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Abstract

The present work is devoted to the questions of anal-
ysis and synthesis of feedback systems, in which there
are controllable delay lines. The possibility of phase-
locked loop application for time delay control is con-
sidered.
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1 Introduction

Phase-locked loops (PLLs) are widely used in
telecommunication and computer architectures. They
were invented in the 1930s-1940s (De Bellescize,
1932; Wendt & Fredentall, 1943) and then intensive
studies of the theory and practice of PLLs were carried
out (Viterbi, 1966; Lindsey, 1972; Gardner, 1979 and
others).

After the appearance of an architecture with chips, op-
erating on different frequencies, the phase-locked loops
are used to generate internal frequencies of chips and
synchronization of operation of different devices and
data buses (Young et al., 1992; Egan, 2000; Kroupa,
2003; Razavi, 2003; Shu & Sanchez-Sinencio, 2005;
Manassewitsch, 2005).

Here we consider application of controllable delay
line and phase-locked loops for design of clock gen-
erators.

2 CONTROLLABLE DELAY LINES

In clocked circuits it is necessary that the delay was
by the one tact. For this purpose we need in a special
setting of parameters of delay lines, which will be de-
scribed in details. The generators, constructed on logic
elements and delay lines, are not high-stable with re-
spect to frequency [Ugrumov, 2000]. Therefore, for
their stabilization and synchronization by phase-locked
loops it is necessary to introduce a controllable param-
eter in delay line. A class of such delay lines, the block-
scheme of which is shown in Fig. 1, is considered.
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Figure 1. Delay line.

The RC-chains are often used in circuit engineering
as delay lines [Ugrumov, 2000]. We assume that the re-
lation between the input v and the output x is described
by the following standard equation of RC-chain

dx

where R is a resistance, C' is a circuit capacitance.

The relation between the input z and the output
v is described by the graph of “relay with hystere-
sis”function, which is shown in Fig. 2. Here p; and

VA

Figure 2. Relay with hysteresis.

2 are certain numbers from the interval (0,1). The
theory and practice of application of such relay blocks
in feedback systems is well described in [Popov, 1979;
Krasnosel’skii and Pokrovskii, 1983].

In the present work we consider only the functions
u(t), which takes the values either 0 or 1 on cer-
tain intervals. Therefore, the solutions z(t) of equa-
tion (1) are continuous, piecewise-differentiable and
piecewise-monotone functions. It follows that the
graph in Fig. 2 correctly defines the output v(t).

Further it will be shown that the hysteretic effect is
of great importance for synthesis of clock generators.



Figure 3. Clock generator on Block AND-NOT and delay line.

This effect always occurs in real (non-ideal) logic ele-
ments. Since the output of delay line is often the input
of logic element, it is convenient to connect such hys-
teretic effect with RC-chain and to consider it in the
frame of block-scheme in Fig. 1. In some cases for im-
provement of a quality of delay line operation it is pos-
sible to introduce additional block “relay with hystere-
sis”, 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 [Andronov and
Voznesenskii, 1949; Leonov, 2001]. Recall a main con-
clusion of Vyshnegradskii: “without friction the regu-
lator is lacking”. But if a friction “is not sufficient”,
then it is possible to introduce a special correcting de-
vice, dashpot, which provides a stable operation of sys-
tem. In the case now being considered the friction is
replaced by hysteretic effect and the above classical
scheme of reasoning is repeated. This becomes espe-
cially clear if we consider the synthesis of clock gener-
ators.

The application of methods and technique of the clas-
sical 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.

3 DELAY LINES FOR SYNTHESIS OF CON-
TROLLABLE CLOCK GENERATORS
Consider the block-scheme in Fig. 3 and, recall the
table for Block AND-NOT output
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Truth table of Block AND — NOT
Let ug(t) = 0fort < T, T > 0. Then u(t) = 1
for t < T and at the input z(¢) there occurs (after a
transient process) the signal z(t) = 1. Suppose, z(t) =
1on [0,7]. Then u1(t) = 1 on [0,7] and a system is
in equilibrium:

1=wui(t) =z(t) =u(t), wua(t)=0.

The inclusion of clock generator is realized by the
change of us from the state O to the state 1: uq(t) =
1, Vt > T. Then on the certain interval (T,T}) we
have w(t) = 0. This implies that u;(¢) = 1 for
t € (T,Ty), where

1
Th=T+ RCIn— (2)
H1

and u1 (t) = 0 on a certain interval (77, T3).

Really, from equation (1) it follows that on (T, T ) we
have z(t) = e, « = 1/RC.Inthis case uy(t) = 1
for t € (T,T1), where T is from relation (2), and
ui(t) = 0 for t € (T,T%), where T, will be deter-
mined below. From the latter relation it should be that
u(t) = 1fort € (T1,T»). This implies the following
relation

T2 :Tl +RCln 1:}’2, J}(Tg) = HU2.
In the case when p; = 1— g, pe € (1/2, 1), we obtain

T:Tl—T():TQ—leRClnlﬁZQ,
T0:T+RClni,

and 27-periodic sequence at the output u:

(v
(t) =

U 0, Vte[To,To+71),
u 1, Vte[Ty+r1,To+27).

Thus, the block-scheme in Fig. 3 is a clock generator
with the frequency

_ 1 H2 o -1
w27<2Rln1_u2> c™. (3)

We compare this frequency with the frequency of har-
monic LC-oscillator:

w=1/VLC (4)

At present it is developed different methods of con-
trol of a frequency of harmonic oscillators by means of
a slow (with respect to the high frequency w) change
of parameter C'. It is especially widely extended the
phase-locked loops [Viterbi, 1966; Lindsey, 1972]. In
the past decade similar constructions are actively de-
veloped and applied to the clock generators with fre-
quency (3) [Solonina et al., 2000].

4 DELAY LINES FOR CLOCK IMPULSES

Consider the delay line, the block-scheme of which is
shown in Fig. 1. Let u(t) be 27-periodic sequence of
impulses:

ut) = 0,Yt € [0,7), u(t) = 1,¥t € [r,27). (5)



If we choose the initial data (0, z¢) = x¢ so that the
relation

7= RCIn —2° ,
1 -

xo € (1/2,1), (6)

is satisfied, then (7, z9) = 1 — xo, x(27,20) = xo.
In this case the graph of 27-periodic function x(t) is
shown in Fig. 4.
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Figure 4. Periodic output of RC-chain.

It is well known [Leonov, 2001] that for all other so-
lutions of equation (1) (¢, yo) the following relation

lim (x(t,2z0) — x(t,y0)) =0 (7)

t——+o0

is satisfied. If we choose xg > po, 1 — 29 < 1, then
relation (7) implies that after transient process, at the
output v (of delay line) we obtain 27-periodic sequence
of impulses:

v(t) =0, V¥t e [RCIn 2,7+ RCIn 153@)7
v(t) =1, Vte T+RCln1f22727+R01n%>.
(8)

Note that for uy = 1 — g + €, pe = xrg — €, where
€ > 0 is a small parameter, from (8) we have

(t)
(t)

9)

v 0, Vtée|r,+7),
v 1, Vte[r+r,2r+1),
where

Tg—Rcm(leH) — 7. (10)

Recall that zy € (1/2,1) and 7 is determined from
relation (6).

Thus, the block-scheme in Fig. 1 realizes asymptoti-
cally the time delay 7: after transient process (see re-
lation (7)) at the output v we observe relation (9), in
which case relation (10) is satisfied.

Consider now a certain extension of the above case.
Let u(t) be a certain sequence of clock impulses (not
necessarily 27-periodic) such that

u(t) =0, Vte|2kr (2k+1)7), k=0,1,...

and on each of intervals ((2k + 1)7,2k + 2)7) it can
take the value either O or 1.

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

u(t)y=1, Vte|[2k+1)r,2(k+ 1))
z((2k+1)7) € (0,1 — x0),

where ¢ 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 (at ¢ — 0) the delay time of unit impulse is 7.
For this purpose we can take the obvious inequalities

x(t, (2k + 1)7,0) < z(t, 2k + 1)1, z((2k + 1)7) <
<x(t,(2k+1)71,1 —x0), Vt>2k+1)r

Here x((2k+1)7, (2k+1)7,y0) = yo. By the previous
relations p1 = 1 — xg + €, w2 = x9 — € we obtain

o(t) =0, Vi e (2k+1)r, (2k + )7 + 72), N
v(t) =1, Yt € ((2k+ 1)1 + 7%, (Zk+ 1)7 + 72 + 7).

Here

o — €

= _ 1
T E),Tg RC'In(

Choosing g = 1 — /¢, we obtain the following for-
mulas for parameters of delay line, which shifts unit
impulse with accuracy up to /¢ for time 7:

1
/L1:\/5+€,u2:17,u1,RC:T/ln—. (11)

NG

This implies that for the asymptotical shift of unit im-
pulse for time 27 it is necessary to apply two-stage de-
lay line with parameters (11) (Fig. 5).
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Figure 5. Two-stage delay line.

5 CONCLUSION

In the present work it is mathematically rigorously
shown that RC'-chain can be used as a controllable de-
lay line for different problems of circuit engineering if
the chain is sequentially connected with hysteretic re-
lay. This relay is either artificially introduced or shows
itself as non-ideality of logic elements.



Acknowledgements

This work was partly supported by projects
of Ministry of education and science of RF
(2.1.1/3889, NK-14P), Grants board of President
RF (2387.2008.1), RFBR (07-01-00151) and CONA-
CYT (000000000078890).

References
Andronov, A.A., Voznesenskii, I.N., 1949. About
the works of D.K. Maxwell, 1.A. Vyshnegradskii and
A. Stodola in the field of control theory. M.: Izd. AN
USSR. (in Russian)
De Bellescize, H. 1932. La Reseption synchrone,
Onde Electrique.
Burkin, .M., Leonov, G.A., Shepeljavy, A.L, 1996.
Frequency Methods in Oscillation Theory. Dordrecht:
Kluwer.
Egan, W.F,, 2000. Frequency Synthesis by Phase Lock
, (2nd ed.), John Wiley and Sons, ¢d,
Gardner, F. (1979). Phase—lock techniques, 2¢d_ John
Wiley & Sons.
Horowitz, P., Hill, W., 1998. The Art of Electronics.
Cambridge: Cambridge Univ. Press.
Krasnosel’skii, M.A. and Pokrovskii, A.V., 1983. Sys-
tems with hysteresis. M.: Nauka.
Kroupa, V. 2003. Phase Lock Loops and Frequency
Synthesis, John Wiley & Sons.
Kuznetsov, N.V., 2008. Stability and Oscillations
of Dynamical Systems: Theory and Applications
Jyviskyld Univ. Printing House.
Leonov, G.A., 2006. Phase synchronization. Theory
and Applications Automation and remote control, N
10, pp. 47-85. (survey)
Leonov, G.A., Seledghi, S.M., 2005. Design of Phase-
Locked Loops for Digital Signal Processors, Int. J. In-
novative Computing, Information and Control. Vol. 1,
N4.pp. 1-11.
Leonov, G.A., 2001. Mathematical problems of con-
trol theory. World Scientific.
Leonov, G., Ponomarenko, D., Smirnova, V., 1996.
Frequency-Domain Methods for Nonlinear Analysis.
Theory and Applications. World Scientific.
Lindsey, W., 1972, Synchronization systems in com-
munication and control, Prentice-Hall. New Jersey.
Manassewitsch, V. 2005. Frequency synthesizers: the-
ory and design, Wiley.
Popov, E.P., 1979. The theory of nonlinear systems of
automatic regulation and control. M.: Nauka.
Razavi, B. 2003. Phase-Locking in High-
Performance  Systems: From  Devices to

Architectures, John Wiley & Sons.

Shu, K. & Sanchez-Sinencio, E. 2005. CMOS PLL
Synthesizers: Analysis and Design, Springer.
Solonina, A., Ulahovich, D., Jakovlev, L., 2000. The
Motorola Digital Signal Processors. BHV, St. Peters-
burg. (in Russian)
Ugrumov, E., 2000. Digital engineering, BHY,
St.Petersburg. (in Russian)

Viterbi, A., 1966. Principles of coherent communica-
tions, McGraw-Hill. New York.

Wendt, K. & Fredentall, G. (1943). Automatic fre-
quency and phase control of synchronization in TV
receivers, Proc. IRE, vol. 31, no. 1, pp. 1-15

Young, I.A., Greason, J. & Wong, K. (1992). A PLL
clock generator with 5 to 110MHz of lock range for
microprocessors. IEEE J. Solid-State Circuits, vol. 27,
no. 11, pp. 1599-1607



