APPEMNDIK C
TRANGISTUR-TRANSISTOR LOGIC

The line of circuits called transistor-transistor logic (TTL) is now the most widely
used because of the high speed of TTL circuits. The characteristic which distin-
guishes TTL circuits from other circuit lines is a multiple-emitter transistor at the
input circuit. The schematic diagram for this kind of transistor is shown as Tl in
Fig. C.1(a). The multiple-emitter transistor simply has a larger than normal col-
lector area and several base-emitter junctions. The two-emitter transistor in Fig.
C.1(a) functions as the two-transistor circuit because the two-emitter transistor is
effectively two transistors with a common collector and base. Figure C.1(b) and
(c) shows the TTL input circuit in separate transistor and multiple-emitter transistor
form. The transistors, T1A, T1B, and T1C are combined to form a single multiple-
emitter transistor T'1 in Fig. C.1(c). This circuit operates as follows. If one of three
inputs X, ¥, and Z is at 0 V, current will flow through R1 and the base-emitter
junction of T1 to the input. This will hold the base of T1 at about 0.5 V. The base
collector of T'1 and the base emitter of T2 form two junctions in series with resistor
R3 to ground, and so the base of T2 will not be positive more than 0.2 V, which
is insufficient to turn on T2. Little (leakage only) current will flow in the collector
circuit of T1, and T2 will be off. As a result, no current will flow through resistors
R2 and R3, and the emitter of 72 will be at ground and the collector at + 5V.

If all three inputs are at a level of +3.5 V (the 1 level), then current will
flow through R1 and the base-collector junction of T1 (which is forward-biased)
into the base of T2, turning it on. Current will flow through R1 and R2 until the
transistor T2 is saturated with its emitter and collector both at about 2.5 V. At this
time, the thfee emitter-base junctions of the multiple-emitter transistor will be
reverse-biased.
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The two outputs from the collector and emitter of T2 operate as scissors
which close when 72 is on and open when T2 is off. That is, the emitter and
collector of 72 will be at about the same voltage (closed) when T2 is on, and the
emitter will be at ground and the collector at +5 V when T2 is off (open scissors).

Notice that 72 is on when the three inputs are high (1s) and off when any
one of the three inputs is low (a 0). So the circuit operation is basically that of a
NAND gate. Logic levels for TTL are that O to 0.2 V represents a 0 and +2.5 to
+5 V represents a 1.

A complete TTL NAND gate is shown in Fig. C.2. This is a second-gen-
eration TTL circuit and is typical of the circuits offered by the major TTL manu-
facturers in their medium-speed lines.

Let us examine the operation of the circuit in Fig. C.2 by assuming that input
Yisat +3.5V and X is at 0 V. Therefore T1 has its base-emitter junction connected
to Y reversed-biased, and the full current from R1 flows through the base-emitter
junction connected to X. At this time, (1) T2 will be off; (2) T4 will be off because
with no current through R4 its base will be at essentially ground; (3) 73 and T5
will be turned on by current flowing through R2. The transistors TS and T3 are
connected in what is called a Darlington configuration which gives large current
gain. As a result, little current will be required through R2 to turn on T3, and the
output will be at +5 V minus the base-emitter drops for 75 and T3, or about
+4 V.

Let us consider that the input voltage at X is slowly raised positive. As a
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FIGURE C.2

result, the collector of T'1 goes positive, and 72 begins to conduct. As the emitter
of T2 becomes more and more positive, 74 begins to conduct, and as the collector
of T2 becomse more and more negative, the 75 to T3 combination begins to turn
off. Finally T2 will saturate and 74 will be saturated, and therefore about +0.5 V
or less.

The circuit in Fig. C.2 will have about 4-ns turn-on delays and 7-ns turn-off
delays and a power dissipation of about 10 mW.

The reason for the high speeds lies in the all-transistor construction of the
TTL and in the fact that the final stage drives current in both directions. The
standard transistor inverter has an output which is *‘driven down’’ by the turning
on of the output transistor. When the transistor is turned off, however, the rising
edge is formed by the resistor at the circuit’s output supplying current to all the
stray capacity in this circuit and any circuits connected to the output. Therefore
the rise time is exponential. With TTL’s two-transistor output (the circuit is called
a totem pole), the rising edge is ‘‘driven up’’ by the upper transistor turning on
and the lower transistor turning off. This gives a sharp edge, and the falling edge
is similarly sharp.

In many aerospace, military, and industrial applications, it is desirable to
have a much lower power dissipation. If the resistor values in the basic circuit
design shown in Fig. C.2 are raised, the circuit will consume far lower power, and
circuit manufacturers offer low-power TTL circuits. Typical resistor values are
R1 = 40, R2 = 20, R3 = 500, R4 = 12, and RS = 5 k). Naturally there will
be a decrease in speed, but low-power gates are still capable of 23-ns delays at only
1-mW power dissipation.

There is a famous problem with TTL circuits which can be illustrated by

Classic TTL NAND
gate.
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FIGURE C.3

using Fig. C.2. When TTL circuits are switched, they generate large ‘‘spikes’’ on
their outputs, and interconnections must be carefully watched to prevent ringing
or even circuit damage. Sometimes, capacitors are even placed across the +5 V
to ground power supply on each circuit container to prevent spikes in the power-
supply voltage.

The problem develops because it is possible for both T3 and T4 to be on
simultaneously when the circuit is switching. For instance, if the output is switching
from a 0 to a 1 level, then 74 must go off and 73 must go on. But if T3 goes on
before T4 is completely off, then both transistors will be on simultaneously, almost
short-circuiting the +5 V to ground. .

The TTL current spike problem has plagued the TTL family and is.clearly
in evidence in the circuit of Fig. C.2. While 73 and T4 can both be on during
turn-on and turn-off, the turn-off case is usually worse since the storage time of
T4 causes both transistors to be on for a greater time. Turn-on current spiking may
be lowered by increasing the ratio of R2 to R4. In this way the collector of T2
reaches a lower voltage before T4 begins to conduct. There is a tradeoff involved,
however, since increasing R2 decreases the on drive for T4, decreasing its turn-on
time. The increased value of R2 also results in decreased noise immunity. So far,
no perfect answer to current spiking has been found.

Although the standard TTL circuits are fast, there is always a desire to speed
up circuit lines. To increase still further the speeds of TTL, a basic problem must
be dealt with. When a transistor is saturated and must be turned off, before the
transistor begins to go off there is a delay (caused by the minority carriers) called
the storage time delay. This is shown in Fig. C.3(a) where a transistor inverted is
turned off from saturation. While this delay is on the order of nanoseconds, it is
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still significant since several of the TTL circuit transistors become saturated at
various times.'

To alleviate this problem, the fastest TTL circuits use a diode clamp between
base and collector. This is shown in Fig. C.3(b). The diode used is not a conven-
tional diode, however, but a special diode (called a Schottky diode) formed by the
junction of a metal and a semiconductor.

The Schottky diode is faster than conventional diodes because electrons which
have crossed the junction and entered the metal when current is flowing are not
distinguishable from the conduction electrons of the metal. Since these electrons
are majority carriers, there is no delay associated with minority carrier recombi-
nation as in semiconductor diodes. As a result, reverse recovery times from Schottky
diodes are generally in the low picosecond range. Further, because of the choice
of materials (aluminum or platinum silicides), the forward drop of the Schottky
diode is less than for a conventional diode.

The transistor with a Schottky diode connected from base to collector will
switch faster because the transistor is not allowed to saturate. The minority carrier
storage time normally associated with the transistor’s operation when coming out
of saturation is avoided and the circuit can operate faster.

When a transistor is fabricated with a Schottky diode connected from base
to collector, the combination is given a special schematic diagram symbol as shown
in Fig. C.3(b).

The use of Schottky clamped transistors has resulted in a series of high-speed
TTL circuits with delays on the order of 1 ns (rise and fall times are on the order
of 2 ns). Figure C.4(b) shows a typical circuit. Notice that the transistors which
normally become saturated at some time are now Schottky clamped transistors, and
so storage delays are reduced. The operation of this circuit is essentially the same
as that of Fig. C.2 except that the transistors do not saturate.

The diodes connected to ground at the inputs dampen negative spikes and
negative-going signals which may occur during ringing. These circuits must be
carefully interconnected, however. Wire or printed-circuit connections of more than
8 in. in length should be treated with respect and terminated according to the rules
given by the circuits’ manufacturers.

Table C.1 gives some of the characteristics of several TTL lines. Notice that
speed is associated with power onsumption.

TTL circuits are also available in MSI. The MSI seven-segment decoder and
BCD counters in Chap 4. were TTL. A simplified TTL gate is used internally for
such MSI circuits, and this gate is shown in Fig. C.4(a).

Manufacturers make a special TTL gate which can be connected in a wired-
AND circuit. Figure C.5(a) shows the basic circuit. The inputs are ANDed by the
multiple-emitter input transistor and inverted by the output transistor. The output
transistor has no resistor to +5, however, and so the circuit is not completed and
an external resisitor must be supplied. The advantage of the circuit is that if two
or more of these circuits have their outputs connected, they form a NAND-to-
wired-AND configuration as in Fig. C.5(b).

Figure C.5(b) also shows that a resistor must be connected to +5 from the

'Gold doping is often used to reduce minority carrier storage times in switching transistors.
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clamped TTL gate. wired-AND output, but only a single resistor is required. Generally, this resistor
is not shown on block diagrams, but it is included in Fig. C.5(b) to show how the
circuit is connected. The AND function is performed at the outputs because if any
output transistor is on (saturated), it will force all outputs to the 0 level at about
02V.
Several open-collector NAND gates are packaged in a single IC container.
Using this gate makes for economical, reasonably fast circuitry, and they are widely
used. The gates can also be used to connect to bus wires which are normally high
but which are to be forced low to indicate status.
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APPENDI® D
ENITTER~-COUPLED LOGIC

Emitter-coupled logic (ECL) has several other common names: current-mode logic
(CML), current-steering logic, and nonsaturating logic. The last term is the key
to this type of circuit. When transistors are operated in a saturated condition, they
turn off slowly because of the delay caused by a charge stored in the collector and
base region.' This delay in turn-off time can be eliminated by operating transistors
only in either the active or the off regions. As will be seen, in these circuits current
is ‘‘steered’’ rather than having voltages or levels passed around.

The ECL line is the fastest currently available. Manufacturers of ECL have
a number of basic circuits, each with different features and drawbacks. ECL has
not proved as popular as TTL, primarily because it is more expensive, harder to
cool, and more difficult to interconnect and is considered to have less noise im-
munity (this is debatable). Also, ECL may be faster than is necessary in many
applications. On the other hand, the superfast computers use ECL as do a number
of the highest speed special-purpose computers.

The basic ECL configuration can be best described by examining a particular
inverter. Figure D.1 shows an ECL inverter with an input X. The logic levels in
this system are as follows: Binary O is represented by —1.55 V and binary 1 by
—0.75 V. Notice that this is ‘‘positive logic,”’ since, although both levels are
negative, the more positive level, —0.75, :s the binary 1. Also, notice the small
signal difference between O and 1.

The circuit’s operation is based on a differential amplifier consisting of T4

'This was called the storage delay in the preceding section.
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FIGURE D.1
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and 73. When the input to 73 is at —1.55 V. T3 will be off and current will flow
through R3 and R2. Calculation will indicate a drop of about 0.8 V across R2.
So figuring a base-emitter drop of 0.75 V for T1. we see the X output will be at
-155V.

Since T2 is cut off by the — 1.55-V input. very little current will flow through
R1, and the output X will be at the base-emitter drop voltage across T2. So the
output will be at —0.75 V.

An examination will show that if the input is at —0.75 V. transistor T3 will
be on, T4 will be off, the X output will be at —0.75 V. and the X output at — 1.55
V. (The key to analyzing this circuit is to notice that in a differential amplitier
circuit such as the 73 to 74 form, the current through the resistor R3 shared by the
two emitters will be almost constant.) Notice that the transistors are never saturated.
They are either in their active region or off.

A three-input gate is shown in Fig. D.2. This is a combined NOR and OR
gate, as shown by the block diagram, depending on which output connection 1s
used.

As time has passed, several generations of ECL circuits have evolved. In
general the circuits have become faster and require more power with each genera-
tion. More facilities and more complicated logic per chip are also available in the
new lines, including MSI chips. Notice that the circuits in Fig. D.1 require three
voltages: ground, —1.175 V, and —5.2 V. Later circuits provide a circuit on each
chip to generate the intermediate voltage (in this case. —1.175 V). so that only a
single power supply is required.

Figure D.3 shows the four generations Motorola has gone through with their
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FIGURE D.2

ECL which is called Motorola ECL, or MECL, and also Fairchild’s 10,000 series.
Table D.1 outlines some of the characteristics of these circuits, and the speed
versus power and general noise characteristics can be deduced from the table. From
Fig. D.3 it is evident which variations were employed as technology advanced.
For instance, notice that the circuit to produce the third —1.175-V bias voltage
for the MECL 1 line is not included on the chip, whereas all subsequent lines have
this as an internal feature.

Corresponding resistor values differ among MECL lines. This is necessary
to achieve the varying speed and power improvements. Of course, speed is not
determined by resistor values alone; transistor geometries, while not shown on a
schematic, are a major factor. The transistor geometries in conjunction with the
resistor values provide the speed and power characteristics of the different families.

Notice also that Fairchild 10,000 and MECL III gates are supplied with base
pull-down resistors (50 k{2) to each of the input transistors, while the other two
families are not. These resistors provide a path for base leakage current to unused
input bases, causing them to be well turned off.

A final significant difference between the families is in the output circuits.
MECL I circuits normally are supplied with output pull-down resistors on the chip.
MECL II circuits can be obtained with or without output resistors. MECL III and
Fairchild 10,000 circuits normally have open outputs. The use of on-chip output
resistors has both advantages and limitations. An advantage is that fewer external
components are required. However, with open outputs the designer can choose
both the value and the location of the terminating resistance to meet system re-
quirements. Finally the use of external resistors reduces on-chip heating and power
dissipation, allowing more complex LSI and increasing chip life and reliability.

ECL three-input gate.



sinduj

1 T { af oy Ty

GV_W (83 (8% (3]
5867 o mR W|_ o0 8561 z  S9t M_ W_ 0
4ON ™y V-_ w_v._ ! HON N rﬂ w‘_ M

\4

L06 0G€
40 40
5174 0ce 4%} 00l
. . 1
1024 mUD.»C 100/ o0/ N S
f[l/\lli\fllﬂllkf /- fll/\?ll\fll<\|k — ~
syndino %40M13u 13y dwe syndu} sindino 340M13U Jaytdwe sindui ajdinnn
13M0j|04 selg e11ualdiig aydnin 18Mmo| |04 selg jenualajiq
18111Wg JEIMITTE]
X0l aTIHoYIvd 111 103N
sindu|
4 -~ ~ ~
M q 14 M qH A
4G _WGJW [ GV_NM vAC BAYTL
o9l 0ee m_ ﬁ
4

40
. HON o .l/_ ndui
> AGLLL- jeubig
HON mwﬁk; f

o—t 2
40 [ 00€ — { o
5 .
\_ 00¢ Womm P mnu m
6| ge
20 3 Bl s
Ft.,).v\u.!{\ e — /- ’ indino Jamojjoy ; Jaiydwe D 0
wi
sINd1N0 18MO| |0} >40MI3u 1ot dwe sindul 191y jenuaiajiig m m 5
191113 serg EIESETINg] ardn Ny 1193w

i1 103N



~ TABLE D.1 GENERAL CHARACTERISTICS OF ECL CIRCUITS

FAIRCHILD

FEATURE MECL | MECL !l 10k SERIES 100K SERIES MECL Il
" Gate propagation delay, ns 8 4 2 0.75 0.75

Gate edge speed, ns 85 4 35 1.5 0.75

Flip-flop toggle speed

{minimum), MHz 30 70 125 500 500
Gate power, mW 31 22 25 65 60
Input pull-down resistors, k() No No 50 ‘ 50 2,50

561






APPENDIX E
METAL-OXI0E SENNCOUMNDUCTUR CIRCWUITS

The circuits described so far are all termed bipolar circuits and use ‘‘conventional’’
transistors. For large-scale integration (LSI), quite often another type of transistor,
called a field-effect transistor (FET), is used. Although the characteristics of these
FETs have not proved desirable for some applications (because of their slowness,
delicacy, and lack of drive characteristics), the ease of manufacture, small size,
and small power dissipation have offset the negative factors and have led to FETs
constructed of metal-oxide semiconductor (MOS) as the primary technology for
use in large arrays. FETs constructed of MOS are called MOSFETs.

Figure E.1(a) shows a cross section of a FET of p-channel type. As shown
in Fig. E.1(b), a substrate of n-type (silicon) material is first formed, and two
separate low-resistivity p-type regions are diffused into this substrate. Then the
surface of this structure is covered with an insulating oxide layer. Holes are cut
into the oxide, and two metal contacts are made to the two pieces of p material,
and a thin piece of metal called the gate (G) is placed over what is called the
channel.

With no voltages applied, the above structure (refer to Fig. E.1) forms two
diodes back to back. And if we attempt to force current from source to drain, the
alternate pn junction followed by an np junction will not permit current flow (in
either direction).

The gate is used to cause and control current flow in the following manner.
Consider the source to be grounded and the drain connected to a negative voltage
through a resistor. Figure E.2 shows this. [The schematic symbol for the FET is
shown in Fig. E.1(d).] The metal area of the gate and the insulating oxide layer
and semiconductor channel form a capacitor, with the metal gate as the top plate
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and the n-material substrate as the lower plate. Making the gate potential negative
causes a corresponding positive charge in the n-type semiconductor substrate along
the channel, as shown in Fig. E.1(c). Given sufficient negative potential on the
gate, the positive charge induced in the channel finally causes this section of
material to become p type, and current begins to flow from source to drain—thus
the term current enhancement mode.

The more negative the gate becomes, the more “‘p type” the semiconductor
channel becomes, and the more current flows. As a result, this type of MOS is
also called PMOS.

As a switching circuit, a FET can bé used to form an inverter. With a 0, or
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ground, input the output of the circuit shown in Fig. E.2 will have a —5-V output,
and with a —2-V or more negative input, the output will go to about 0 V.

Instead of forming actual resistors for these circuits, another FET is used,
thus simplifying manufacture. This is shown in Fig. E.2. The FET resistor’s gate
areas are controlled so that the FET represents a high resistance (perhaps 10 to 100
k()) when the gate is at the drain potential. Some manufacturers show this FET
by using the regular symbol, and others show the resistor-plus-bar symbol, also
seen in the figure.

When a p-type substrate with n doping for the source and drain is used, as
in Fig. E.3, then the n-channel transistor is formed as shown. The schematic
diagram symbols for the n-channel transistor and an inverter circuit are shown in
Fig. E.3(a) and (b). Notice that the circuit uses a positive voltage and behaves
similarly to an npn transistor inverter circuit. This type of MOS is called NMOS.

A NOR gate can be formed in NMOS as shown in Fig. E.4(a). The logic
levels for this circuit are 0 to 1 V for a binary 0 and > +1.5 V for a binary 1.
(This is positive logic.) If any of the inpuis A, B. or C is a 1, the corresponding
FET will conduct, causing the output to go to about +0.8 V or less. If all inputs
are at +0.8 V or less, all the FETs will be off and the output will be at +8 V (or
more).

Several different gates and flip-flops using NMOS are shown in Fig. E.4.
(PMOS is the same except for negative V- voltages and negative logic.) The high
resistances used in these circuits mean low power dissipation. This, combined with
the small areas needed to fabricate a FET, makes it possible to fabricate large
numbers of circuits on a single small chip.

CMOS logic circuits

A series of circuits using MOSFET transistors called complementary MOS (CMOS)
was originally developed for the aerospace and oceanographic industries. These
circuits have very low power consumption and considerable resistance to noise.
They are, however, slow relative to the high-speed logic lines. But large numbers
of circuits can be placed on a single chip, the power-supply voltage can vary over
a large range, and the circuits are relatively economical to manufacture. The newest
CMOS circuits have become relatively fast and are widely used for everything from
electronic watches and calculators to microprocessors.

The CMOS circuits are fabricated as illustrated in Fig. E.5(a), which shows
that both n- and p-channel transistors can be fabricated on the same substrate.

The simplest form of CMOS integrated circuit consists of one n-channel and
one p-channel MOS transistor, with both gate contacts tied together to form the
input and both drain contacts tied together to form the output. This circuit is the
basic CMOS inverter [Fig. E.5(b)]. When the voltage at the input is near ground
level, the gate-to-source voltage of the p-channel transistor approaches the value
of the supply voltage +V, and the p channel is turned on. A low-resistance path
is created between the supply voltage and the output, while a high-resistance path
exists between the output and ground, because the n-channel transistor is off. The
output voltage will approach that of the supply voltage + V. When the input voltage
is near +V, the p channel turns off and the n channel turns on, causing the output
voltage to approach ground.
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FIGURE E.5

Notice that in either state the circuit’s power consumption is extremely low
because one transistor is always off and because n- and p-channel transistors exhibit
very high resistance when off, permitting very low leakage current to flow through
the transistor which is in the off condition.

Whnen conventional metal- and silicon-gate technologies are used, protective
channel stops are provided to minimize leakage current between separate transis-
tors, as shown in Fig. E.5(a). All p-channel devices must be surrounded by a
continuous n-channel stop, which can also act as a conducting path for the external
power supply to appropriate locations. Similarly, p-channel stops surround all n-
channel devices and provide a conducting path between those n-channel devices
which are electrically connected to the lowest potential and the external ground
contact.

A two-input NOR gate can be constructed as shown in Fig. E.6. Each ad-
ditional input requires an additional p- and n-channel pair of MOS transistors.

Table E.1 gives some details of CMOS operation versus other circuit lines.
Notice the low power consumption (nanowatts when they are not being switched),
competitive speeds, and noise protection.

CMOS inverter.

(a) CMOS elements.

(b) Circuit that is the
basic CMOS inverter.

FIGURE E.6
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TABLE E.1 CIRCUIT LINE CHARACTERISTICS

STANDARD LOW- SCHOTTKY
TTL POWER CLAMPED CMOS CMOS

5-V SUPPLY 10-V SUPPLY ECL

4

74 TTL DTL TTL
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Integrated injection logic (IIL, or I°L) circuits represent an attempt to use bipolar
junction transistor technology and still attain MOS transistor packing densities and
low power consumption. Compared to MOS, the standard bipolar technology at-
tains higher speeds but requires resistors; the transistors are larger, and an isolation
diffusion is needed, which wastes space on the chip. To alleviate these problems,
several designs have been made where the same transistor region is used as part
of two or more devices. This technique is called merging, and IIL is the most used
merged technology.

Figure F.1 shows the basic IIL gate and a possible semiconductor layout.
Each gate requires an injector transistor to feed current into the base. Notice the
single input and multiple outputs (one collector junction per output). This is a
nonstandard logic configuration, and no ANSI or MIL standard symbol exists for
this circuit, although standards work is progressing, Figure F.1(c) shows a symbol
that is widely used now.

To show how gates can be formed from this configuration, which is basically
an inverter with multiple outputs, Fig. F.2(a) shows a NOR gate made from two
of the circuits in Fig. F.1. The lIL outputs are open-collector outputs, and so
connecting them forms a wired AND. As a result, in Fig. F.2(a) the inputs A and
B are first inverted and then wire-ANDed to form A - B, which is the same function
as a NOR gate yields.

Figure F.2(b) shows how IIL gates can be used to OR inputs. In this case
several outputs are available, each with the value A + B.

Figure F.2(c) shows how a NAND gate can be made by using 1IL gates. In
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HL gate.

this case the inputs must be outputs from the 1IL gates since these are wire-ANDed.
Again, multiple outputs are available.

Because the basic IIL gate has a single input and multiple outputs. design
does not proceed along regular lines. The advantages of this technology are suf-
ficient to overcome this problem, and 1IL microprocessors are now available. as
are some high-speed memories. IIL does not lend itself to chip interconnection in
the way that TTL does. however. and seems primarily suited for large-scale inte-
gration (like MOS).
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A+B
A+B
A+B

FIGURE F.2

IIL connections. (a) IIL
NOR gate function.
(b) lIL OR gate. (c) IIL
NAND gate function.






APPENDIX G
DAC MPLENENTATIGN

The most straightforward digital-to-analog converter (DAC) involves the use of a
resistor network. A basic type of resistor network DAC is illustrated in Fig. G.1,
which shows a resistor network with four inputs. Each input is conrected to a
switch which connects a resistor to either 0 V or V.. When a switch is in the
position connecting to V , , the binary bit represents a 1; when the switch connects
to 0 V, the input bit is a binary 0. The output at E, will then be a dc voltage in
the range of 0 to V, and will be proportional to the value of the binary number
represented by the inputs.

For instance, if the input number is 0111 (leftmost switch down, other three
up), the output voltage of E, will be 5V, ; if the input is 1111, the output E; will
be V., ; and if the input is 0001, the output E, will be at 5V, . For example, if
V., were 15V, then for an input of 0111 the output would be 7 V, for input 1000
the output would be 8, and for input 1111 (all switches up) the output would be
15 V. To achieve accuracy, all the resistors should be of the precision type. More
resolution can be added by increasing the number of inputs and adding a resistor
for each input. (The resistor values are halved for each input added.)

Resistor networks of this type are manufactured by several firms. The resis-
tors are generally laser-beam-trimmed to the necessary accuracies. Often electronic
(transistor-driven) switches are packaged in an IC container with the resistors,
making a complete DAC.

Figure G.2 shows another type of resistor network which can be used for
D/A conversion. The advantage of this network is that only two different values
of resistors are used. The inputs are shown as switches, but generally semiconductor
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i\ o O |
FIGURE G.2 +15V

D-to-A converter with
two resistor sizes.

switches or level-setting amplifiers arc used. The disadvantage of this converter is
that two resistors are required per input.

There are several other circuits for DACs, and the design and construction
of these devices represent a growing area in the computing field.
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ANSWERS TG SELECTED
[HDD~MNUMBERED LUESTILNG

Chapter 1
1.7
ADDRESS
ADDRESS OP CODE PART
1 CLA 40
2 ADD 41
3 ADD 42
4 STO 43
5 HLT 000
40 contains X
41 contains Y
42 contains V4
43 contains 0
1.9
ADDRESS OPERATION OPERAND
1 CLA 20
2 MUL 20
3 STO 40
4 CLA 21
5 MUL 21
6 ADD 40
7 STO 40
8 CLA 22
9 MUL 22
10 ADD 40
11 STO 40
12 HLT
20 contains X
21 contains Y
22 contains P4
40 contains 0




882 1.13

ANSWERS TO
SELECTED ADDRESS OPERATION OPERAND
ODD-NUMBERED 1 CLA 20
QUESTIONS 2 STO 21
3 CLA 21
4 MUL 20
5 STO 21
6 CLA 50
7 ADD 51
8 STO 50
9 BRM 3
10 CLA 21
11 ADD 20
12 STO 40
13 HLT
20 contains X
21 contains 0
50 contains -5
51 contains 1

We will store our X° + X in the address assigned by the assembler to the variable
D.

ADDRESS OPERATION OPERAND

DEC
DEC -
DEC
DEC
CLA
STO
CLA
MUL
STO
CLA
ADD
STO
BRM
CLA
ADD
STO
HLT

o0Owm>»

m
OXOMWOWOXOOUOXO—-00

1.19
If we assume that the integers are in ascending or descending order only,

ADDRESS OPERATION OPERAND

CLA 30
suB 31
BRM 5
HLT
HLT

HBWN =




The computer stops at address 4 if the numbers are in ascending order and at 5 if 583

the numbers are in descending order. We must check to see whether the numbers

: ; : ANSWERS TO
are in ascending or descending order. SELECTED
ODD-NUMBERED
ADDRESS OPERATION OPERAND QUESTIONS
1 CLA 30
2 Sus 3
3 BRM 10
4 CLA N
5 SusB 32
6 BRM 13
7 HLT
10 CLA N
1" suB 32
12 BRM 15
13 HLT
15 HLT

This program stops at address 13 if the numbers are in neither ascending nor
descending order, at address 7 if the numbers are ascending, and at address 15 if
the numbers are descending.

1.23

ADDRESS OPERATION OPERAND

1 CLA 26

2 SuB 25

3 BRM 300

4 BRA 400

1.25

ADDRESS OPERATION OPERAND

P CLA A
SuB B
BRM M
CLA A
suB C
BRM M
CLA A
STO X
HLT

M CLA B
SuB C
BRM N
CLA B
STO X
HLT

N CLA c
STO X

HLT




584

ANSWERS TO
SELECTED
ODD-NUMBERED
QUESTIONS

1.32

ADDRESS OPERATION  OPERAND ADDRESS OPERATION  OPERAND
1 CLA 300 13 CLA 6
2 BRM 5 14 ADD 400
3 STO 300 15 STO 6
4 BRA 7 16 CLA 401
5 SuB 300 17 ADD 400
6 SuUB 300 18 STO 401
7 CLA 3 19 BRM 1
8 ADD 400 20 HLT
13 g[f\) g ggg} contains numbers
11 ADD 400 400 contains 1
12 STO 5 401 contains — 30
Chapter 2
2.1 (a) 101011 (b) 1000000 (¢) 100000000000 (d) 0.011

(e) 0.11011 (f) 0.0111 (g) 1000000000.1 (h) 10000011.1001
(i) 10000000000.0001
23 @13 b 27 (c) 23 (d) 0.6875 (e) 0.203125 (f) 0.212890625
(8) 39.6875 (h) 91.203125 (i) 22.3408203125
25 (1l (b)36 ()19 (d)0.8125 (e) 0.5625 (f) 0.3125
(g) 11.1875 (h) 9.5625 (i) 5.375
2.7 (a) 10100.11 = 20.75 (b) 1001010 = 74 (o) 1.1 = 1.5
(d) 10101 = 21
2.9 (@ 1101.1 13.5 (b) 101101 45
1011.1 11.5 110110 109
11001.0 25 1100011 154
(c) 0.0011 0.1875 (d) 1100.011 12.375
0.1110 0.875 1011.011 11.375
1.0001 1.0625 10111.110  23.750
2.11 (a) 1000000 (by 1111111
— 100000 = 111111
100000 1000000
(c) 1011101.1 (d) 1010100.01001
—101010.11 —110000.01010
110010.11 100011.11111
2.13 (o) 100101 (b) 10000000
— 100011 01000000
000010 1000000
(c) 1011110.1 (d) 11111111
101011.11 1111111
110010.11 10000000
2.15 (a) 100100000 (b) 1111100 (c) 100 (d) 1.1 (e) 10100000001.101

(f) 10.1



2.17

2.19

2.21

2.23

2.25

2.27

(a) 1111
1101
1111
11110
1111
11000011
(c) 100

1011)101100

1011
000

(e) 111.11
10.1

11111

111110
10011.011

9s COMPLEMENT
(a) 4563
(b) 8067
(c) 54.84
(d) 81.706

9s COMPLEMENT
(@) 6345
(b) 7877
(c) 45.80
(d) 62.736

1s COMPLEMENT
(a) 0100
(b) 00100
(c) 0100.10
(d) 00100.10

1s COMPLEMENT
(a) 010000
(b) 011011
(c) 01000.01
(d) 01100.00

9s COMPLEMENT
(a) 948
765
1 713
|
714

(2] 111
1010

11110
11110
10010110

(d) 11.1
1100)101010.0
1100

10010

1100

1100

1100

0

& 10110.1
100.11

101101
101101
10110100

1101010.111

10s COMPLEMENT
4564
8068
54.85
81.707

10s COMPLEMENT
6346
7878
45.81
62.737

2s COMPLEMENT
0101
00101
0100.11
00100.11

2s COMPLEMENT
010001
011100
01000.10

10s COMPLEMENT
948
766
714

ANSWERS TO
SELECTED
ODD-NUMBERED
QUESTIONS
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SELECTED
ODD-NUMBERED
QUESTIONS

2.29

2.31

(c) 349.5

._.
)
=

04.2
d) 412.7
90.7

....
w —
g
—_ t

9s COMPLEMENT

(a) 1024
9086
0110
— 1
111
(b) 249
862
111

=1

112

d) 2393

1s COMPLEMENT

(a) 1011
1010

1 0101
Lo

0110

b) 11011
00110

1 00001
L—s 1

10

347
137
084

349.5
754.7
104.2

412.7
590.8
3.5

10s COMPLEMENT

1024
9087
o111

249
863
112

24.1
86.6
10.7

239.3
880.6
119.9

2s COMPLEMENT

1011
1011
0110

11011
00111
00010



(©) 10111.1 10111.1 587

01100.0 01100.1 ANSWERS TO
1 00011.1 100.0 SELECTED
L— 1 ODD-NUMBERED
100.0 QUESTIONS
(d) 11011.00 11011.00
01100.00 01100.01
1 00111.00 111.01
1
111.0t

2.33 26 = 64
2.35 1000 different numbers in each case (from 0 to 999, for instance)
237 0,1, 2,3, 10, 11, 12, 13, 20, 21

239 0,1,2,3,4,5,6,7,8,9, A, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 1A,
20, 21, 22

2.41 (a) .1001 ) 1110 (¢) 01111
1001 .1001 10110
0010 o111 00101
1 1 ]
0011 .1000 00110
(d) 11011 (e) 1110101
00110 0101101
00001 1 0100010
1 1
00010 0100011
2.45 (a) 45,056 (b) 24,576 (¢) 40,960 (d) 851,968
1,536 1,024 1,024 8,192
192 160 144 1,792
96
7 12 2 3
46,791 25,772 42,130 862.051

2.49 (a)55 (b) 556 (c) 267 (d)66.3 (e) 3.554
2.53 (a) 1644. (b)) 514 (c) 1041.3 (d) 1170.76051 (e) 10515.5
257 (@)B7 () 9C (c)SF (d)0.7E (¢) BIA
1 1 1
261 (@ 15 (B 24 (o) 126,
+ 14, +36, 347,
31, 62 475,
1 |
) 67 (¢) 1364
45, 6364
134, 774,




Chapter 3

3.1

XYZ + XYZ

(a) X XYz XyYZ

ANSWERS TO
SELECTED

OO OO0 O—

—OO0OO0O0O0OO0OO0

COO0OO0OOOO~—

OrrOc—Crm— O

OO =00«

QOO0 ™= v

ODD-NUMBERED
QUESTIONS

ABC + ABC + ABC

ABC ABC

ABC

8

b) A

—TOO0OO OO~

—OO0OO0OO0OO0OO0CO

[eNoNeNo il o NNl

OCO0OO0OO0CO0OOO«~—

OO OO

OO~ QO v

OO0O0OO0O ™=«

A(BC + BC)

BC + BC

B

(c) A

COO0OO0OO~——0O

O~ OO O

OrrO0OO0O0O—~0O0

COr—O0OO0O0O~0O

O OO O

COrr—OO0—«"

OO0OO0OO ™= v v

(A + B)A + CHA + B)

I

A+C

A+ B

8

d) A

OO0 —r——O0O0Q

e ——0O O

OOt v =

COrrr—rv—c— —

OO0~

OO0~ OO

[ NeoNe Nl i o

3.3  Only the values of the expressions are listed:

B8

(@) A

OO

OO

OO v




b) A B c AB + BC 589
0 0 0 0 ANSWERS TO
0 0 1 0 SELECTED
0 1 0 1 ODD-NUMBERED
0 1 1 0 QUESTIONS
1 0 0 1
1 0 1 1
1 1 0 1
1 1 1 0
() A c AC + AC
0 0 0
0 1 0
1 0 1
1 1 1
d) A B c ABC + ABC + ABC
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 0
(e) A B c A(ABC + ABC + ABC)
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 0
1 0 0 1
1 0 1 1
1 1 0 1
1 1 1 0

3.7 (a) BC + AC + AB ) C+B+ A
(c) AB + C) (d) A is a minimal expression

3.9 (a) ABC(ABC + ABC + ABC) = 0, for no assignment of binary values
will make this expression take the value 0.

(b) AB + AB + AC + AC = 1, for every assignment of values will give
this expression the value 1.

(c) XY + XYZ + XYZ + XYZ = XY + YZ
(d) XY(XYZ + XYZ + XYZ) = 0

3.11 (@) AB + CXA + B) = AB + ACorA(B + C)
(b) AB + BC + AC



590 (©) (A + B)B + C)C + D) = ABC + AC + ABD + ACD
ANSWERS TO —AC + BC + ABD

SELECTED @ @A+B)+(C+D)B+C)=A+B+BC+BD+CD
ODD-NUMBERED L =AB +C+D
QUESTIONS (8 A+ BC + CD
3.13 The important columns in these tables are as follows:
X Y b4 X+7Y+2 Xvz
0 0 0 1 1
0 0 1 0 0
0 1 0 0 0
0 1 1 0 0
1 0 0 0 b}
1 0 1 0 0
1 1 0 0 0
1 1 1 0 0
X y z (V474] X+¥Y+2
0 0 0 1 1
0 0 1 1 1
0 1 0 1 1
0 1 1 1 1
1 0 0 1 1
1 0 1 1 1
1 1 0 1 1
1 1 1 0 0
3.15 (a) ABC + ABC + AC + BC = AC + BC
(b) AB + AC + ABC + ABC + ABC + BC (This can be simplified to
BC)
(c) AB + ABC = AB
3.17 Rule 13
3.19 (a) AB + AD + BC + CD
b)) AB+AD + AC+BC+CD+C+BD+D+DC=C+D
+ AB v
(¢c) ABC + ABD + AC + BC + DC + ADC + BDC + DC = AC +
BC + DC + ABD
(d) AB + AC
3.21 XYZ + XYZ
X
4
Z ———— —
_ ‘ XYZ +XYZ
X
FIGURE A3.21 y E.—
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ANSWERS TC

z SELECTED

Y ODD-NUMBERED

_ QUESTIONS

XY +XZ
X
7 FIGURE A3.25
3.27 x 14 X+ XY X+Y

0 0 0 0
] 1 1 1
1 0 1 1
1 1 1 1

3.29 YZ + YZ is the sum-of-products expression, and (Y + Z) (Y + Z) is the
product-of-sums expression.

3.35 (a) X X (b) XY XY Xy Xy
Y 1 Z 1 1
1 'z
XY + XY XVZ + XVZ
() XY Xy XY Xy
z 1 1
z 1
XYZ + XY
(d) XY Xy XY Xy
zZ 1 1 1
Z
XYZ + XYZ + XYZ
(e) XY Xy Xy Xy
z 1 1 1
Z
XZ +YZ
) AB AB AB AB
C
C

AB(ABC + BC)
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ANSWERS TO
SELECTED
ODD-NUMBERED
QUESTIONS

3.39 (0

3.41

~I

Al

(0)

ol

(d)

al

(e)

"

9]

(a)

(b)

(c)

NI

X X (b) AB

=\ &

L[ D

ABC + ABC
AB  AB AB AB

AR

1

ABC + ABC + ABC + ABC

AB  AB AB AB

[l

<

ABC + ABC + ABC

AB AB AB

a | D

ABC + ABC + ABC

XY XY Xy Xy

my + my + my + ms

XY XY XY Xy

1

1 I 1

m; + m; + my + ms

ABC + ABC




(d)

3.45 (b)

3.47 (o)

)

XY XY Xy Xy
Z 1
z 1 1

my + ms + my

WX WX WX WX
YZ 1 1 1 1
YZ I 1
Yz |
YZ 1 1

my = WXYZ my, = WXYZ
my, = WXYZ m, = WXYZ
m, = WXYZ m,, = WXYZ
my = WXYZ  m,, = WXYZ
my = WXYZ

mgy + rﬁz_+ m4_+ msj— my + mygy + my; + my, + m

XZ +YZ + WX + WY
ZX+Y) + WX +7)
Z+ WX +Y)

mg+ my + ms + m; + myy + mp + mg + mg

Yz
Yz

YZ
YZ

my

YZ
YZ
¥Z
YZ

WX WX WX wx

Product of sums:

WY + WZ) = (W + V) (W + 2)

Su_m of _Eroducts:
wY + wz

+m5+m7+m8+m”+m,3+m,5

WX WX WX WX

ms my, \ / n,
QY /0)
0 mg  m 0

don’t:cares

Product of sums:

(XZ + YZ + WXZ + XY2)

=X+2)XY+2)W + X + 2Z)

X+Y+2)

3.49 (a) ABC + ABC + ABC + ABC + ABC = BC

C
C

AB AB AB AB
D D

QDo

don’t-cares

(b) ABC + ABC + ABC + ABC = A

¢
c

AB AB AB AB
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FIGURE A4.1

FIGURE A4.5

don’t-cares

(c) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD

AB AB AB AB

cp |(C1__ D \p/ 1)| cD + ABD
b | D

CD

CD M\

Chapter 4
4.1

4.5

0 0 1 1 0 1 0
X | L _J L
}?—_—l g 1 M|
S I 1 I 1
RI l J 1 |

0 0 1 0 1 1 0
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INPpUt e

FIGURE A4.9
Reset

4.13

Input

RESET

0 o 1 1 0 0 1 10
X, -
0o o0 1 1 1 1 0 0 o0

FIGURE A4.13
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SELECTED
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Input

X, — |
o 1 1 o o 1 1 0o 0
X, —
0 1 1 1 1 0 0 0 0

FIGURE A4.15
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ENABLE
0 1 0 0 1 0 0 0
FFO
0 0 1 1 1 0 0 G
FF1
0 0 0 0 0 1 1 1
FIGURE A4.17
Chapter 5
5.1
lfor Y FIGURE A5.1
o—

Clock
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FIGURE A5.15

FIGURE A5.48

5.3 (a) 00110 (b) 01010 (c) 11100 (d) Not representable

8.5 4 would be stored 10100 in the magnitude system, 11011 in the Is
complement system, and 11100 in the 2s complement system.

67 S=1landC =1
5.9 —12in Is complement; — 13 in 2s complement

8.11 The sum will overflow the register and cause an incorrect addition. Most
machines sense for this and turn on an ‘‘addition overflow’’ or indicate the overflow
in some manner.

5.15
X

8.29 Logical addition, 0111011
Logical multiplication. 01000 10
Exclusive OR, 0011001

8.31 The logical MULTIPLY will clear those digits of X where Os occur in Y,
and the logical ADD will add 1s into the places in X where 1s occur in Y.

5.48

X®

~i

- XY

Sign bit

Overflow




Overflow = (X > @)-(¥ > )(C; = 1) + (X < @)Y < 0)«(Cy = @) 599
; D= +
Overflow X,Y.C, + X,Y,C, ANSWERS TO
5.50 The general scheme is SELECTED
ODD-NUMBERED
01 1 0 10 1 1 QUESTIONS
| ,
L
R S RS RS R |S
1 0 1 0 1 0 1 0
0 pu—
t vl Y vy
\ 0
0 "l v 1 vO
FIGURE A5.50
Carryout = 1
Chapter 6
6.12

1 0 1
| | | | WRITE-head signal!
Type
1 _FI_U__I'I_U_ READ-head signal

[ | | WRITE-head signal
Type
2
T—ﬂ—u—— READ-head signal

/| ™ WRITE head

*_U_J-‘_U_ READ head FIGURE A6.12

6.35 262,500 bits/s

Type J
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ANSWERS TO 7.3 01100001
SELECTED 01100100
ODD-NUMBERED 01100100
QUESTIONS 00010000
00010110
00000100
00000001

10000000 Carriage return is optional

7.5 27 holes in three cards. Easier to correct if cards are used. for erroncous
cards may simply be replaced.

7.7 Nine holes

7.9 EVEN- ODD-

EXCESS-3 PARITY PARITY

DECIMAL CODE CHECK CHECK
0 0011 0 1
1 0100 1 0
2 0101 0 1
3 0110 0 1
4 0111 1 0
5 1000 1 0
6 1001 0 1
7 1010 0 1
8 1011 1 0
9 1100 0 1

7.11 (a) The errors are in the seventh, eighth, and ninth rows; the sixth digit in
each row is in error, and the message is, ‘*That’s right.”’
(b) The error is the fourth digit in the sixth row, and the message is, **Don’t
stop.”’

7.13 10. One such code can be formed by adding a leading 0 to each of the four-
binary-digit Gray code groups listed in Chap. 8 and then adding another 16 rows
with the four rightmost binary digits the same as those in Chap. 8 but with their
order reversed and with a leading 1 added to each code row.

7.15 (a) Errors are in the second, third, and fourth rows, the seventh digit in.
The message is, “‘That’s fine.”’
(b) Errors are in the second and third rows, the third digit in, and the
message is, ‘‘Bad tapes.’” Notice that we corrected a double error in a
column.

Chapter 8

8.16 To interface a keyboard with device address 6, modify Fig. 8.20 as follows.
The keyboard-to-bus data line drivers remain the same and are not shown here.
The address line selection logic is changed:
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ANSWERS TO
6—‘}‘)—" SELECTED

bc ODD-NUMBERED

QUESTIONS
From
bus 3 A3 ’c ' . .
To disable lines on

Ay the Ky —Kj three-state devices
Ay

FIGURE A8.16

- P, t0 reset on ready flip-flop

Chapter 9

9.3 The timing table is shown in Table 9.3 with the following additions:
OPCODE 00100 = BRM

BRM (from Table 9.4)

land T, Set R Tell memory to read instruction word

land T, MB into OP, Operation portion of instruction word into the oper-
ation register.

RESET R Clear memory read flip-flop.

land T, MB into IC If sign bit of accumulator is 1 (contents as negative),

and AC, then use the address portion of the instruction ad-
dress as the next instruction address.

/and T, INCREMENT IC if sign bit of accumulator is 0 (contents are not

and AC, negative), then use the next sequential address in
memory as the next instruction address

/and T, ICINTO MA Set up to read the next instruction from memory.

Leave / = 1 so that the next cycle will be another
instruction cycle.

BRA

/and T, SETR Tell memory to read instruction

/and T, MB INTO OP, Operation portion of instruction word into the oper-
ation register.

_RESET R Clear memory read flip-flop.

/and T, MB INTO IC Use address portion of instruction word as the next
instruction address.

/and T, IC INTO MA Set up to read the next instruction from memory.

Leave / = 1 so that the next cycle will be another
instruction cycle.
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FIGURE A9.3

The control signal generation logic in Figs. 9.6 and 9.8 should be augmented with

BRM—opc—»WVI BRA-—>o->m

the following:

9.8 Instructions which require an execution cycle generally must access memory
to obtain or to store an operand. Examples from the instruction set of Table 9.3
include ADD and STORE. Instructions which do not require an access to memory
for an operand generally do not require an execution cycle. In such cases there
may be no operand; or the operand has been obtained as part of the instruction and
is manipulated solely within the central registers of the processor. Examples are
BRM, BRA, and CLR.

9.18 This question says: Provide a microprogram for the BRM branch-on-minus
instruction of Table 9.4. The OP code in the BRM instruction is 00100 = 4.

MICROPROGRAM MICROPROGRAM
ROM LOCATION Coto Cg C;to0 C,

0 —_ 1— R; IAR + 1 = IAR

1 — MB, ,— OP; IAR + 1 - |IAR; 0 —» R

2 — OP + IAR + 1> IAR

3 204, Cos — IAR

7 40,, Cos — IAR

40 42, IF (AC, = 1) THEN C, ¢ — IAR; ELSE IAR + 1 — IAR
41 43,, Cis— IAR;IC + 1 IC

42 — MBy ,, — IC

43 — IC— MA; 0 IAR




