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Synchronized Oscillators With the Phase-Negative +75v
Feedback
Vladimir Rapin
A 0.02
Abstract—A novel idea, a phase-negative feedback for fundamentally l ) T )
injected LC oscillators, is discussed, and a new method of linear approxi- . [
mation of their shortened equations has been presented.
Index Terms—Approximation, feedback, L C oscillator, shortened equa- I KM305E
tions. ue
+
. INTRODUCTION T -

The injection-locked_C oscillators can perform a wide variety of
functions [1]-[4]; however, their potentialities were not realized b9 1.
cause of the oscillator analysis difficulties and for lack of technical
innovations. To study the oscillators, several methods have been ¢i¢- T HE MODEL OF THE SYNCHRONIZED OSCILLATOR SYSTEM WITH
veloped, for example, see [4]-[14], but in most cases the investigation THE PHASE-NEGATIVE FEEDBACK
results in solving very complex sets of nonlinear shortened differential b i hall id a¥ifah
equations. They are studied by numerical methods, which take a grea-Eo € Specilic, we shall consider a n(_)na_uto_nomous systamian-
deal of time and effort, as a topological approach, even if simple s __mentqlly |nject§d o_scnlators. The.CII’CUIt diagram of one of the os-
tems of oscillators are taken into consideration [14]. The phase feé:HI_ators is shown in Fig. 1. The obtained results O_f course can also _be
back is known and is useful in various fields, but it is not used in syH—SEd for othgr types Of_ osc!llators. We shall consider that the transis-
chronized oscillators and their systems. Thus, the purpose of the pa &y are nonlinear and inertialess, and other elements are lines.

is to show the advantages of the oscillators with the phase-nega yecos(w.t +¥;) is adirect synchronizing signal whefg. = const.
feedback and a new analytical method for their investigation. The resonant frequencies of the oscillator tankare identical. A non-
inear characteristic of the oscillator nonlinear device is approximate
I h teristic of th llat | d pp ted

by the expression = ajo + ajiuja + ajouly + ajsuly + ajau’y
whereu ;s = uj + ujo, u; is the voltage at the gate of the transistor,

The phase-negative feedback is formed by introducing feedndu o is constant and is a dc bias point. Then the set of Van der Pol's
back signal phase into a synchronizing signal of oscillator. Thgpe fundamental differential equations of the nonautonomous system
main procedure is as follows. Let. = U. cos(wet + ¢o) be the s as follows:
original synchronizing signal, and the feedback signal is given by,

Circuit diagram of the synchronized oscillator.

Il. PHASE-NEGATIVE FEEDBACK

2 %) P . du ; 2
uy = Uy cos(w.t + o). Then the synchronizing signal is squared,— 2 — = =% (1 — 28,u; — 3v;u? — 45,u?) d% + 20w,
and we obtaini, = U; cos(2w.t + 2¢0) after the elimination of the 7~ We dr - wg
constant term. The direct synchronizing signais the first harmonic = k;R;b, wo dije 1<j<N
of the productu; x wy, u. = U.cos(wet + ¥), ¥ = 200 — ¢y, we dr

and the other harmonic is filtered out. In the general case, for eacherer = w.t, e, = §;a; is small parametety; = (k,;R;a;0 — 1),
N oscillators of the system with the phase feedback, its signal agd — Bjo/ a0, ¥ = Yjo/ 0, ajo = aji + 2aj0uj0 + 3azuy +
the signals of other oscillators, except one, are the feedback sign@flsjwjto, 80 = aja, Bjo = ajo + 3ajzujo + 6a4uy, Yo = ajz +
This signal is the only original synchronizing signal. For one of thg, ., ’J/zo =1/(k;R;) — ajo, 8 — 5'],0/(1170,'@ =1/Q;, R;.Q,
oscillators, the original synchronizing signal is the external signgjre the resonant resistance apdfactor of the tankk; = M;/L;
Repeating the above process for each feedback signal at first with f{figne feedback factor of the oscillator, afig, M, are the tank and
original synchronizing signal and then with the synchronizing signgdytual inductances.

found on the previous step, the phase of the direct synchronizingye shall seek the periodic solutions of these equations in the form:

signal of thejth-system oscillator can be obtained as u; = A, cos(w.t+p,), whered; ande; are slowly varying functions
N oftime. Inthis case, the system model is a set of the shortened equations
/ 9]
Yy =mjr or — M jn P dy; =5 oy _¢gjB;
& g ] ar 2 Lmw)w =gt
dé;  ¢;B; . Aw  dyj . .
] . T 2 ging =~ -T2 1<j<N ()

where0 < r < N,1 < j < N, ¢,, andy, are the phases of the orig- dr = 2ajy; wo dr

. > . 0 »

inal synchronizing and feedback signals ang. andm;,, are positive - oaineq by means of the averaging method [11]-[13] where

integers. For the external synchronizing signal phase, 0. This is = o~y = A;/Aj,0 > 1is a dimensionless amplitude

the system of general structure, as each oscillator is coupled with ,d;“ a R '
37

A — An/' e i i -
others. The systems of other structures are obtained from this one. er Ajo = 40‘70/?3 150) r?lre signal amP"t“des of the syn
chronized and free running oscillator, respectivaly, = I;./Io,
Lo = Ajo/(R;kj), Aw/wo = (we — wo)/wo, @andwy is a resonant
Manuscript received May 2, 2000; revised February 10, 2001. This paper YASquency of the tank.
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synchronized oscillator, which is computed from the set (1), recastiGg Aw/wo)j» — 0. Let the approximation be optimum ziﬂgl) =

follows: —69%) ,i.e., the absolute values of errors are identical. Then, we obtain
3 B; 2 dy;
Yy, —y; =—=cosflj — —— )
7 J o J £ dr vj0 (A__,J)(Z)
g 2 wo ) .
f; = arcsin <— <A»> y]) (2) A;=05+ PIe) = ©)
wo /) in J

where(Aw/wo)jn = (Aw/wo + dvj/dr + db;/dT)20;/(c;8;) is

0 < A; <0.1811if1 < y;0 < w/2. Inthis case, the whole range
a normalized detuning=1 < (Aw/wo)jn < 1. B; < 1.Inthe ! b0 < 7/ g

- ’ of the detunings we deal with is symmetrical with the endpoints
stationary state/é,;/dr = dy;/dr = dv;/dr = 0 and the phase . (x,/,,)) S0, the shortened equations of the synchronized oscil-
characteristic can be easily Comp”ted'_The f'_rSt equat.lon in (2) has Mor is app]roximated by (4), therefore the model of the synchronized
one root fory; > 1.. For dynamic consideration, the first equation OBsciIIator system (1) can be approximated by (4). Using the expression
(1) should be rewritten as for a normalized detuning, this set can be rewritten as

% S]'Bj

£ 3
= 2, cosf; — 5] (yj - y]'). 3)

% + &1 - A, = JAw B
The phase characteristic in this case can be also computed, since the

range of values of normalized detuning is known, the influence of the o

transient process of change of is small, especially for small phase WNere&; = £;B;/(2a;y;0). The coefficientst; (1 — A;) should be

shifts (if cos 6, ~ 1), and we can consider that the process of chané%em'cal for identical system oscillators with the identical amplitudes

of y; is transient-free. The confirmation is in Section V. The reasdy the direct synchronizing signals, as well as the tedns Now, to
lies in slow changd;, cos ¢, and faster changg?, (y; > 1). This analyze the oscillators with the phase negative feedback, a new variable
, 5 .

means that the term (4% — y,)/2 of (3) follows fast enough the term ?; = ¥; — o Will be used.

£;3;/(2a;) cos 8; and the value of derivativéy; /dr is small.y,; can

be represented by its stationary value for a given valug gfe.,y; is IV. EXAMPLES

calculated, assuming thdy, /dr = 0 So, if we deal with the slowly | ot 5 consider an oscillator amplifier of PM and FM signals shown
varying functions, we shall consider that the phase characteristics ifr?F:ig. 1. Letu. = U, cos(w.t+0) be a small external synchronizing
the stationary state and dynamics are identical. They are odd functig al. and Ie;q _ ZH mq(;j + ¢1) be a considerable signal of the
and only a range of negative or positive detunings can be considerg cillator. The synchronized oscillator will be an amplifiepif = ¢g.
The phase characteristic evolve from #iresin type for small levels of

. . . . If the oscillator signal is the feedback signal then= 1. cos(w.t +
the synchronizing signals, when the greatest value of the dlmenS|onI§,$s o . . - . .
d . o »o — (2™ — 1)) is the direct synchronizing signal obtained by
amplitudey; max = yj;0 = 1 toward a linear function ify; max =

y;0 & m/2 because of the changes of amplitude of oscillations with t means of the procedure of Section Il whége= const. The model of

) . . c _onpd g0 _
detuning. The phase characteristic can be approximated by the Iin_ﬁésf oscillator is the set (1) wher€ = 1,61 = 261, 61 = 1 — o,

: 1<j<N (6)
wo dr

function L€
Aw o € £

9 0 - (E)j" Yj0 (4) d[ﬂ — 71 (1 — y%) Y1 = 2]B1 COS(ZnH?)

=0 = —"7" ar 2 (

! ! (1- AJ')

dH? 61B1 . n A0 Aw (l’k,:’o

. N N — + sin(2"0)) = — — — . (")
A; is determined so as to minimize the errors of the approximation. dr 2001y Wo dr

This equation takes into account the variation of the amplitude of os-

cillations as a first approximation. In our casgy < w/2. yjo is

computed from the first equation in (2)4f = 0 anddy,/dr = 0. For stability investigation equations for small perturbatiéps and
From (4), we get the phase shiff.. The reference phase shiff is 6, are obtained from (7) as

obtained from the phase characteristic. The even function of the de-

tuning86,, = (0. — 8;)/6; is the error of approximation and to get d(Sy1)
A; the largest range of detunings of the same sine is used. In practice, e =aby) + bdp
(Aw/wo)D) =0, and‘(Aw/wo);f,)‘ < 1 are the endpoints of this d(501)
range. Errors at these points are as follows: I —doy + e
, ‘ AL\ @
(95{? - «9]('2)) - (fjo )  Yjo where
562 = = In —-1<0
Ja 92 A 52
/ (1_A‘7)9j &1 2 E1D1 yn .
\ (951) B 9;1)> a=— 5 (31/1 — 1) b= — o 2" sin 64
EYASY A\ e1B1 . 1B .
Jja (1 = = —2 £ 9 d - G 9
] (7)}) c Yron cosfy, Q'yfm s &y
=lim _(ﬁ)jnyjo -1
[(1 - A]')(aI‘CSiH(—(é—:)j”yj))] A2 —(a+4c)A+ac—bd = 0 is the characteristic equation(a-+c) > 0
B 1 150 and(ac — bd) > 0if —7/2 < §; < w/20r—m/2 X 27" < (1 —

(1-A)) o) < /2 x 27" Then, the oscillations are stable in this range, which
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i I For a stationary-state stability investigation, the equations for small

1’lc
U @ o1 . o2 perturbationsy, 6, are found from (10) as

d(é: ;
(dih) =aby1 + b(6p1 + Sp2)
b d(6¢
% =c(bp1 + bp2) + dbys
d(by: ]
. . . . —( y2) =abys + b(6p2 — 1)
Fig. 2. Block diagram of the synchronized oscillator system. 8 block dr
of feedback, @ = first oscillator, BS = block of synchronization, @ = d(bp2) _ 8o — 8p1) + b
second oscillator. dr =c(bp2 = bp1) + dby:
, where
is consistent with the detuning range:1 B1/(2a1) < Aw/wo <
£1B1/(2a1). It follows from (6) that =% (BuP —1).b= _eB sin 6,
2 200
oo eB .
dﬁ?/dT +2"&(1 = Al)b’? = —Aw/wy — dpo/dT. c=— Syra cosbi,.d = a sin #;.
Assume that ) = ¢, is the initial conditionAw/wo = 0 and In the stationary state, the phase shift is defined by the frequency
0o = Pm cos(Q2T) = @, cos(MoT). Then detuning which is identical for the oscillators. Thgn= > andy; =
y».The characteristic equation is the expressibn- a1 \* + a2 A\? +
g ©wm Mo azA + ay = 0 wherea; = —2(c+ a), ax = 4dac + a? + 262 — 2bd,
W) = (Ma 2 ay = 2abd + 4bed — 4c%a — 2(1,2(:, as = 2¢%a? — dabed + 20242,
2ne |1+ { 3% } The investigation shows that the range of stable oscillatiorsri& <
/ f1 < w/20r—=B/(2a) < Aw/wy < eB/(2a).
{sin(f\fa ) — {i [cos(MoT) — eXp(—Q"JT]} Let o = ¢om cos(Q27) = ¢, cos(Mp7). Using the linear approxi-
2na mation of the shortened equations (10), we have
+omexp(—2"07) (8)
0 /\
\ . . % + 0-(9? + yg) = ﬁ + ©m Mo sin(MoT)
whereM, = Q/w., 0 = & (1 —Ay). For the oscillator without phase dr wo
—0i 0 A
feedbackp = 0 i.e., dby 48— 80 = — Aw + oo Mo sin( Mo )
dr ' B
90 _ ¢7IL*7\’[O
T el 4 (M, /0)?) whereM, = Q/w. ando = £(1 — A). Lett? oy = 65, = »m be
Mo the initial conditions. Then
{sin(_MoT) — — [cos(MoT) — exp(—UT]}
a y 2
+om exp(—o7). (9) 9(1](1_) =pm |1+ <%> p_1:| exp(—oT)
g P2
The signal phase of the oscillator is described by the expression X [cos(oT) — sin(o7)] — F <A”>
@1 = 0 (,)+o. The phase shift} ., is an error, introduced by the os- o\ wo
cillator, and the phase feedback reduces it as well as a time of transient Mo\? 4
H H ft +&91n —
process. However, for a considerable decrease in phase shiftilarge 2
the direct synchronizing signal forming device is comlex enough. 9
Let us consider now an oscillator amplifier shown in Fig. 2. Thisis a X exp(—o7) sin(o7) + @m <%>
system of two identical synchronized oscillatars.= U. cos(w.t + ' 7
©o) is a small external synchronizing signal, and= U, cos(w.t + ) {—Pi cos(Mor) + %15111(.%[ T)} (11)
1) is a signal of the first oscillator Ok.o = Us cos(w.t + ¢2) is a P2 ‘ copr 0

signal of the second oscillator O2 and is a feedback signal. The direct

synchronizing signals of the oscillators O1 and O2 are formed in tiéherep; = (My/0)* — 2,p2 = (Mo/o)* + 4.

blocks BF and BS1. = I cos(wet + 20 ) — @2, i2. = I1 cos(wet + The phase of oscillations of the first oscillatords = HT(T) + ¢o.

©1), 11 = const. The model of the system is a set of (1) whafe= 2, Analyzing (8) and (11), it can be seen that the system of two oscil-

B =00 +03,0, =065 — 69,80 = o1 — 00,09 = w2 — o, LE., lators reduces the errdk, far stronger then the single oscillator.
49?(,) close to zero if inertia of the synchronized oscillators is small,

dy, = 5 =B o o i.e., My/o << 1. This is the new property of this system, obtained

ar 32 (L=y)m =5q o5l +62) by means of the phase-negative feedback. It is quite possible that this
dp? sB . 0 0 Aw  dyo system can be used also as a phase-locked loop. This system has a
dr " 2au sin(fy +2) = — oo dr simple direct synchronizing signal forming devices.

dys = 5 =B 0o .0 The investigation of this system by the new method takes far less

ir 2 (1—v2) v T o%n cos(fz — 1) time and effort than numerical one. This advantage is reflected strongly
e’ £ Aw  deg when large amount of systems with a different phase feedback should

=B sin(Hg - 9?) =—

dr 2ayo wo dr (10)

be analyzed to find a system with required property.
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Fig. 3. Phase-shift variations of the synchronized oscillator signal.
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new method in solving the shortened equations. It is shown that the
phase-negative feedback reduces the phase shift and the time of tran-
sient process. Due to the phase-negative feedback, the system of two
oscillators acquires a new property. The phase shift of one of the oscil-
lators is close to zero. This leads to the improvement of the device char-
acteristics, where the oscillators are used. The phase feedback allows
us to use many novel properties of oscillators. The new method was
developed to obtain a solution of the shortened equations with small
expenditure of time and effort and with small errors. It does not permit
the evaluation of nonlinear distortions, but it is quite general, is easily
applied in practice, and is applicable to many problems in nonlinear
mechanics. This method also permitted us to obtain simple and suffi-
ciently accurate analytic expressions. They are necessary to develope
simple and sufficiently accurate techniques for the design of oscillator

V. EXPERIMENT

To verify the theoretical results, an experiment in the form of numer-
ical integration of the shortened equations of the oscillator represented
in the example, performed with the fourth-order Runger—Kutta algo- [1]
rithm, has been presented. The parameters of the oscillator are as fol-

lows. Resonant frequency of the tafik= 50 kHz,z = 1.712x 1073, [2
B = 0.0494, yo = 1.2262, 4o = 0.9V, R = 7.5 x 10°> Q,

wo = =1V, k = 016V, £ = 42704 x 107", & = 0.0804, 3
andI. = 37 x 107% A,. The nonlinear characteristic of the tran- 3]
sistor was approximated by the polynomiak 1.538 + 1.302uy — [4]

0.356u% — 0.502u3 — 0.098u mA. If the working range is symmet-

rical with the endpoint§Aw /wo)'?) = +0.95, thend® = +1.445 5]
andA,; = 0.0967. Variations of the phase shift of the oscillator signal
in dynamics in the case of the harmonic phase deviation of the ex-
ternal synchronizing signal for oscillator with feedback#oe 1 and
without feedback:. = 0 are shown in Fig. 3. Calculations were made
by means of (7)-(9) wheréfy, = &, ¢, = 0.5, and9$(0) = 0.3, [7]
after the introduction of the new independent variapleBold curves
represent the results obtained by solving the shortened equations béj

(6]

means of the numerical method, and other curves were obtained usin
the proposed method. Analysis shows good agreement between the aﬂ;]
alytic solution of the shortened equations, obtained by means of the
new method, and its numerical solution. [10]
The derivativedy/d7 is considered to be zero in calculating the
phase characteristic by means of (2). Its maximum ewor. = 5% [11]
at the end of the locking range as compared with the phase character-
istic whendy /dr # 0 for Aw = 0 anddvy /dr = —0.12¢7.Thus, the
derivativedy/dr indeed can be ignored.
[13]
VI. CONCLUSION

14
The paper describes the fundamentally injedt€bscillators with el

the phase-negative feedback and demonstrates the advantages of the

devices.
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