop, the speed requirements of a system must be considered.
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IMPORTANT NOTICE
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