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Abstract: In this work classical and modern control theory methods are applied for rigorous mathematical analysis and
design of different computer architecture circuits such as clock generators, synchronization systems and others.
The present work is devoted to the questions of analysis and synthesis of feedback systems, in which there
are controllable delay lines. In the work it is mathematically strictly shown R@athain can be used as a
controllable delay line for different problems of circuit engineering if the chain is sequentially connected with
hysteretic relay. This relay is either artificially introduced or shows itself as non-ideality of logic elements.
The possibility of phase-locked loop application for time delay control is considered.

1 INTRODUCTION the relation between the inputand the outpuk is
described by the following standard equatiorRe}-

The work is devoted to the questions of analysis and chain

synthesis of feedback systems, in which there are con- RC% +x=u(t), (1)

trollable delay lines. First of all this is a class of con- ) ] t o )

trollable clock generators and clocked circuits, which WhereRis a resistanceC is a circuit capacitance.

perform the functions of summators (Cormen et al., _ 'he relation between the inputand the output

1990). vis desc_:rlbed t_)y t_he graph of _“relay with hystere-
In clocked circuits it is necessary that the delay SiS"function, whichis shown in Fig. 2. Herg andu,

was by the one tact. For this purpose we need in a spe- va

cial setting of parameters of delay lines, which will

be described in details. The generators, constructed i

on logic elements and delay lines, are not high-stable

with respect to frequency (Ugrumov, 2000). There-

fore, for their stabilization and synchronization by PR >

phase-locked loops it is necessary to introduce a con-

trollable parameter in delay line. A class of such delay

lines, the block-scheme of which is shown in Fig. 1,

Figure 2: Relay with hysteresis.

is considered. are certain numbers from the interyal 1). The the- -
ory and practice of application of such relay blocks in
Y Re P,‘ Relay | » feedback systems is well described in (Popov, 1979;
Krasnosel'skii and Pokrovskii, 1983).
Figure 1: Delay line. In the present work we consider only the func-

tionsu(t), which takes the values either 0 or 1 on cer-
The RGC-chains are often used in circuit engineer- tain intervals. Therefore, the solutior&) of equa-
ing as delay lines (Ugrumov, 2000). We assume that tion (1) are continuous, piecewise-differentiable and
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piecewise-monotone functions. It follows that the
graph in Fig. 2 correctly defines the outpat). Fur-
ther it will be shown that the hysteretic effect is of
great importance for synthesis both of clock genera-
tors and of clocked summators. This effect always
occurs in real (non-ideal) logic elements. Since the
output of delay line is often the input of logic ele-
ment, it is convenient to connect such hysteretic ef-
fect with RG-chain and to consider it in the frame of
block-scheme in Fig. 1. In some cases for improve-
ment of a quality of delay line operation it is possible
to introduce additional block “relay with hysteresis”,
which provides a required delay time and stability of
system operation.

We can show here the analogy with a classical
study of Watt’s regulator by I.A.Vyshnegradskii (An-
dronov and Voznesenskii, 1949; Leonov, 2001). Re-
call a main conclusion of Vyshnegradskii: “without
friction the regulator is lacking”. But if a friction “is

table for Block AND-NOT output

Uz
0
1
0
1

Truth table of Block AND — NOT

Letup(t) =0fort <T,T > 0. Thenu(t)=1
fort < T and at the inpuk(t) there occurs (after a
transient process) the signét) = 1. Supposex(t) =
1 0on[0,T]. Thenuy(t) =1 0n[0,T] and a system is
in equilibrium:

I=u(t) =x(t) =u(t), u(t)=0.

The inclusion of clock generator is realized by
the change ofu, from the state 0 to the state 1:
up(t) =1, vt > T. Then on the certain intervél, T;)
we haveu(t) = 0. This implies thatu;(t) = 1 for

PRk o oS
or P BRc

not sufficient”, then it is possible to introduce a spe- t € (T,T1), where

cial correcting device, dashpot, which provides a sta-
ble operation of system. In the case now being con-
sidered the friction is replaced by hysteretic effect and

the above classical scheme of reasoning is repeated.
This becomes especially clear if we consider the syn-

thesis of clock generators.
For clocked summators it turns out rational the in-
troduction of two-stage delay lines, which shift a unit

impulse for the one tact. The latter permits us to use a q ¢4, € (T, )
)

three-bit summator for any summation, confining our
attention to a minimal number of circuit elements.
The application of methods and technique of
the classical control theory (Burkin et al., 1996;
Leonov et al., 1996, Popov, 1979; Krasnosel'skii and
Pokrovskii, 1983; Andronov and Voznesenskii, 1949)
permits us to find the solution of considered problems,
applying very simple mathematical constructions.

2 DELAY LINESFOR SYNTHESIS
OF CONTROLLABLE CLOCK
GENERATORS

Consider the block-scheme in Fig. 3 and, recall the

u : 1 u

>

Figure 3: Clock generator on Block AND-NOT and delay
line.
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1
T1=T+RCIn—
M1

andui(t) = 0 on a certain intervdlTy, To).

Really, from equation (1) it follows that ofT, Ty)
we havex(t) =e %, o= 1/RC. Inthis casei(t) =
1 fort € (T,T1), whereT; is from relation (2), and
ui(t) =0fort € (T1, T2), whereT, will be determined
below. From the latter relation it should be thit) =

. This implies the following relation

T=Ti+RCIN{EL,  X(T2) = .
In the case whepy = 1— p, 12 € (1/2,1), we obtain
T=Th-To=Th—-T1 = RCInlﬂ—iz,
To=T+RCIn 2,
and Z-periodic sequence at the output
ut)=0, Vte T, To+1),
ut)=1, vte[To+T1,To+21).

Thus, the block-scheme in Fig. 3 is a clock generator
W= =

with the frequency
§5) -1
-1
7 (ZRlnluz) c. (3)

We compare this frequency with the frequency of har-
monicLC-oscillator:
w=1/vLC (4)

At present it is developed different methods of
control of a frequency of harmonic oscillators by
means of a slow (with respect to the high frequency
w) change of parameté€. It is especially widely ex-
tended the phase-locked loops (Viterbi, 1966; Lind-
sey, 1972). In the past decade similar constructions
are actively developed and applied to the clock gener-
ators with frequency (3) (Solonina et al., 2000).

(2)
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3 DELAY LINESFOR CLOCK
IMPULSES

Consider the delay line, the block-scheme of which is
shown in Fig. 1. Let(t) be Z-periodic sequence of
impulses:

ut) =0,vt € [0,1),u(t)=1,vt e [1,21). (5
If we choose the initial dat&(0,Xp) = Xp so that the
relation

T=RCIn X0

T 0e21. (©

is satisfied, them(t,x0) = 1—Xo, X(21,%0) = Xo.
In this case the graph oftzperiodic functionx(t) is

shown in Fig. 4.

3t

Xo

1-x,

4t t

T 2t

Figure 4: Periodic output of RC-chain.

It is well known (Leonov, 2001) that for all other
solutions of equation (Xt, yo) the following relation

Jim_(x(t, %) — x(t,y0)) = 0 (7)

is satisfied. If we choosgy > [, 1 —Xg < M, then
relation (7) implies that after transient process, at the
output v (of delay line) we obtain ®periodic se-
guence of impulses:

X0 X0
v(t) =0, vt € |RCIn 2, T+ RCln 17u2) ,
Xg X0
v(t) =1, Vt € |1+ RCIn =, 2t 4+ RCIn ul) 4

(8)
Note that foluy =1—Xp+€, Yo =Xo— €, Wwheree >0
is a small parameter, from (8) we have

V(t) =0, Vte T, T+Te), 9)

Vi) =1, Vte[T+T,2T+Te),
where
Xo
=RCh|{——"— ] —T1. 1
. Cn(1x0+s) e (10)

Recall thatxg € (1/2,1) andt is determined from
relation (6).

Thus, the block-scheme in Fig. 1 realizes asymp-
totically the time delay: after transient process (see
relation (7)) at the outputwe observe relation (9), in
which case relation (10) is satisfied.

Consider now a certain extension of the above
case. Let(t) be a certain sequence of clock impulses
(not necessarily2periodic) such that

ut)=0, Vte 2kt (2k+1)1),k=0,1,...

and on each of intervalg2k + 1)1,2k + 2)1) it can
take the value either 0 or 1.

Now we consider the case when the delay line op-
erates in working conditions after transient process.
In this case, taking into account the above reasoning,
we can assume that for the certain fixetthere occur
the following restrictions:

uit)=1, Vvte[(2k+1)T1,2(k+21)1)
X((2k+ L)1) € (0,1 —Xo),
wherexg satisfies relation (6).
We shall show that in this case it can be made such
a choice of parameters of delay line, for which asymp-

totically (ate — 0) the delay time of unitimpulse is
For this purpose we can take the obvious inequalities

X(t, (2k+1)1,0) < X(t, (2k+ 1)T,X((2Zk+ 1)1) <
<Xt (2k+ 11,1 -%0), Vt> (2k+1)t

Herex((2k+ 1)1, (2k+1)T,Y0) = Yo. By the previous
relationsp; = 1—xp+ €, Y2 = Xp — € we obtain

V(t) =0, Vt € ((2k+ 1)1, (2k+ 1)T+ T¢), N

v(t) =1, Vt € (2k+ )T+ Te, (2k+ 1) T+ Te + Te).
Here

1 Xo—€ )

1-xo+¢€ 1-Xo+€”
Choosingxg = 1 — /¢, we obtain the following for-

mulas for parameters of delay line, which shifts unit
impulse with accuracy up t¢’e for time:

T = RCIn( ), Te = RCIn(

1
=+vet+e =1—,RC=1/In
W= VE+E [ Ha, / e
This implies that for the asymptotical shift of unit im-
pulse for time 2 it is necessary to apply two-stage
delay line with parameters (11) (Fig. 5). We proceed

(11

J|>| RC |—>‘ Relay }—b‘ RC l—b‘ Relayllb

Figure 5: Two-stage delay line.

now to the clocked circuits for bit summation (Cor-
men et al., 1990) (Fig. 6). He®is a standard sum-

ﬁRelay |4_{ RC ‘4—{ Relay |<—{ RC

>
& >
L

Figure 6: Clocked summator.

mator, at the input of which we have three bgg= 0.
As the delay line we can use a two-stage delay line
with parameters (11) (Fig. 5). The time between the
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arrival of the signalsa; andaj;1 (and alsob; and Lindsey, W., 1972Synchronization systems in communica-

bj+1) is equal tot. It is easily seen that the output tion and contro Prentice-Hall.
SK&-_1---So is @ sum of two numberay 12 »...a0 Popov, E.P., 1979The theory of nonlinear systems of auto-
andbyg_1b_»...bg. Thus, the delay line considered matic regulation and controM.: Nauka.
permits us to construct the summators with minimal Solonina, A., Ulahovich, D., Jakovlev, L., 2000he Mo-
number of circuit elements. torola Digital Signal Processors8HYV, St. Petersburg.
(in Russian)

Ugrumov, E., 2000. Digital engineering BHYVY,

4 CONCL USI ONS StPetersburg (ln Russian)

Viterbi, A., 1966.Principles of coherent communicatigns

o . . McGraw-Hill. New York.
In the present work it is mathematically rigorously

shown thaRC-chain can be used as a controllable de-
lay line for different problems of circuit engineering
if the chain is sequentially connected with hysteretic
relay. This relay is either artificially introduced or
shows itself as non-ideality of logic elements.
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