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DESIGH OF ASYJNCHRONOUS UNIT DELAYS

ABSTRACT

The problem considered is the design of an asynchronous unit
delay. An asynchronous unit delay is an n-input, n-output, asynchronous
sequential circuit such that the present value of the output n-tuple is
equal to the value of the input n-tuple prior to the last input change.

The dclay is of significance es a building block for shift register
realizations of asynchronous circuits.

The logical design of a 2-input asynchronous unit delay is first
investigated. Several different circuit realizations are developed and
compared. The logical design of a 3-input delay and of a 2-input, 2-unit
delay is' also examined. A diflerent design for an n-input delay is ob-
tained by using an internally generated pulse to control the ;tate changes.
1t is shown that this technique can be generalized to apply to an arbitrary
fundamentel mode sequential ecircuit: The method utilises a change detecting
circuit to produce a control pulse end the remainder of the design can be
done on pulse mode basis. This allovs unrestricted assignments for the
main part of the circuit which now operates in pulse mode.

The 2-input asynchronous delay is analyéed and performance criteria
are developeﬂ. The operation of two delays connected in series is also
studied. Several circuit realizatlons are then experimentally tested for

the important design parameters and a comparison of the realizations is made.
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CHAPTER 1

FUNDAMENTALS

1.1 Introduction

Switehing circuits are normelly classified as being either
synchronous or asynchronous. In synchronous circuits, clock pulses
regulate the operation of the circuit and & knowledge of logical charac-
teristics is sufficient to predict the state of the circuit at any clock
pulse. Each operation in a system, such as a computer, designed in the
synchronous mode is allotted a specific amount of time. As & result of
using specific delay times, it is possible that systems of this type are
operating at a fraction of their potential speed. O(n the other hand,
circuits may be designed without external timing. There is no source of
clock pulses to synchronize the operations énd, in effect, the resulting
system may take full advantage of the basic device speed. Thus & system
designed in the asynchronous mode will operate as fast as switching can be
accomplished. In order to achieve this each building block of the system
must be designed to emit an oubput signal when the input signals have been
processed. ﬁowever, the absence of clock pulses introduces the problem of
insuring that the circuit functions according to specifications, independent
of variations in speeds of some of the logical elements which comprise the
system.

This thesis considers the design of an Asynchronous Unit Deley

(AUD), which can be used as a basic building block for realizations of



asynchronous circuits [1] An asynchronous unit delay is an n-input,
n-output asynchronous sequential circuit in which the present velue of
the output n-tuple is equal to the value of the input n-tuple prior to

the last input change; thus for such a device

zi(t) = xi(t-At) for 1=1,2;...)0
where (t-At) is the instant of time when the input n-tuple was last changed.

Realizations ueing such functional blocks have the advantage of
leading to simple and often economical assignments for the internal states
of the machine [1). Another adventage of the AUD is that it is the only
memory device required for such realizations. For n22, it is a larger
building block than & flip-tlop and its use leads to simpler structures of
identical elements.

This thesis is divided into !t sections; the first summarizes the
basic logic concepts used in later developments. The second section considers
the design of an Asynchronous Unit Delay under fundamental mode end under
pulse-controlled operation. A method is proposed for realizations of
asynchronous circuits, in general, by an equivalent clocked synchronous
circuit. Further, various circuit models are described and the performance
under the two schemes is compared. In the third section we describe some
basic circuif concepts and the tests to determine whether or not the circuit
is operating properly, end finally, in the last section, the ditferent
circuit models are compared and experimental results are summarized.

1.2 Sequential Circuits

An asynchronous circuit can be defined as an r-input, p-output
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device. The signals at the input and outpub terminals are binary and take
the values O and 1. There is no numericel signiticance attached to these
symbols. In an electronic switching circuit, the signals are usually
interpreted Fs voltages and frequently the higher voltage is assigned the
symbol 1. However, there are times when the other assignment is more
useful.

A signal is called a level signal if it can assume the value

0 or 1 for any length of time, greater than some minimum duration t, vhich
is the respoﬁse time of the circuit. An ideal binary, level signal is
sketched in Fig. 1.1. A pulse, on the other hand, is a signal which is in
the 1 state for much shorter period of time than it is in O state.

The set of signals present at the input terminals are referred to
collectively as the input state (for brevity, the 22252), and the term

output state (or output) refers to the set of output signels. If the output

is always uniquely determined by the present input state, the system is

called & combinational circuit. A more genmeral situation occurs in the case

of & sequential circuit in which the output state is a function of present

input state and a past history of the imputs. A sequential eircuit can be
described by & system of the form shown in Fig. 1.2, which consists of

combinationé} circuits with some of the output signals fed back to some of

i
the input terminals. The feedback branches are called state-branches. The

signal at the output end of each state-branch is defined as & state-varisble

and will be represented by y;, for the i-th state-branch. For proper
sequential operation, the gain in the feedback loops should be greater than

unity in order to have two steble states possible in the loop.
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Fig. 1.1
Ideal Binary Level Signal
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The combinational circuits can be constructed with & wide variety
of devices such as electronic gates, relays, cryotrons, magnetic cores, ete.
In our discussion we shall be using electronic gate-type logic. A

synbolic representation of Nend, Nor gates and Set-Resct (s-R) flip-flop

is given in Fig. 1.3. The operation of an S-R flip-flop is shovn in Table

1.1.

SR

0 0 0 - 1
1 1l 0 - 1l
Y
Table 1.1

S-R Flip-Flop

1.3 Flow Tables

A commonly used method for describing the terminel characteristics

of & sequential circuit is the flow table [6] The colums of the teble

correspond to input states, the rows represent the present internal states,

and the table entries are the next internal states and the output states.

For example, if the circuit of Table 1.2 is in state yjunder input X;, the

next internal state is also Y; ana the circuit is stable.




yl @, lo Yh, ].0 'Y3, OO @ 00
Yo | Yyo-- = Y;,10 @, 10
.y ——

3@,01 LAV PRSI
o, @01 @oo Y5000 Y11

y -- -
Yy @oo Yo == 1,00

Table 1.2

Flow Table Description of a General Sequential Circuit

next
If now the input is changed to Xp, the/internsl state will change to Yy

and stay there as long as X, is present. There is another type of transition
possible: If the circuit was presently‘in state Y5 under input Xo and

tﬁé input was changed to X3, the circuit would cycle fhrough all the states.
Such transitions will not be considered here. A transition for which the
next internal state is '--' (a don't carez means that further circuit action
is of no interest. A total state, which/az input state X; and an internal
state Yﬁ is called ggéggg, if the next state entry is equal to the present
internel state. This fact is denoted by circling the next state entry.

When the circuit represented by a flow table &s in a stable total state,
the internal state cannot change until the input state is changed. Vhen-
ever the ci%cuit inputs are controlled in such a way that no input is

changed unless the bresent total state is stable, the circuit is said to

be operating in a fundamental mode [8]. If no more than one change occurs

in the internal state for each input change, the circuit is said to operate

in normal fundamental mode [5].
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A different mode of operation is possible if pulses are present
at the input. A sequential circuit is said to be operating in pulse-mode
[8]¢ifthe following conditions ere satisfied.

(i) At least ome of the inputs is a pulse signal.

(1) Changes in internsl state occur only in response to the occurence of

a pulse.

(iii) Fach input change causes at most one chenge in each internal state
but any number of internal state veriables are allowed to change &t
the same time.

A fundemental mode flow table with at most one stable state in

each row of the table, is called a primitive flow table [8] . Such a table

cen be reduced by any of the several methods proposed in [6, 8, 10]

1.4 Serial end Parallel Decompositions

An important step in the synthesis procedure is the binary coding
of the internel states of a flow teble. It is the construction of this code,

called a state assignment, that must be made in such a fashion that the

circuit will function according to flow table specifications independent of
variations of delays within the circuit. A useful tool in the determination
of suitable codes for the internal states of a machine is the partition theory

(71
Definition Iil: A partition [7] on the set of states Y of & flow table is

a collection. of diéjoint subsets .of Z_whose set union is X”i.e.

T = {ﬁi }

such that * a.fla,= ¢ for i# j and
1 J

U(ai) = Y.
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We refer to the ay as blocks of w .

pefinition 1.2: A partition w on the set of states of & flow table is said

o have the substitution property [77 (referred to as S.P.) if and only if

each input maps blocks of w into blocks of w. For exemple if y; and yd
are contained in the seme block of w then the next states of Yy and y j under
any input X; are also in the same block of 7 .

We shall require later, under what conditions & sequential circuit
deseribed by & flow fable cen be realized as & parallel or series connection
of two smaller circuits. The pertinent results are summarized in theorems
1.1 and 1.2 [7). In these theorems only state behaviour realizations will
be considered which corresponds to assigning a single n-tuple of secondary
variables to each state.

Theorem l.1: A sequential'circuit $ has & nontrivial parallel decomposition
of its state behaviour if and only if there exist two nontrivisl S.P. partitions

"l‘ and “'2in S such that

T,

1 "2 =0, vhere 0 is the trivial partition with one

state per block.
Theorem 1.2: A sequential circuit § has a nontrivial serial decomposition
of its state behaviour if and only if' there exists & nontrivial S.P. partition
v on the set of states Y of S. |

It.i-}w.s been shown [T that often state decompositions lead to
realizations in which the complexity of the next-state function is reduced.
However, there are flow tables for which the most tconomical realization is
not the state behaviour realization. Also in reducing & flow table before

analysing its structure one may obscure some simple realizations. 1In such
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cases it may be better to expand the tlow table through state splitting.
For further details the reader is refgrred to [7).

1.5 Timing Problems in Sequential Circuits

The various logical elements comprising & sequential circuit do
not operate instantaneously. Instead, there are delays caused by the
wiring and the gates. TFurther, the gate delays may vary. Tor example,
individual transistors as opposed to wiring delay have switching delays
that vary not only with time as components age but more importantly, they

- vary individually depending on their loading, whether turning on or off,
the slope of the input signals, fluctuations in the power supply, change in
their gain, temperature, their switching threshold etc.

In eny circuit there cen be different paths for an input to affect
the output and the delays associated with each path are, in general, differ-
ent. These unequal delays have the tendency %o cause spurious transients
which may affect the overall operation of the circuit. For synchronous
circuits, such transients during & change of state variables are ignored,
and several state varisbles are allowed to change simultaneously. But for
asynchronous circuits, the state variebles are allowed to change simultaneously
(ggggg) only if the resulting state does not depend upon the order of change

of these variables (Non-critical races). If a race condition exists and there

is a possibiiity that unequal delays may cause the circuit to reach a stable
state other than the one intended, the race is called critical.
Beside races, spurious mormentary outputs can occur in a specific

network during a change of inmput. A transition between a pair of input

states which produces no change in the steady state output will be considered
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first. If it is possible tor & spurious output to be produced during such
a transition, this condition is said to correspond to a static hazard [ 81,
Spurious outputs can also be produced during input changes vhich do attect

the steady state output. Such a condition is called dynamic hazard [8]

Critical race conditions can be avoided by making appropriate
rov assignments [6 ] end hazards, by inserting delay elements in all feed-
back loops and using hazerd-free conbinational circuits [117] or by any of
the several methods proposed in [3,4,8,117

There are also restrictions on the way thé inputs can change.
For multi-input circuits we have to assume that inputs do not change
simultaneously. This is because if simufca.néous changes were allowed, they
may propagate at different speeds through the circuit and changes will not
be felt simultaneously at the outputs. Due to this restriction on the input
changes, the input rate becomes a function of the nurber of inputs. We

shall derive the exact relationship in Chapter 3.
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CHAPIER 2

Asynchronous Unit Delay

2.1 Detinition:

In this chapter we shall consider the logical design of an
Asynchronous Unit Delsy (AUD). Realizations using cescade connections
of unit delays (shift registers) are quite common for synchronous circuits.
A unit delay for synchronous circuits can be & clocked flip-flop. A
similar module for asynchronous circuits is defined as follows.

Definition 2.1: [1, 8] An ideal n x n asynchronous unit delay (n x n AUD)

is an asynchronous sequential circuit with n-binary level inputs X) Xpyeees
X and n-binary level outputs Zyy Zgreees Zps guch that at any time ©
the value of the output n-tuple is equal to the value of the input n-tuple
at time (t - At), where (b - At) is the instant of time when the input

n-tuple was changed to its present value; thus for such a device

zi(t) = x.i(t -At), for i=1, 2,...;0.

The input-output behaviour of an n x n AUD is described in Table 2.1.

x10001'f'o

xp O [2] 2 1 | ©

o)
(o]
xp O Lg‘ 1 1 _o‘_ 0
21 ? 0 —m 0 1 T
Zy ? 1 1 1
o ’
(o]
w 1 0 (0] 1 1 (O
l A,(’ } v { b.E ;

a v n AIM. - . Table 2.1 _
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Al x 1 binary input AUD is & trivial case of n x n AUD. Tor
example, an inverter and a normally closed relay contact are 1 x 1 AUD's.

In the following section we shall give general methods for the
design of an n x n AUD and various design schemes for a 2 x 2 AUD will be
considered.

2.2 Design Consideration

To insure proper operation of the circuits we make the following
assunptions:
(1)  The machine specified is an asynchronous machine.

(1) No critical race conditions occur during a state change.

(4i1) The combinational networks are hazard-free.

(iv) The delay in feedback lines is sufficiently large to allow the
associated combinationel network to become steble before the state

changes.

(v)  The input rate is sufficiently slow to allow the network to become ‘
steble before the input§‘are changed.

(vi) In the gemeral case &ll input changes are allowed, but for our interest
we restrict ourselves to adjecent input combinations, i.e. only single
input changes are allowed.

We shall describe two methods for the design of an AUD.

(1)  Fundamental Mode Operation

(1i) Pulse-Controlled Operation.

‘Fundamental Mode Operation [1]

Case 1, All input changes allowed:

Assume that the AUD is stable in some imput column. The previous

inpuf éan be any one of the 2B.1 possible inputs; hence there must be at
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least 2B-1 states in each column, each state having the output corresponding
to the previous input. In a normal primitive flow table there must be at
least 2%(20-1) stable states or rows. This number of states is also
sufficient, for suppose the present total state is the stable state (Yi’xj)'
If the input changes to X then the next totel state (Y;,Xy) is a stable

state Yp in column X, and the output changes to XJ. Thus in the normal

primitive flow table all transitions have the form shown in Table 2.2.
X

M X, Xy

yi @’xi -—> Yp,-

b l
g O

Table 2.2

Typical Transition In Fundamental Mode Operation

There are no unspecified next state entries and it can be verified thet this °
itself is the reduced teble for n 2 2.

Case 2, Single imput changes only:

Assume only single input changes are sllowed. A flow table
describing s&ch a circuit must have n stable states per column, corresponding
to n allowed previoué inputs. In & normal primitive flow teble, there must
be at least 2%n rows. Since there would be don't care entries in such a
flow table, it is possible to merge some rows and get a reduced table, as

will be illustrated in the next section.
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2.3 Fundamental Mode Realizations of the 2 x 2 AUD

The normal primitive flow teble under the restriction of single
input changes is given in Table 2.3. The table contains 8 states and can
be further reduced to table 2.4, For the case of all input changes, the

reduced flow teble [1] contains 12 states. This case is mainly of academic

L% 00 oL 11 10

1 Qo  2- - 3
2 - @00 5,- -
3 l)"' - »©- @/00 xlxe
v @ 2 - 3 00 0L 1 10
s | - & G T- 1@n @3- 2
A I oo 2 b @
; 1, . 6- On 3(,- @Gu @or b-
h- @u 5, _ b 2,--  3- @ @u
Table 2.3 Table 2.4
2 x 2 AUD-Single Input Changes Only Reduced Teble for 2 x 2 AUD ‘

interest because in practice even if simultaneous changes vere allowed in
the inputs, the effects of input changes will not be simultaneous throughout
the circuitf

Ty? physical realization of the flow tsble (Teble 2.l) depends
upon the state assignment. Since every distinet 1-1 race-free assignment
Jeads to & different realization, to choose a "best" realization we impose
the following requirements. In the model of Fig. 1.2 we have seen that
there are different delays involved in each path. So the desired realize-
tion is to have minimal logic (cost function in terms of gates), and least

transmission delays, which should be as equal as possible.
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Often it is possible to reduce the logic feqpirements by reducing
the functional dependence amoﬁg the state variables. The transmission
delays can be reduced by reducing the reaction time i.e. making one step
transitions.

The flow table of Table 2.4 has two non-trivial partitions with
substitution property:

m=(Z, F) emd v (13, 5)
such thatﬂl. "2 = 0. Hence the circuit can be realized as a parallel com-
bination of two su.bcircuits.s1 and sz. The stgte assignment according to

“l and "2leads to the following next state and output equations, vhere

¥, = o is assigned to block 12 of m, and ¥,=0 %o block I3 of w

1 2}
Yy = xy%p 4y (%9 4%5) (1) I;
Y2= Xle' + ye(xl+ XZ') (ii) ;:
Zp=Yp¥p' t X'(y; t¥0') (iv)

Assuming double-rail inputs (both x and x' available) and using Nand getes,
the circuit requires 16 gates and one inverter (Total 17 gates). It can
be verified that this is the only race-free, 2 variable, 1-1 assignment
for this flow table, not counting trivial modifications by complementing
and/or interchanging variables.

Note that such & modular realization of the flow table has lead
to quite a symmetrical circuit (Fig. 2.1) with respect to the outputs,
and we can expect approximately equal transmissioh'delays. (ne can also
verify that neither output could be equal to a state variable in the

realization using two circuits in parallel because the reduced flow table
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¥y = xy%p Hyy (%) +xp)

B = It (1)
- ! :
orxpe t b ag)  mss vy b (it )
N
. o
N
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> »
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Y2

-x.
e
2

2

" Fig. 2.
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of Table 2.4 does not have an output consistent S.P. partition. (A
partition is output consistent if the output is the same for all the

states in any block.) It can be shown that for the flow table of Table

2.3, there exists only one race-free, 3 variable, 1-1 ascignment which

uses 21 gates. By expanding the machine through state splitting we find
that there does not exist & 3 variable assigmnent vhich is free of all
reces and is more economical than the parallel realization considered above.

Some U4 variable assignments were examined but none was found to
be better than the parallel 2 varisble realization considered above.

Consider next the possibility of obtaining an economical reali-
zation by reducing the feedback loops as proposed by Eichelberger [47and
Friedman [5]. Eichelberger's approach using hazaerds and delays shows that
any double-rail input flow table cen be reslized by & delayed-input circuif
(Fig. 2.2) containing So state branches, where So is the smallest integer
that is at least equal to the base two logerithm of the number n of the ‘
states of the flov teble. This is denoted by S.= [10g2n 1. If it is
desired to reduce the nurber of feedback loops in the circuit, it hes been
shovn that any normal fundamental mode flow table containing & meximum of
S stable states per column can be realized with feedback index @ = [1og2 s].

This approach was used for the 2 x 2 AUD end it was found that
such realizaiions involve at least the same cost as the 2-variable parallel
realization. Moreover there is an increase in the transmission delays.

Friedman's method of assignment using non-critical races leads to a
state assigmment similar to the 2-varieble perallel realization. However

the feedback and output functions require more logical hardware as shown

below.
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Y3 = Xpxo't q(xg +x5)
Yoo = Xy%p (%] +x5)
q is the feedback function given by
Q = (xy"%p"+X%p) Y33 +(x) %0 +3)%" ) Ypp
and 2) = 4
Z, = (xl'xz' +xlx2) Q'+ (xl'x2+xlx2") q
The schematic representation of the AUD with feedback index one is shown

in Fig. 2.3.

A comparison of various assignment schemes shows that the parallel

realization of Teble 2.4t requires thé minimal logic and every transition
is a one step transition (i.e. every input change leads to a stable state).
A circuit diagrem using Mand gates is shown in Fig. 2.1 and will be used
later. |

2.k 3x3A0D

The reduced flow teble for a 3 x 3 AUD is given in Teble 2.5. The flow

table has 4 partitionsw g0y with substitution property and LETRLPY 1r3.

.174
The partitions are;

"= {13451012 , 2678911 }
g 1r2={1’2'1r5’68 , 379101112 }

n-3=£i'5§5‘1'1"15,%789_1'6}

v= ey, sEoommE )

The assignment based on these partitions leads to the following next state

and output equations.

= 0; thus it can be realized as a parallel connection of L subcircuits.
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%23
00 00l ol 010 .10 11 01 100
oo |@,000(k,- [2- | -- - |5- B,-
(®,00| 1,- [6,- |(@),000 8,- | -- -~ B
3),100| 1,- - l2,~ |10,- | -- [|12,- (8),000
1,- | (@),0n|(),001] 6,- - |1 5,- -
1,- |(3)01]k,- -- - | 1,- ,001 12, -
2,- | 4- |©),00]®,001|8,- |7,- S
| by 11| 6,- |9, |(@,om] 11,4 | -
2,- — |6,- |®,110|®),010] 9,- - ho,-
- — {7 8- [(9,1{9),10{| 11,- po,-

3,- - - |8,- ,100{ 9, - 12,- {0),110
e s e | - 9 [D10| @0y 22,-
3,- 5,- - e o, - | B4 B,

Table 2.5

Reduced Table for 3 x 3 AUD - Single Input Changes Only
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Yl = xlyl+ X '(x X +x2y.l) (xlx2 +x2 yl)

+ +
Y, = XY, %3 (x x,tx, y2) tx (xl X, xl'ya)

Y3 X)¥3+ %3 'x %"+ X y3)+x3(x X +x2y3)
= xeyh-% x3 (xl x2+ Xy yh) +x3(x X +xlyu) |

zl =y tx Oyt yg)

5= Y¥t X' gt ¥y)

Zy= Yy¥p'Va' 4y Vo¥gt yay3'yh' +¥p gyt X5 (9,'¥3" 4¥30), FYY,' + X5¥,)
Note that & parallel realization of this flow table leads to &

very unsymmetrical circuit with respect to the outputs and our assumption

of all path lengths being the same is no more valid. An attempt to

equalize the delays leads to about twice the hardwaré. On the other hand,

if we consider the worst case design (meximum delay in each path), the

input rate must be reduced appreciably. Thus this design for the 3 x 3 AUD

does not appear to be very attractive.

2.5 2-Unit Asynchronous Delay

So far we have been eble to remember the input n-tuple prior to
the last input change. The input history prior to that cen be remembered
by a cascade connection of AUD's.

Definition 2.2: An n x n Asynchronous Shift Register (hxn @ of length

kisa stru?:’qure of k, n x n AUD's connected in cascade, without feedback;
the outputs 'c1>f the ith AUD being the inputs to the (i +1)st.

In the cascade connection of AUD's the stray wiring end transistor
delays become & deciding factor on the length of the shift register. For
every additional stage, the delays keep on accumulating and this may require
the reduction of the input rate for proper operation. There is a possibility

of reducing the accumulation of the stray delays by designing a bigger
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building block i.e. instead of just remembering the imput prior to the
last change, we shall consider the design of a eircuit which also
remembers the input prior to the last two changes; thus for such a
circuit

[z (t), z, (t)] [% (t- Alt)" X, (t- Alt)]

[23 (), 7, (t)] %, (t-4t -Aat), x2(t -4 t- Aat)]
where (t -Alt) and (t -Alt - Azt) are the instants of time when the input

was changed.

A characterization of this type leads to the following reduced teble

(Table 2.6).

A comparison of this flow teble with the table obtained by & cascade con-
nection of two AUD's (Teble 2.7) shou};l;1 aét subteble of Table 2.7 is isomorphic
to Table 2.6. Table 2.7 is fully specified but the states numbered 3, 8, 9,
end 1l are trensient states.and can never be entered.

A state assignment for Table 2.6 based on unit step transitions would be
most acceptable to reduce deleys. This technique requires 2S°-l= 15
internal varisbles (S& [ logyS])(6 ] end an assignment of this magnitude
becomes quite complicated. Thus reduction of accumulated delays by this

method appears to be very costly.
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00 01 11 10
1 ®),01,00 [(©),00,01 | 3,-- 2, -m
2 6,--. - by--  |(@),00,01
3 -- 5,ymm (3),01,00 | 7,--
4 -- 9=~ @,10,00 8,--
5 10, -- 1,00 {(5),00,11 ] 7,--
6 (6),10,00 11,-- by--  ((6),00,10
T 12,-- - 8,--  |(D,1,01
8 12,-- 9,-= (®),10,11|(8),11,10
9 10, -- (911,20 | 5,-- .
10 | @ ,o1,2| 1,-- -2y
11 1,--  |@),00,10 | 3,-- -
12 | @011 1,-- - | 6,--
Table 2.6

Reduced Table for 2-Unit Delay - Single Input Changes Only
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@),01,11 | 1,- 13,- 8,-

6,- 2,- 9,- (3),00,01
®),20,00 | 2,- 10,- ®),00,10
(M,0,11 | 3,- 10, - 6,-

Ty- 3- 9,- -

8,- 1k, - 10, - 12,-

1,- 1h,- ,0,00 | 11,-

1,- 15, - @ ,10,11 @ ,11,10

8,- 15,- 1,- @ 1,00

- 16,- @ ,01,00 9,-

3- 15,- 13, - 9-

3,- @11, | 16,- 12,-

L,- @ ,1,00 | @ ,00,11| 12,-

Table 2.7

Single Input Changes Only
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2.6 Ppulse-Controlled Operation

A different method of designing am n x n AUD has been proposed
by P.M. Thompson *. In an AUD, the present value of the output n-tuple
is equal to the input n-tuple prior to the last input change. This
behaviour can be achieved as follows

(1) Store the present velue of the inmput till an input chapge is detected

(i1) Detect any input change and generate a “change" pulse.

(1i1) Shift the stored value of the imput to the output under the control

of the generated pulse. o
A system of this type cen be deseribed by & circuit model of |

Fig. 2.k,
Shift circuit
DELA
xl b‘)}\ e - __Zl
/)
xz N pmenmy| —_— = — - 22
° —t ° °
° g j ° o
o 0 ° °
xn Y — e e zn
o ‘
‘C. (change Pulse)
CHANGE ' |
: DETECTOR
Fig. 2.4

Block Diagram of n x n AUD - Pulse-Controlled Operation
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The circuit has n-level inputs and n-level outputs and one internally

generatéd pulse. The desired performance is as follows

(i) The change pulse is presént only during an input change.

(i1) The delay in input lines should be greater than the sum of the delay
through change detector and of the duration of the change pulse.

(iii) The output change occurs only in the presence of the change pulse.

(iv) ALl input chenges are allowed.

Before considering some specific realizations for the AUD under
this scheme we note that by introducing & change detector circuit, an
asynchronous sequential behaviour can be achieved by an equivalent clocked
synchronous circuit. A change puise is obtained for every input transition
and this pulse acts like a clock. Thus given an esynchronous flow teble,
it should be possible to obtein an equivalent synchronous table. Such a
transformation is described below.

0.6.1 Transformation of an Asynchronous Flow Table to sn Equivalent

Synchronous Flow Table

Definition 2.3 (2] : Two state tables are said to be equivalent if for each

steble (Yi’xj) in one state teble, there is at least one stable (Yi’xj) in
the other state table such that taking these as the initial conditions, the
same output sequence is obtained for any given input sequence. (mly the
outputs assogiated with the stable states are of interest.)

The form o% state table adoptéd for asynchronous tables has an
ordered pair of numbers (next state and output) as an entry [Teble 1.2 ],

The first step in transforming a Level input-Ievel output MLL Table]to an
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equivalent Pulse input-Level output [PL Table ]is to number arbitrarily
the differaat ordered pairs corresponding to stable states in the LL
flow table. Don't care entries are not to be numbered. A row in the
PL table is then assigned for each differently numbered ordered pair.
when the change pulse is ebsent, all next states are same as the present
state. There may be don't care entries due to restriction on input
changes. The next state entries for C=1 are filled in according to

the trensitions specifiéd in the LL flow table. All stable entries
vhich appear alone in & row fqr ¢=1 are replaced by don't care entries.
)Meking all possible row mergers gives the final PL equivalent state
table.

The validity of this procedure stems from the fact that in a
PL Teble, the output is associated with the internal state rather than
the total state. Thusthe first step is to recognize all the different
internal states. This is also equivalent to obtaining the primitive
form for the LL flow table. An unstable entry leading to a stable entry
in the LL flow table furnishes the next state information for the PL flow
table. Since the state changes take place oﬁxy under the control of the
change pulse, &ll states are stable for C=0.

The output is only essociated with the stable state. Thus
appending en output column gives us all the information for the PL flow
table. The stable entries under C=1 are superfluous because like
successive inputs cannot occur apd they can be replaced by don't care
entries.

We chall illustrate the transformation described above for a

2 x 2 AUD operating in fundamental mode operation. Sincetthe primitive
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flov table is already available [Table 2.3 ] there is no need to number
in

the ordered pairs. The transformed table is given/Table 2.10.

Input Output

*1%2 ¢=0 c=1 %1%

© o1 1 1 o 0 u 10
1 QO @® - @ | - 2 - 3 10
2 ® @& @ - Lo e 5 - 00
3 ® - 6 6| - 6 - 00
r |l ® ® - ®|- 2 - 3 oL
s |- & @ ®|- 8 - T 01
6 . ® ©® |- 8 - 7 | 10
i ®@ - @ ©O|r - 6  -- 11
8 ©) ® - | v - 5 - 11

Table 2.10

Equivalent PL Table for 2 x 2 AUD
None of the rows can be merged but all columns under C = O can be merged.

The reduced table is shown in Table 2.11.

Input c=1
¥ *2
c=0y 00 01 1 10 z32,
_' Q|- 2 - 30
! ®@| +» - 5 - |©
| 1 -- 6 - |00
®| - 2 - 3|0
®| - 8 - T |01
®| - 8 - T 110
@ 1 -- 6 -1
b - 5 - |1
Table 2.11

Reduced PL Table for 2 x 2 AUD
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There are 8 states and an essignment with the S.P. partitions

no= {128, 306
n, = (TG, 3% )
v, = (15, B3T)

leads to the following state and output equations.

Y=y 0l [XpXg +(xy 4% ) ¥y ] €

Y57 ¥,C" Hx %, +(xl +x2) yo'1C

Y3 = y3c '+ y3c

2 =¥y Yot ¥y ¥

Zy=¥p¥g' Y5 V3

The assigament leads to similar state equetions es for fundamental
node operation. If the don't care entries are filled in according to the
entries of the primitive flow teble, ome of the essignments will be alweys
the same as for fundamentel mode operation. The state changes now take place ‘
under the control of the change pulse.

To realize the outputs at 1o cost, cofresponding to Fig. 2.k, we
require two output consistent partitions T3 andm,. Further to obtain the

series-parallel decomposition, we need two S.P. pertitions TjandTosuch that

1!1 . ‘I'l'3 = 'ITA
=T
. T2 "y "'
!
and "A . ﬂB = 0- ' [, and LI S.P. partitions]
For & fully specified table unless ir3 and T, have S.P., ™ and Ta will

not have S.P. But the table 2.10 is incompletely specified and we can obtain

T A and ﬂB with S.P. For Table 2.10, the following partitions are obtained.
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v3=i1378, 2305 )
v, = {1255, 578
v = (T2, 357 )
v = (13¥, 255}
"= {18, 2%, 35, 67}
= (G, B, %, %)

and “A' nB=O

The next state end output equations are
o a Y
Y3 =¥y Y=Y,
Z) = )'35 2= Y,
Thus & very simple realization, with only deleys, is obtained fgr the 2 x 2
AUD. |

2.6.2 Pulse-Controlled Realizations of 2 x 2 AUD

We shall consider some specific realizations using different ‘
metimds of change detection, storing the inputs and shifting the stored
inputs to outputs. Each realization aims to reduce the delay involved in
detecting a change. The methods are of very general nature and can be
extended to n x n delays.

Change Detection:

Method 1 [Fig. 2.57 Assuming double-rail inputs, the circuit requires two

differentiating networks per input. The time constant RC should be very
small compared to the pulse width tp i.e. RC< <'tp but the resulting
pulse should have a duration which is at least equal to the response time
of the shift circuit. There is an amplitude attenuation due to the RC

petwork. Whenever the emplitude falls below the decision level of the circuits



-3l -

following ij: , we require amplifiers. If the pulse input haé sufficlent
amplitude, the OR-gate acts both as a pulse shaper and as an amplifier.
The delay involved in detecting any change is due to OR-gate and the
differentiating network.

Method 2 [Fig. 2.6 ] : In method 2, a monostable multivibrator is used in

detecting an input change. A monostable multivibrator is triggered by a positive
going change so that the output changes level for a fixed but adjustable
pex"iod of time. Assuming double-rail inputs, the circuit requires two

monosteble multivibrators per input. The pulse duration can be controlled

and in general the pulses are well defined. There is no amplitude attenuation
and the delay involved in detecting a change is due to OR-gate and turning on

tine of a transistor.

Method 3 [Fig. 2.7): This method utilises the inherent delay of devices

for change detection. For level changes from O to 1 Xland Xl' (xlcomple-

mented and delayed) are fed to an AND .gate. The output of the AND gate is 1 ‘
whenever xl and )LL' are 1. Similarly changes from 1 to O are detected by

feeding xl' and Xl" (Xl' complemented and delayed) to another AND gate. The

two outputs are taken through an OR-gate. This method has a disadvantage

of unequal delays for levels going high and low and more than one inverter

is required to obtain a sufficient pulse width.

Method 4 [Fig. 2.8 ]: This method uses the current-voltege characteristics

of a tunnel-diode for change detection. The output depends upof: IL which
changes as shown in Fig. 2.8. It is governed by the characteristics of the
transistor emitter and tunnel diode in series. The input voltage is arranged

to take the circuit from A to B or vice versa. If the imput logic levels are
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too large, they may be reduced by a simple potentia.l. divider arrangement
Thus for every level change & pulse output corresponding to PQ is obtained.
The delsy involved in detecting & change corresponds to the interval AP or
BQ. The pulse output may require further reshaping.

Shift Operation The output of change detector determines the time when

the stored input must be transferred to the output. A flow teble descrip-

tion for this circuit is as follows.

c=20 c=1
Input Xd xd
0 1 0 1
1 1 1 1 2
(a)
2 2 2 1 2
=0 ct=1
Input xd xd
) 0 1 0 1
0 0 0 0 1
b
1 1 1 0 1 ()
N
c=0 c=1
Input Xd xd
0 1 0 1
! o | 00 00 oL 10
(c)
1l 00 00 01 10
58
Table 2.13

Transition and Excitation Tables
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The excitation and next state functions are

5, = x%
Rl = xl'dC
Yl = deC' +le'

Realizations using S-R flip-flop and a feedback loop as

bistable devices are shown in Figs.. 2.9 and 2.10.

X —{)—{ R|0}—M

C

Fig. 2.6

Shift Circuit Using S-R Flip-Flop

d
X|
[ Y
J) M
1 AC Y|

Figure 2.10

Shift Circuit Using Feedback Loop
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Delaying the Input: There are many methods of ‘delaying any signal e. g.

an RC network, a delay line, a chain of inverters, etc. The choice of a
particular device depends upon the frequency of operation, usage and the
cost criteria. The delay can also be obtained by using a shift circuit
similar to the one described above. The circuit will shift the input to
memory under the control of the change pulse. Care has to be taken,
however, to insure that the delay through shift circuit is greater than the
duration of the change pulse. In a practical circuit the required tolerances
may be difficult to achieve and additional gating must be used.

A few circuits using some of these techniques have been tried

[ Figs. 2.11, 2.12 and 2.13] and the results are presented in Chapter 4.

2.7 Comparison of Fundamental Mode and Pulse -Controlled
Realization of n xn AUD

A comparison of 2 x 2 and 3 x 3 AUD designed under fundame ntal
mode operation shows that whereas a 2 x 2 AUD requires 17 gates, a 3x 3
AUD requires 46 gates. A state assignment has been obtained which ‘
realizes the circuits as a parallel combination of sub-circuits but the
output logic is interdependent. Thus there are different paths from an input
to output and it is difficult to insure equal path lengths for every change. For
the realizations of asynchronous circuits using a cascade connection of such

units, the transmission delays will keep on accumulating and the maximum
delay of every stage will have to be considered to dgtermine the input rate.
The design procedure cannot be generalized to n x n AUD and for n 2 4, the
state tables become extremely complex.

The operation of AUD under pulse-controlled operation is very

much akin to a clocked system; the difference being that the change pulses
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are derived from the input rather than en external clock. Even though
the flow tables contain more states than for fundamentsl mode operation,
the state assignment is almost trivial. The only delay in any poth is
due to the change detector and the shift circuit: Also because there is
only one path from any input to any output, ell path lengths are equal
and hence there are equel transmission delays.

There is no asccumulation of delays in cascading such units end
the input rate is not a function of the number of units in cascade. The
pulse-controlled operation can be very easily extended to n x n AUD and
the cost for every additional input is about the same. The circuit of
Fig. 2.12 has the advantage of utilising jdentical circuits for shift
operations and change detection which would simplify fault diagonosis and

replacement .
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CHAPTER 3

Circuit Analysis of Asynchronous Unit Delays

In this chapter we shall consider some of the fundamental
concepts involved in the circuit design of an asynchronous unit delay
and the performance tests on the different models operating both in the
fundamental mode and under pulse-control. The tests are oriented towards
the measurements of
(1) The proximity of imput changes (i.e. the resolution time and the

response times).
(11) Maximum transmission delay in any peth.
(ii1) Different path lengths for input transitions.
(iv) Accumulation of delays in cascading two stages of an AUD.
(v) Distortion of the waveforms, etc.

The above tests have been performed using DEC (pigital Equipment
Corporation system modules) and micro-circuits (Motorola Corporation).
The experimental results and a comparison of the different models are
summarized in chapter k.

3.1 Switching Characteristics

logic levels: The distinguishing feature of the circuits to be discussed
here is the use of two-valued or binary sigmals.--The statement that the
sigpals are two-valued implies that under quiescent conditions, the value
of each signal is within one of the two (non-overlapping) continuous ranges.

To understand the switching characteristics of such circuits, we shall




S
consider in detail the
(i) connection befween logic blocks and
(11) behaviour of devices as they make transitions from one state to the
other.

" 'The discussion will be kept general in order to include all different
circuit techniques (e.g. RTL, DIL, TIL, logi€§ employed in the imple-
mentation of Boolean functions and operations. Referring to Fig. 3.1,
consider the logic block 'A' feeding another logic block 'B'. The
regions of interest are (i) The output of logic block A (ii) The connec-
tion between logic block A and B (iii) The input to logic block B.

The output of logic block A must be constrained between the two band of
voltages (or currents) i.e. the logic level 1 and 6. The region between

these two tolerance zones will be called the forbidden zone through which

the output passes during transitions. The input to logic block B

differentiates between level 1 and level O by detecting whether the signal velue

U
o
I
AP
b
o

.C.tolerance AC.

I
Logic leve!{ {

/'noise margin

Forbidden zone N }Decision level

/////////A

Logic level {

Qutput Transition Input
Fig. 3.1

Tolerance Zones For logic Gates

* RIL - Resistor Transistor Logic DTL - Diode Transistor Logic

N

TT7I, - Transistor Transistor Logic
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is above or below & certain threshold. This threﬁhold is sometimes ;:alled
the decision level and is not a discrete level but a; range of levels for
most practical circuits.

Noise and Noise Margins: The regions between the upper tolerance of

decision level and J.ower tolerance of logic level 1 and thé lower tolerance
of decision level aﬁd upper tolerance of logic level O represent the noise
M . Thus, if the decision level were not in the centre §f the forbidden
zone, the noise margins for O and 1 would be unequal. The major sources of
poise signals in practical systems are (1) signal currents flowing in common
nodes (ii) ground noise and (11i) induced coupling from other signal lines.
The noise generation characteristics must be considered in conjunction with
the noise margins of the logical networks being used. If the voltage levels
corresponding to 1 and 0 are'widely separated, the signals will have a large
noise margin, but low speed.

The tolerances for the different levels specified above comsist of
two components (i) Static (d.c.) tole;-ances. (i1) Dynamic (a.c.) tolerances.
The d.c. tolerances depend upon the iﬁpedance (resistive part) of the diodes,
trensistors and other components and the currents that pass through them.

The a.c. tolerances depend upon transient phenomena such as charging currents
for circuit capacitances, (Fig. 3.2.) e.g. an output may approach its final
value asymptotically or overshoot and ring before settling down to its sﬁeady
state value. Further, the a.c. tolerances have & considerable effect on the
transitions times. There are other factors affecting the d.c. and a.c.
tolerances e.g. the drift in the power supély, loading effects, change in

gain, the aging of components, ete.
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o B -
- F*ri o :M: B
Fig. 3.2

Effect of Charging Currents on Transition Time
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Fig. 3.3

Switching Times of a Nor-Gate
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Switching Time of Gates

Consider a Nor-gate driven by & pulse waveform as shown in Fig. 3.3.

1t is assumed that the input pulse changes level in negligible amount of time.

The output however, does not immediately respond to the input and there is a
delay. The delay time (ty) is defined as the time intervel between the input
level passing its decision level and the output signal entering the forbidden
zone. Note that the value of the delay time is dependent upon the Qpiescent
value of the output signal as related to its d.c. tolerances. The time for
transition between higher voltage level and lower voltage level is called the
fall time (tg) and is measured from the lower tolerance of higher voltage to
upper tolerance for lower voltage. The output during this time is indefinite.
In practice, the a.c. tolerances on either level are teken as +10 percent.

Thus for most practical systems the fall time is defined as the time interval

Pl P Y Y, P P

|
|

from 90 percent of maximum amplitude on the trailing edge to 10 percent of

meximum amplitude. Similaerly rise time (tr) is defined as the time interval

W I G e V7 oY

from 10 percent of the maximum amplitude on the leading edge to 90 percent

of the maximum amplitude.

A

On the imput side, the duration for which the pulse is in the 0
state or 1 state depends upon the decision level, e.g. if the noise margins

for both states are equal, the average pulse duration (tw) is the time i

interval from 50 percent of maximum amplitude on the trailing edge to 50
percent of mgximum amplitude on the leading edge.

A transifisn having been introduced by an inpu# change, a certain
minimum time must elapse before a succeeding inpdg change will be able to
introduce another transition reliably. This smallest allowable interval

between changes is called the resolution time (tp) for the circuit. To

differentiate between successive changes on the same input line and
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different input lines, the former will be called the response time (to)
and the latter, resolution time. The resolution time consists of the
transition time, defined earlier, and settling time (tg) or recovery time,
defined as the time for overshoots to decay to a value within the overall
tolerances. (Fig. 3.4). However, there is no clear cut separation between
the transition phase and the settling phase.

The resolution time determines the maximum input rate for a device

Yo = AA- -
tS-ﬁ
I . ts=Settling time
o4 tp= Resolution time
0 qlll‘m.
Fig. 3.k \

under consideration. For a worst case design and no noise margins allowed,

the maximum average inmput rate for a device is given by ty+ tp. There are

2
many methods of increasing the speed of & device and these are discussed
extensively in the literature on Pulse, Digital and Switching waveforms [9].

3.2 Performance Tests

In this section we consider the procedure adopted in testing the parameters

of an AUD.

(1) Pulse vs. level Input: In design techniques discussed above, it was

assumed that the binary input signals are levels:' A level input, as defined
earlier, assumes the value O or 1 for any length of time greater then some
minimum duration to, which is the response time of the circuit. This minimum
duration to can be discovered by decreasing the pulse width of an input

waveform till the eircuit operation is no longer satisfactory.
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(11) Resolution Time: For the fundamental mode operation of the AUD, it

is assumed that only single input chenges are allowed. Due to different
speeds through the circuit, any two chaﬁges occuring simultaneously at the
input will not affect the output at the same instent. Thus for rest of the
circuit they appear as having occured at different instants of time. To
determine the resolution time for an AUD operating in fundamental mode,
consider the following two cases.

(1) Only one input is allowed to change while others are kept fixed at a
constant D.C. value, during this period.

(ii) ALl inputs ere allowed to change.

case (i) is concerned with finding the response time of a circuit. Unless
some care is exefcised in choosing éomponents, the response time varies de-
pending on what input is changed. Thus to insure proper operation, the
minimum duration for any pulse should be greater than the maximum response
time. Case (iif determines the shortest time 'tp' between input changes.not
pecessarily on the same lipe. If these changes affect the output through
different paths, tp also depends on the order in which inputs are changed
(Fig. 3.5).

The circuit models designed to operate in the pulse-control mode
do not have the restrictions ageinst simultaneous changes. In case, two
inputs change at the same instant, the pulses generated, superpose and are
recognized aé & single pulse for the ghift circuit. However, if the cpanges
do not appéar at the same time, the minimum interval between them is the sum .
of delay through chenge detector an&?&he duratioﬂ Bf the change pulse. In

between, the circult output is ambiguous and mainly depends on the delay in

the input lines.

9
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(iii) Speed of Operation: The restriction of single inpui changes puts an

upper limit on the maximum input rate. The overall frequency for the AUD

is defined as the maximum frequency for which the circuit responds to all
input changes. For the fundamental mode operation, this is a function of
the response time to and since response time varies for different inputs,

the overall frequency has only an upper bound. Line frequency, defined as

the maximum frequency at which any input can be changed in presence of any
other input, is inversely proportional to the number of inputs (Fig. 3.6).
[ under the restriction of single input changes]. For n inputs, the line

1
frequency f < Tt and decreases rapidly with increase of number of inputs.

For pulse-controlled operaticn, under the restriction of single
input changes, the speed of operation does not "change with the number of
inputs. It depends only on the delay through the change detector and the

duration of the change pulse.

(iv) Transmission Delays: The transmission delays are a convenient measure

of the speed of operation of a circuit. The delay between two successive
waveforms is measured at a specified level, generally the decision level.

For the fundamental mode operation of the AUD, the transmission delays vary
depending upon the input transition, Table 3.1 lists all the possible transitions
from any input to any output.

Following notations are introduced.

4 implies the particular line is changing level from 0 to 1.
4 implies the particular line is changing level from { to 0.
v Transition possible.

X Transition not possible.

Table 3.1 shows that there are 12 different transitions possible. The trans-
mission delay for any transition will depend upon the path through the circuit.

For ann x n AUD, there are 2n{2n-1) possible transitions and possible delay

values.
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Table 3.1

Possible Transitions for a 2 x 2 AUD

Under pulse-controlled operation, there are similar paths from

any input to any output and the delay for any transition is constant.

(v) Distortion: Distortion and external disturbances can be tolerated

until they start affecting the proper operation of a circuit. In the case
where many similer units are connected in series, the distortion may accumul-
ate and after a number of stages, pulse shaping networks need to be used.

?he waveform distortion can be due to amplitude attenuation,
different dg}ays}for the rising and falling edges, noise, interaction between
circuit components, loading etc. In general, for transistor sequential
circuits, tﬁere is no amplitude attenuation because there is amplification
end pulse shaping at each stage. But for circuit models described in Figs.
2.11, 2.12 and 2.13, the signals at any point should not fall below the

decision level of the circuit following them.
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3.3 Cascading of 2 AUD's

Consider two identical AUD's (operating in the fundamental mode )
in caséade. Due to differences in circuit delays, the resolution time
can alter. So long as the interval between two.input}changes is greater
than or equal to the resolution time of the following stage, the circuit
will respond to both changes equally well. If, however, after a number
of stages this interval is less than tp, the circuit may give a false out-
put. (Fig. 3.7). Hence for the circuit model of Fig. 2.1, in the
fundamental mode operation, it is not sufficient for changes to occur tp
apart but the period t must be given by

2t 4(K1) 0,7

d]l:nel ig the time difference in delays of two
successive changes. |

K = Number of stages in cascade.
For (n.l. -—7]2) >0, the minimum intervel t increases yith the number of AUD's
in cascade and the ove;all frequency of operation will be reduced.

For eircuits operating under pulse-control, the transmission
delay is a constant and the overall frequency is not atfected by the numbér

of units in cascade.

3.4 Calculation of Delays for & Single Stage and for Two Stages of a

Shift Register Under Fundamental Mode Operation.

The circuit of Fig. 2.1 has been analysed for the maximum delay
in each path. Table 3.2 lists all the values of.delays that can occur

and a comparison with the experimental results shows good agreement.



X
X2
'
Zy | "l*z
Zp M7 |
A fetp | < tp

tp Minimum intervel between changes for first stage
tp' Minimum interval between changes for second stage
Fig. 3.7

Effect of Transmission Delays on Resolution Time




-52-

. 1 2 ot Xy x2
Tnputs nputs
Qutputs : T i T l : Output . T l T l
tl xp | 2l 3T2¢ | P ls 2| 2 2
Zl : Z3
1 oty x |4 2\!yeTe l 2 3| 2 2
) 2,k I x eilT Tle 2| 5 @
22 R ? |4 Zy
l 3 2)f 22 2 X TDevelOtoll 2 2 2 3
ilevel lto0
| Table 3.2 Table 3.3
Maximum Transmission Delay for Different Delay Paths for 2 Steges of 2 x 2 AUD

Trensitions in 2 x 2 AUD.

If the deley for levels going high and low is assumed to be the
same, the minimum transmission delay involved in any path is 3 units and
the maximum transmission delay is 5 units. For the circuits under pulse-
control, the minimum and meximum transmission delsy is 5 units and is
constant for any number of stages in cascade. Table 3.3 lists the number
of delay paths involved in cascading two stages of the circuit model of

Fig. 2.1, TFor two stages there are as many &s 36 different paths and for

3 stages in cascade there are 87 different paths. Thus the interdependence -

of outputs leads to a complex structure of identical modules. On the other
hand, the degagn considered under pulse-control leads to relatively simple

realizations for nxh AUD.

e AV e Ay I AANITATINS



Experimentel Results and Discussion

4.1 Discussion of Results

The following is & discussion of results obtained from the
various experiments described above. The experiments were carried in
fair detail to establish the validity and existence of the AUD which is
& basic building block of asynchronous circuits. The experiments provide
estimates of parameters rather than en exact measure of the circuit op-
eration. The criterion for selecting a particular model will depend on
the application, speed of operation required and technology available.
For instance, circuits using micro-logic were found to be cheap and fast.
However, DEC modules were found to be versatile and suitable for experi-
mentation.

Teble 4.1 lists the results of the various experiments. An

AUD constructed out of the micro-circuits is about 10 times faster than

the DEC modules used. The transmission delsys of the micrologic are about

half that o? the DEC modules but the maximum transmission delay for the
micrologic Ayb is about twice the minimun delsy due to widely differing
rise time and fall times. Two stages of AUD operating in the fundemental
mode, were cascaded and the total delsy from an imput to output was found

to depend upon the path through the individual units. For worst case

design (maximum speed), the meximum delay of each unit has to be considered

as tﬁe.circuit delsy.

p
y 4
‘1{“_ RATT A DIy T RSN Y 8,
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Circuits 1, 2 and 3 (Figs. 2.11, 2.12 and 2.13), operating
under pulse-control were found to have comparatively larger delays than
fundamental mode circuits but the delays were constant. So long as the
criteria for level signals is met, simultaneous changes can be allowed.
The major advantage of ﬁulse-control operation lies in the independence
of inputs and the reduction in logical hardware required for extra inputs.
The circuit of Fig. 2.12 was the best scheme analysed.

4.2 Dpescription of the Equipment

DEC Equipment (System Modules): DEC system modules ere packaged electronic

circuitsc for use in the design and construction of digital circuits. Most
logical operations with digital modules are performed with saturating PNP

transistors. ALl DEC modules use dual polarity level logic and logical

23 Lo Ararsny

voltege levels are -3 volts and ground, corresponding to logic state 1 and

0. A positive diode nor gate (nand gate for negative logic) has a typical
total transition time, for output rise as 0.13 usecs and, for output fall,
0.07 usecs. 'The maximum frequency of operation is ¥e/s. The input
pulse duration is of tﬁe order of 0.0k usecs. The modules use -15 volts/
86mA power supply. Fan in and fan out varies with the individual modules
but up o 8 units of load can be driven by each output.

Nand gates were found to have the least transmission delay
(0.05 usecs average for both rising and falling edges) end vere used in
constructinéithe circuit of AUD. 1

Input Sequence Generation: A clock pulse (DEC module no. 140L) is used to

trigger & monostable multivibrator (module mo. 1304) which switches from
its normal ground level to -3 volts for & predetermined but ad justable

period of time (Fig. 4.1). The nositive oulse outout is made to trigeer



CLOCK DELAY "| DELAY DELAY
1404 11304 "1 1304 1 1304 .
X Ixo

. :i
Clock Output | i ! ~

Qutput of X Variable
' Delay 1 | =

i |
1
Qutput of Delay? :i:
'Output of XZ L—VO’WN-B-D-
Delay 3

Fig. 4.1

===

- Variable

Input Sequence Generation




-56-

another similar multivibrator with adjusteble pulse width. The positive
pulse output triggers a third monostable whose output can be delayed with
respect to tﬁe output of the first multivibrator for & predetermined
period of time. The output of the tirst and third multivibrators are used

as the inputs to the AUD.

Output Display: The outputs of the modules were fed to & dual beam oscillo-
scope (Type 555 Tektronix Inc.) with the provision for synchronization of |
the two inputs. '
Micro-Circuits: The monolithic integrated diode tremsistor logic (DTL) !
circuits are designed for low power high speed epplications. Typical
propagation delay is 0 nsecs and they are gbout 10 times faster than the
DEC system modules. The integrated circuits use & pover supply of +5.0

volts and use dual polerity level logic like the system modules. The

logical level voltages are O volts and+ 3 to 45 volts. The nand gates have

a fen out of 8 and fen in of 3.

Because of their small size and high speed, the eircuits were made

on & printed circuit board. For & comparison between the various circuit
parameters, the same input was -used for all experiments but to drive miero-
circuits, a clamping eircuit nad to be used. The loading of the modules
becones evident when two stages are cascaded and there is waveforn distortion.
The modules were found to have widely different transmission delsys for
rising (25 nsecs) edge and for falling edge (80 msecs).

The output display for all the circuits-is similer to onme

described above.



-57-

§038N {T°0O OTJOTOIOTH
sdasn #2°0 fe'c (e}

Letad XN

raTqQrssod aaan
paasuwaoanssaw 408BX3 OU ‘SWIOIIABM
au3 JO sawty TTBF PUB I38TI
93TUTJ JO osuwOaq. pajewtrxoxdds
aI® SanTRA 9L *S93BWT3Sd
TBOT32I03Y]} aJIB SanTaAaA 9sSayl,

-osTB S99UvUd SNO3UBYTNLTS
I031 K1090BIST3®S ST £ pum 2
‘T S94TNOITO JOo sduwsmaogxad Iyl

*AX3TNOIFO andUt O SUOTYFBITWUTT
07 aNp pauTUWIS}LpP 3q JouUuUBO
AT ‘sasyqo J0Jd °*J0309%139p 2JuBvYd

soos QT 0
so3s 22°0

so9st QT*0

s/oH 9°T

8/90 #°T

so9sTt QT 0

803sTY O£ 0 MOT

so9st QT°0
soasw QT 0

so9sw QT 0

8/o0 €

s/oA G°T

so9snt gT*0

s0981Y QT*0
80980 #2°0

soasn QT°O

s/od 9°T

s/o0 H°T

go9su QT 0

800811 OE° O MOT

gdasw Q0°0
soasn {TO°O

gossn QO* 0

s/ §°2T

8/oN 62°9

g8d9sn {00

goasn {T° 0O
so98nY 4T O

soasnt GT°0

s/oN 9°¢€

8/oW Q°T

8098 #T*O

T2 | =
J Tz T 7x

T Tz | ™

sL|Tad UOTSSTuWsuBII, °

Ko
~uonbaxd TTBI924A0 (TT

Kouanbaad surl (T

uoTqexodD Jo paodS

(sawTl_uoTanToSoY)
sa%ury) andul
Jo AKjTwExoad *

(sawyr], asuodsay)
(sTasrTeAB) D93S9a)

a3 £q paj3TWUIT 2I3v £ pus T -2q a3BI2do sdasu G2°0 ~3q 93BI2dO gd9sw G2°0Q 8998t G2°0 YOoTuUM J0d YUIPTM
4INOITO XO0F sauTq osuodsaa aYL qou saoq qou saod : ssTnd UMWTATW °]
€T°e "91a gt e 9td TT°2 *97d T'e "37d T2 °"FTd
S} TewsYy € 3TNOaTd 2 FTNOaTD T FTO2ITO OTIOT-0XOTH oda
TOT1ex2d0 ToT38I9d0
P3TTOI3u0)~3asTnd SpOoW Tejzusurepundd 383L Jo =adAL

(T°4 9T9BL) ANV 2 X 2 I0J s3TNS5Y TejUSWIIdXH




*QUTEqsSuUOD B

ST SWI3 UWOTINTOSaX 3aYy ‘Toazuod
-asTnd xspun g JTNIITO JI0F Ind
-(€°€ wot3oss) Yy puws 'Yy o
sonTeA 8Y3 pus suotjrsuexy qndut
ayy uwodn puadap O punoJ aJIaM

| spour Teguswepuny ur SBurqgexado
g94TNOJITO JIOJ S3WTG UOTINTOSSII 3YL

o1f0T-oIxoTW JOJ quautwoad
Lfreroads axe s3093J9 JUTpPBOI

]
(o]
©@

s098n 22°0 € 3TNOATO
soasn QT°0 & 3TNOITD
§098N £2°0 T 2TNOITO

sIBWSY
(p3ucd) T°H% 9198l

aTqIITTIN

op

go9sn 22°'0

8098n 9T°O

STQTITT3SN

op

soasn gT'0

€ 3TNOIED

S 3ITNdITD

STATITTIN

op

gd9s8n 42°0

s/ol G°2

goasn T°0 03 #0°O

woIJ SI3TIBA

sawty (so9su
0g) TTsJ vpuw
(soosu Gg) SSTI
JO sanTeA ju?
-I3JITP ATIPTA
09 8np UoOT3I0
~9STP ULIOFOABM

soasn #1°0
goasn go°o
soesn go*0
soesn {T°0
so9sn #T°0
so98n goO° 0
soasn §O°0
so9sn #T°0

goasn #T°0

T FTNOITO

OTBOT-OXOTIN

KLousnb
-axg auyl (F)

uOTABID
-d0 Jo paadg (TT)

(sauty
ToTANTOSaY)
agusy) andul

Jo Ratuirxoad (7T)
2pBOSBD UT
anv Jo s3yun g ¢

STQT3TT3aN TOTJX0FSTA
R T
sd9sn QT°0 2 [ ¢
FAS
so9sn 22°0 & T °x
go8sn #2°0 % HN % NX
T | @
goasn 02°0 Z ¢ X
soa9sn gT*0 0 NN % Hx
goasn gT° 0 % NN : % Hx
sossn 22°'0 % NN % HN
go9sn 02°0 @ NN &\Hx
go9sn GT°0 & NN % Nx

oda 383L Jo 2dAL

ﬁ------------------------I-IIIIIIlIllIllIllIIIIIIlllIlllIIIIllllllllllllllIlllllllIllllllllllllllllllllllll



saq83 g 03
pogsutxoxdds ST X0300%3p SJueyd

goasn gz°*0 puw sdasN gg°0 JO
SoWOIGXD OM3 SYU3 Uaamlaq Arsa
09 punog aas sanTweA ABTap YL

8938BWILSS TBOTLOIOSYL

SHIBUWI
(p3uod) T°# STABL

soq89

s29389

s9983

TT 89983 TT
€c 59383 €€
cc , sa388 22

goesn QT*0 =
LeTaq ummwxel

s03SW QT°0 =
LerTod UMWTUTW

s/oN €

€ 3TNdITD

2 3IIND2aATO

quauwdTese
AX9AD JO0J poztwildo aq 0%
S8y puUB pPoOsSn JUIAWUITSSE

89383 2T 93u3s8 Yz uodn spuadsQ
sagsd qf so388 2 sa383 2
893838 #2 89388 6T 89983 61T
soasu Q2°0 =
a%ugyo Auas I0F
LaTaq umurXen
.goasn 22°0 =
9fuwyo Aug JI0L
--- LeTaq WNMWTUTA -
- Q\O—\A m -
T 2INdITD  OFIOT-OIOTN oZa

STEUTULISL

TBUOTATPDY
Jo3 3800 (TTT)

STBUTWIDY. -
€ xo3 980D (TT)

STEUTULIOq
2 xoz 380D (¥) °

sfeTad
wopsstwswaLl, (TT
Kouanbaxd

TT8a2A0 (TT)

3831 JO SdAy




- 60 -

CHAPTER 5

Final Remarks - Conclusions

In conclusion, the design of asynchronous unit delays has been
studied. Two methods of design are proposed, namely, the fundamental
mode oper-ation and the pulse-controlled operation. In the fundamental mode
the circuit action is completely asynchronous and the circuit will operate
as fast as switching can be accomplished. There are problem.s of races
and hazards. The input rate depends upon the number of inputs and the
number of units in cascade. The pulse-controlled operation is partially

synchronous. An internally derived change pulse performs the clock }

operation. Thus all races can be neglected and any assignment can be used.
A transformation to obtain an equivalent synchronous flow table from an
asynchronous flow table is proposed and applied to the design of the AUD.

A few circuit models (under both designs) have been described and experi-

mentally tried. From this, estimates of certain parameters were obtained
which were used to compare the two designs. It was demonstrated that, when
the AUD was constructed using circuits designed for: the fundamental mode
of operation, it was slightly faster in the fundamental than in the pulse mode.
Thus in order to gain a speed impro vement from the pulse mode, special i

pulse mode circuits must be designed. However, the pulse-controlled

operation has all the advantages of an orderly design. Also, the design
procedure can be extended to n x n case and the cost for extra inputs

is a linear function of the number of inputs.
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