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Abstract

A new injection locking process is proposed and demonstrated experimentally, where a low-frequency injection

signal can be used to lock an ultra-high frequency aOlfd–state Oscillator. This process has much wider locking

bandwid~h than the conventional subharmonic injection locking.

Introduction

Injection locking is a circuit technology useful

to reduce sideband noise of solid-state ultra–high

frequency oscillators. Three kinds of injection

locking processes are known. They are;

(1)

(2)

(3)

The

Th~ ~undamental-wave injection locking; in which

f =fo where f
inj

and f o are frequencies of the
inj

injection signal and the free-running oscillation
to be locked, respectively. This is the most

conventional process.
The subharmonic injection locking? in which f c

(1/n)f where n=2,3,4
inj

“9The SI eband-wave injection locking: in which two

injection signals are used, one of which is of low-

frequency f, and the other of the frequency
mj ,1

f
inj,2=f@ ‘inj,l”

Droceases of (1) and (2) have much wider lockin~

band~idth (more than 100 ~~z) at a certain inj ectio~

power than the second one, but it is necessary to
realize a low noise injection signal source whose
frequency is as high as that of the oscillator to be

stabilized. In the second process, on the other

hand, a low-frequency signal source can be used in

injection, but unfortunately, the locking bandwidth

becomes narrower when increasing the order of
multiplication n. Take the subharmonic injection

locking of 8.5 GHz IMF’ATT oscillator, for instance.

Not more than 1 MHZ of the locking bandwidth is reported2
to be available when n=9 and the locking gain of O dB.

In this report, a new injection locking process,
called parametric injection locking, is proposed, which
has following two features;
(1) The frequency of the injection signal can be much

lower than that of the solid-state oscillator to be

stabilized, and can be eelected arbitrarily.
(2) Wide locking bandwidth can be obtained, which is

comparable with that in the first and the third
proceseea deecribed above.

Experimental demonstration by ueing a millimeter–wave

IMPATT diode oscillator will be given here, along with
some analytical explanation,

Mechanism

In the vicinity of the main resonator which
determines the free-running oscillation frequency f. of
an INPATT diode, another high–Q cavity resonator
which is called an idler resonator is provided, whose
resonant frequency f. is set at a few GHz apart from f
When a signal with f~equency f.

o“
which is nearly

lnj
equal to the difference frequency Ifo-fi[ is injected,

many sideband–waves are produced, whose frequencies are
f =f +f f =f –f

u O inj’ L O inj
and so on.

Then, one of these frequencies, fu or fL, which lice

nearer to f. is trapped by the idler cavity and
kept invari~nt when changing f As a consequence,

inj “
the oscillation–wave frequency begine to change linearly

in obedience to the change of f thereby keeping the
inj ‘

difference between the new oscillation-wave frequency f~

and the trapped sideband-wave frequency always equal to

f Due to the large Q–factor of the idler cavity,
inj “

the sideband noise of the oscillation-wave f ‘ is, then,

reduced remarkably as compared to that in th~ free-

running state.

Fig.1 illustrates the mechanism of the parametric

injection locking described above. (a) shows the

free–running state with a low-frequency signal f. .

injected. Because there is no idler cavity ‘nJ

provided, neither noise reduction nor the oacillation-

wave frequency dependence on f. occurs in this case.
Inj

(b) and (c) indicate the locked state with the idler

cavity trapping fu and fL, respectively. Here, the

idler resonator is shown by a Q-curve centered at fi.
Definitions of Afo=f~-fo, Afu=fu–fi, and AfL=fL-fi

are also indicated in this figure.

Experiment

An experiment is carried out by using a GSAS

Schottky-barrier IMPATT diode whose free-running
frequency f. is 36.7 GHz and output power P. is 19.2 dBm.

Ae the main cavity, a conventional cap-type reeonator

is used here, Q of which is 50-100. An

idler cavity re%~ator with a cylindrical TEO1l mode

and Q of 1500-2000 is located at -4A away from the
diode~xt Through the bias circuit ofgthe IMPATT

oscillator, an injection eignal is eupplied, whose power
P is monitored at the nearest point to the diode.

inj
By using a bandpaae filter, the output power P of the
oscillation-wave is measured separately from e~deband-

wavee, although total power of the latter waves is

always lower than P. by 10 dB or more.

Fig.2 shows an example of the properties in the
locked etate in the case of the upper-sideband trapping

(Fig l-b) . Here, f is varied with P
inj

kept
inj

constant. f. is selected at 1400 MHz above f..
When f decre~ses from 1400 MHz, Afo increaees with

inj
a constant slope aAfo/Zlf of -1, while Afu approaches

inj
asymptotically to a constant value, determination of
which is beyond the accuracy of the measurement here.
P. is, then, decreasing by only a little amount (not
more than 1 dB over the locking bandwidth of 180 MHz).

The sideband noise of the oscillation–wave f’ in
o

the locked state is reduced by more than 25 dB as

compared to that in the free-running state. An
example is shown in Fig.3. Here, (a) is the spectrum
of the oscillation–wave in the free-running state,

whereas (b),(c), and (d) are spectra at the points f. =

1390, 1360, and 1220 MHz, respectively, in the
Inj

locked state whose properties are shown in Fig.2.

The dependence of Afo and P. upon P with f
inj inj
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kept constant is shown in Ffg.4 in the case of f. =1310 unstable states where F, becomes positive.
Ini

‘MHz . By increasing P. the oscillation-wave
lnj ‘

follows the route A(A’)-B(B”)-C(C’)-D(D’). The

locked state starts at the point C(C’). When P

is decreased, the locked state lasts until the
inj

point E(E’) is reached, where a jump to the point F(F’)

occurs and then the locked state ends.
The hysteresis is always observed in the transition

region between the locked and the unlocked states.

In the case of the lower-sideband trapping (Fig.

l–c), almost the same locking properties as those

in the previous case (f.=fu) are obtained, except that

AfO in this case (fi=f~~ increases with a constant

slope aAfo/afinj of +1 when increasing f
inj “

The locking bandwidth increases in proportion to

P and its maximum obtained here is 320 MHz and 250
inj ‘

MHZ in the cases of fi~fu and fi=f~, respectively.

These valuea are much larger than that of the

subharmonic injection locking and comparable with that
of the fundamental-wave and the sideband-wave injection
locking processes.

As can be seen from Fig.2, the frequency of the
oscillation–wave in the locked state is always higher
than that in the free–running state; i.e. ,

in the case of f.=f .
‘fo=f6-fo’0

This is also thelca~e in the situation of f.=f~.

These results mean that the locking range it

unsymmetrical with respect to the free-running

frequency fO, and should be compared with the

essentially symmetrical locking range in the fundamental-

wave and the subharmonic injection locking processes.

Interpretation

To interpret the parametric injection locking
from the view point of the circuit theory, we take

the following procedures. The first step is to

describe the three wave system (f;, finj, and fu)

mutually interacting through the nonlinear avalanche

inductance of the IMPATT diode. Equivalent

circuits for each of the three frequencies can be
derived from the general representation given by Gupta!

which ie based on the Read model of the IMPATT diode.
In the next step, the principle in the theory of the

fundamental-wave injection locking given by Kurokawal

is applied to this syetem, from which expressions of

the locking propertied, the etability criterion, and
noise reduction factor can be obtained.

Calculation is carried out by referring to the

experimental condition described above.

Fig.5 shows the locking properties derived
analytically. The abscissa z ie the normalized

injection signal frequency shift {f. -(fi-fo)}/(fi-fo).

Four quantities, x, Y, SIA ] lls I , an~ill at two levele of

the injection signal power P are plotted as
inj

functions of z, where x=Afo/(fi-fO) is the normalized

frequency shift of the oscillation-wave, y=Afu/(fi-fO)

is the normalized frequency shift of the idler (upper-

sideband) wave, SIAII1s I is a quantity which ie

proportional to the power decrease of the oscillation-
wave in the locked state as compared to that in the
free-running state, and F1 is a stability function

which must be negative when a locked state is stable.

In all of the characteristic curves in thie figure,
points on the solid lines represent stable locking

states, whereae points on the broken lines show

Ae can be seen from Fig~5, a locked state can exist

only on the negative side of the z axis, where x or Af
linearly increases with a slope of -1 when increasing

o

I z] (or decreasing f inj), while y or Af then,
u’

initially

decreases and then approaches to a certain value which

is not equal to zero.
The positive value of slAII1sl on the left side of the

z axie means that P. in the locked state is always lower

although by a little amount, than that in the free-

running state. The locking range, which is equal

to the maximum value of x shown by the closed circles

on each x–z curves, is an increasing function of P. . .

All of these propertied are qualitatively and, in 1n3
part, quantitatively in good agreement with the

experimental results described above.

The calculated phase noise reduction factor H,

which is defined ae a ratio of the phase noise of the

oscillation-wave in the locked state to that in the
free-running state at the normalized off-carrier

frequency um/(fi-fo) of 0.001, is plotted in Fig.6 as

a function of x. From this figure, it can aleo be

seen that more than 20 dB of the phase noise reduction
can be realized, which is in agreement with the

experimental result, too.

Application

Following applications of the parametric injection
locking are considered to be important;

(1) as a low noise oscillator whose frequency can be
varied electronically.

(2) as an up-converter with power gain of frequency or
phaee modulated signal.

Experimental results on an up-converter of an FM–

modulated injection signal will be given at the Symposium.
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Fig.1. Spectral repreeentation of parametric injectiOn
locking.
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Fig.2. Characteristics within the locking–band in the fi=f
u“
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Fig.4. Transition between the locked state and the

Fig.6.
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Fig.5. Locking properties derived analytically.

Here, P =P
2 inj”
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