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Introduction. Under certain conditions an oscillator can lock
to and track an external driving signal whose frequency is near
the free-running frequency of the oscillator and whose ampli-
tude is considerably less than the oscillator output amplitude;
this property has led fo speculation whether the locked oscil-
lator can serve as an amplifier for angle-modulated signals. We
have conducted experimental and theoretical investigations in
order to clearly define what the conditions are which would
allow such an application. The investigations have included
steady-state locking performance, dynamic amplifier response,
and noise behavior of the locked oscillators. The experiments
were performed on tunnel-diode oscillators at X-band. The
theory is valid for a wide number of oscillator types.

Theory of Injection-Locking. A typical negative-resistance os-
cillator, whose free-running frequency and voltage amplitude are
wo and Ag, will have an output voltage

v(t) = A, sin (pt-o(t)) (1)

when driven by an external signal Eca(t) cos (pt+6(t)) provided
the following conditions are met: | Eca(t) | max<< Ao; | p+b-wolpax
U®o,; 0(t) and a(t) are slowly varying functions of time. The
slowly varying function g¢(t) behaves according to the differen-
tial equation

o(t) = (p-wy) - Aca(t) sin [e(t)+e(t)], (2)

where Ap 1s the maximum frequency difference, | p-wo | maxs at
which locking can occur when the Input signal is unmodulated.
When the oscillator is locked to an unmodulated signal, the
steady-state phase angle o@gg is glven by

(p-w,)
sin @gg = “—z;fl' . (3)

Theory predicts that the locking bandwidth 2Ap/wy is linearly
proportional to the amplitude ratio Eo/Ap. It is found useful
to define a locking figure of merit 7 in terms of the "voltage-
gain x bandwidth" product:

2A¢ A
n = —{DT)‘— X E—o‘ = constant, (LI»)
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where G = A%/E% is the power gain of the amplifier. An expres-
sion relating 1 to clrcult parameters may be derived from an
assumed model, or T may be determined experimentally. A re-
flection or attenuation of input signal serves to reduce 7.

Under the assumptions made in the theory, the output of
the locked cscillator contains only FM sldebands and FM noilse.
The frequency response of the locked oscillator to low index FM
signal sidebands at frequenciles ptwi 1s glven by

Plout - G . (5)
Py - w 2’
in,FM l+'(A coi @Ss)
o

the frequency response 1ls thus that of a first order Butterworth
(meximally flat) characteristic. When broadband white noilse is
admitted at the input along with the locking signal, the oscil-
lator output noise spectrum 1ls described by

N
_out/cyele _ 1
Nou /C cle = % SeCZ Q)SS Gw 5 (6)
in/cycle 1
1+’(A cos )
o) Tas

The AM to FM conversion goes as tangmss; since secz¢ss= 1+tan2¢ss,
the AM to FM nolse conversion is easily identifiled in Eq. 6. To
minimize AM to FM conversion of noilse, the locking signal should
be near the free-running frequency of the oscillator so that

psg = 0. When driven at p = wg, the locked oscillator behaves as
a linear amplifier followed by a limiter and a band-pass filter
as shown in Fig. 1.

It was found that the two steady-state parameters, Ay and
Psss characterize the locked oscillator for a given system appli-
cation (for example, various forms of KM, PM, and PCM). Other
system parameters are simply related to those two parameters.

Experiment. Fig. 2 shows a block diagram of the experimental
apparatus utilized to study the basic steady-state behavior and
then the noise performance of the tunnel-diode locked oscillators,
The frequency of the locking signal was swept and the locking
range of the tunnel-diode oscillator was measured as a function of
gain G; a wavemeter and oscilloscope were generally employed for
this purpose. The variation of the steady-state phase angle Pss
with Ap was determined by holding the signal frequency at some
fixed p # w., and adjJusting the phase shifter and attenuator in
Path A so tgat the output carrier of the locked oscillator was
canceled in the detector; the phase shifter setting required to
maintain the "null" in the detector was then measured as a func-
tion of locked oscillator gain G.

In Fig. 3 are plots of fractional locking bandwidth for
gseveral diodes versus gain G. Locking wasgs measured from 7 to TO
db gain. TFor gains above 30 db, any oscillator output re-
flected from the external circult can be the same order as the
locking signal, and so points beyond 30 db gain may not fall
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on a straight line. The slope of the lines agree with theory
(Eq. 4). The vertical intercept 1s equal to T, the locking
filgure of merit. A 10% locking bandwidth (1.1 Ge) at 20 db
galn was obtained for some diodes. Approximately a third of
the diodes characterized had values of T greater than 0.5;
most had values T = 0.3-0.4, A correlation between locking
figure of merit and rf efficiency of the osclllator was noted
--the higher the rf efficiency, the greater the locking figure
of merit. Fig. U4 compares measurements of the steady-state
phase angle gg4 to theory (Eg. 3).

Noise performance of the phase-locked oscillator was
investigated by measuring the output noise spectrum when the
input locking signal was (1) a cw signal alone and (2) a cw
signal plus wideband white noise. The oscilllator output carrier
was canceled in the converter by the signal from Path A so that
only the noise sidebands were detected., The recelver local
oscillator was swept, and the noise spectra shown in Fig. 5 were
obtained; the upper and lower sidebands of the local oscillator
are present, Fig. 5a displays how the bandwidth of the spectrum
decreases with gain. In Fig. 5b, enough broadband white noise
was added at the input so that the output spectrum was raised 3
db and 12 db respectively; the shape of the spectrum is the same
in all cases and therefore indicates that the equivalent nolse
source in the amplifier is a broadband white noise source,

Fig. 6 compares a typical measured noise spectrum to
theory. Theory and experiment agree very well when a noilse
figure of 6-7 db is assigned to the equivalent noise source
shown in Fig., 1. The noise figure was also verified independ-
ently by calibrating the input noise necegsary to raise the out-
put spectrum 3 db. The 6-7 db noise figure represents both the
AM and FM noilse contributed by a white noise source; the limit~
ing action of the oscillator can remove the AM noise so that the
noise figure for some system applications may be effectlvely
only 3-4 db.
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FIGURE |: EQUIVALENT BLOCK DIAGRAM OF PHASE-LOCKED
OSCILLATOR WHEN $55=0; i.e., WHEN (p-w,) << 8o
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