5. Basi ¢ Gate Conbi nati ons
5.1 TTL NAND Gate

In logic circuits transistors play the role of switches. For those
in the TTL gate the conducting state (on) occurs when the base-
enmmter signal is high, and the non-conducting (off) when it is
| ow. Signals corresponding to | ogical variables x and y are applied
to the emtters of the input transistor T, where the actual |ogic
is essentially performed. Transistor T, plays the role of a phase
splitter. Wen it is off, the collector voltage is at essentially
V and the emtter is at 0. When it is conducting current |, flows
t hrough the series resistors. The collector voltage drops to V-1,R
and the enmitter voltage rises to I,R where R is the appropriate
resistor.

The collector and emtter voltages then vary in opposite phase.
Mor eover each phase | eads to only one of the two output transistors
bei ng conducting. Note that if either x or y is low (ie =0) then
T, is on and the base voltage is at its |owest value V-1,R Here
again Ris used generically, each el enment having distinct values in
practice. The collector of T,and the base of T, are low so that T,
is off. In this situation the base of T; is high turning this
transistor on while the base of T, is 0 and this transistor is off.
In this situation the output is connected to the high voltage |ine
V and goes hi gh. Wen connected to aload it will deliver current.

In the case when both x and y are high then T, is off, turning T,
on. This reduces the voltage on the base of T, below its emtter
vol tage so that it becomes non-conducting. The base of T, on the
ot her hand is driven up by an anount |,R and becones conducting. In
this case the output is connected to ground through T, and the
output is low. Note that in this state, when connected to a | oad,
current will flowinto the gate.
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The operation is sunmarized in the foll ow ng table.

X y T, T, T, T, out put
0 0 on of f on of f 1
0 1 on of f on of f 1
1 0 on of f on of f 1
1 1 of f on of f on 0

The pair of transistors T; and T, constitute what is known as a
totempol e output. They are arranged so that only one of the two is
conducting in a steady state condition.

5.2 Tristate Drivers

A variation on the NAND gate in which a di ode connects the base of
T, to one input, labelled e, profoundly effects the operation. In
the normal gate the condition with one input Iowleads to the state
with T, on and T, off. In this case however if e is |ow, the base
of T; is held low and both of these transistors are off. If one
thinks of the arrangenment as a series of two switches then the
out put is now connected to the centre of two di sconnected sw tches,

so in essence the circuit is conpletely renoved fromthe | oad. Thi s
state is not one of the two logic conditions and is referred to as
the high Z state, since it represents a high inpedance output
point. The system behaves normally when e is high, having a 0
output for x=1, and a 1 output for x=0. Thus the system nmay be
t hought of as having three states and is referred to as a tristate
devi ce. The behaviour is sumrari zed in the table. The input e acts
as a control or nore specifically enable signal. Wen the gate is
not enabled, the output is in the high Z state no matter what the
val ue of x. The entry X stands for either O or 1, referred to as
"don't care". Wen the gate is enabl ed the device behaves as a NOT
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gate or logic inverter with respect to the x input.

e X T, T, T, T, out put
0 X on of f of f of f high zZ
1 0 on of f on of f 1
1 1 of f on of f on 0

The circuit synbol for the tristate

is shown in the diagram This circuit

i s designed solely for the purpose of

connection to one of the conducting

pat hs of a bus. Since this conducting

path, or line, is shared by several X X
devices it is necessary to require

that only one device access the |ine

at any one tine. This is achieved by e
connecting the device output through

a tristate driver to the line. Only

one of the set of devices has a

tristate driver to which it s

connected enabled at any tinme. In

this way all other device outputs are in effect disconnected.

5.3 Truth tabl es and Karnaugh maps

An arrangenent of gates which accepts a set of |ogical variables or
in other words a logical word as inputs and produces a set of
| ogi cal variables which are prescribed |ogical functions of the
i nput variables (constituting the output word) is a conbinational
circuit. Since the properties of |ogical functions are conpletely
defined by the truth table, the table plays an inportant role in
t he devel opnent of the circuit. A logical function of N variables
can be witten f(X) where X is the N-bit word consisting of the
variables. Thus if the function is dependent on the states of
three variables and is thus witten f(u,v,w), X is the three bit
word uvw. The dormain of a function of N variables is the register
set Ry. The truth table is constructed by entering the value
assunmed by f for each word Xin Ry, The words are ordered according
to the value of [,,(X). It is convenient to indicate this by witing
the set as X,j=0,2"1, so that the subscript of X is the value
j =Lio(X). Special logical functions called mnterms m(X) are
defined by the relation

mj(Xk):éjk (5.1)

where o;, is the Kronecker delta. The explicit formis the AND of
each variable in the 1 state and the conpl enent of each variable in
the O state.
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For conveni ence a general OR of several terns will be designated as
2. It then follows that

fX)= AKX m(X) (5.2)
This is the | ogical anal ogue of the statenent

= [ - (5.3)

for continuous real functions.

A rearrangenent of the presentation of

the truth table is the Karnaugh map,

useful in sinplifying expressions. The
evolution of this arrangenment may be
understood by examning the Venn Xy
diagramfor two sets x and y. Note that
interns of |ogical variables a natural
order is equivalent to 00, 01, 11, 10
in contrast to the order based upon the
i nteger code, that is 00, 01, 10, 11.
Here it is understood that, for exanple
01 represents (NOT x) ANDy. The reason
for the usefulness of this ordering is
that it nakes obvious the presence of
ternms in which a comon factor is in
the AND condition with a variable OR
its conplenent. Since the OR of a
variable and its conplenent is always
1 then this variable nmay be renoved
fromthe expression. Thus one has

Vxy=(Vx)y=y (5.4)

The Karnaugh map presentation highlights the existence of such
redundancies allowng sinplification based upon the truth table
rat her than al gebrai c mani pul ati on. This beconmes nore i nportant for
nore than two variables. As an exanple consider the von Neumann
function of three variables which is 1 when at least two of the
three variables is 1. The truth table is given bel ow. FromEqgn(5.2)
the function could be witten

SX)=ma(X)Vms )V mgOV m ()
=xyz\VxyzVxyzV xyz

(5.5)

In the second line of the equation the explicit functions for each
mnterm ie each table entry X, is given. Because these are ANDed
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wi th the corresponding fnction value only those entries appear for
whi ch the function is 1.

X y z f(X)
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 1

The Karnaugh map is arranged in a 2x4 matrix form with the 4
conbinations of the variables y and z arranged in the order
menti oned fromthe Venn diagram and x as a single variable having

JRSCOR

only the two possibilities.

Only those conbinations, 011,101,111 and 110 for which f(X)=1 are
entered as is standard practice. Because of the arrangenent
adj acent pairs represent sinplification. Thus the pair |abelled a
represent the conmbination yz since x my be 0 OR 1, the pair
| abell ed b correspond to xz since these are only 1 while y may be
0 OR 1 and c produces xy since for this pair x andy are 1 but z is
0 OR 1.
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The function may be thus witten

SX)=yz\VxzVxy (5.6)

Clearly it nust be possible to sinplify Egn(5.5) to the above form
since both expressions are based upon the sanme truth table. The
four terns in Eqn(5.5) correspond to the four entries in the map.
If one were to attenpt to sinplify the expression as given, one
could factor the last two terns according to

JX)=xyzVxyzVxy(zVz)
e (5.7)
=xyz\/xyzV xy
While this expression is reduced to three terns it is still not as

sinple as possible and further sinplification does not appear
possi ble. Note that the grouping leading to the last termis the
pairing | abelled c in the map, and makes use of the termxyz. Al so
notice that in the map reduction the termxyz is used in all three
pairs. This points to the resolution of the dil ema.

The nethod of algebraic sinplification in this case relies on the
obvi ous fact that any | ogical variable a satisfies aVa=a. Then it
is possible to augnent the expression in Eqn(5.5) by two nore xyz
ternms giving

SX)=xyzVxyzVxyzV xyz\ xyz\ xyz
=yz(xVX)VxzO\VY)Vxy(z\V'z) (5.8)
=yz\/xz\/xy

The ternms in the second and third Iines of Eqn(5.8) correspond to
the pairings indicated as a,b and c respectively in the Karnaugh
map of f(X). This exanple illustrates the power of the Karnaugh nmap
approach in sinplification of expressions. Al gebraic sinplification
inthis case would only have been possible if the required trick of
augnenting the expression with redundant terns had been enpl oyed.
This procedure was only nmade evident in this context by prior
reducti on using the map approach, and it is doubtful that it would
ot herwi se have been recogni zed.

The maj or groupings are exenplified in the figure follow ng. The
structure of the map is indicated in terns of the corresponding
mntermexplicit functions rather than the binary words which t hey
sel ect. The shaded areas represent those i nput words for which the
output is one. Each single variable occupies 4 contiguous
positions. Note fromthe map for the conplenent of z that the end
regions are contiguous so that one nust treat the map as if it
wr apped ar ound.
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A four variable map is formed as a symetrical 4x4 array, with the
4 rows generated by two variables and the 4 colums the remnaining
two. This approach becones difficult for nore than 4 vari abl es.

5.4 Adders

The fundanmental arithnmetic operation is addition of two bits
corresponding to two logical variables. In this case the outcone
must in general be a two-bit word. Consider 1+1=10. The resultant
word is 10. The O is referred to as the sum bit and wll be
designated here by s and the resultant 1 is referred to as the
carry bit,c. Wen addi ng words of nore than one bit, the operation
commences with the two least significant bits and proceeds in
sequence to higher order bits. For all but the LSB this requires
that the sum of the two bits together with the carry from the
operation perforned on the bits of one |less order be added. An
adder elenent is thus a device with a three-bit input word and a
two-bit output word. Consider the addition of two Nbit words
X={x;,i=1, N} and Y={y,,i=1,N}. Then N adder elenents wll be
required. For the i'™ elenment, the input word is X;y;c;,; and the
output word is s;c;. The following truth table defines the output
functions. In principle Karnaugh maps may be constructed for each
of the outputs, or the functions nay be obtained directly fromthe
mnterns. In either case scrutiny of the behaviour of c¢; reveals
that it is true when at | east any two i nputs are high and hence is
the von Neumann function discussed in the previous section.
Simlarly the sumbit is the parity of the input word. This is of
course realized as the XOR of the input variables. Hence the
solution may be obtained by inspection and a detailed analysis is
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not really necessary.

Xi Yi Ci1 Ci Si
0 0 0 0 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1

In summary the input-output relations for an adder el enment are

§:=X:DY1DC;
Vi1 +1 (5.9)

Ci=X Y VX 1V iCiv 1

The relationships in Egn(5.9)

define the gate arrangenents

required. The sum bit 1is the

output of a 3-input XOR gate,

the inputs of which are the Y X
circuit inputs. The carry bit is

the output of a 3-input OR gate

the inputs of which are in turn
outputs of three, 2-input AND
gates. The inputs to the AND C.- — C
gates are the three possible '
pairs of the three device input

vari ables. A short form synbol ‘

i+1

for an elenment is shown in the

figure. One such elenment s

required for each bit of the S.
words to be added. The el enents
are interconnected at the carry
inputs. The device 1is often
referred to as a full adder since a half adder is defined as one
whi ch does not take into account the carry.
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A circuit which can add or subtract three-bit nunbers using the
twos conplenment code is shown above. Recall that the XOR gate
behaves as a controlled inverter. Wen sub=0, the outputs of the
three XOR gates equal the inputs so the device fornms a nornma
addi ti on. When sub=1 however, the output of each XOR gate is the
conpl ement of the input. This acconplishes the addition of X and
the conplenent of Y. The sub signal is also coupled to the input
carry of the | owest order elenent so one is al so added.

5.5 Propagati on del ay

The objective of a conbinational circuit is to produce an out put
word from an input word according to a defined |ogical function.
This is achieved in the steady state. O course the systenms in
which the circuit operates are dynam c and the i nput word changes.
The transition from the old word to the new word, or from the
initial to the final state is sonewhat problematic in several
respects.

First consider a single bit of the word. I n changing say froma one
to a zero, thereis a tine period during which the voltage level is
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not consistent with either of the two states. During this period
t he val ue is indeterm nate.

Second suppose the  bits
undergo the transitions at
different times. There wll

t hen be a series of X
incorrect transient words.
Clearly synchronization of — b
the transition across bits
i's desirable.

Finally no system can
respond i nstantaneously to a

stimulus. In the case of a X

logic gate the response is

characterized by a tinme a

del ay bet ween the

application of a new [evel b t
at the input and the d

formation of that Ievel at

the output. This is referred

to as the propogation del ay.

The effect of such a delay may be illustrated by the sinple circuit
shown for which the output logic function for input x is x ANDed
with NOT x and hence should be 0 at all tinmes. As shown in the
figure however, the output of the inverter, labelled a requires a
tine t, before the final state level is established. Thus if X
undergoes a transition fromO to 1 at t=0, the output remains at 1
for O<t<ty, During this period the inverter input-output relation
is not satisfied, and since both inputs to the AND gate are high,
the output bis 1. After the propogation delay, the inverter output
transition to the correct level, 0, is conpleted and the AND gate
output returns to the expected value. Thus there is a transient
period during which the truth table for the circuit is not in
accord with its actual performance. The aberrant output pulse at b
is called a glitch. Cearly it is necessary to allow for such
delays in using the outputs of circuit elements in a digital
syst em

Consi der the case of the adder discussed above. The correct sum
output will not occur until the carry has propogated through al
hi gher order bits. This can take up to Nty for an N-bit adder, and
thus this tinme inposes a |imtation on the speed at which the
addi ti on operation may be perforned.

5.6 Decoders
A decoder is a device with N inputs which may have up to 2V
outputs. A given output becones high when the input word is a

specific word of Ry Thus each output is a mnterm A two input
four out put decoder is shown in the follow ng diagram The out puts,
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in order of top to bottomcorrespond to m(X), m(x), m(X) and my(X)
where X=xy. The nbst comon application of a decoder is in decodi ng

. xy (MP)
%y (sR)
oy (182)
; 4}4& } xy (DSZ2)

i nstructions. The exanple indicated in the diagram corresponds to
the situation in which the input is taken fromthe fourth and fifth

bits of a NOVA nenory reference instruction without accunulator. A
00 input coding for an unconditional junp would then activate the
m, line. This signal would be used to
|oad the program counter wth the
address of the next instruction to be
performed. Simlarly, for each of the
4 possi bl e i nstructions t he
corresponding output line would be
arranged to initiate the appropriate
action when in the 1 state. As anot her
exanple, when outputting ASC | code
words to a device such as a printer
each output 1line of the decoder E—

initiates the required action to form *————>> N/M j>

t he correspondi ng character.

A sinple synbol for a decoder is shown
in the acconpanying illustration. The
double arrows indicate the set of
lines corresponding to a given word.
These would nunber N for an N bit
input word and up to 2N for the Mbit
output. In cases where it i s necessary
to avoid confusion the nunber of bits represented by the double

5.11



arrow can be witten explicitly.

5.7 Multiplexers

Xy

The nmul tiplexer is naned such since it is designed to performthe
process known as nultiplexing. In this process several input |ines
of information are brought to-gether to share a common single |ine.
A separate control input determ nes which input line is connected
to the otput at any given tinme. As can be seen fromthe figure the
mul ti pl exer is based upon the decoder function which responds to
the control input by enabling the appropriate AND gate. The data
input lines are l|abelled d; where i=[,(X) is the binary coded
i nteger of the control word X=xy. Thus if X=10, [,,(X)=2 and the two
upper inputs to the third AND gate fromthe top are set to 1. This
gate then acts like a connected switch passing the information
contai ned on d, to the output. The connected i nput |ine may al so be
t hought of as selected by the mintermof correspondi ng subscript.

It is easy to see by inspection that the general expression for the
out put which formally summari zes the above discussion is

z=Xydo\V xydVxyd)\ xyds (5.11)

This equation may be mnmade identical to Egn (5.2) if the
substitution d;=f(X) is nmade. As nentioned above the data bit is
ANDed wi th the corresponding mnterm O course while this exanple
i s based upon a 2/4 decoder it can be generalized to the case N 2N
This is an extrenely inportant result because it neans that any
| ogical function f(X) can be generated using a nultiplexer in a
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straight forward manner. The control word assunmes a m nterm val ue
so that if the associated data line is set to the corresponding
value of the truth table, then this
val ue appears at the output for the
appropriate X For exanmple XOR is
realized by setting the data lines to
d,=0, d,=1, d,=1 and d;=0. The use of a
mul ti pl exer to

realize an arbitrary function in such a Y MUX
strai ghtforward manner avoi ds t he

intricacies of function sinplification,
particularly inportant for functions of
many variables. Since multiplexers are
readi |y avail abl e function generationis W [

easi |y acconplished. The synmbol shown to

the right makes cl ear t hat t he

mul ti pl exer requires two i nput words and X

produces a one-bit word output. Note

that the subscripts used for the bits of

the data lines differ fromthe convention for the bits of the input
word Y.

From t he discussion above it would appear that realization of a
function of N variables would
require a multiplexer with an N
bit control word X In fact
however a careful e exam nati on of

the structure of the truth table

i ndicates that the function can Xy u z

be generated by a nmultiplexer 0 O 0 0

with a contol input word of d. =0
l ength N-1. 0 O 1 0 |0
Suppose one wi shes to realize the 0 1 0 0

von Neumann function for the d1=l1
variables x,y,u. Consider the 0 1 1 1

truth table deconposed as shown

bel ow. The N variables are 1 0 0 0 d =
deconposed i nto a control word of 1 0 1 1 o=u
the N1 MSBs and a single bit,

the LSB. In this exanpl e N=3. The 1 1 0 1

truth table is deconposed into d. =1
21 subtabl es, based upon the 1 1 1 1 3
words of Ry ,. Each subtable is a

truth table for the single

variable conprising the LSB,

designated u in this exanple. Since the control word connects the
output to the corresponding data line the solution z(u) for each
subt abl e, which can be obtained by inspection, defines the signal
on that data line. Again in this exanple the data lines are
connected lowfor d,, tothe LSB for lines d, and d, and hi gh for ds.

5.13



