
Chapter 10 

Digital Integrated Circuits 

10.1 INTRODUCTION 

The integrated circuit (IC) and the digital logic families were introduced in Section 2.9. This 
chapter presents the e lmonic  circuits in each IC digital logic family and analyzes their elec- 
trical operation. A basic knowledge of electrical circuits is assumed. 

The IC digital logic families to be considered here are 

RTL Resistor-transistor logic 
DTL Diodstransistor logic 
TTL Transistor-bansistor logic 
ECL Emitter-coupled logic 
MOS Metal-oxide semiconductor 
CMOS Complementary metal-oxide semiconductor 

The first two, RTL and DTL, have only historical significance, since they are no longer used 
in the design of digital systems. RTL was the first w m m d  f d y  to have been used ex- 
tensively. It is included here because it represents a useful starting point for explaining the 
basic operation of digital gates, DTL circuits have been replaced by TIL h fad, TTL is a 
modification of the DTL gate. The operation of the lTL gate will b &to mksmd after 
the DTL gate is analyzed. TI'L, MX, and CMOS have a large af SSI c h x h ,  as well 
as MSI, LSI, and VLSI components. 

The basic circuit in each IC digital logic family is a NAND m mm 'hb M dm& is 
the primary building block from which dl o t b ,  mme r e  &@d raabtaiaed. 
Each IC logic family has a data book ahat lists all h htqmkd -in h h d y .  Tbe dif- 
ferences in the logic functions available from each f m d y  ae not r, d m  IIE hwims d u ~  
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they achieve as in the specific elecbical charmeristics of the basic gate from which the circuit 
is constructed. 

NAND and NOR gates are usually d e u  by the Boolean ~ 0 1 1 s  that they implement 
in terms of binary variables. In analyzing them as electronic circuits, it is necessary to inves- 
tigate their input-utput relationships in terms of two voltage levels: a high level, designated 
by H, and a low level, designated by L. As mentioned in Section 2.8, the assignment of binary 
1 to H results in a positive logic system and the assignment of b i i  1 to L results in a nega- 
tive logic system. The truth table, in terms of H andL, of a positive-logic NAND gate is shown 
in Fig. 10.1. We notice that the output of the gate is high as long as one or more inputs are low. 
The output is low only when both inputs are high. The behavior of a positive-logic NAND 
gate in terms of high and Iow signals can be stated as follows: 

If any input of a NAND gate is low, the output is high. 

If all inputs of a NAND gate are high, the output is low. 

The carresponding truth table for a positive-logic NOR gate is shown in Fig. 10.2. The output 
of the NOR gate is low when one or more inputs are high. The output is high whenboth inputs 
are low. The behavior of a positive-logic NOR gate, in terms of high and low signals, can be 
stated sts follows: 

If any input of a NOR gate is high, the output is low. 

If all inputs of a NOR gate are low, the output is bigh. 

These statements for NAND and NOR gates must be remembered, because they will be used 
during the analysis of the electronic gabs in tbis chapter. 

Inputs Output 

X Y  2 

FKmE 10.1 
P ~ I ~ r  NAND gate 

FIGURE 10.1 
Positive-lagic N O R  gate 



A bipolar junction transistor (BIT) can be either an npn or a pnp junction transistor. Jn con- 
trast, thefield-erect transistor (FET) is said to be unipolar. The operation of a bipolar tran- 
sistor depends on the flow of two types of carriers: electrons and holes. The operation of a 
unipolar transistor depends on the flow of only one ty p of majority carrier, which may be elec- 
trons (in an n-channel transistor) or holes (in a p-channel transistor). The first four hgital 
logic families listed at the beginning of the chapter-RTL, DTL, TTL, and E C L u s e  bipo- 
lar transistors. The last two families-MOS and CMOS-employ a type of unipolar transis- 
tor called a metal-oxide-semiconductor field-effect ~ansistor, abbreviated MOSFET, or MOS 
for short. 

In this chapter, we first introduce the most common characteristics by which the digital 
logic families are compared. We then describe the properties of the bipolar transistor and an- 
alyze the basic gates in the bipolar logic families. Finally, we explain the operation of the MOS 
transistor and introduce the basic gates of its two logic families. 

10.2  SPECIAL CHARACTERISTICS 

The characteristics of TC digital logic families are usually compared by analyzing the circuit 
of the basic gate in each family. The most important parameters that are evaluated and com- 
pared are fan-out, power dissipation, propagation delay, and noise margin. We first explain the 
properties of these parameters and then use them to compare the IC logc families. 

The fan-out of a gate specifies the number of standard loads that can be connected to the out- 
put of the gate without degrading its normal operation. A standard load is usually defined as 
the amount of current needed by an input of another gate in the same logic family. Some- 
times the term loading is used instead of fan-out. The term is derived from the fact that the 
output of a gate can supply a limited amount of current, above which it ceases to operate 
properly and is said to be overloaded. The output of a gate is usually connected to the inputs 
of other gates. Each input requires a certain amount of current from the gate output, so that 
each additional connection adds to the load of the gate. Loading rules are sometimes speci- 
fied for a family of digital circuits. These rules give the maximum amount of loading allowed 
for each output of each circuit in the family. Exceeding the specified maximum I d  may 
cause a malfunction because the circuit cannot supply the power demanded of it by its loads. 
The fan-out is the maximum number of inputs that can be connected to the mtpt of a gate 
and is expressed by a number. 

The fan-out is calculated from the amount of current available in Ihe afa gaE d 
the amount of current needed in each input of a gate. C m d ~  h * ' st*rrwinFig. 103. 
The output of one gate is connected to one or more inpnts of* m T h s  q of& gate 
is in the high-voltage level in Fig. 10.3(a). It pro* a po dl the in- 
puts connected to it. Each gate input r e q u k  a m n t  Zm fOTplopa- S d d y .  tk 
output of the gate is in the low-voltage level in Fig. 10.3@). It-&- sink IoL for 
all the gate inputs connected to it. Each gate input supplies a IIL- The W dtk gate 



474 Chapter 10 Digital Integratd C h k s  

t 
To other 
WP 

(a) High-level output 

t 
To other 
inputs 

is calculated from the ratio IoH/IIH or IOJIIL, whichever is smaller. For example, the standard 
'ITL gates have the folIowing values for the currents: 

The two ratios give the same number in this case: 

Therefore, the fan-out of standard Tl'L is 10. Tbis means that the output of a TTL gate can be 
comected to no more than 10 inputs of other gates in the same Iogic famaily. Oihe~~ise, the gate 
may not be able to drive or sink the amount d m t  needed from the inputs that are connected 
to it. 

Every electronic circuit requks a certain amount of power to operate. The power dissipation 
is a parameter expressed in dliwatts (mW) and represents the amount of power needed by the 
gate. The number that represents his panmeter does not iaclude the power delivered from an- 
other gate; rather, it represents the power delivered to the gate from tbe power supply. An IC 
with four gates will q u k ,  from its power supply, four times rhe pow= di9sipat.d in each gate, 
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The amount of power that is dissipated in a gate is calculated from the supply voltage Vcc 
and the current Icc that is drawn by the circuit. The power is the product Vcc X Ice. The cur- 
rent drain frorn the power supply depends on the logic state of the gate. The current drawn 
from the power supply when the output of the gate is in the high-voltage level is termed IccH. 
When the output is in the low-voltage level, the current is ICCL. The average current is 

and is used to calculate the average power dissipation: 

For example, a standard TTL NAND gate uses a supply voltage Vcc of 5 V and has current 
drains ICCH = 1 rnA and ICCL = 3 mA. The average current is (3 + 1 )/2 = 2 mA. The av- 
erage power dissipation is 5 X 2 = 10 mW. An IC that has four NAND gates dissipates a 
total of 10 X 4 = 40 mW. In a typical digital system, there will be many ICs, and the power 
required by each one must be considered. The total power dissipation in the system is the sum 
total of the power dissipated in all the ICs. 

Propagation Delay 

The propagation delay of a gate is the average transition-&lay time for the signal to propagate 
from input to output when the binary input signal changes in value. The signals through a gate 
take a certain amount of h e  to propagate frorn the inputs to the output. This interval of time 
is defined as the propagation delay of the gate. Propagation delay is measured in nanoseconds 
(ns); 1 ns is equal to lo-' second. 

The signals that travel from the inputs of a digital circuit to its outputs pass through a se- 
ries of gates. The sum of the propagation delays through the gates is the total delay of the cir- 
cuit. When speed of operation is important, each gate must have a short propagation deIay and 
the digital circuit must have a minimum number of gates between inputs and outputs. 

The average propagation delay time of a gate is calculated from the input and output wave- 
forms, as shown in Fig. 10.4. The signal-delay time between the input and the output when the 
output changes from the high to the low level is referred to as t p ~ ~ .  Similarly, when the out- 
put goes from the low to the high level, the delay is t p ~ ~ .  It is customary to meas- the time 
between the 50 percent point on the input and output transitions. In general, tbe two khys are 
not the same, and both will vary with loading conditions. The avemge ppagalimdday time 
is calculated as the average of the two delays. 

As an example, the delays for a standard 'ETL gate are tm = 7 as a d  tpm = 11 us. 
These quantities are gven in the TlL data bmk and are with a L8d of 
400 ohms and a load capacitance of 15 pF. The average -dew d die TIL is 
(11 + 7)12 = 9ns. 

Under certain conditions, it is mm imptam a kmw lh 
' " j t i e c d a m d x s  

than the average value. The TTL data book lists the ' g ! ~ -  for a 
standard NAND gate: t p ~ ~  = 15 ns a d  tpm = 22 rrs. Wbrn amadd- is it is 
necessary to rake into account the maxirrmm delay to easrmt p w - I  dtbt 
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Input 

FIGURE 10.4 
Measurement of propagation delay 

The input signals in most digital circuits are applied simultaneously to more than one gate. 
All the gates that are connected to external inputs constitute the fmt logic level of the circuit. 
Gates that receive at least one input from an output of a first-level gate are considered to be 
in the second logic level, and similarly for the third and higher logic levels. The total propa- 
gation delay of the circuit i s  equal to the propgation delay of a gate times the number of 
logic levels in the circuit. Thus, a reduction in the number of logic levels results in a reduc- 
tion in signaI delay and faster circuits. The reduction in the propagation delay in circuiw may 
be more important than the reduction in the total number of gates if speed of operation is a 
major factor. 

- Time 

~PLH - 
Output - 

Noise Margin 

Spurious electrical signals from industrial and other sources can induce undesirable voltages 
on the connecting wires between logic circuits. These unwanted signals are referred to as 
noise. There are two types of noise. DC noise is caused by a drift in the voltage levels of a 
signal. AC noise is a random pulse that may be created by ocher switcbhg signals. Tbus, noise 
is a term used to denote an undesirable signal that is s u ~ ~  upon the normal operat- 
ing signal. The noise margin is the maximum noise voltage added to an input signal of a dig- 
ital circuit that does not cause an undesirable change in the circuit's o u w ~  The ability of 
cirmits to operate reliably in an environment with noise is important in m y  applications. 
Noise margin is expressed in volts and repmats the maximum noise signal that can be tol- 
erated by the gate. 

The noise margin is calculated from knowledge of he  voltage signal available in tbe out- 
put of the gate and the voltage signal r e q M  in the input of the gate. Figure 10.5 illustrates 
the signals used in computing the noix margin. Part (a) shows the m g e  of a p t  voltages that 
can occur in a typical gate. Any voltage in the gate output between Vcc and Vonr is considered 
to be the high-level state, and any voltage h t w e n  0 and Vm in the gate output is considered to 
be the low-level state. Voltages ktween Vm and Vm are h m n a t e  and do not appear 

~ P K L  - - 



High-state 
noise margin 

Low-state 
noise margin 

(a) Output voltage range 

FIGURE 10.5 
Slgnals for evaluating noise margin 

(b) Input voltage range 

under normal operating conditions, except during transition between the two levels. The cor- 
responding two voltage ranges that are recognized by the input of the gate are indicated in 
Fig. 10.5(3). In order to compensate for any noise signal, the circuit must be designed so that 
K L  is greater than VOL and V J ~  is less than VoH. The noise margin is the difference VoH - VIH 
or VIL - VoL, whichever is smaller. 

As illustrated in Fig. 10.5, VOL is the maximum voltage that the output can be in the low-level 
state. The circuit can tolerate any noise signal that is less than the noise margin (bL - bL) be- 
cause the input will recognize the signal as being in the low-level state. Any signal greater than 
VoL plus the noise-margin figure will send the input voltage into the indeterminate range, which 
may cause an error in the output of the gate. In a similar fashion, a negative-voltage noise greater 
than VoH - Ir,, will send the input voltage into the indeterminate range. 

The parameters for the noise margin in a standard TTL NAND gate are VOH = 2.4 V, 
IfoL = 0.4 V, VIH = 2 V, and = 0.8 V. The high-state noise margin is 2.4 - 2 = 0.4 V, 
and the low-state noise margin is 0.8 - 0.4 = 0.4 V. In his csse, both values are h same. 

10.3 B I P O L A R - T R A N S I S T O R  CHARACTERISTICS 

This section reviews the bipolar kmistor as applied to di@d cinaLm- w e  
will be used in the analysis of the basic circuit in the fonr bipolsr bsjc W A S  d 
earlier, bipolar msistors may be of the npn orpnp type. m-'wn-* 
with germanium or silicon semiconductor material B * i  IC-.-, are IU& 
with silicon and are usually of the npn type. ,.. ,.. , . + ' .  . 
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The basic data needed in the d y s i s  of digital circuits may be obtained by inspection of 
the typicd characteristic curves of a common-emitter npn silicon mistor ,  shown in Fig. 10.6. 
The circuit in (a) is a simple inverter with two resistors and a irmsistot The current madced 
I, flows through resistor & and the collector ofthe hxnsistor. Cmmt IB flows dm@ &tor 
RB and the base of the transistor. The emitter is connected to ground, and its current 
IE = Ic + IB. The supply voltage is between Vcc and ground. The input is between l$ and 
ground, and the output is betwem V, and ground. 
We have assumed positive directions for the currents as indicated. These are the directions 

in which the currents nonnally flow in an npn bansistor. Collector md base currents (Ic and 
IB, respectiveIy) are positive when they flow into the transistor. Emitter currwt IE is psitive 
when it flows out of the transistor, as i n d i c a  by the arrow in the emitter terminal. The sym- 
bol VcE stands for the voltage drop from collector to emitter and is always positive. Corre- 
spondingly, VBE is the voltage drop across the basetoemitter junction. This junction is forward 
biased when VBE is positive and reverse biased when VE is negative. 

IL 
(a) Common emitter inverter circuit 

(c) Transistorallm3or dmacwristic 
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The baseemitter graphical characteristic is shown in Fig. 10.6(b), which is a plot of VBE ve-  
sus IB, If the base-emitter voltage is less than 0.6 V, the transistor is said to be cut of! and no 
base current flows. When the baseemitter junction is forward biased with a voltage p t e r  than 
0.6 V, the transistor conducts and IB starts rising very fast whereas VBE changes very little. The 
voltage Vm across a conducting m s i s t o r  seldom exceeds 0.8 V. 

The graphical collector+mitter characteristics, together with the load line, are shown in 
Fig. 10.6(c). When VBE is less than 0.6 V, the transistor is cut off with IB = 0, and a negligi- 
bIe current flows in the collector. The collecmr-to-emitter circuit then behaves like an open cir- 
cuit. With Ic = 0 the drop across Rc is 0 and V, = Vcc. The output is then said to k pulled 
up, In the active region, collector voltage VCE may be anywhere from about 0.8 V up to Vcc. 
Collector current Ic in this region can be calculated to be approximately equal to IB laFE, where 
hFE is a m i s t o r  parameter called the dc current gain, The maximum collector current depends 
not on IB, but rather on the external circuit connected to the collector. This is because VCE is 
dways positive and its Iowest possible value is 0 V. For example, in the inverter shown, the max- 
imum Ic is obtained by maldng VCE = 0, to obtain Ic = Vcc/Rc. 

The parameter hFE varies widely over the operating range of the transistor, but still, it is use- 
ful to employ an average value far the purpose of analysis, In a typical operating range, hFE 
is about 50, but under certain conditions it could be as low as 20. It must be realized that the 
base current IB may be increased to any desirable value, but the collector current Ic is limited 
by external circuit parameters, As a consequence, a situation can be reached in which hFE IB 
is Beater than Ic. If this condition exists, then the transistor is said to be in the saturation re- 
gion. Thus, the condition for saturation is determined from the relationship 

where Ics is the maximum collector current flowing during saturation. VCE is not exactly zero 
in the saturation region, but is normally about 0.2 V, In this condition, V, = VBE = 0.2 V and 
the output is said to be pulled down. 

The basic data needed for analyzing bipolar-transistor digital circuits are listed in Table 10.1. 
In the cutoff region, VBE is less than 0.6 V, VcE is considered to be an open circuit, and h t h  
currents are negligible. In the active region, VBE is about 0.7 V, VcE may vary over a wide 
range, and Ic can he calculated as a function of IBa In the saturation region, VBE hardly changes, 
but VCE drops to 0,2 V, The base current must be large enough to satisfy the inequality listed. 
To simplify the analysis, we will assume that VBE = 0.7 V if the transistor is conducting, 
whether in the active or saturation region. . . .. 

-.,+- 

- -- - .  . 

Cutoff ~0.6 Qm &nit I= =-& = 0 
Active 0.6-0.7 >0.8 k=hda 
Saturation 0.7-0.8 0.2 IB MP@ 



Digital circuits may be analymd by means of the following prescribed procadure: For each 
transistor in the circuit, determine whether its VBE is less than 0.6 V. If so. tben the traasistor 
is cut off and the collector-to-emitter cirmit is considered an opw circuit. If VBE is greater 
than 0.6 V, the transistor may be in, the active or saturation region. Calculate the base current, 
assuming that VBE = 0.7 V. Next, calculate the maximum possible value of collector current 
Its, assuming that VCE = 0.2 V. Thw cahhtions will be in terms of voltages applied and 
resistor values. Then, if the base c m t  is large enough that ZB 2 ICS/hrE. we infer that the 
transistor is in the s a d o n  region with VCE = 0.2 V. However, if the base m n t  is d e r  
and the preceding relationship b not salisfied, the transistor is in the active ~ g i m  and we 
recalculate collector current Zc, uskg the equation Ic = hFEIB 

To demonstrate with an example, consider the inverter circuit of Fig. 10,qa) with the fol- 
lowing parameters: 

Rc = 1 k i l  Vcc = 5 V (voltage supply) 

RB = 22 kfi H = 5 V (high-level voltage) 

L = 0.2 V (low-level voltage) 

W1th input voltage = L = 0.2 V, we have VBE < 0.6 V and the transistor is cut off. The 
oo11ector-eMitter circuit behaves like an o p  circuit, so oarpwt voltage V, = 5 V = H. 
W1tb input voltage fi = H = 5 V, we infer that VBB > 0.6 V. Assuming that VM = 0.7. 

we calculate the base current: 

The maximum collector current, assuming that VCE = 0.2 V, is 

We then check for saturation, using ahe condition 

whereupon we fmd that the inequality is saMed,  since 0.195 > 0.096. W e  condude that the 
tansistor is saturated and output voltage V, = VcE = 0.2 V = L. Thus, the circuit behaves ss 
an inverter. 
The procedure just described wiU be wed extensively during the analysis of the circuits in 

the sections that fol1ow. We will perform a qmlitative m a l y s m t  is, aa analysis that docs 
not involve the specific numerical equations. Aquantitative analysis and @c calMIJ.cltioas 
will be left as exercises in the "Roblems" section at the end of the chapm 

There are occasions when not only trrlasislms, but also diodes, are used in digital circuits. 
An TC diode is usually constructed h m  a transistor with its c o k t m  connected to the base, 
as shown in Fig. 10.7(a). The graphic symbol employed for a diode is shown in Fig. 10.7@). 
The diode behaves essentidy like the base-emitter j d o n  of a hamistor. Its graphical 
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(a) Transistor adapted for 
use as a diode 

(b) Diode graphic symbol 

MURE 10.7 
SUkon diode symbol and characteristic 

(c) Diode characteristic 

characteristic, shown in Fig. 10.7(c), is similar to the base-emitter characteristic of a transis- 
tor. We can then conclude that a diode is off and nonconducting when its forward voltage 
VD is less than 0.6 V. When the diode conducts, current ID flows id the direction shown in 
Fig. 10.7(b) and VD stays at about 0.7 V. One must always provide an external resistor to 
limit the current in a conducting diode, since its voltage remains fairly constant at a fraction 
of a volt. 

10.4 R T L  AND DTLCIRCUITS 

Rn Bask Gate 

The basic circuit of the RTL digital logic family is the NOR gate shown in Fig. 10.8. Each 
input is associated with one resistor and one transistor. The collectors of the hamisms a~ tied 
together at the output. The voltage levels for the circuit are 0.2 V for the low h e 1  and fbm 1 
to 3.6 V for the high level. 

The analysis of the RTL gate is simple and follows mdhedin tk pdau sec 
tion. If any input of the RTL gate is high, the mrrespondiag r ' ' is d t h n  imo 
and the output goes Iow, regardless of the states of the a t k r t ~ -  Ifan iqms a r ~ b w  at 
0.2 V, all transistors are cut off because VBE < 0.6 V and ik mqrpt of tk hdt hi& 
approaching the value of the supply voltage Vcc. This cadhmitbe d i n *  103 
for the NOR gate. Note that the noise margin fm low signal is 86 - 02 = a4 V. 

The fan-out of the RTL gate is limited by a hi& h k lDBded 
with inputs of other gates, rn m t  is consumed by t h e b L ~ ~ n r ~ t f k w ~ @ ~  
the 6 4 0 4  resistor. A simple calculation (see Roblem 102) ~UMS W QYa& dmpa to 20, tb 
output voltage drops to about 1 V when the fau-out is 5. Aay 1 V in lh mlpt 
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FIGURE 10J 
Basic RTL NOR gat& 

may not drive the next transistor into saturation as required. The power dissipation of the RTL 
gate is about 12 mW and the propagation delay avemges 25 ns. 

DTL Basic Gates 

The basic circuit in the DTL digital logic family is the NAND gate shown in Fig. 10.9. Each 
input is associated with one diode. The diodes and the 5-ki'l resistor form an AND gate. The 
transistor serves as a current amplifier while inverting the digitd signal. The two voltage lev- 
els are 0.2 V for the low level and between 4 and 5 V for the high level. 

The analysis of the DTL gate should conform to the conditions listed in Fig. 10.1 for the 
NAND gate. If any input of the gate is low at 0.2 V, the corresponding input diode d u c t s  
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current through Vcc and the 5-kfk resistor into the input node. The voltage at point P is equal 
to the input voltage of 0.2 V plus a diode drop of 0.7 V, for a total of 0.9 V, In order for the tran- 
sistor to start conducting, the voltage at point P must overcome (i.e., be at least as high as) a 
1-Vm drop in Ql plus bvo diode drops across Dl and D2, or 3 X 0,6 = 1,8 V. Since the voIt- 
age at P is maintained at 0.9 V by the input conducting diode, the transistor is cut off with no 
drop across the 2-kn resistor, and the output voltage is high at 5 V. 

If all inputs of the gate are high, the transistor is driven into the saturation region, The 
voltage at P now is equal to VBE plus the two diode drops across D l  and D2, or 
0.7 X 3 = 2.1 V. Since all inputs are high at 5 V and since Vp = 2,l V, the input diodes are 
reverse biased and off. The base current is equal to the difference of the currents flowing in the 
two 5-kn resistors and is sufficient to drive the transistor into saturation. (See Problem 10.3.) 
With the transistor saturated, the output drops to kE = 0,2 V, which is the low level fur the 
gate. 

The power dissipation of a DTL gate is about 12 mW and the propagation delay averages 
30 ns, The noise margin is about 1 V and a fan-out as high as 8 is possible. The fan-out of the 
DTL gate is limited by the maximum cutrent that can flow in the collector of the saturated 
transistor, (See Problem 10,4.) 

The fan-out of a DTL gate may be increased by replacing one of the diodes in the base cir- 
cuit with a transistor, as shown in Fig. 10,lO. Transistor Q l  is maintained in the active region 
when output transistor Q2 is saturated. As a consequence, the modified circuit can supply a 
larger amount of base current to the output tlansistor, which can now draw a larger amount of 
collector current before it goes out of saturation. Part of the collector current comes from the 
conducting dicdes in the loading gates when Q2 is saturated. Thus, an increase in the allow- 
able saturated current in the collmtor allows more loads to be connected to the output, increasing 
the fan-out capability of the gate. 

FIGURE 10.10 
Modified DTL gate 
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10.5 TRANSISTOR-TRANSISTOR LOG 

The original basic transistor-transistor logic (nz) gate was a slight improvement over the 
DTL gate. As TTL technology progressed, improvements were added to the point where this 
logic family became widely used in the design of digital systems. Today, MOS and CMOS 
logic, which will be discussed in Sections 10.7 and 10.8, are the dominant tachnologits in 
VLSI circuits. 

There are several subfamilies or s e r k  of the TIZ ttcbnology. The nama and character- 
istics of eight TIZ series appm in Table 10.2. CommmM TTL ICs have a nu* M i a -  
tion that starts with 74 and follows with a s u f h  that ideama the series. Examples are 7404. 
74886, and 74ALS161. Fan-t, power &pation, and pmpption delay were &hed  in 
Section 10.2. The speed-power prodoct is an inqmtmt parameter used in cumparing the var- 
ious TIZ series. The procluct of the pqqat i rn  delay and power dissipation, the s p d - p w e r  
product is measured in picojoules @J). A low vduc for this pamctm is desirable. because it 
indicates that a given pmpagsttion delay can be acbieved without excessive power dissipation, 
and vice versa. 

The standard TTL gate was the first version in the 1TL family. This basic gate was then de- 
signed with different resistor values to gates with lower power dissipation or with 
higher speed. The propagation delay d a transistor circuit tbat goes into saturation depends 
mostly on two factors: storage time and RC time constants. Reducing the storage time de- 
creases the propagation delay. Reducing resistor values in the circuit duces the RC time con- 
stmts and decreases the propagation delay. Of course, the - is higber power dissipation, 
b u s t  lower resistances draw more c m n t  from the power supply. The speed of the gate is 
inverstly proportional to the propagation delay. 

in the low-power lTL gate, the resistor values are higher than in the standard gate in order 
to reduce the power dissipation, but the propagation delay is incmsed. In the high-speed 'lTL 
gate, mistor values are lowered to reduce the propagation delay, but the power dissipation is 
increased. The Schottky l T L  gate was the next improvement in the techuology. The &ect of 
the Schottky uansistor is to remove the storage time delay by preventing the m i s t o r  h m  

Table 10.2 
r n S P r R a r & m & C h ~  

F8n- PowerDlsslpPth 
HLSsrlesNune Prefix out 

SpcsdcPorwt mw) (W W=t@J) 

Standard 
-PO- 
High speed 

Law-power Scho#ky 
Advanced Schottky 
Advanced low-power 

S C W  
Fast 
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going into saturation. This series increases the speed of operation of the circuit without an ex- 
cessive increase in power dissipation. The low-power Schottky TI'L sacrifices some speed for 
reduced power dissipation. It is equal to the standard TTL in propagation delay, but has only 
one-fifth the power dissipation. Further innovations led to the development of the advanced 
Schottky series, which provides an improvement in propagation delay over the Schottky series 
and also lowers the power dissipation. The advanced low-power Schottky has the lowest 
speed-power product and is the most efficient series. The fast TTL family is the best choice 
for high-speed designs. 
AU lTL series are available in SSI components and in more complex forms, such as MSI 

and LSI components. The differences in the TTL series are not in the digital logic that they per- 
form, but rather in the internal construction of the basic NAND gate. In any case, TTL gates 
in all the available series come in three different types of output configuration: 

1. Open-collector output 
2. 'Totem-pole output 
3. Three-state output 

These three types of outputs are considered next, in coqjunction with the circuit description of 
the basic 'lTL gate. 

Open-Collector Output Gate 

The basic TT'L gate shown in Fig. 10.11 is a modified circuit: of the DTL gate. The multiple emit- 
ters in transistor Q1 are connected to the inputs. Most of the time, these emitters behave Like 
the input diodes in the DTL gate, since they form a pn junction with their common base. The 
base-collector junction of QI acts as another pa junction diode corresponding to Dl in the 

FIGURE 10.1 1 
Open-fotlector mL NAND gate 
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DTL gate. (See Fig. 10.9.) Transistor Q2 replaces the second diode, D2, in the DTL gate. The 
output of the TIZ gate is taken from the open collector of Q3. A resistor connected to Vrc 
must be inserted externally to the IC package for the output to "pull up" to the high voltage Ievel 
when Q3 is off; otherwise, the output acts as an open circuit. The reason for not providing the 
resistor internally will be discussed later. 

The two voltage levels of the 'ITL gate are 0.2 V for the low level and from 2.4 to 5 V for 
the high level, The basic circuit is a NAND gate. If any input is low, the corresponding 
base-emitter junction in Q l  is forward biased. The voltage at the base of Ql  is equal to the input 
voltage of 0.2 V plus a VBE drop of 0.7, or 0.9 V. h order for Q3 to start conducting, the path 
from Q1 to Q3 must overcome a potentid of one diode drop in the base-collector pn junction 
of Ql and two VBE drops in Q2 and Q3, or 3 X 0.6 = 1.8 V. Since the base of QI is maintained 
at 0.9 V by the input signal, the output transistor cannot conduct and is cut off. The output 
level ulll be high if an external resistor is connected between the output and Vcc (or an open 
circuit if a resistor is not used). 

If dl inputs are high, both Q2 and Q3 conduct and saturate. The base voltage of Q I  is 
equal to the voltage across its base-collector pn junction plus two VBE drops in Q2 and Q3, 
or about 0.7 X 3 = 2.1 V. Since dl inputs are high and greater than 2.4 V, the base-emitter 
junctions of QI are all reverse biased. When output transistor Q3 saturates (providd that it 
has a current path), the output voltage goes low to 0.2 V. This confirms the conditions of a 
NAND operation. 

In the analysis presented thus far, we said that the base-collector junction of 01 acts like 
a pn diode junction. This is true in the steady-state condition. However, during the turnoff 
transition, Ql does exhibit transistor action, resulting in a reduction in propagation delay. 
When all inputs are high and then one of the inputs is brought to a low level. both Q2 and 
Q3 start turning off. At this time, the collector junction of Q l  is reverse biased and the emit- 
ter is forward biased, so transistor Q l  goes momentarily into the active region. The collec- 
tor current of Ql comes from the base of Q2 and quickly removes the excess charge stored 
in Q2 during its previous saturation state. This causes a reduction in the storage time of the 
circuit compared with that of the DTL type of input, The result is a reduction in the nunoff 
time of the gate. 

The open-collector TTL gate will operate without the external resistor when connected to 
inputs of other TTL gates, dthough this kind of operation is not recommended because of the 
low noise immunity encountered. Without an external resistor, the ouqut of the gate will be an 
open circuit when Q3 is off. An oopen circuit to an input of a l T L  gate behaves as if it has a high- 
level input (but a small amount of noise can change this to a Iow level). When Q3 conducts, 
its collector will have a current path supplied by the input of the loading gate through Vcc, the 
4-kn resistor, and the forward-biased base-emitter junction. 

Open-collector gates are used in three major applications: driving a lamp or relay, perform- 
ing wired logic, and constructing a common-bus system. An open-collector output can dnve a 
lamp placed in its output through a limiting resistor. When the output is low, the saturated tran- 
sistor Q3 forms a path for the current that turns the lamp on. When the output transistor is off, 
the lamp turns off because there is no path for the current. 

If the outputs of several open-collector TTLgates are tied together with a single external re- 
sistor, a wired-AND logic is performed Remembw that a positive-logic AND function gives 
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(a) Physical connection @) Wired-logic grapbic symbol 

KURE te.12 
Wed-AND of two open-collector (oc) gates, Y = (AB + C a r  

a high level only if all variables are high; otherwise, the function is low. With the outputs of 
open-collector gates connected together, the common output is high only when all output tran- 
sistors are off (or high). If an output transistor conducts, it forces the output into the low state. 

The wired logic performed with open-collector TTL gates is depicted in Fig. 10.12. The 
physical wiring in (a) shows how the outputs must be connected to a common resistor. The 
graphic symbol for such a connection is demonstrated in (b). The AND function formed by con- 
necting the two outputs together is called a wired-AND function, The AND gate is drawn with 
the lines going through the center of the gate, to distinguish it from a conventional gate. The 
wired-- gate is not a physical gate, but only a symbol to designate the function obtained 
from the indicated connection. The Boolean function obtained from the circuit of Fig. 10.12 is 
the AND operation between the outputs of the two NAND gates: 

Y = (AB)' (CD)' = ( A B  + CD)' 

The second expression is preferred, since it shows an operation commonly referred to as an 
AND4R-INVERT function. (See Section 3.8.) 

Open-collector gates can be tied together ta form a common bus. At any time, all gate o u p h  
tied to the bus, except one, must be maintained in their high sm. The 6elected gate may be in 
either the high or low state, depending on whether we want to immmit a 1 or a 0 on the bus. 
Control circuits must be used to select the particular gate that drives the bus at auy given hlme. 

Figure 10.13 demonstrates the connection of four sources tied to a c~mmon bus Iine. Each 
of the four inputs drives an open-collector invmter, and the outputs of tk invmezs are tied to- 
gether to form a single bus line. The figure shows that three of the impis am 0, - a 1. 
or high level, on the bus. The fourth input, I* can now momit hbxmiim dmm@ lk 
mon-bus line into inverter 5.  Remembm that an AM) aperarion is -in* w i d  bgk. 
If14 = l , t h e o u t p u t o f g a t e 4 i s O a n d t h e ~ - A N D ~ ~ a O . Y 4 = O , t b e  
output of gate 4 is 1 and the wired-AND @on HDdrretg a 1. if dl oltir rn 
maintained at 1, the selected gate can bmsmit ia vdm thm@ tbc bOR 7 k  w k  tramit- 
ted is the complement of Id, but inverter 5 at the receiving end m #kb signal 
again to make Y = Id. 



FIGURE 10.13 
Open<ollector gates forming a common bur llm 

To~ern-Pole Output 

The output impedance of a gate is normally a resistive plus a capacitive load. The capacitive 
load consists of the capacitance of the output transistor. the capacitance of the fan-out gates, 
and my stray wiring capacitance. When the output changes from the low to the high state, the 
output transistor of the gate gms from saturation to cutoff and the total load capacitance C 
charges exponentially b m  the low to the high voltage level with a time constant equal to RC. 
For the open-collector gate, R is the external resistor marked RL. For a typical upratkg value 
of C = 15 pF and RL = 4 kfl, the propagation delay of a TTL open~ollector gate during the 
turnoff time is 35 ns. With an active pull-up circuit replacing the passive pull-up resistor Rh 
the propagation delay is reduced to 10 ns. This configuration, shown in Fig. 10.14. is called a 
totem-pole output because transistor Q4 "sits" upon Q3. 
The TIZ gate with the totem-pole output is the same as the open-collector gate, except for 

the output transistor Q4 and the d i d  Dl.  When the output Y is in the low state. Q2 and Q3 
are driven into saturation as in the opencollector gate. The voltage in the collector of Q2 is 
VBE(Q3) + VCE(Q2) .  Or 0.7 -k 0.2 = 0.9 V. 'Ihe Output Y = VcE(Q3) = 02 V. Transistor 
Q# is cut off because its base must be one VBE drop plus one diode drop, or 2 x 0.6 = 1.2 V, 
to start conducting. Since the collector of Q2 is connected to the base of Q-4, the latter's volt- 
age is only 0.9 V instead of the required 1.2 V, so Q4 is cut off. The reason for placing the 
diode in the circuit is to provide a di& drop in the output path and thus ensure that Q4 is cut 
off when Q3 is saturated. 

When the output changes to the high state because one of the inputs drops to the low state, 
transistors Q2 and Q3 go into cutoff. However, the output remains momentarily low because 
the voItages across the load capacitance cannot change instantanmusly. As swn as Q2 turns 
off, Q# conducts, because its base is connected to Vcc through the 1.6-khb resistor. The cur- 
rent needed to charge the load capacitance causes Q4 to saturate momentarily, and the output 
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FIGURE 10.14 
m gate with totem-pole output 

voltage rises with a time constant RC. But R in this case is equal to 130 0, plus the saturation 
resistance of Q4, plus the resistance of the diode, for a total of approximately 150 (n. This 
value of R is much smaller than the passive pull-up resistance used in the open-colIector cir- 
cuit. As a consequence, the transition from the low to high level is much faster. 

As the capacitive load charges, the output voltage rises and the current in Q4 decreases, 
bringing the transistor into the active region. Thus, in contrast to the other transistors, Q4 is in 
the active region when 44 is in a steady-state condition. The final value of the output voltage 
is then 5 V, minus a VBE drop in Q4, minus a diode drop in Dl to about 3,6 V. Transistor Q3 goes 
into cutoff very fast, but during the initid transition time, both Q3 and Q# are an and a peak cur- 
rent is drawn from the power supply. This cument spike generates noise in the power-supply &- 
tribution system. When the change of state is frequent, the transient-current spikes hawse the 
power-supply current requirement and the average power dissipation of the cjrcuit bmases. 

The wired-logic connection is not allowed with totem-pole output circldts. Wbea two tofern 
poles are wired together, with the output of one gate high and tbe o q m t  of& d gate low. 
the excessive amount of current drawn can produce enough hat to tbe r ' ' in tbe 
circuit. (See Problem 10.7.) Some lTL gates are constructed to '-' - 4th d m  
that flows under this condition fn any case, the dkctm mumt i " P b e  bn bc high 
enough to move the bansistor into the active region and qm- vh 
0.8 V in h e  wired connection. This voltage is not a d i d  hmy M%km . . @ 

Schottky TTL Gate 

As mentioned before, a reduction in storage time malls Q a- *. 
This is because the time needed for a transistor to come at9f-&1-~ 



of he rransistm fmm h e  on d d m  to the off condition. Sanaetion can be dimhated by pix- 
ing a Schottky diode between the base and wllsctor of each saturated tnmistm in the circuit, 
The Schottlsy diode is formed by the junction of a metal and semiconductor, in mm to a wn- 
ventional diode, which i fmmd by the junction of p-type a d  n-type semiconductor mmial. 
The voltage across a O O n d ~  Wottky diode is only 0.4 V, ampard with 0.7 V in a con- 
ventional diode. The presence of a Schottky diode bdwem the base and collector prevents the 
transistor fKIln going into s a h d o n .  The resalting tcansistor L called a Schotfk~ tnmsirtol: The 
urn of Schottky transistors in a T T L - m  the propagation M a y  without sacrificing p e r  
dissipation. 
The Schottky TTL gate is shown in fig. 10.15. Note the special symbol used for the 

Schottky vansistors stnd diodes. The diagram shows all transistors except Q4 to be of the 
Schottky type. An exception is made, for Q4, since it does not sanuace, but stays in the active 
region. Note dso that mistor values have been redused in order to decrease the propagation 
delay further. 

In addition to using Wottlq e r v n s i s t o r s a a d ~ ~ ~ ~ v a l ~ ~ , ~ e i r c u i t o f E g ~  10.15h- 
cludes other mdikatiiws not avdable m tbe strmdard gate of Fig. 10.14. ma new &tors, 
Q5 and Q6, have been added, and M m k y  diodes m ha ted  between each input & m i d  and 
ground There is no diode in the toEm-pole Circuit, Howev~ ,  the new combination of Q5 and Q4 
d @ ~ * ~ v B E ~ ~ ~ ~ t ~ h ~ ~ h e n t b e ~ h l O ~ .  
'Ihis cOmbhtio11 ccmstimte,~ adouble emitm-foIlower & a D a r 2 ~ ~ ' r .  The Darliagtw 
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pair provides a very high current gain and extremely low resistance, exactly what is needed dur- 
ing the law-to-high swing of the output, resulting in a decrease in propagation &lay. 

The diodes in each input shown in the circuit help clamp my ringing that may occur in the 
input lines. Under transient switching conditions, signal lines appear inductive; this, along with 
stray capacitance, causes signals to oscillate, or '"ring." When the output of a gate switches 
from the high to the low state, the ringing waveform at the input may have excursions as great 
as 2-3 V below ground, depending on the line length, The diodes connected to ground help 
clamp this ringing, since they conduct as soon as the negative voltage exceeds 0.4 V. When the 
negative excursion is limited, the positive swing is also reduced. Clamp diodes have been so 
successful in limiting line effects that all versions of TTL gates use them. 

The emitter resistor Q2 in Fig. 10,14 has been replaced in Fig. 10.15 by a circuit consisting 
of transistor Q6 and two resistors. The effect of this circuit is to reduce the turnoff current 
spikes discussed previousIy. The analysis of such a clrcuit, whose operation helps to reduce the 
propagation time of the gate, is too involved to present in this brief discussion. 

ThmState Gate 

As mentioned earlier, the outputs of two TTL gates with totem-pole structures cannot be con- 
nected together as in open-collector outputs. There is, however, a special type of totem-poIe gate 
that allows the wired connection of outputs for the purpose of forming a common-bus system, 
When a totem-pole output TTL gate has this property, it is called a three-state gate. 

A three-state gate exhibits three output states: (1) a low-level state when the lower transis- 
tor in the totem pole is on and the upper transistor is off, (2) a high-level state when the upper 
transistor in the totem pole is on and the lower transistor is off, and (3) a third state when both 
transistors in the totem pole are off. The third state is an open-circuit, or high-impedance, state 
that allows a direct wire connection of many outputs to a common line. Three-state gates e l h -  
inate the need for open-collector gates in bus configurations. 

Figure 10.14(a) shows the graphic symbol of a three-state buffer gate. When the control 
input Cis high, the gate is enabled and behaves like a normal buffer, with the output equal to 
the input binary value. When the conwol input is low, the output is an open circuit, which gives 
a high impedance (the third state) regardless of the value of input A. Some threestate gates pro- 
duce a high-impedance state when the control input is high. This is shown symbolically in 
Fig. 10.16(b), where we have two small circles, one for the inverter output and the otber to 
indicate that the gate is enabled when Cis low. 

The circuit diagram of the three-state inverter is shown iu Fig. 10. iqc). Tmmistm m, 
Q7, and Q8 associated with the conml input fotm a circuit sirnilarm tbt -gab. 
Transistors QI-Q5, associated with the data input, form a TIL rirclric. Tbe two 
circuits are connected together through di& Dl.  As in an w !  h i t ,  
Q8 turns off when the control input at C is in the low-lwel .P dhk Dl 6un 
conducting. In addition, the emitter in Ql c o d  to Q8 hs rn ' 

' " 
@L Uader tbis 

condition, transistor Q8 has no effect on the operation of th ad q m Y 4mnb 
only on the data input at A. 
When the control input is high, transistor Q8 turns rn Pnd t8e h n  Vcc 

through diode Dl causes transistor QB to saturate. The voltage 3t h b dm is m equal 
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Y = A i f C = h i g h  Y=A' i fC=low 

ifC=low 
C 

(a) Threestate buffer gate (b) Thedate inverter gate 

Data A 
input 

Control 
input c 

(c) Circuit diagram for the threestate inverter of (b) 

MURE 10.16 
Three-state TTl gate 
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to the voltage across the saturated transistor, Q8, plus one diode drop, or 0.9 V. This voltage 
turns off Q5 and Q4, since it is less than two VBE drops. At the same time, the low input to one 
of the emitters of Ql forces transistor Q3 (and Q2) to turn off. Thus, both Q3 and Q# in the 
totem pole are turned off, and the output of the circuit behaves like an open circuit with a very 
high output impedance. 

A three-state bus is created by wiring several tbree-state outputs together. At any given time, 
only one control input is enabled while all other outputs are in the high-impedance state. The 
single gate not in a high-impedance state can transmit binary information through the common 
bus. Extreme care must be taken that all except one of the outputs be in the third state; other- 
wise, we have the undesirable condition of having two active totem-pole outputs connected 
together. 

An important feature of most three-state gates is that the output enable delay is longer than 
the output disable delay. If a control circuit enables one gate and disables another at the same 
time, the disabled gate enters the lugh-impedance state before the other gate is enabled. This 
eliminates the situation of both gates being active at the same time. 

There is a very small leakage current associated with the high-impedance condition in a 
three-state gate. Nevertheless, this current is so small that as many as 100 three-state outputs 
can be connected together to form a common-bus line. 

EMITTER-COUPLED LOGIC 

Emitter-coupled logic (ECL) is a nonsaturated digital logic family. Since transistors do not sat- 
urate, it is possible to achieve propagation delays as low as 1-2 ns. This logic family has the 
lowest propagation &Iay of any family and is used mostly in systems requiring very high speed 
operation. Its noise immunity and power dissipation, however, are the worst of all the logic fam- 
ilies available. 

A typical basic circuit of the ECL family is shown in Fig, 10.17. The outputs provide both 
the OR and NOR functions. Each input is connected to the base of a transistor. The two volt- 
age levels are about - 0.8 V for the high state and about - 1.8 V for the low state. The circuit 
consists of a differential amplifier, a temperature- and voItage-compensated bias network, and 
an emitter-follower output. The emitter outputs require a pull-down resistor for c~lrrent to £low. 
This is obtained from the input resistor R p  of another similar gate or from an exkmd resisb~ 
connected to a negative voltage supply. 

The internal temperature- and v o l t a g e c o m p e ~  bias circuit supplies a re- volt- 
age to the differential ampWm. Bias voltage VBB is set at - 1 3  V, -is tbe midpoiat of the 
signal's logic swing. The diodes in the voltage divider, tq&~~m pmik a cheait l h t  

maintains a constant V B ~  value despite changes in kqxxmm wdhg+ AqZI me of 
the power supply inputs could be used as grand  Hnwmeq YwIlDdt m g m d  
and VEE at -5.2 V results in the test noise immmity. - .1qtlf8r *r.  

If any input in the ECL gate is high. the -r m d Q.5 is 
turned off. An input of -0.8 V causes the t r a a s i s r o r t o c a d a b ~ m S i 8 V m U u z d t -  
ters of all of the transistors. (The VBE drop in ECL m i  b Vm = -1.3 V. 
the base voltage of Q5 is only 0.3 V more positive than its & @ i S M k = m c  its VBE 
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Internal 
temperature 
and voltage- Emitter- 
compensated follower 

Differential input a m p a r  biasnetwork on~puts 

VK2 = GND VcC = GND 
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Ra 
245 n 

Rc1 11 

220 63 

I 1  

4.98 ka 

A B C D 

OR 
output 

NOR 
output 

FIGURE. 10.17 
Basic ECL gate 

voltage needs at least 0.6 V to start conducting. The c m t  in resistor RC2 flows into the base 
of Q8 (provided that there is a load resistor). This c m t  is so small that only a negligible 
voltage drop occurs a m s s  &. The OR output of the gate is one VBE drop below ground, or 
-0.8 V, which is the hrgh state. The m n t  flowing through Ra and the conducting transis- 
tor causes a drop of about 1 V below ground (See Problem 10.9.) The NOR output is one VeE 
drop below this level, or - 1.8 V, which i tbe low state. 

If all inputs are at the low level, all input mn&m tarn off and Q5 conducts. The voltage 
in the common-emitter node is one VBE drop below VBB, or -2.1 V. Since the base of each input 
is at a low level of - 1.8 V, each b b t t e r  junction has only 0.3 V and all inpux mistor8 
are cut off. RC2 draws curtent through Q5 that results in a voltage drop of about 1 V, making 
the OR output one VBE drop below this, at - 1.8 V, or the low level. The current in Rcl is neg- 
ligible, and the NOR output is one VBE drop below ground, at -0.8 V, or the high level, This 
analysis verifies the OR and NOR operalions of the circuit. 

The propagation &lay of the ECL gate is 2 ns and the power dkipatiori is 25 mW, giving 
a speed-power product of 50, which is about the same as that for the Schmky TT'L. The noise 
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C 
D 

(A t B)(C + D) 

{a) Single gate (b) Wired combination of two gates 

FIGURE 10.1'6 
Graphic symbol and wlred combination of ECL gates 

margin is about 0.3 V and is not as good as that in the TTL gate. High fan-out is possible in 
th ECL gate because of the high input impedance of the differentia1 amplifier and the low 
output impedance of the emitter-follower. Because of the extreme high speed of the signals, 
external wires act like tra~lsmission lines. Except for very short wires of a few centimeters, 
ECL outputs must use coaxial cables with a resistor termination to reduce line reflections. 

The graphic symbol for the ECL gate shown in Fig. 10.18(a). Two outputs are available: one 
for the NOR function and the other for the OR function. The outputs of two or more ECL gates 
can be connected together to form wired logic. As shown in Fig. 10.18(b), an extemal wired 
connection of two NOR outputs produces a wired-OR function. An internal wired connection 
of two OR outputs is employed in some ECL ICs to produce a wired-AND (sometjmes called 
dot-AND) logic. This property may be utilized when ECL gates are used to form the 
OR-AND-INVERT and the OR-AND functions. 

METAL-OXIDE SEMICONDUCTOR 

The field-effect transistor (FET) is a unipolar transistor, since its operation depends on the 
flow of only one type of carrier. There are two types of FETs: the junction field-effect tramis- 
tor (JFET) and the metal-oxide semiconductor (MOS). The former is used in l k  circuits 
and the latter in digital circuits. MOS transistors can be fabricated in less area than bipolar 
kansistors. 

The basic structure of the MOS transistor is shown in Fig. 10.19. l ' b p h m c l  MOS con- 
sists of a lightly doped substrate of n-type silicon mated. hmg@mws am kavily doped by 
diffusion with p-type impurities to form the soume and draiff The tbe two p 
type sections serves as the chunneL The gute is a metal plate w h m u t b e *  by an 
insulated dielectric of siticon dioxide. A negative voltage (with Oa Ibe -1 .t tbe 
gate terminal causes an induced electric field in the dmd that m p t y p t  -1 
from the substrate. As the magnitude of the negative voltage cm lb PE -, th q i f m  

. *  
below the gate accumulates more poaitive carrieff, the , - ~ ~ a a d c m % t c a n  
flow from source to drain, provided that a voltage m l  ' ' ' dbetnaea t b s  two 
terminals, 
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PE (-1 
drain (-) I s o p  

I - 
(b) n 4 m n @ l  

*re are four basic types of MOS struc-. The c h l  an bep  or n typt, 
on whether the majority carriers are holes or electrons. The mode of operation can be ea- 
hancement or depletion, depending on the state of the channel region at zero gate voltage. K 
the channel is initially doped lightly with p-type impwily (in which case it is called a d m e d  
cham[) ,  a conducting channel exists at zero gate voltage and the device is said to operate in 
the dqbrion mode. h this mde,  current flows naless the channel is depleted by an applied 
gate field. If the region beneath the gate is left initially uncharged, a channel must k induced 
by the gate field before m t  can flow. TEw, the channel current is d d  by the gate volt- 
age, and such a device is said to opemte in the enhcement mode. 

The source is the terminal through which the majority carriers enter the device, The drab 
is the terminal through which the majority carriers leave the device. in ap-channel MOS, the 
source terminal is connected to the substrate and a negative voltage is applied to the drain 
terminal. When the gate voltage is  above B w o l d  voltage (about -2 V), c m t  
flows in the channel! and the drain-to-source path is like an opea circuit. When the gate volt- 
age is sufi7ciently negative below VT, a channel is f m e d  and ptype carriers flow h m  soum 
to drain. p-type carriers are positive and correspond to n positive cmnt flow from some to 
drain. 

In the n-channel MOS, tbe source terminal is comected to the substrate and a positive volt- 
age is applied to the drain terminal. When the gate voltage is below the threshold voltage & 
( h u t  2 V), no current flows h the channel. When h gate voltage is sufficiently W t i v e  
above to form the channel, n-type carriers flow from sawce to drain. 11-type h a s  m 
negative and correspond to a positive current flow from dmh w source. The threshold voltage 
may vary h r n  1 to 4 V, depending on the particular proem used. 

The graphic symbols for the MOS transistors are shown in Fig. 10.20. The symbol for the 
enhammefit type is the m e  with the broken-line c;o&on ktwem source d drain. In this 
symbol, the submaw can be identified d is shown connected to the souroe. An a l t d v e  sym- 
bol omits the substrate, and instead an arrow is placed in the source terminal to show the di- 
d o n  of posifiw current flow (from same to drain in the  hite el MOS d from draia to 
source in the n-cbmel MOS). 

Because of the symmebical consm~ction of source and drain, tbe MOS transistor can be 
operated as a bilateral device. Although normally o w e d  so that d m  flow from source to 
drain, there are circumstances when it is c o n v ~ n t  to allow cauiers to flow fiom dmh to 
sourac. (See Problem 10.12.) 
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FIGURE l8.m 
Symbols for MOS transistors 

One advantage of the MOS device is that it can be used not only as a transistor, but as a re- 
sistor as well. A resistor is obtained from the MOS by permanently biasing the gate terminal 
for conduction. The ratio of the source-drain voltage to the channel current then determines the 
value of the resistance. Different resistor values may be constructed during manufacturing by 
fixing the channel length and width of the MOS device. 

Three logic circuits using MOS devices are shown in Fig. 10.2 1. For an n-channel MOS, 
the supply voltage VDD is positive (about 5 V), to allow positive current flow from drain to 
source. The two voltage levels are a function of the threshold voltage V-. The low level is any- 
where from zero to VT, and the high level ranges from VT to VDD. The n-channel gates llsually 
employ positive logic. Thep-channel MOS circuits use a negative voltage for VDD, to allow pos- 
itive current flow h m  source to draia The two voltage levels are both negative above and 
below the negative threshold voltage VT. p-channel gates usually employ negative logic. 
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Tbe inverter circuit &own in Fa. 10.21() uses two MOS devices. Ql  act^ as the load re- 
sistor and Q2 as the active device. The load-resistor MOS has its gate connected to VDD, thus . . .  mmtamng it in the conduction state. When the input voltage is low (below Vr), Q2 turns off. 
Since Ql is always on, the ouw voltage is about VDD. When tbe input voltage is high ( b e  
V,), Q2mmson. CurrentfIowsfromVDDthmghtheldresistorQl andinto@. The pan- 
etry of the two MOS devices must be such that the re- of @, when conducting, is much 
less than the resistance of QI to maintain the output Y at a voltage below 5. 

'Xhe NAND gaw shown in Fig. 1031(b) uses transistors m wries. -A and B m m  bth 
be high for all d s t m  to conduct and cause the output to go low. Tf either input is low, the 
cortesponding transistor is tumbd off d the output is high. A&, the series resistance farmed 
by the two activeMOS I ~ m u s t b e r m m c h l c s s d u m t h e m ~  of thebad-se&mMOS. 
TheNORgmshowninFig. 1 0 . 2 1 ( c ) n s e s ~ i n ~ E f ~ ~ i s h i ~ t h e c o r -  
responding tramistor conducts atad the output is low. If all inputs im low, all d v e  traasisors 
are off and the output is high. 

10.8 COMPLEMENTARY MOS 

Complementary MOS (CMOS) circuits take advantage of the fact that both n-channel and 
p c h d  devices can be fabricatsd on the same subs-. CMOS circuits d t  of both types 
of MOS devices, interconnected to form logic functions. The basic circuit is the inverter, which 
consists of one p-channel m i s t o r  and one n-chamel mis tor ,  as shown in Fig. 10.22(a). 
Tbe some terminal ofthepchanneldevioe kortVDD, and the ramxtemidof then-chml 
d e v i c e i s ~ g r r x m d . T h e ~ o f V D D m y b e ~ f r o m + 3 ~ + 1 % V . T h e t w o v o l t a g e l e v -  
eIs are 0 V for the low level and VDD for the high level (typically, 5 V). 

To understand the operation of the inverter, we must review the behavior of the MOS tran- 
sistor from the previous section: 

1. The n-channel MOS conducts when its gate-to-source voltage is positive. 
2. The p-channel MOS conducts when its gate-to-source voltage is negative. 
3. Either type of device is Rlrned OE if its gate-to-swrce voltage is zero. 

Now consider the operation of the inverter. When the input is Iow, both gates at mo po- 
tential. The input is at -Vm relative to the source of t h e m  &vice and at 0 V relative 
to the source of the n-ch-1 dtvioe. The mult is that he. pAmnuel device is turned on and 
the n - c h e l  device is turned off. U* W conditions, there is a low-impedance path from 
VDD to the output and a very high impedaace path h m  output to ground. Tbmefore, the out- 
put voltage approaches the high lcvtl Vm under normal loading conditions. Whm the input is 
high, both gates arc at Vm and the sitdon is r e v 4  The pchannel device is off and the 
n - c h e l  device is on. The result is that the output approach the low levd of 0 V. 
Two other CMOS basic gates are shown in Fig. 10.22. A twdnput NAND gate consists 

of two p-type units in parallel and two n-type units in series, as shown in Fig. 10.22(b). If all 
inputs are high, bothp-channt1 mmhton turn off and both ~~ m i s b o r s  turn on. The 
output has a low impdance to ground and mces a low state. If any input is low, the as- 
sociated n-channel msistor is turned off and the associated pchannel transistor is turned 
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+ 
(a) Inverter 

'7 
(b) NAND gate 

1- 

(c) NOR gate 

FIGURE 10.22 
CMOS logic circuits 



on. The output is coupled to VDD and goes to the high state. MdtipIe-input NAND gates may 
be formed by placing qua1 numbers of p-type d n-type transistors in p d e l  and series, re- 
spectively, in an arrangement similar to that shown in Fig. 10.22W. 

A two-input NOR gate consists of two n-type units in pmlM and twoptype units in se- 
ries, as shown in Fig, I0.22(c). When all inputs are low, both pchannel units are on and both 
n-channel units are off. The output is couplcd to VDD and goes to the high state. If my input is 
high, the associatad p-chanael tmmistor is tuned off d the associatsd n 4 m n e l  mamistor 
turns m, c o d n g  the output to g r d  d cansing a low-level output. 

MOS transistors can be consided to be e l d c  switches that either conduct or are 
open. As an example, the CMOS inverter can be visualized as consisting of two switches as 
s h m  in Fig. 10.23(a). Applying a low voltage m the iaput causes th upper switch @) to dm, 
supplying a high voltage to the output. Applying a high vol- to the input causes the lower 
switch (n) to close, connecting the output to ground. Thus, the output V ,  is the complement 
of the input Vh. Commercial applications often use other graphic symboIs for MOS tramis- 
tors to emphasize the logical behavior of the switches. The arrows showing the direction of 
m n t  flow are omitted. Instead, tbe gate input of the p . c b l  transistor is drawn with an 
inversion bubble on the gate t e rmid  ta show that it is enabled with a low voltage. The in- 
verter circuit is redrawn with these symbols in Fig. 10.23(b). A logic 0 in the input causes the 
upper &mistor to conduuct, making the output logic 1. A logic 1 in the input enables the lower 
transistor, making the output logic 0. 

When a CMOS logic circuit is in a static seate, its power dissipation is very low. This is k c a m  
at least one transistor is dways offin the path between the power supply aud g m d  when the 
state of the circuit is not chmghg. As a result, a typical CMOS gate has static power tikip- 
tion on the order of 0,01 mW, However, whcn the circuit is changing state at the rate of 1 MHz, 
the power dissipation increases u, about 1 mW, and at 10 MHz it is a- 5 mW. 

(a) Switch m d d  
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CMOS log~c is usually specified for a single power-supply operation over a voltage range 
from 3 to 18 V with a typical VDD value of 5 V. Operating CMOS at a larger power-supply 
voltage reduces the m a t i o n  delay time and improves b e  n o i s  margin, but the power dis- 
sipation is inc~eased. The propagation delay time with VDD = 5 V ranges from 5 to 20 ns, 
depending an the type of CMOS used. The noise m q i n  is usually about 40 percent of the 
power supply voltage, The fan-out of CMOS gabs is about 30 when they are operated at a 
hquency of 1 MHz, The fan-out decreases with an increase in the frequency of operation 
of the gates. 

There are several series of the CMOS digital logic family. The 74C series are pin and func- 
tion compatible with TTZ devices having the same number. For example, C M O S  IC type 
74C04 has six inverters with the same pin configuration as TIL type 7404. Tbe hgh-speed 
CMOS 74HC series is an improvement over the 74C series, with a tenfold increase in switch- 
ing speed The 74HCT series is elwttically compatible with TTL ICs. This means that circuits 
in this series can be connected to inputs and outputs of TTLICs without the need of additional 
intarfacing circuits. Newer versions of CMOS are the high-speed series 74VHC and its T1Z- 
compatible version 74VBCT. 
The CMOS fabrication process is simpler thm that of TTL and provides a greater packing 

density. Thus, more circuits can be placed m a given area of silicon at a reduced cost per func- 
tion. This prom, together with the low power dissipation of CMOS W t s ,  good noise im- 
munity, and monable propagation delay, makes CMOS the most popular standard as a digital 
logic family. 

10.9 CMOS TRANSMISSION GATE CIRCUITS 

A special CMOS circuit that is not available in the other digital logic families is the tmnmksb 
gate. The transmission gate is esseatially an electronic switch that is co11wlUed by an input logic 
level. It is used to simplify the construction of various digital components when fabricated 
with CMOS technology. 

Figure 10,24(a) shows the basic circuit of the transmission gate. Whereas a CMOS in- 
verter consists of a pchmnel transistor connected fn series with an n-channel kmurdor, a 
transmission gate is formed by one n-channel and one p-channel MOS madstor connected 
in parallel. 

The n&atme.l substrate is connected to ground and the pchannel subsmk f cmm&d to 
VDD. WhentheNgab=isat VDDandthe P g a t e , i s a t g r v w d , ~ ~ ~ a n d t h e r e  
isacIosedpathbetw~ninputXandoUtpu? Y . ~ t h e N g a t e i s a t g m d d t h e P g a t c i s  
at VDD, both transistors are off and there is an open circuit X a Y. Rgm 1QU@) 
shows the block diagram of the trammission gate. Note that th w'"dlbn-gPe 
is marked with the negation symbor. F i g m  1 W c )  --dm- 
in terms of positivelogic ~~ with Vm &@* W - a dm-to 
logic 0. 

The transmission gate is usually c ~ m e ~ t e d  EO an uabrrrl 1015- 'ILie 
type of arrangement is referred to as a bilat+?J switch TbE #Iml C ir n di- 
rectly to the n-channel gate and its inverse to the p-1 m C = 1, * swWm is 



closed, producing a path between X and Y. When C = 0, the switch is open, d i s ~ ~ ~ e c t i n g  
the path between X and Y. 

Various circuits can be c m t m t e d  dmt use ttte aansmrssr~n - 0  gate. To demonmate its use- 
fulness as a component in the CMOS family, we will show three examples. 

The exclusive-OR gate can b constructbd with two mumission gates and two invwtctg, 
as shown in Fu. 10.26. Input A controIs the paths 31 the transmission gates and input B is 
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A 

A B TGI TG2 Y 

0 0 close open 0 
Y 0 1 close open 1 

1 1 open close 1 
1 0 open do& 0 

Mum 10.u 
Exctuslv+OR constructed with tmnsmlssion gates 

connected to output Y through the gates, When input A is equal to 0, transmission gate TGI 
is closed and output Y is equal to input B, When input A is equal to 1, TG2 is closed and out- 
put Y is equal to the complement of input B. This results in the exclusive-OR truth table, as 
indicated in Fig. 10.26. 

Another circuit that can be constructed with transmission gates is the multiplexer. A four- 
to-one-line multiplexer implemented with transmission gates is shown in Fig, 10.27. The TG 
circuit provides a transmission path between its horizontal input and output lines when the two 
vertical control inputs have the value of 1 in the uncircled terminal and 0 in the circled termi- 
naL With an opposite polarity in the control inputs, the path disconnects and the circuit be- 
haves like an open switch, The two selection inputs, St and So, contr01 the kmmhion patb 
in the TG circuits, Inside each box is marked the condition for the transmission gate switch to 
be closed. Thus, if So = 0 and S1 = 0, there is a closed path from input lo tu output Y tbmgh 
the two TGs marked with So = O and S1 = 0. The other three inputs are r" - 4 h m  the 
output by one of the other TG circuits. 

The leveI-sensitive D fip-flop commonly r e f d  to as the ptd D latch m bt an- 
smcted with transmission gates, as shown in Fig. 10.28. Tbe C - amh& tno maw- 
missiongates TG. WhenC = 1, t b e T G c o r m e c r e d t o i n p u t D h r m a L u r r l ~ d l h t ~  
connected to output Q has an open path. This mx& * 

from input D through two inverters to output Q. Thus, dw iqmt w 
long as C remains active. When C switches to 4 tbe first ifG d i f i  . m D  h * 
circuit and the second TG prduces a closed pa& Ihtmm a 1L 



Thus, the value that was present at input D at the time that C went from 1 to 0 is r e W  at 
the Q output. 

Amasta-shve D flipflop can be cmmumd with two c h i t s  of tbe type shown m Fig. 1028. 
The Ikst circuit is the masterandthesecorsdis theshve .~a~&ve  D +flopcanbe 
c o n s ~ w i t h f o u r ~ o n ~ d s i x i l l ~ .  
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FIGURE 1 0 d a  
Gated D latch wlch.translii1isfon gates 

10.10 SWITCH-LEVEL MODELING WITH HDL 

CMOS is the dmnbm&gmtiogic hii . * 
y u s a  Wth i n t e g c a t e d m  

is a complementary connection of an NMOS and a PMOS transistor, MOS transistors can be 
considered to be elecbnic switches that either conduct or are open. By specifying the con- 
nections among MOS switches, the designer can describe a digital circuit consmcted with 
CMOS. This type of description is called switch-level moakling in VWog HDL. 

The two types of MOS switches are specified in Verilog HDL. with the keywords nmw and 
pmors. They ax instantiated by specifying the three terminals of the transistor, as shown in 
Fig. 10.20: 

nmos (drain, source, gate); 
pmos (draln, sourcs, gate); 

Switches are considered to be primitives. so the use of an instance name is optional. 
The connections to a power source (VDD) and to ground must be specified when MOS cir- 

cuits are designed, Power and ground are defined with the keywords ~upplyl and smpp199. They 
are specified, for example, with the following statements: 

supplyl PWR; 
supply0 GRD: 

Somes of trpe supplyl are equivalent to Vm and have a vdue of Wc 1. of type 
supply0 are equivalent to ground cwnection and have a vdut of logic 0. 

The description of the CMOS inverter of Fig. 10.Wa) is sbowa h fiflLExrmple 10.1. Tbe 
input, the output, and the two supply s o w  are dedared immuiam a 
PMOS and an NMOS transistor. The output Y is common b bodr at dwir drain ter- 

. .. - . 

minds. The input is also common to Wh tmsistws at th5r T& mmc &- 
rial of thePMOS tramismis connectbdtoFWR and& s m c e ~ ~ ~ N M O S ~  
is connected to GRD, ..I . ' 
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I1 CMOS inverter of Flg. 10.22(a) 
module inverter (Y, A); 
Input A; 
output y; 
supplyl PWR; 
suppiyo GRD; 
pm0s V, PWR, A); 11 (Drain. sourn, gate) 
nmor (Y, GRD, A); 11 (Drain, swm, gate) 

endmodule 

Tbe second module, set forth in HDLExample 10.2, &'bes the twp.inpw CMOS NAND 
chat of Fig. 10.22@). Thtrt are two PMOS transistors connectu3 in paailel, with their sauce 
terminalscom~~PWR.T6ereare~twoNMOStran~oonnectedinseriwandwith 
a common terminal Wl.  The drain of the ibt NMOS is connected to the output, and the some 
of ttre sccond NMOS is comeckd to GRD. 

11 CMOS two-Input NAND of FIQ, 10.22(b) 
module NAND2 v, A, B); 
lnput A, 8; 
output Y ;  
supply4 PWR; 
supply0 GRD; 
wlre W1; I1 terminal behween two nmos 
pmoa (Y, PWR, A); Il source c a n n a  to Vdd 
pmoa (Y, PWR, B); /I parallel connection 
nmos (Y, W1, A); I1 d a l  connection 
nmor (W1 , GRD, 8); Il source conneebsd b ground 

endmodu te 

~mnsmlsslon Gate 
The  on gate is instdated in Verilag HDL witb the keyword cmm. It has an ou~ut,  
an input, and two control signals, as shown in Fig. 10.24. It is refured ta as a unm switch. The 
dwmt oode is as follows: 

cmor (output, Input, ncontral, pcontd): I1 general desaiption 

cmos (Y, X, N, P); I1 transmlmion gate of Fig. 10.24(b) 

Normally, ncoatrol and pcontrol are the mmplemcnt of each ottrcs. The  be switch h not 
need power sources, s h m  VDD and @ arc mmcc?d to the suMWes of the MOS tramis- 
m. 'kansmission gates are useful for building d p I e x e r s  and flipflops with CMOS circuits. 
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HDL Example 10.3 describes a circuit with cmos switches. The exclusive-OR circuit of 
Fig. 10.26 has two transmission gates and two inverters. The two inverters are instantiated 
within the module describing a CMOS inverter. The two cmw switches are instantiated with- 
out an instance name, since they are primitives in the language. A test module is included to 
test the circuit's operation. AppIying dl possible combinations of the two inputs, the result of 
the simulator verifies the operation of the exclusive-OR circuit. The output of the simulation 
is as follows: 

HDL Example 10.3 

IICMOS-XOR wlth CMOS switches, Fig. 10.28 

module CMOS-XOR (A, B, Y); 
Input A, B; 
output Y: 
wlre A-b, B-b; 
I /  instantiate inverter 
inverter v l  {A-b, A); 
inverter v2 (B-b, B); 
I/ instantiate cmos switch 
cmos (Y, B, A-b, A); 
cmos (Y, B-b, A, A-b); 

endmodule 
I1 CMOS Inverter Fig. 10-22(a) 
module inverter (Y, A); 

input A; 
output Y; 
supply1 PWR; 
supply0 GND; 
pmor (Y, PWR, A); 
nmos (Y, GND, A); 

endmodule 
I/ Stimulus to test CMOS-XOR 
module test-CMOS-XOR; 
reg A,B; 
wire Y; 
Illnstantlate CMOS-XOR 
CMOS-XOR XI  (A, 0, Y); 
/I Apply truth table 
lnltlal 
begln 

//(output, input, ncontrol, pcontml) 

It (Drain, source. gate) 
I /  (Drain, source, gate) 



A = I'M; B = 1'W; 
#5 A = I'bO; B = l 'bl;  
#5A = I ' b l ;  B = l'b0; 
#5A = l ' b l ;  B = l 'bl;  

end 
I1 Display results 
lnltlal 
$monitor ("A =%b B= %b Y =%b", A, B, Y); 

endmodule 

PROBLEMS 

Answers to problems mafked with * appear at the end of the h k .  

Parameter Name Vlkra 

vcc Supj~ly voltage SV 
ICCH High-level supply current (four gates) 10 mA 
ICCL Low-level supply current (four gates) 20 mA 
VOH High-level cutput voltage (rnin) 2.7 V 
VOL Low-level output voltage (max) 0.5 V 
h High-level input voltage (rnin) 2 V  
h Low-level input voltage (mm) 0.8 V 
IOH High-level onput cment (mu) 1 mA 
IOL Low-level onwt cmmt  (max) 20 mA 
IIH High-level input cuuent (max) 0.05 mA 
I ~ L  Low-level input current (max) 2 mA 
~ P L H  Low-to-high delay 31x5 

High-to-low &lay 3 as 

Calculate the fan-out, power dissipation, pmpagatiw &lay, and noise margin of the Schottky 
NAND gate. 

10.P (3 Determine h e  bigh-leuel output vohage of the RTL gate for a fan*[ of 5. 
(b) Determine the minimum input voItage required to drive an Rm. ttansistor to saturation 

when hFE = 20. 
(c) From the results in parts (a) and @), &embe the noist margin of the RTL gate when the 

input is high and the fan-out is 5. 
1 0 3  Show that the output bansistar of the DTL gate of Fi. 10.9 goes into whuation when all in- 

puts are high. Assume that hFE = 20. 
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Connect the output Y of the DTL gate shown in Fig. 10.9 to N inputs of other, sirniIar gates. As- 
sume that the output aansistor is saturated and its base cuuent is 0.44 mA. Let AFE = 20. 
(a) CalcuIate the current in the 2-lcn resistor. 
(b) Calculate the current coming from each input connected to the gate. 
(c) Calculate the total collector current in the output transistor as a function of N. 
(d) Find the value of N that will keep the bansistor in saturation. 
(e) What is the fan-out of the gate? 

Let dl inputs in the open-collector TTL gate of Pig. 10.11 be in the high state of 3 ' 
(a) Determine the voltages in the base, collector, and emitter of all transistors in the circuit. 
@) Determine the minimum hrE of Q2 which ensures that this transistor saturates, 
(c) Calculate the base current of Q3 . 
(d) Assume that the minimum hFP of Q3 is 6.18. What is the maximum current that can be tol- 

erated in the colIector to ensure saturation of Q3? 
(e) What is the minimum value of RL that can be tolerated to ensure saturation of Q3? 

(a) Using the actual output bansistors of two open-collector TTL gates, show (by means of a 
truth table) that, when connected together to an external resistor and Vcc, the wired con- 
nection produces an Ah'D function. 

(b) Prove that two open-collector TTL inverters, when connected together, produce the NOR 
function. 

It was stated in Section 10.5 that totem-pole outputs should not be tied together to fwm wired logic. 
To see why this is prohibitive, cwnect  two such circuits together and let the output of one gate be 
in the high stare and the output of the other gate be in the low state. Show that the load current 
(which is the sum of the base and c o I I ~ m  currents of the samated transistor Q# in Fig. 10.14) is 
about 32 mA. Compare this value with the recommended load current in the high state of 0.4 mA. 

For the following conditions, list the transistors that are off and the transistors that are con- 
ducting in the three-state TTL gate of Fig. 10.1 6(c) (for Ql and Q6, it is necessary to list the 
states in the base-emitter and base-collector junctions separately}: 
(a) when C is low and A is low. 
(b) when C is low and A is high. 
{c), when C is hi&. 
What is the state of the output in each case? 
{a) llalcuIate the emitter current IE across RE in the ECL gate of Fig. 10.17 when at least one 

input: is high at -0.8 V. 
(b) Calculate the same current when all jnputs are low at -1.8 V. 
(c) Now assume that Ic = IE. Calculate the voltage drop across the collector resistor in each 

case and show that it is abont 1 V, as required. 

Calculate the ndse margin of the ECL gate. 

Using the NOR outputs of two ECL gates show that, wbea b la d 
resistor and a negative mpply vo lqe ,  the wired m 08 umL 
The MOS transistor is bihtml (i.e., mmt m y  fkw frmn L, a h  * m 
source). On the basis of this property. derive a c k d  tb3t ' ' %hRanclr- 

using six MOS transistors. . , 
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10.1 3 (a) Show the circuit of a four-input NAND gate using CMOS mmimn. 
(b) Repeat for a four-input NOR gate. 

10.11 Construct an exclusive-NOR circuit with two inverten and two -on gates. 

10.1 5 Construct an eight-to-oneline multiplexer using -ion gates and inverters. 

18.1 6 Draw the logic diagram of a masta-slave D flipflop using transmission gates and invams. 

10,17 WriteatestbenchthatwilltesttheNAND~tofHDL~le10.2.'Ihesim~o11shauld 
verify the wth table of the gate. 
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