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14.3 TRANSISTOR–TRANSISTOR LOGIC (TTL OR T

 

2

 

L)

 

For more than two decades (late 1960s to late 1980s) TTL enjoyed immense popularity.
Indeed, the bulk of digital systems applications employing SSI and MSI packages were
designed using TTL.

We shall begin this section with a study of the evolution of TTL from DTL. In this way
we shall explain the function of each of the stages of the complete TTL gate circuit. Charac-
teristics of standard TTL gates will be studied in Section 14.4. Standard TTL, however, has
now been virtually replaced with more advanced forms of TTL that feature improved per-
formance. These will be discussed in Section 14.5.

 

Evolution of TTL from DTL

 

The basic DTL gate circuit in discrete form was discussed in the previous section (see
Fig. 14.6). The integrated-circuit form of the DTL gate is shown in Fig. 14.7 with only one
input indicated. As a prelude to introducing TTL, we have drawn the input diode as a diode-
connected transistor (

 

Q

 

1

 

), which corresponds to how diodes are made in IC form.
This circuit differs from the discrete DTL circuit of Fig. 14.6 in two important aspects.

First, one of the steering diodes is replaced by the base–emitter junction of a transistor (

 

Q

 

2

 

) that
is either cut off (when the input is low) or in the active mode (when the input is high). This is
done to reduce the input current and thereby increase the fan-out capability of the gate. A
detailed explanation of this point, however, is not relevant to our study of TTL. Second, the
resistance 

 

R

 

B

 

 is returned to ground rather than to a negative supply, as was done in the earlier
discrete circuit. An obvious advantage of this is the elimination of the additional power supply.
The disadvantage, however, is that the reverse base current available to remove the excess
charge stored in the base of 

 

Q

 

3

 

 is rather small. We shall elaborate on this point below.    

 

FIGURE 14.7  

 

IC form of the DTL gate with the input diode shown as a diode-connected transistor (

 

Q

 

1

 

).
Only one input terminal is shown.
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Reasons for the Slow Response of DTL
The DTL gate has relatively good noise margins and reasonably good fan-out capability. Its
response, however, is rather slow. There are two reasons for this: first, when the input goes
low and Q2 and D turn off, the charge stored in the base of Q3 has to leak through RB to
ground. The initial value of the reverse base current that accomplishes this “base discharg-
ing” process is approximately 0.7 V/RB, which is about 0.14 mA. Because this current is
quite small in comparison to the forward base current, the time required for the removal of
base charge is rather long, which contributes to lengthening the gate delay.

The second reason for the relatively slow response of DTL derives from the nature of the
output circuit of the gate, which is simply a common-emitter transistor. Figure 14.8 shows
the output transistor of a DTL gate driving a capacitive load CL. The capacitance CL repre-
sents the input capacitance of another gate and/or the wiring and parasitic capacitances that
are inevitably present in any circuit. When Q3 is turned on, its collector voltage cannot
instantaneously fall because of the existence of CL. Thus Q3 will not immediately saturate
but rather will operate in the active region. The collector of Q3 will therefore act as a
constant-current source and will sink a relatively large current (βIB). This large current will
rapidly discharge CL. We thus see that the common-emitter output stage features a short
turn-on time. However, turnoff is another matter. 

Consider next the operation of the common-emitter output stage when Q3 is turned off.
The output voltage will not rise immediately to the high level (VCC). Rather, CL will charge
up to VCC through RC. This is a rather slow process, and it results in lengthening the DTL
gate delay (and similarly the RTL gate delay).

Having identified the two reasons for the slow response of DTL, we shall see in the fol-
lowing how these problems are remedied in TTL.

Input Circuit of the TTL Gate
Figure 14.9 shows a conceptual TTL gate with only one input terminal indicated. The most
important feature to note is that the input diode has been replaced by a transistor. One can

EXERCISE

14.4  Consider the DTL gate circuit shown in Fig. 14.7 and assume that β(Q2) = β(Q3) = 50. (a) When vI =
0.2 V, find the input current. (b) When vI = +5 V, find the base current of Q3.
Ans.  (a) 1.1 mA; (b) 1.6 mA

FIGURE 14.8  The output circuit of a DTL gate driving a
capacitive load CL.
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think of this simply as if the short circuit between base and collector of Q1 in Fig. 14.7 has
been removed.

To see how the conceptual TTL circuit of Fig. 14.9 works, let the input vI be high (say,
vI = VCC). In this case current will flow from VCC through R, thus forward-biasing the base−
collector junction of Q1. Meanwhile, the base−emitter junction of Q1 will be reverse-biased.
Therefore Q1 will be operating in the inverse active mode—that is, in the active mode but
with the roles of emitter and collector interchanged. The voltages and currents will be as
indicated in Fig. 14.10, where the current I can be calculated from 

In actual TTL circuits Q1 is designed to have a very low reverse β (βR ! 0.02). Thus the gate
input current will be very small, and the base current of Q3 will be approximately equal to I.
This current will be sufficient to drive Q3 into saturation, and the output voltage will be low
(0.1 to 0.2 V).

Next let the gate input voltage be brought down to the logic-0 level (say, vI ! 0.2 V).
The current I will then be diverted to the emitter of Q1. The base−emitter junction of Q1 will
become forward-biased, and the base voltage of Q1 will therefore drop to 0.9 V. Since Q3
was in saturation, its base voltage will remain at +0.7 V pending the removal of the excess
charge stored in the base region. Figure 14.11 indicates the various voltage and current val-
ues immediately after the input is lowered. We see that Q1 will be operating in the normal

FIGURE 14.10  Analysis of the conceptual TTL gate when the input is high.

FIGURE 14.9  Conceptual form of TTL gate. Only one
input terminal is shown.

I V CC 1.4–
R

-----------------------=
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active mode3 and its collector will carry a large current (βFI). This large current rapidly dis-
charges the base of Q3 and drives it into cutoff. We thus see the action of Q1 in speeding up
the turn-off process.

As Q3 turns off, the voltage at its base is reduced, and Q1 enters the saturation mode.
Eventually the collector current of Q1 will become negligibly small, which implies that its
VCEsat will be approximately 0.1 V and the base of Q3 will be at about 0.3 V, which keeps Q3
in cutoff.

Output Circuit of the TTL Gate
The above discussion illustrates how one of the two problems that slow down the operation
of DTL is solved in TTL. The second problem, the long rise time of the output waveform, is
solved by modifying the output stage, as we shall now explain.

First, recall that the common-emitter output stage provides fast discharging of load
capacitance but rather slow charging. The opposite is obtained in the emitter-follower output
stage shown in Fig. 14.12. Here, as vI  goes high, the transistor turns on and provides a low
output resistance (characteristic of emitter followers), which results in fast charging of CL.
On the other hand, when vI goes low, the transistor turns off and CL is then left to discharge
slowly through RE. 

FIGURE 14.11  Voltage and current values in the conceptual TTL circuit immediately after the input volt-
age is lowered.

3 Although the collector voltage of Q1 is lower than its base voltage by 0.2 V, the collector–base junction 
will in effect be cut off and Q1 will be operating in the active mode.

RE CL
FIGURE 14.12  An emitter-follower output stage
with capacitive load.
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It follows that an optimum output stage would be a combination of the common-emitter
and the emitter-follower configurations. Such an output stage, shown in Fig. 14.13, has to be
driven by two complementary signals vI1 and vI2. When vI1 is high vI2 will be low, and in this
case Q3 will be on and saturated, and Q4 will be off. The common-emitter transistor Q3 will
then provide the fast discharging of load capacitance and in steady state provide a low resis-
tance (RCEsat) to ground. Thus when the output is low, the gate can sink substantial amounts
of current through the saturated transistor Q3.

When vI1 is low and vI2 is high, Q3 will be off and Q4 will be conducting. The emitter fol-
lower Q4 will then provide fast charging of load capacitance. It also provides the gate with a
low output resistance in the high state and hence with the ability to source a substantial amount
of load current.

Because of the appearance of the circuit in Fig. 14.13, with Q4 stacked on top of Q3, the
circuit has been given the name totem-pole output stage. Also, because of the action of Q4
in pulling up the output voltage to the high level, Q4 is referred to as the pull-up transistor.
Since the pulling up is achieved here by an active element (Q4), the circuit is said to have an
active pull-up. This is in contrast to the passive pull-up of RTL and DTL gates. Of course,
the common-emitter transistor Q3 provides the circuit with active pull-down. Finally, note
that a special driver circuit is needed to generate the two complementary signals vI1 and vI2.

EXAMPLE 14.1

We wish to analyze the circuit shown together with its driving waveforms in Fig. 14.14 to deter-
mine the waveform of the output signal vO. Assume that Q3 and Q4 have β = 50.  

Solution
Consider first the situation before vI1 goes high—that is, at time t < 0. In this case Q3 is off and Q4
is on, and the circuit can be simplified to that shown in Fig. 14.15. In this simplified circuit we
have replaced the voltage divider (R1, R2) by its Thévenin equivalent. In the steady state, CL will
be charged to the output voltage vO, whose value can be obtained as follows:

Substituting VBE ! 0.7 V and IB = IE ⁄ (β + 1) = IE ⁄ 51 gives IE = 2.59 mA. Thus the output voltage
vO is given by

FIGURE 14.13  The totem-pole output stage.

5 10 IB VBE IE 0.5 2.5+×+ +×=

vO 2.5 IE 0.5×+ 3.79 V= =
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We next consider the circuit as vI1 goes high and vI2 goes low. Transistor Q3 turns on and transis-
tor Q4 turns off, and the circuit simplifies to that shown in Fig. 14.16. Again we have used the
Thévenin equivalent of the divider (R1, R2). We shall also assume that the switching times of the
transistors are negligibly small. Thus at t = 0+ the base current of Q3 becomes

Since at t = 0 the collector voltage of Q3 is 3.79 V, and since this value cannot change instanta-
neously because of CL, we see that at t = 0+ transistor Q3 will be in the active mode. The collector
current of Q3 will be βIB, which is 21.5 mA, and the circuit will have the equivalent shown in
Fig. 14.17(a). A simpler version of this equivalent circuit, obtained using Thévenin’s theorem, is
shown in Fig. 14.17(b).

The equivalent circuit of Fig. 14.17 applies as long as Q3 remains in the active mode. This
condition persists while CL is being discharged and until vO reaches about +0.3 V, at which time
Q3 enters saturation. This is illustrated by the waveform in Fig. 14.18. The time for the output

FIGURE 14.14  Circuit and input waveforms for Example 14.1.

FIGURE 14.15  The circuit of Fig. 14.14 when Q3 is off. 

0 V

IB
5 0.7–

10
---------------- 0.43 mA= =
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FIGURE 14.16  The circuit of Fig. 14.14 when Q4 is off.

FIGURE 14.17  (a) Equivalent circuit for the circuit in Fig. 14.16 when Q3 is in the active mode. (b) Sim-
pler version of the circuit in (a) obtained using Thévenin’s theorem.

FIGURE 14.18  Details of the output voltage waveform for the circuit in Fig. 14.14.
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voltage to fall from +3.79 V to +0.3 V, which can be considered the fall time tf , can be obtained
from

which results in

where

Thus tf = 3.4 ns.
After Q3 enters saturation, the capacitor discharges further to the final steady-state value of

VCEsat (!0.2 V). The transistor model that applies during this interval is more complex; since the
interval in question is quite short, we shall not pursue the matter further.

Consider next the situation as vI1 goes low and vI2 goes high at t = T. Transistor Q3 turns off
as Q4 turns on. We shall assume that this occurs immediately, and thus at t = T+ the circuit sim-
plifies to that in Fig. 14.15. We have already analyzed this circuit in the steady state and thus
know that eventually vO will reach +3.79 V. Thus vO rises exponentially from +0.2 V toward
+3.79 V with a time constant of CL{0.5 kΩ//[10 kΩ/(β + 1)]}, where we have neglected the emit-
ter resistance re. Denoting this time constant τ1, we obtain τ1 = 2.8 ns. Defining the rise time tr as
the time for vO to reach 90% of the final value, we obtain ,
which results in tr = 6.4 ns. Figure 14.18 illustrates the details of the output voltage waveform.

The Complete Circuit of the TTL Gate
Figure 14.19 shows the complete TTL gate circuit. It consists of three stages: the input tran-
sistor Q1, whose operation has already been explained, the driver stage Q2, whose function is
to generate the two complementary voltage signals required to drive the totem-pole circuit,

FIGURE 14.19  The complete TTL gate circuit with only one input terminal indicated.

8.25– 8.25– 3.79–( )e
tf– τ⁄

– 0.3=

tf  ! 0.34τ

τ CL 0.5 kΩ× 10 ns= =

3.79 3.79 0.2–( )e tr τ1⁄– 0.9 3.79×=–
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which is the third (output) stage of the gate. The totem-pole circuit in the TTL gate has two
additional components: the 130-Ω resistance in the collector circuit of Q4 and the diode D in
the emitter circuit of Q4. The function of these two additional components will be explained
shortly. Notice that the TTL gate is shown with only one input terminal indicated. Inclusion
of additional input terminals will be considered in Section 14.4.

Because the driver stage Q2 provides two complementary (that is, out-of-phase) signals,
it is known as a phase splitter.

We shall now provide a detailed analysis of the TTL gate circuit in its two extreme
states: one with the input high and one with the input low.

Analysis When the Input Is High
When the input is high (say, +5 V), the various voltages and currents of the TTL circuit will
have the values indicated in Fig. 14.20. The analysis illustrated in Fig. 14.20 is quite
straightforward, and the order of the steps followed is indicated by the circled numbers. As
expected, the input transistor is operating in the inverse active mode, and the input current,
called the input high current IIH, is small; that is,

where we assume that .
The collector current of Q1 flows into the base of Q2, and its value is sufficient to satu-

rate the phase-splitter transistor Q2. The latter supplies the base of Q3 with sufficient current
to drive it into saturation and lower its output voltage to VCEsat (0.1 to 0.2 V). The voltage at
the collector of Q2 is VBE3 + VCEsat(Q2), which is approximately +0.9 V. If diode D were not
included, this voltage would be sufficient to turn Q4 on, which is contrary to the proper oper-
ation of the totem-pole circuit. Including diode D ensures that both Q4 and D remain off.

IIH βRI  ! 15 µA=

βR ! 0.02

FIGURE 14.20  Analysis of the TTL gate with the input high. The circled numbers indicate the order of
the analysis steps.
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The saturated transistor 

 

Q

 

3

 

 then establishes the low output voltage of the gate (

 

V

 

CE

 

sat

 

) and
provides a low impedance to ground.

In the low-output state the gate can sink a load current 

 

i

 

L

 

, provided that the value of 

 

i

 

L

 

does not exceed 

 

β

 

 

 

×

 

 2.6 mA, which is the maximum collector current that 

 

Q

 

3

 

 can sustain
while remaining in saturation. Obviously the greater the value of 

 

i

 

L

 

,

 

 

 

the greater the output
voltage will be. To maintain the logic-0 level below a certain specified limit, a correspond-
ing limit has to be placed on the load current 

 

i

 

L

 

.

 

 As will be seen shortly, it is this limit that
determines the maximum fan-out of the TTL gate.

Figure 14.21 shows a sketch of the output voltage 

 

v

 

O

 

 

 

versus the load current 

 

i

 

L

 

 of the
TTL gate when the output is low. This is simply the 

 

v

 

CE

 

−
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characteristic curve of 

 

Q

 

3

 

 mea-
sured with a base current of 2.6 mA. Note that at 

 

i

 

L

 

 

 

=

 

 0, 

 

v

 

O

 

 is the offset voltage, which is
about 100 mV.

 

Analysis When the Input Is Low

 

Consider next the operation of the TTL gate when the input is at the logic-0 level (

 

!

 

0.2 V).
The analysis is illustrated in Fig. 14.22, from which we see that the base

 

−

 

emitter junction
of 

 

Q

 

1

 

 will be forward-biased and the base voltage will be approximately +0.9 V. Thus the
current 

 

I

 

 can be found to be approximately 1 mA. Since 0.9 V is insufficient to forward-bias
the series combination of the collector–base junction of 

 

Q

 

1

 

 and the base

 

−

 

emitter junction
of 

 

Q

 

2

 

 (at least 1.2 V would be required), the latter will be off. Therefore the collector current of

 

Q

 

1

 

 will be almost zero and 

 

Q

 

1

 

 will be saturated, with 

 

V

 

CE

 

sat

 

 

 

!

 

 0.1 V. Thus the base of 

 

Q

 

2

 

 will
be at approximately 

 

+

 

0.3 V, which is indeed insufficient to turn 

 

Q

 

2

 

 

 

on.
The gate input current in the low state, called 

 

input-low current

 

 

 

I

 

IL

 

,

 

 

 

is approximately
equal to the current 

 

I

 

 (

 

!

 

 1 mA) and flows out of the emitter of 

 

Q

 

1

 

. If the TTL gate is driven

 

FIGURE 14.21  

 

The 

 

v

 

O

 

–i

 

L

 

 characteristic of the TTL gate when the output is low.

 

EXERCISE

 

14.5

 

 Assume that the saturation portion of the 

 

v

 

O

 

−

 

i

 

L

 

 

 

characteristic shown in Fig. 14.21 can be approximated
by a straight line (of slope = 8 

 

Ω

 

) that intersects the 

 

v

 

O

 

 

 

axis at 0.1 V. Find the maximum load current
that the gate is allowed to sink if the logic-0 level is specified to be 

 

≤

 

0.3 V.

 

Ans.

 

 

 

25 mA
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by another TTL gate, the output transistor Q3 of the driving gate should sink this current IIL.
Since the output current that a TTL gate can sink is limited to a certain maximum value, the
maximum fan-out of the gate is directly determined by the value of IIL.

Let us continue with our analysis of the TTL gate. When the input is low, we see that
both Q2 and Q3 will be off. Transistor Q4 will be on and will supply (source) the load current
iL. Depending on the value of iL, Q4 will be either in the active mode or in the saturation
mode.

With the gate output terminal open, the current iL will be very small (mostly leakage)
and the two junctions (base−emitter junction of Q4 and diode D) will be barely conducting.
Assuming that each junction has a 0.65-V drop and neglecting the voltage drop across the
1.6-kΩ resistance, we find that the output voltage will be

FIGURE 14.22  Analysis of the TTL gate when the input is low. The circled numbers indicate the order of
the analysis steps.
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0 mA

Q1

D

EXERCISES

14.6 Consider the TTL gate analyzed in Exercise 14.5. Find its maximum allowable fan-out using the value
of IIL calculated above.
Ans. 25

14.7 Use Eq. (4.114) to find VCEsat of transistor Q1 when the input of the gate is low (0.2 V). Assume that
βF = 50 and βR = 0.02.
Ans. 98 mV

vO ! 5 0.65– 0.65– 3.7 V=
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As iL is increased, Q4 and D conduct more heavily, but for a range of iL, Q4 remains in
the active mode, and vO is given by

 (14.4)

If we keep increasing iL, a value will be reached at which Q4 saturates. Then the output volt-
age becomes determined by the 130-Ω resistance according to the approximate relationship

 (14.5)

Function of the 130-Ω Resistance
At this point the reason for including the 130-Ω resistance should be evident: It is simply to
limit the current that flows through Q4, especially in the event that the output terminal is
accidentally short-circuited to ground. This resistance also limits the supply current in
another circumstance, namely, when Q4 turns on while Q3 is still in saturation. To see how
this occurs, consider the case where the gate input was high and then is suddenly brought
down to the low level. Transistor Q2 will turn off relatively fast because of the availability of
a large reverse current supplied to its base terminal by the collector of Q1. On the other hand,
the base of Q3 will have to discharge through the 1-kΩ resistance, and thus Q3 will take
some time to turn off. Meanwhile Q4 will turn on, and a large current pulse will flow
through the series combination of Q4 and Q3. Part of this current will serve the useful pur-
pose of charging up any load capacitance to the logic-1 level. The magnitude of the current
pulse will be limited by the 130-Ω resistance to about 30 mA.

The occurrence of these current pulses of short duration (called current spikes) raises
another important issue. The current spikes have to be supplied by the VCC source and,
because of its finite source resistance, will result in voltage spikes (or “glitches”) super-
imposed on VCC. These voltage spikes could be coupled to other gates and flip-flops in the
digital system and thus might produce false switching in other parts of the system. This
effect, which might loosely be called crosstalk, is a problem in TTL systems. To reduce the
size of the voltage spikes, capacitors (called bypass capacitors) should be connected
between the supply rail and ground at frequent locations. These capacitors lower the
impedance of the supply-voltage source and hence reduce the magnitude of the voltage
spikes. Alternatively, one can think of the bypass capacitors as supplying the impulsive cur-
rent spikes.   

vO VCC
iL

β 1+
------------ 1.6 kΩ VBE4–×– VD–=

vO ! VCC iL 130 VCEsat–× Q4( )– −VD

EXERCISES

14.8 Assuming that Q4 has β = 50 and that at the verge of saturation VCEsat = 0.3 V, find the value of iL at
which Q4 saturates.
Ans. 4.16 mA

14.9 Assuming that at a current of 1 mA the voltage drops across the emitter−base junction of Q4 and the
diode D are each 0.7 V, find vO when iL = 1 mA and 10 mA. (Note the result of the previous exercise.)
Ans. 3.6 V; 2.7 V

14.10 Find the maximum current that can be sourced by a TTL gate while the output high level (VOH) remains
greater than the minimum guaranteed value of 2.4 V.
Ans. 12.3 mA; or, more accurately, taking the base current of Q4 into account, 13.05 mA
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14.4 CHARACTERISTICS OF STANDARD TTL

Because of its historical popularity and continued importance, TTL will be studied further
in this and the next sections. In this section we shall consider some of the important char-
acteristics of standard TTL gates. Special improved forms of TTL will be dealt with in
Section 14.5.

Transfer Characteristic
Figure 14.23 shows the TTL gate together with a sketch of its voltage transfer characteristic
drawn in a piecewise-linear fashion. The actual characteristic is, of course, a smooth curve.
We shall now explain the transfer characteristic and calculate the various break-points and
slopes. It will be assumed that the output terminal of the gate is open.

Segment AB is obtained when transistor Q1 is saturated, Q2 and Q3 are off, and Q4 and D are
on. The output voltage is approximately two diode drops below VCC. At point B the phase split-
ter (Q2) begins to turn on because the voltage at its base reaches 0.6 V (0.5 V + VCEsat of Q1).

Over segment BC, transistor Q1 remains saturated, but more and more of its base current
I gets diverted to its base−collector junction and into the base of Q2, which operates as a lin-
ear amplifier. Transistor Q4 and diode D remain on, with Q4 acting as an emitter follower.
Meanwhile the voltage at the base of Q3, although increasing, remains insufficient to turn Q3
on (less than 0.6 V).

Let us now find the slope of segment BC of the transfer characteristic. Let the input vI
increase by an increment ΔvI. This increment appears at the collector of Q1, since the satu-
rated Q1 behaves (approximately) as a three-terminal short circuit as far as signals are

FIGURE 14.23  The TTL gate and its voltage transfer characteristic.

(a) (b)
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concerned. Thus at the base of Q2 we have a signal ΔvI. Neglecting the loading of emitter
follower Q4 on the collector of Q2, we can find the gain of the phase splitter from

 (14.6)

The value of re2 will obviously depend on the current in Q2. This current will range from zero
(as Q2 begins to turn on) to the value that results in a voltage of about 0.6 V at the emitter of Q2
(the base of Q3). This value is about 0.6 mA and corresponds to point C on the transfer charac-
teristic. Assuming an average current in Q2 of 0.3 mA, we obtain re2 ! 83 Ω. For α = 0.98,
Eq. (14.6) results in a gain value of 1.45. Since the gain of the output follower Q4 is close to
unity, the overall gain of the gate, which is the slope of the BC segment, is about −1.45.

As already implied, breakpoint C is determined by Q3 starting to conduct. The corre-
sponding input voltage can be found from

At this point the emitter current of Q2 is approximately 0.6 mA. The collector current of Q2
is also approximately 0.6 mA; neglecting the base current of Q4, the voltage at the collector
of Q2 is

Thus Q2 is still in the active mode. The corresponding output voltage is

As vI is increased past the value of vI(C) = 1.2 V, Q3 begins to conduct and operates in
the active mode. Meanwhile, Q1 remains saturated, and Q2 and Q4 remain in the active
mode. The circuit behaves as an amplifier until Q2 and Q3 saturate and Q4 cuts off. This
occurs at point D on the transfer characteristic, which corresponds to an input voltage vI(D)
obtained from

Note that we have in effect assumed that at point D transistor Q1 is still saturated, but with
VCEsat ! 0. To see how this comes about, note that from point B on, more and more of the
base current of Q1 is diverted to its base−collector junction. Thus while the drop across the
base−collector junction increases, that across the base−emitter junction decreases. At point
D these drops become almost equal. For vI > vI(D) the base−emitter junction of Q1 cuts off;
thus Q1 leaves saturation and enters the inverse active mode.

Calculation of gain over the segment CD is a relatively complicated task. This is due to
the fact that there are two paths from input to output: one through Q3 and one through Q4. A
simple but gross approximation for the gain of this segment can be obtained from the coor-
dinates of points C and D in Fig. 14.23(b), as follows:

vc2

vb2
------- α2R1–

re2 R2+
------------------=

vI C( ) VBE3 VBE2 VCEsat Q1( )–+=

0.6 0.7 0.1–+= 1.2 V=

vC2 C( ) 5 0.6 1.6 4 V≅×–=

vO C( ) 4 0.65– 0.65– 2.7 V = =

vI D( ) VBE3 VBE2 VBC1 VBE1–+ +=

0.7 0.7 0.7 0.7–+ += 1.4 V=

Gain vO C( ) vO D( )–
vI D( ) vI C( )–
------------------------------------–=

2.7 0.1–
1.4 1.2–
---------------------–= 13 V/V–=
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From the transfer curve of Fig. 14.23(b) we can determine the critical points and the
noise margins as follows: VOH = 3.7 V; VIL is somewhere in the range of 0.5 V to 1.2 V, and
thus a conservative estimate would be 0.5 V; VOL = 0.1 V; VIH = 1.4 V; NMH = VOH − VIH =
2.3 V; and NML = VIL − VOL = 0.4 V. It should be noted that these values are computed
assuming that the gate is not loaded and without taking into account power-supply or tem-
perature variations.

Manufacturers’ Specifications
Manufacturers of TTL usually provide curves for the gate transfer characteristic, the input i−v
characteristic, and the output i−v characteristic, measured at the limits of the specified oper-
ating temperature range. In addition, guaranteed values are usually given for the parameters
VOL, VOH, VIL, and VIH. For standard TTL (known as the 74 series) these values are VOL =
0.4 V, VOH = 2.4 V, VIL = 0.8 V, and VIH = 2 V. These limit values are guaranteed for a specified
tolerance in power-supply voltage and for a maximum fan-out of 10. From our discussion in
Section 14.3 we know that the maximum fan-out is determined by the maximum current that
Q3 can sink while remaining in saturation and while maintaining a saturation voltage lower
than a guaranteed maximum (VOL = 0.4 V). Calculations performed in Section 14.3 indicate
the possibility of a maximum fan-out of 20 to 30. Thus the figure specified by the manufac-
turer is appropriately conservative.

The parameters VOL, VOH, VIL, and VIH can be used to compute the noise margins as
follows:

 

EXERCISE

14.11 Taking into account the fact that the voltage across a forward-biased pn junction changes by about
−2 mV/°C, find the coordinates of points A, B, C, and D of the gate transfer characteristic at −55°C and
at +125°C. Assume that the characteristic in Fig. 14.23(b) applies at 25°C, and neglect the small tem-
perature coefficient of VCEsat.
Ans. At −55°C: (0, 3.38), (0.66, 3.38), (1.52, 2.16), (1.72, 0.1); at +125°C: (0, 4.1), (0.3, 4.1), (0.8, 3.46),
(1.0, 0.1)

NMH VOH VIH– 0.4 V= =

NML VIL VOL– 0.4 V= =

EXERCISES

14.12 In Section 14.3 we found that when the gate input is high, the base current of Q3 is approximately
2.6 mA. Assume that this value applies at 25°C and that at this temperature VBE ! 0.7 V. Taking into
account the −2-mV/°C temperature coefficient of VBE and neglecting all other changes, find the base
current of Q3 at −55°C and at +125°C.
Ans. 2.2 mA; 3 mA
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Propagation Delay
The propagation delay of TTL gates is defined conventionally as the time between the 1.5-V
points of corresponding edges of the input and output waveforms. For standard TTL (also
known as medium-speed TTL) tP is typically about 10 ns.

As far as power dissipation is concerned it can be shown (see Exercise 14.14) that when
the gate output is high the gate dissipates 5 mW, and when the output is low the dissipation
is 16.7 mW. Thus the average dissipation is 11 mW, resulting in a delay-power product of
about 100 pJ.

Dynamic Power Dissipation
In Section 14.3 the occurrence of supply current spikes was explained. These spikes give
rise to additional power drain from the VCC supply. This dynamic power is also dissipated
in the gate circuit. It can be evaluated by multiplying the average current due to the spikes
by VCC, as illustrated by the solution of Exercise 14.15.

14.13 Figure E14.13 shows sketches of the iL−vO characteristics of a TTL gate when the output is low. Use
these characteristics together with the results of Exercise 14.12 to calculate the value of β of transistor
Q3 at −55°C, +25°C, and +125°C.

Ans. 16; 25; 28

FIGURE E14.13  

  EXERCISE

14.14 Calculate the value of the supply current (ICC), and hence the power dissipated in the TTL gate, when
the output terminal is open and the input is (a) low at 0.2 V (see Fig. 14.22) and (b) high at +5 V (see
Fig. 14.20).
Ans. (a) 1 mA, 5 mW; (b) 3.33 mA, 16.7 mW
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The TTL NAND Gate
Figure 14.24  shows the basic TTL gate. Its most important feature is the multiemitter tran-
sistor Q1 used at the input. Figure 14.25  shows the structure of the multiemitter transistor.

It can be easily verified that the gate of Fig. 14.24 performs the NAND function. The
output will be high if one (or both) of the inputs is (are) low. The output will be low in only

EXERCISE

14.15 Consider a TTL gate that is switched on and off at the rate of 1 MHz. Assume that each time the gate is
turned off (that is, the output goes high) a supply-current pulse of 30-mA amplitude and 2-ns width
occurs. Also assume that no current spike occurs when the gate is turned on. Calculate the average sup-
ply current due to the spikes, and the dynamic power dissipation.
Ans. 60 µA; 0.3 mW

FIGURE 14.24  The TTL NAND gate.

FIGURE 14.25  Structure of the multiemitter transistor Q1.
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one case: when both inputs are high. Extension to more than two inputs is straightforward
and is achieved by diffusing additional emitter regions.

Although theoretically an unused input terminal may be left open-circuited, this is gen-
erally not a good practice. An open-circuit input terminal acts as an “antenna” that “picks
up” interfering signals and thus could cause erroneous gate switching. An unused input ter-
minal should therefore be connected to the positive power supply through a resistance (of,
say, 1 kΩ). In this way the corresponding base–emitter junction of Q1 will be reverse-biased
and thus will have no effect on the operation of the gate. The series resistance is included in
order to limit the current in case of breakdown of the base–emitter junction due to transients
on the power supply.

Other TTL Logic Circuits
On a TTL MSI chip there are many cases in which logic functions are implemented using
“stripped-down” versions of the basic TTL gate. As an example we show in Fig. 14.26  the
TTL implementation of the AND-OR-INVERT function. As shown, the phase-splitter tran-
sistors of two gates are connected in parallel, and a single output stage is used. The reader is
urged to verify that the logic function realized is as indicated.

At this point it should be noted that the totem-pole output stage of TTL does not allow
connecting the output terminals of two gates to realize the AND function of their outputs
(known as the wired-AND connection). To see the reason for this, consider two gates whose
outputs are connected together, and let one gate have a high output and the other have a low
output. Current will flow from Q4 of the first gate through Q3 of the second gate. The current
value will fortunately be limited by the 130-Ω resistance. Obviously, however, no useful
logic function is realized by this connection.

The lack of wired-AND capability is a drawback of TTL. Nevertheless, the problem is
solved in a number of ways, including doing the paralleling at the phase-splitter stage, as
illustrated in Fig. 14.26. Another solution consists of deleting the emitter-follower transistor

FIGURE 14.26  A TTL AND-OR-INVERT gate.
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altogether. The result is an output stage consisting solely of the common-emitter transistor
Q3 without even a collector resistance. Obviously, one can connect the outputs of such gates
together to a common collector resistance and achieve a wired-AND capability. TTL gates
of this type are known as open-collector TTL. The obvious disadvantage is the slow rise
time of the output waveform.

Another useful variant of TTL is the tristate output arrangement explored in Exercise 14.16.

Tristate TTL enables the connection of a number of TTL gates to a common output line
(or bus). At any particular time the signal on the bus will be determined by the one TTL gate

EXERCISE

14.16 The circuit shown in Fig. E14.16 is called tristate TTL. Verify that when the terminal labeled Third state
is high, the gate functions normally and that when this terminal is low, both transistors Q3 and Q4 cut
off and the output of the gate is an open circuit. The latter state is the third state, or the high-output-
impedance state.

FIGURE E14.16  
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that is enabled (by raising its third-state input terminal). All other gates will be in the third
state and thus will have no control of the bus.

14.5 TTL FAMILIES WITH IMPROVED 
       PERFORMANCE
The standard TTL circuits studied in the two previous sections were introduced in the mid-
1960s. Since then, several improved versions have been developed. In this section we shall
discuss some of these improved TTL subfamilies. As will be seen the improvements are in
two directions: increasing speed and reducing power dissipation.

The speed of the standard TTL gate of Fig. 14.24 is limited by two mechanisms: first,
transistors Q1, Q2, and Q3 saturate, and hence we have to contend with their finite storage
time. Although Q2 is discharged reasonably quickly because of the active mode of operation
of Q1, as already explained, this is not true for Q3, whose base charge has to leak out through
the 1-kΩ resistance in its base circuit. Second, the resistances in the circuit, together with the
various transistor and wiring capacitances, form relatively long time constants, which con-
tribute to lengthening the gate delay.

It follows that there are two approaches to speeding up the operation of TTL. The first is
to prevent transistor saturation and the second is to reduce the values of all resistances. Both
approaches are utilized in the Schottky TTL circuit family.

Schottky TTL
In Schottky TTL, transistors are prevented from saturation by connecting a low-voltage-
drop diode between base and collector, as shown in Fig. 14.27. These diodes, formed as a
metal-to-semiconductor junction, are called Schottky diodes and have a forward voltage
drop of about 0.5 V. We have briefly discussed Schottky diodes in Section 3.9. Schottky
diodes4 are easily fabricated and do not increase chip area. In fact, the Schottky TTL fabri-
cation process has been designed to yield transistors with smaller areas and thus higher β
and fT than those produced by the standard TTL process. Figure 14.27 also shows the sym-
bol used to represent the combination of a transistor and a Schottky diode, referred to as a
Schottky transistor.      

4  Note that silicon Schottky diodes exhibit voltage drops of about 0.5 V, whereas GaAs Schottky diodes 
(Section 5.12) exhibit voltage drops of about 0.7 V.

(a) (b)

FIGURE 14.27  (a) A transistor with a Schottky
diode clamp. (b) Circuit symbol for the connection in
(a), known as a Schottky transistor.
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