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Abstract:

The different methods of synchronizing/locking a microwave
nonlinear semiconductor oscilator have been presented.

The oscillator madel used led to a more general locking equation
as the effect of the device nanlinear susceptance is included.

The two experimental techniaues used (n the investigation,
that is, the sweep-frequency and the spectral analysis techniques
give resonable results in agreement with theory.

Introduction

fhe spectrum purities of solid state oscillators, such as avalanche and Gunn
diode oscillators, are found to be much more impraved by wusing syrehtonization
techniques which on the other hand tesults in a reduction of the existing raise [1].

Four types of synchronizationfinjectinn-locking methods have been developed
by now, these are:

L Fundamentel-weve injection lecking (2], Here the frequency of the injection
signal I is neatly equal to the free-ctunning oscillation frequency fg to he locked.

iil. Swharmanic/Harmonic injection locking [3). In subharmonic locking, f; is. nearly
equal to 1/nf, where cs in harmonic locking f; is neady to Ny, where no s an
integer larger than unily.

lil. Sideband-wave injection<locking [4]. Here two injpction signals  are  wsed, one
of which is o low frequency signal fie and  the other a signal with freguency
'IZ - '0 + '“.

The firt and the thitd techniques have widet locking bondwidth {(Le. tuiing
burddwidth) than tre second, when compsred for a particular, gain, with increasing
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frequency, however, it becomes mare difficult to reslize 8 low-noise Injection signal
source with lreguency nearly equal to be stabilized.

The advantage of the second technique is thet a low frequency signal can
be wused for injection. But unfortunately, the tuning bandwidth becomes narrower
when the order of multiplicaticn n Is Incressed.

iv. Another technique to overcome the above mentioned difficulties was proposed
by Okamoto [5]. It utilizes the parameters interaction which is caused by provid-
ing a high-Q idler cavity in the vicinity of en oscillating element and by injecting
a sigral whosa frequency Is much lower than the oscillalion frequessey. This
method has much widar tuning bandwidth than of the conventional subharmonic
injection locking technique.

To wunderstand the propertieso! injection lecking, specially concerning  sub-
harmonic and harmonic locking, the general thaory develcped by Daikoku  and
Mizushima [6] has been presented. The model wed leads le a more general locking
equation than Adler's (1964)-[7] as the effect of the device nonlinear susceptance
is included, The subharmonic and harmonic locking characteristic do rot srise straigh-
forwardly from Kurckawa's (1968) (8],

It is also the purpose of the work to expetimentally investigale the process
ol synchranization in oscillators wsing both sweep flequency and spectral analysis
tecnigues.

Theory of Synchronized Oscillators

In the theoretical study on investigating the synchionized nonlinear dwode
oscillators, the oscilletors nature will be expressed by the nonlinear relation between
the instantaneous rf. current and voltege ve It is nssumed that the neolinear coeffi-
cients can be expressed as expanded series of polynomials, Taking v as independent
variables, tre total current is divided inta two partss

P Z,
s = xG‘ . sz G’v f v (1)
=G (v) v
4 : 2,
lezd—l\C00C1V+C2v )
" % (8 &) vl (2)

Giv) and B(v) ate the "appstent coefficient of ranlinear coanductance” and the
"spparent coefficient of nonlingar susceptance of the oscillatol, respectivelys Such
representation is possible when steady-state osclilation Is censldared.
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Solving the circuit eguation, Fig. 1, and introducting 8 new variable h represent-
ing the degree of detuning, h = 28w,/ w, whore h4<1 and Aw » wi-wg we get a
first=order saluticn for the amplitude and phase at fundamental frequency [6]

dA 1 1 3 1
dt-zg»\-amﬂ-m,nuncmc. (3
[ 4] L 1 2 1
— =~ h e — DA i )
rra 2h - ba” + 20(_; - Uo sin B (&)

The amglitude wond frequency of Lhe sell-exciled os:cillation is cblained by putling
Uo s 0,

&2 B ﬁ'?’ (5)
m
1 Z, ;
w =z=w (1 -=bA") = 27! (6]
a o 8 o o

where g is the freesrunning oscillation frequency. It is =smen that the frequency
is shifteg from w, to wj; by the nonlinear suscepiance parst, b.

Synchronization of the ascillator to the injeclion signal is indicaled by /dr = O
{no beal frequency) and egr. (8) becames:
a
e

oo 2y _0© L3
smB--z = (ho‘cf’o). {7}

Recognizing thael the magnitude of sin @ is less than unity, the boundary
between the locked amd unlocked mades of operation is characterized by the ocour-
rence of a 90° phase shilt between the oscillaticn signal and the injection signal,
The locking relatiorohip may be written in terms of cycle frequency and power as:

P Aw
a 4] b
Qe P ° V‘u % aG pa <" (@)

The above equation becomes and Adler (1964)-[7] end Kuroxawa {1968)-[B] equations
by pulting & = O.

Considering now  the behaviour of the locking sutharmonie and  harmaoeic
injection. The driving frequency w_ s
i

W, onw o, {7)
where n is the Index of the harmonics and n = /2, /3, ... fat subharmonic snd

n = 2y 3 « for higher harmonics In this cose Lhe njection-locked oscilletion has
a frequency of integral multiple or submultiple of the driving frequency. The same
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1 1
oscilletor model can be utilized 1o study the response to sueh g fg, 7 fgr and 31, -
wotion signals.

Il an equivalent injection signal power bs much smaller then the self-excited

excited oscillsler power, we may consider only the phate equation. A more genetal
locking equation for n = 172, 15, 2 and 2 i5 deduced in the Totm

Al }{pi =0 (10)

whege )/is a parameter depending on n, b and G,

[xperimental Investigation

Two techniques were wused in the investigation of the synchrenizsetion of
the Gurn-diode oscillator used. The first is the sweep frequency technique [9]
where investigation Is done by sweeping @ master source frequency acress the
frequency 15 af the unlocked oscillatar and observe haw (M2 gsclilator frequency
end outpit pawer are mfluenced. The master source has a linear sweep output,
5o the horizontal axis af the oscilloscope |5 directly proportional to the [freguency.
The second technique is the tpecttum analysis one, where the complete spectrum
of the drived oscilletor is monitared on & spectrum  analyzer, which displays it
in the ltequency domain rether than the time damain

Measuted characteristics of the Gunn-diode oscillater used are shown in Fig. 2
{oscillater type PM 7035 X, Gunn-dinde type: PM 774D-CXY1IC)

Sweep Frequency Technigue

In this experiment we starl by sweeping the mester source frequency across
the frequency 1, of the unlocked oscillstor and investigate how the  oxillator
frequency and  output power are influerced. The measutement sel-up i shown
in Fig. 3. The master soutce has 8 linear sweep output, so the harizontal axis
of the oscilloscope is directly progeetional to the frequency. The opulput power
(displaye on channel B) resulted in the pawer cutve diawn in Fig. 4 The locking
bandwidth was measuted by using the calibrated geaticule shown in the same figure,

The previous meswrements were repeated far different atlenuation values
Az end the corresponding cblained lecking ranges are werified in Fig. 5. 1L is clesr
thal the locking 1ange decreases with p/p; in agteement with theory. The observed
dizplay during measuring procedure is phatographed und shown in Fig, 6.

Spectrum Analysis Technigues

For more invedtigation ol the locking phenomena in oscillators, an experiment
is constiucted based on the use of spectrum anslyzer to monitor the output speclium
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of the previously vses Gunn-oscillator. The spectrum befare sng after syncheonization
is completely nterpreted on the analyzer display. The basic iden of spectral enalysis
is given in {10] and [11],

The spectrum al the disturbed oscillator (before and alter Jocking) is deter-
mined by warying the frequency ol the Injection-signal generstor snd detecling
the appearance of interference sidebands at the end of the lncking range on thw
specttum analyser. The detected  spectium is pholographed, Fig. 7, at different
values of the injected signal frequency A, The oscillator freguency B (fy = 2003 MHZz)
is pulled towsrd the driver frequency w; through a series of wunlocked states say
la-c) or (e-g) till the final locked state Is achieved (d) or (h). The spectrum hefore
locking shaws unsymmetiical distrisution about the driven signel wge The same result
was achieved by incressing the locking signal level for a given frequency separation
bhetween the free ruwing and locking signal. The mossured lacking range as a
functicn of locking gain was ubout the sama determined by the first melhad using
aweep frequency techoigus.

It can be saen from the cbserved spectium that as W Wi decreases more spec-
tral ldines are genersted and their spacing is reduced, Moreover, the smplitudes
decrease lineacly on the logarithmic scale of the spectrum analyzer,

The above spectrum analysis also show thal the driven cscillator is unstable
unless it s locked, This is in agreement with stability analysis given for performance
cplimization of njection-synchranized ascillstors [2]-znd [42).

Conclusions

It has been shown thst synchronization of 8 nonlinear oscillster can be
petfoimed by injecting & weak signal of fundamental frequency, subharmonic/harmonic
frequency, or sideband frequency. The we of a nonlinear admiltance madel lar
the synchionized oscillator was found fecessary o explain the unsymmetrical proper-
ties of the injection locking,

Typical results ware obtained for the Gure-dinde oscillator powor/requency -
voltage characterisation, The exgerimental investigation for the synchronization/lecking
ghenomenon  using  sweep  legquency  and  spectrum analysis  techniques are  founa
ta agree with the theory for fundamental Injection-lucking.
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