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ABSTRACT

Injection phase-locking of microwave IMPATT diode and Gunn
diode oscillators has been studied experimentally at X-band frequencies
and has been analyzed qualitatively by the use of a "loading effect"
method. In this method the external locking signal is taken to have an
effect equivalent to an admittance whose phase depends on the relative
amplitudes of, and the phase difference between, the oséillator and the

external locking signals.,

The theory is applied to a number of examples to indicate the
properties of an injection phase-locked oscillator. The results obtained
show that the injection locked IMPATT diode and Gunn diode oscillators may
be suitable for certain system applications: e.g. (1) a self-excited
oscillatbr containing a certain amount of noise can, when injection-locked
to an external FM signal, be used as a broad-band and high-gain F.M.
amplifier with good noise characteristics, (2) when a bias-modulated
oscillator is injection-locked to a CW signal, an entire frequency pulling
yields a practical phase-modulation scheme, while partial pulling
properties permit the oscillator to be sideband-locked, achieving up-
conversion with gain and frequency;stability, and (3) when the oscillator
diode is used simultaneously for quasi;stationary injection-locking and
detection, linear operation of the microwave frequency demodulation is

obtained in a simple configuration.
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CHAPTER I

INTRODUCTION

In many electronic systems employing microwave oscillators
it is necessary to synchronize the frequency and phase of the oscillator
signal to a reference signal. One way of achieving this end is by
injecting the reference signal directly into the oscillator to be
controlled. Under suitable conditions, the oscillator is then locked
to the reference signal both in frequency and phase, and the oscillator

is then referred to as being injection phase-locked.

Injection phase-locking has taken on increased importance with
the development of solid-state microwave oscillators. Injection phase-
locking presents possibilities for accomplishing amplification,

modulation, demodulation and phase-control.

1-1 Purposes of this Investigation

For many applications involving injection phase-locking, it is

necessary to have a detailed knowledge of the locking properties of

the oscillator. The purposes of this investigation are 1) to study

the basic locking properties of IMPATT diode and of Gunn Diode
‘oscillators from the point of view of the loading effect of the
referense signal on the oscillator. The analysis is to present a clear
physical conception of locked oscillator operation at microwave
frequencies. 2) to investigate system applications, both experimentally

and theoretically, of injection phase?locking of oscillators.

1-2 The Nature of Injection Phase-Locking in One-Port Microwave Oscillators




If certain conditions are met, a one-port microwave oscillator
may be phase-locked by the injection of a controlling signal into the
oscillator. At microwave frequencies, the combination of a one-port
oscillator and a circulator makes possible the separation of the

oscillator output from the locking signal (see Fig.1l.1).

The incident power wave of the locking signal passes from Port 1
to Port 2 of the circulator and impresses a signal on the oscillator.
The output power of the oscillator passes from Port 2 to Port 3 of
the circulator to the matched load. If the input signal has sufficient
amplitude, and if its frequency is sufficiently close to the initial
matched-load frequency w, the oscillator frequency will change to that
of locking signal. At this new oscillation frequency the RF operating
conditions will have changed. If the locking signal frequency is
changed, the frequency of the oscillator signal will track this change
until the initial frequency difference becomes too large, at which time

the oscillator drops out of synchronism.

The mechanism of the injection phase-locking process depends
upon the following:
1) the initial frequency difference between the oscillator signal and
the reference signal.
2) the power ratio of the oscillator and the reference signal.

3) the oscillator circuit parameters.

Injection phase-locking is thus a technique whereby a small
amplitudevlocking signal can be used to control the ffequency and

phase of a large amplitude oscillator signal.
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1-3 History and Applications of Injection Phase-Locking

A number of investigations have been made into the subject
of synchronization of oscillators. In 1927, van der Pol published a
pioneering study on free~running oscillators that are capable of being
synchronized to an external signall. There has since been a continually
growing literature on this subject, great attention being given to
the use of an oscillator as a synchronous—amplifier limiter, in an FM

demodulation2'4.

In 1946, Adler5 obtained a differential equation, largely on the
basis of intuitive reasoning, whose solution accounts for many of the
observed phenomena of phase-locking. Theoretical and experimental
treatments of oscillator synchronization have been concerned with the
internal synchronization mechanism of a two-port oscillator with feedback;
Huntoon and We:l.ss6 generalized the theory and extended the scheme used
by Adler, in a manner which.does not involve the particular oscillator.

‘ The same approach as Adler's was applied to the magnetron, in a
slightly different form, by Slater7. David8 experimentally verified

9 described a sinusoidal

Slater's theory with pulsed magnetrons. Khokhlov
self-oscillation with simpler, so-called shortened equations by deriving
the locking equation from the differential equation of an oscillator
with a single-tuned circuit. If a more complex circuit were considered

for the oscillator, the solution of the nonlinear differential equation

would be considerably more difficult than that for this simple case.

Mackeylo showed that Adler's model describes the phase-locking

phenomena in reflex klystron oscillators and he investigated the



transient response of the oscillator in order to obtain an estimate

of the maximum modulation rate possible for the locking signal. 1In 1965
the locking behaviour of tunnel diode oscillators was experimentally A
studied by Stover and Shawll. One year later, Fukui12 reported that

he had successfully combined the output power from eight separate

IMPATT diode oscillators by means of resistive hybrids; the finite
isolation of the hybrids provided sufficient interaction between the
oscillators for mutual phase-locking so that the powers combined phase-
coherently. At nearly the same time, Hakki et al.13 succeeded in phase-
locking a Gunn diode oscillator to a microwave signal and raised some
questions about the relationship between the locking range and the

oscillator circuit parameters and about the output spectrum of the

unlocked driven oscillators.

As regards nbise, the influence of noise originating inside the
circuit, especially from the active elements needs to be considered.
Such noise components influence the phase or frequency stability of the
oscillators. Recently, the improvement of noise performance by controlling

the oscillation frequency with a stable signal has been investigatedla.

Past investigations of phase-locking phenomena, both theoretical
and experimental, have dealt primarily with the stability of the locked
state and with oscillator behaviour when operating near the synchronism
range. There will be particular interest in the latter with regard to
possible applications of injection locked oscillators. Furthermore,
the available work needs to be extended by developing locking relations

which are valid for higher relative power levels of locking signal.



1-4 Organization of Thesis

A brief description of static and dynamic characteristics of

IMPATT diodes and of the theoryvof the Gunn diodes is presented in

Appendix-A.

The most relevant mathematical relations used here are presented

in Appendices B to F.

In Chapter II a review of the microwave IMPATT diode oscillator

and of the Gunn diode oscillator is presented.

The fundamental locking equations for phase and amplitude of
oscillator output are derived and solved iﬁ Chapter III, by using a
"mismatched loading effect" point-of-view. Important relations among
the various parameters of locked oscillators are obtained for later

use.

In Chapter IV detailed experimental results for injection phase-
locked IMPATT diode and Gunn diode oscillators are compared with the

theoretically predicted values from Chapter III.

For system applications, FM amplification is already covered in
the first four chapters. Chapter V treats phase modulation and sideband
locking of bias modulated oscillators, while Chapter VI describes

demodulation properties of injection phase-locked oscillators.

A summary of this work and its conclusions is given in Chapter

VII.
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oscillator output are derived and solved iﬁ Chapter III, by using a
"mismatched loading effect" point-of-view. Important relations among
the various parameters of locked oscillators are obtained for later

use.

In Chapter IV detailed experimental results for injection phase-
locked IMPATT diode and Gunn diode oscillators are compared with the

theoretically predicted values from Chapter IIIL.

For system applications, FM amplification is already covered in
the first four chapters. Chapter V treats phase modulation and sideband
locking of bias modulated oscillators, while Chapter VI describes

demodulation properties of injection phase-locked oscillators.

A summary of this work and its conclusions is given in Chapter

VII.



CHAPTER 1I

MICROWAVE TMPATT DIODE OSCILLATORS AND GUNN DIODE OSCILLATORS - A REVIEW

Two important solid-state devices for generating microwave
power are IMPATT (IMPact ionization and Avalanche Transit Time) diodes

and Gunn diodes.

When a suitable p-n junction is biased into avalanche breakdown
we obtain, under proper circuit conditions, a combined avalanche transit
time effect which generates microwave energy. On the other hand, the
Gunn diode is a bulk effect solid-state device; it does not consist of
any p-n junction nor of any interfaces excepting ohmic contacts. The
"Gunn effect" occurs in certain solid-state materials under conditions
when a high electric field is applied; a differential negative conductance
arises from an intervalley-transfer of charge carriers from a high mobility

conduction band to a lower mobility higher energy band.

IMPATT diode and Gunn diode oscillators are well-suited for

injection phase-locking applications.

In this chapter, we shall consider the microwave oscillations of
an IMPATIT diode and of a Gunn diode and some electrical characteristics

of oscillators used in the course of this work will be discussed.

2-1 IMPATT Diode Oscillator Operation

Microwave energy may be extracted from almost any p-n junction
if it is imbedded in a suitable rf circuit and reverse-biased into
avalanche breakdown. This phenomenon was first predicted theoretically

by Shockleyl6,



In 1958, Read17

proposed a high-frequency semiconductor
diode consisting of an avalanche region at one end of a relatively high
resistance region, serving as the drift space for the generatéd charge

carriers (i.e. ptnint or n*pip* structures).

The first IMPATT operationls, reported by Johnston et al.,
however was obtained from a simple p-n junction. Reéd's work was
followed closely by Lee et al. 19 This indicated that, in addition to
the particular doping profile proposed by Read, there are other classes
of structure which also exhibit a negative resistance due to their IMPATT
properties. From the small-signal theory developed by Misawazo, it was

confirmed that the negative conductance property of the IMPATT can be

possessed by a junction’diode with almost any doping profile.

From the small-signal point-of-view, when an RF voltage is
applied to an IMPATT diode, an increase in differential current results.
The current is retarded in phase with respect to the voltage applied by two
effects: (1) carriers are generated by avalanche multiplication in a
narrow avalanche region and injected into an adjacent drift region. The
diode is biased so that the field in the avalanche region is high enough
to cause breakdown during the positive half of the Rf voltage cycle, but
is below the critical field required for breakdown during the negative
part of the voltage cycle. As a result, the carrier population builds
up toward a new level with a delay time characteristic of the avalanche.
In other words, the carrier current generated in the avalanche region
increases during the positive half of the superimposed RF voltage cycle
and decreases during the nagative half., Therefore, the carrier current

reaches its maximum value one quarter of a cycle after the voltage; i.e.,



the carrier current lags the voltage by 90°.

(2) the effect on the exterﬁal terminals, i.e., the terminal
current, is further delayed because of the transit time Tt during which
the carriers are collected by the electrodes. During the entire RF
cycle, the electric field in the drift region is kept high enough to
cause the injected carriers to travel at limiting drift velocity. If
the delay in the current is a quarter cycle by selecting an appropriate
length of drift region, the in-phase component of the current becomes
negative; that is, the external current lags the carrier current by 90°,
and therefore the phase difference between the superimposed RF voltage
and the fundamental Fourier component of the external current is 180°.
In other words, the diode acts as a negative conductance, and in an

appropriate circuit the device may therefore oscillate spontaneously.

Misawa2? has considered the case of the "uniformly avalanching"

diode in which impact ionization produces carriers at a uniform rate
throughout the active region. Such a diode can be represented by a
parallel connection of the depletion capacitance, a negative electronic
conductance, and an electronic inductive susceptance. It is found that
the electronic admittance is approximately proportional to the bias
current, and the resonance frequency is proportional to the square root
of the bias current. A similar expression has been obtained by Gilden

and Hines21. (For more details see Appendix-A).

2-2  Gunn Diode Oscillator Operation

Gunn diodes exhibit electrical characteristics that are

significantly different from the IMPATT devices.
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In 1961, Ridley and W’atkins22 suggested the possibility of
obtaining bulk negative conductance in certain semiconductors by the
.transfer of electrons energized by high electric fields from high-.
mobility low energy bands to lower mobility higher energy bands.
Detailed calculations by Hilsum?3 in 1962 showed that GaAs was a good
candidate for exhibiting such a bulk negative conductance through these
transferrred electron effects. The first experimental evidence of this
bulk negative resistance was achieved for GaAs by Gunn in 196324. He
found that a relatively short sample would oscillate coherently at
microwave frequencies if the bias was increased beyond an intensity of
about 3 KV/em. The frequency of oscillation was close to the reciprocal

of the tramsit time of electrons through the sample.

An explanatibn of this observed phenomenon was advanced by

Kroemer25 in 1964, when he linked it with the Ridley-Watkins-Hilsum

22’23. The phenomenon o6f current oscillation was theoretically

26

mechanism
predicted by Ridley”" for materials exhibiting voltage controlled
differential negative conductance. It was found that spontaneous
instability in a diode biased in the negative conductance region will
give rise to the formation of a high field domain. This domain nucleates
at some site of irregularity, grows and coﬁsumes more voltage until the
rest of'the diode becomes biased below threshhold. At the same time the
domain drifts along with the carrier stream towards the anode where it
disappears, causing the nuéleation mechanism to repeat itself, etc. The

current ciréuit fluctuates with a frequency equal to the reciprocal of the

transit time taken by the domain to traverse the interelectrode spacing.

McCumber énd Chynoweth27 theoretically investigated both current

oscillation and microwave amplification. For the analysis, the energy
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transport equation was numerically integrated for a GaAs device. The
solution for the velocity-field characteristics of bulk GaAs was found
to possess a region of differential negative conductance at electric

fields higher than threshhold.

The bulk negative conductance device can be made to oscillate in
resonant circuits, the frequency of the oscillation being determined to a

great extent by the circuit parameters.

0f the semiconducting ﬁaterials having the electron transfer
mechanism, n~type Gals is the best understood and used for producing
usefullamounts of microwave power. In order for the electron-~transfer
mechanism.to give rise to the negative-—conductance effects, the material
must satisfy the following conditions: (1) the lattice temperature must
be low enough so that, in the abseﬁce of an applied electric field, most
of the cgrriers are in the lower-conduction band, (2) in the lower-
conduction.band valley, the carriers must have small effective mass, which
leads to high mobility and a low density of states, (3) in the subsidiary
conduction-band valleys the carriers must have a large effective mass,
and hence low mobility and a high density of states, (4) energy separation
between valleys must be cqnsiderably less than that between the conduction
and valence bands, so that the negative-conductance effect can be obtained
at moderate electric fields, i.e., much lower than avalanche breakdown
conditions. A GaAs satisfies the above criteria and has exhibited many
modes of operation33 when biased above the critical field. (For more details

see Appendix-A).

Various bulk modes of operation have been studied, depending on
operating conditions and material parameters. These modes of operation

are not fundamentally different from each other since all depend on the
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mechanism of inter-valley carrier transport. We can determine a
criterion for the formation of strong space-~charge instabilities. From
Kroemer's argument34, an important boundary separating the various modes
of operation in GaAs is the (carrier concentration)(saméle length)

product, noL = 1012cm™2,

When the noL product is between 1011 and 1012cm_2, the sample
can not support traveling dipole domains but can support growing space-
charge waves, and can be operated as a stable small-signal amplifier.
When the n L product is greater than lOlzcm-z, the device is unstable
because of the cyclic‘formation of either the accumulation layer or the

“2 and connected to a constant

high field domain. Samples with noL>1012cm
voltage circuit are capable of supporting fully developed traveling

dipole domains and operate in the Gﬁnn, or transit-time mode of operation
in which the frequency of oscillation is determined by the drift velocity
of the carriers and the length of the sample. If a sample with
noL>1012cm"2 is connected to a resonant circuit, three basic modes of
operation are possible: the transit time domain mode, the qqenched domain
mode in which fully developed dipole domains are quenched before they
reach the anode, and the inhibited domain mode in which the start of
domain formation is delayed. Under the condition of very small doping
fluctuations across the device or of a very small space charge
accumulation, the electric field can'effectively re@ain uniform across

the device. The sample will then appear to the circuit as a true negative

conductance whose mode is called the limited-space-charge-accumulation

(Lsa) 32,
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2-3 Noise Performance

A basic theory for the RF noise spectrum of oscillators was

35 and Mullen36. Noise affects the behaviour of

given by Edson
oscillators in at least two ways. During sustained oscillation, noise
creates unintended perturbations or modulation in both the amplitude and
the phase of the output. Thus, an unintended change in frequency or

phase will be described as FM or PM noise and an unintended change in

amplitude will be described as AM noise.

37,38

Several workers have investigated the noise phenomena

associated with a p-n junction under avalanche breakdown. According to

their work, the noise in an IMPATT diode arises mainly from the
statistical nature of the generation rates of electron-hole pairs in the
avalanche region. Both the AM noise and the FM noise of IMPAIT diode |
oscillators can be quite high3% the noise output of germanium diode
oscillators being significantly lower than that of silicon diode
osci.]_.latorsl’0 for comparable doping profiles. From a noise analysis of
IMPATT diode oscillators, it is found that the mean-square noise.current
varies inversely as the direct current density, apd that a lower noise

measure is obtained in a semiconductor possessing higher ionization

coefficients.

The AM and FM noise in the output of typical Gunn diode

oscillators41

is about 30 dB higher than that for a good reflex klystron
when measured in a 70 Hz wide band spaced 1 KHz away from the carrier,
but it falls off at a rate of about 9 dB per octave over the range 1 KHz

to 100 KHz away from the carrier. Therefore, the Gunn diode oscillator

can compete favourably against a reflex klystron. Hobson*2 has developed
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a theory that accounts for the FM noise in the output from a Gunn diode
oscillator. He attributes it to jitter in the triggering times of the

domains due to Johnson noise43 in the nucleating region.

2-4 Description of Oscillators Tested

All the experimental work repérted here has been conducted
at X-band frequencies, using IMPATT diode oscillators containing Si
epitaxial one-sided abrupt p-n junections (Sylvania SYA-3200) and CGunn
diode oscillators, employing GaAs epitaxial Gunn diodes (Mullard CL-8370).
The standard pill-type package with two prongs is employed in both

oscillators. The X-band oscillators tested are shown in Fig. 2.1.

(a) IMPATT diode oscillators

The IMPATT diode.is mounted in a coaxial cavity as shown in
Fig.2.2, The diode doping profile is shown in Fig.2.3. The oscillator
cavity is slot-coupled to the end-wall of the WR-90 waveguide. The
free-running oscillator frequency can be tuned mechanically by changing
the end-loading capacitance of the cavity by means of a screw. Electronic

frequency tuning is obtained by varying the bias current.

Fig.2.4 shows the basic characteristics of a typical IMPATT
diode oscillator. This oscillator gives a power output of 24 mW at
9.79 GHz when operated at 20.5 mA. With this oscillator, it can be seen
that the oscillation frequency increases by 40 MHz as the bias current
is raised from fhe oscillation threshhold to 23 mA at a fixed mechanical
tuning point. The slope of the oscillation frequency versus bias

current curve is about +3 MHz/mA.
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(b) CL-8370 GUNN DIODE OSCILLATOR

X-BAND OSCILLATORS TESTED
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(a) SYA-3200 IMPATT DIODE OSCILLATOR
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Fig.2-1 X-BAND OSCILLATORS TESTED



16

A

o
B~
w
“u

TUNING SCREW

L
g
[} .
______ RF BYPASS CAPACITOR
_J
S —BIAS
L — LEAD
X-BAND WAVEGUIDE ‘ D
(0.90"x0.40") — :
L~
///1,/
~
1 ~
IRIS COUPLING CLAMP
(0.30" x 0.1") LEGEND

S =
D = IMPATT DIODE

Fig.2-2 CROSS—SECTIONAL VIEW OF SYA-3200 IMPATT DIODE OSCILLATOR



1020

1019
l018
o
3]
S~
w
g
<
>
=
e l017
i~
w
=
=]
Aa
>
[
-
o
§
1016
1013
Fig.2-3

ACCE

PTORS

4

DISTANCE FROM SURFACE IN uM

IMPURITY CONCENTRATION PROFILE OF Si IMPATT DIODE

17



POWER IN mW

40

OSCILLATION FREQUENCY IN GHz.
BIAS VOLTAGE IN VOLTS N\

18

36|

32

28|

241

20

16|

12

VOLTAGE

FREQUENCY

90

80

Ba

Pa

Jo.830
T9.820.
lo.810
Jo.800
9.79%
b.780
b.770
b.760

p.750

2 4 6 8 10 12 14
BIAS CURRENT IN mA

16 18 20 22

Fig.2-4 BASIC CHARACTERISTICS OF A TYPICAL IMPATT DIODE OSCILLATOR

(SYA -3200-3)



19

(b) Gunn Diode Oscillators tested

The Gunn diode was mounted in a coaxial cavity, shorted at the
middle of the outer conductor which is divided into two discs and
ijsolated from each other by a thin teflon sheet to form an RF by-pass
capacitor, as shown in Fig.2.5. The bias was applied to the Gunn diode
through this by-pass capacitor. An 0.S.M. coaxial output connector is
used and coupled to the cavity by means of a capacitive probe.
Mechanical frequency tuning is accomplished by means of a tuning screw
whose length can be varied in the cavity, and electronic tuning is

obtained by directly varying the bias voltage.

Fig.2.6 shows the basic characteristics of the oscillator.
This oscillator gives a power output of 6.2 mW at 9.22 GHz when operated
at 7 vblts. With this oscillator it can be seen that the oscillation
frequency decreased by 20.7 MHz as the bias voltage across it is raised
from the oscillation threshold to 5.2 volts, that is, the slope of the
oscillation frequency versus bias voltage curve is negative. It is seen
from the experimental results the frequency decreased with voltage by
about 7.4 MHz/volt. The frequency shifﬁ observed is the resultant of
the two effects, namely the true shift due to the voltage change and an
effect due to the temperature change which follows a change in input
power. The dependence of power output on voltage was very complex, since
mode jumping often occurred as the bias voltage was increased. It should
be stressed that no adjustments were made to the cavity during this
experiment. Optimizing the cavity setting at each different bias voltage

results in appreciably more microwave power.
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It appears from these experiments that the IMPATT diode and
Gunn diode oscillators may operate in modes where bias condition changes
alter either the frequency or amplitude of the oscillations separately,

or both together.

e
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CHAPTER III

THEORETICAL ANALYSIS OF INJECTION PHASE-LOCKED OSCILLATORS

In this chapter, the injection phase-locking relations which will
be required are presented. Previous work describing phase-locking
phenomena is reviewed briefly, and then, by considering the loading effect
of the locking signal on the microwave oscillator to be locked, the locking
properties will be analyzed.

3-1 Introduction

3-1-1 Adler's Method

Adler 3 investigated locking phenomena in oscillators based on
the model in Fig3.la for lower frequency oscillators of the lumped constant
circuit type. He has given a derivation of the locking equation which

gives a good physical picture of the phenomena.

The oscillator circuit éonsists of a negative conductance, -G(e)
and a resonant circuit G., Ly, C: The output voltage is e and the input
locking signal current is is(t). For a free-running oscillator;is(t) = 0,
the oscillator output is assumed to be sinusoidal when operating in a
steady state with output voltage e.. Power is dissipated in the conductance
Gr’ and the voltage across the nonlinear negative conductance ~-G(e) causes
a current i(e) to be returned to the circuit from the negative conductance

that is just sufficient to maintain the constant amplitude of E.

The total current of the resonant circuit is the vector sum of the
injected current i and the current i returned from the negative conductance
s
due to the voltage e across it, as shown in Fig.3.1b. 1In the analysis, the

following assumptions were made.
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i = Is sin[mst] i=1 sin[wst - 8(t)]

E sin[wst - 8(t)] -G (e)
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"Fig.3~la A NEGATIVE CONDUCTANCE OSCILLATOR MODEL. |

I =VIZ+IZ+ZII cos 0
s . 8

-t p we ap s am .- -

Fig.3-1b CURRENT VECTOR DIAGRAM OF Fig.3-la.
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1) The locking frequency is near the middle of the passband of the tuned

circuit.
2) The time constant of the amplitude regulation process must be much
shorter than the time constant of the passive circuit.

3) The locking signal must be much smaller than the output signal.
Let the input'locking signal have the form:
i =1Isinw t : (3.1)
S 8 S '
and let the output current, returned from the negative conductance due

to the voltage across it, be of the form:
{1 =T sin [wst - 8(t) ) (3.2)

Then, the magnitude of the total current is

1 =VLZ + 12 + 211 coso ' (3.3)
r s s .

and the phase angle between two currents is

Issine

1 s .
I + I _cosb
s

@ = tan (3.4)

Consequently, the total current in the resonant circuit can be written as:

i =lez'+ 12 + 21T cos6
r s S

_ Issine
.sin(wst - 6 + tan TT-i-s—cag—e-)' (3.5)

By assuming that Is<<I, the tuned circuit current %L is nearly
sinusoidal and is related to the voltage across jt. The limiting action
of the nonlinear conductance maintains the voltage of e constant.

Let us consider the condition when the oscillator is operating

normally at a frequency determined by the tuned circuit. The current of
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i must be in phase with the current of i for oscillation to be maintained
T
at the resonant frequency of the tuned circuit. Oscillation at any other

frequencies is prohibited by a phase shift introduced by the tuned circuit.

When a locking signal of slightly different frequency is applied to
the oscillator, the current i combines with is produéihg ir, A phase shift
® between the locking and oscillator signals is required to maintain
oscillation at the locking signal. The necessary phase 6 is introduced By

the tuned circuit.

From Fig.3.la, an approximate expression of the phase shift produced

by the single-tuned passive circuit for a frequency w is given by

—1 2Q(u-w))

Y= tan —Uo—— (3.6)

w C ’
where Q = 2 (the loaded Q) and w_ = 1 (the resonance frequency of the
G - ° \[Ercr

T
tuned circuit).

The instantaneous frequency of the oscillator output is the time

derivative of the instantaneous phase angle of (wét—e) in Eq.3.2:
w=w - de (3.7)
Equating Eq. 3.4 to 3.6, and using Eq. 3.7, we get

w S .
o sinb _
2Q T T+ I_/icos “s T %" (3.8)

de
2o 4
dt
Under the condition that I <<I, the oscillator output current is
equal to the free-running oscillator current. Then a more approximate

locking equation, referred to as Adler's equation, is given by

I

=2 sint =w - w_- (3.9)

de
+ 1 i o

de

Ble
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Adler's work verified previously obtained experimental results

on low-frequency phase locked oscillators.

10
Mackey  showed that Eq. 3.9 accurately described injection

locking phenomena in reflex klystron oscillators.

3-1-2 Second-Order Nonlinear Differential Equation Method

Let us consider the second-order nonlinear differential equation
method. The approach here is to derive the locking equation directly

from the current equation of the oscillator circuit of Fig.3.la:

de 1 s i =0
Cr at + Gre + E; e dt i is = 0 (3.10)

Introducing is = Issinwét into the above equation, and taking the time

derivative, we obtain

2 I
Q—%-— 28(e) de 4 wze = Tg-cosw t (3.11)
de” . dt o s
where w_ = 1 , the natural frequency, and
© \JLrlr

§(e) = [G(e) - Gr]/ZCr-

In order to obtain an approximate solution to this differential

equation, a solution of the following form is considered:
e = E(t) sin[wst - 6(t)] (3.12)

The amplitude E(t) and the phase angle 6(t) are assumed to be slowly
varying functions of time which do not change appreciably over one rf
cycle. Let us further apply the Adler's assumptions. Then, under the
above conditions, two first-order differential equations describing

E(t) and 6(t) can be derived from Eq. 3.12, as follows:
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dE _ _ E-G[Esin(w t-8)] + E§_ cos8 (3.13)
de 2 s 2¢ )
I
de S
Tl 2C_E sin® + (ws - wo)' (3.14)

The two first-order differential equations are commonly known as the

"shortened equations".9 At the oscillation frequency E = I/Gr’ and by

noting that Q = wOCr/Gr, Eq. 3.14 can be written

: I
46 4+ Y% 8 ging

3.15
ae 29 I s o (3.1

]
€
1
€

which is identical to Adler's equation (Eq. 3.10).

In addition, it can be shown that the locking properties of the
phase-locked loop are also described by the same differential equation.
Recognition of this similarity ties together the extensive literature

on each of these locking techniques and will generate many new applications.

If a more coﬁplex passive circuit were considered for the
oscillator, the derivation of the differential equation could be considerably
more difficult than the simple examples given here. Moreover, since the
concepé of an incident wave and a reflected wave is more convenient than
that of voltage and current at microwave frequencies, the application

of a "loading effect" on the power wave is desirable.

3-2 Loading Effect Method

3-2-1 Equivalent Circuit of Locked Oscillators

Under fixed dc bias conditions, the frequency and output power
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of a microwave oscillator are uniquely specified by the load presented

to the diode.

Further, if the output frequency is to be modified by the
application of an external signal, its effect must be to change the
reflection coefficient. The purpose of the following analysis is to
determine the variations of this coefficient as a function of magnitude,
frequency, and phase of the externally applied signal. These variations
of the reflection coefficient with the locking power will be used to

describe the locked operation of the oscillator.

Consider a microwave oscillator operating into a matched load.
Its output power and frequency are specified by this particular laad at
which the reflection coefficient is zero. ‘Suppose now, that a signal
of frequency w is introduced into the oscillator output line. If the
signal is of sszicient amplitude, and wg is not greatly different from
the initial matched-load frequency w,, the oscillator will change its
frequency to Wge At this new frequency of oscillation, its power output
and r-f conditions will have changed. Its d-c bias current will, however,
remain the same, since it is determined by the d-c power supply. As ws
is changed, the operating frequeﬁcy of the oscillator will track this
change, until the frequency separation becomes too large, at which time
the oscillator loses synchronism. We are concerned here with the change

of operating conditions as the oscillator tracks the locking signal

frequency.

Consider the circuit shown in Fig.3.2. 0y represents the
oscillator to be locked by a signal supplied from the "ideal" injection

source O . The characteristics of this ideal source are: (1) the
s .
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locking signal pfopagates only toward the oscillator to be locked;

(2) the oscillator output is isolated from the locking signal input:

(3) the amplitude, phase, and frequency of the injection signal may be
varied independently, and are all independent of the operation of the
locked oscillator. A circuit for this ideal injection case may be
approximated in practice by using a well-matched circulator at microwave
frequencies. The combination of a one-port oscillator and a circulator,
as shown in Fig.3.3, makes possible the isolation of the oscillator

output from the locking signal output.

The injection phase-locking properties of the microwave
oscillator can be determined qualitatively by using the conéepts of a
" "normalized phase locking wave", b, and a "normalized output wave",
a, which are convenient scalar“homplex'quantities whose magnitudes are,
respectively, proportional to the locking and output transverse E-field

magnitudes and whose phases are those of the locking and output E-fields.

The normalization basis is taken so that bb” = |b|2 is equal
to the power flow into the oscillator -whereas aa” = |a|2 represents the

power flow out of the oscillator.

Tﬁe locking power is considered to be a reflected power due to
an equivalent mismatched load at the reference plane RR'; the plane of
detuned short. The output power of the oscillator is the power incident
towards this load. Since the reflection coefficient is defined as the
ratio of the reflected transverse electric intensity to the incident
transverse electric intensity, the reflection coefficient seen looking
towards the matched circulator at the reference plane RR' is the ratio
of the locking transverse electric intensity to the output transverse

electric intensity:
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P R
r =2 i8 =Q/—=°‘- e3® (3.16)
a P '
i
where P = locking power,
s
Pi = oscillator output power, and
6 = phase angle between the external signal and the oscillator

output.

Whenever the locking signal is applied, the reflection coefficient has

a value greater than zero. This change of reflection coefficient reveals
the mechanism of oscillator locking; when locking to an external signal,
the oscillator assumes a phase and power output for which the resulting
reflection coefficient as given by Eq. 3.i6 specifies the frequency W .
As ws is changed, therefore, the reflectioﬁ coefficient varies in a

manner determined by the load characteristic of the oscillator.

Therefore, the effect of the locking signal can be interpreted
as a change in the load admittance presented by the locked oscillator.
This change causes a frequency shift. Consequently, the behaviour of the
oscillator under locked condition may be analyzed in terms of this loading

effect.

The analysis of properties_of the injection phase-locked
oscillator is substantially simplified by incorporating in the equivalent:
circuit of the oscillator a nonlinear electronic admittance. Fig.3.4
shows a simplified equivalent circuit of a locked oscillator, in the form
of a parallel tuned circuit. Although a microwave resonator is not a
simple resonant circuit, in the vicinity of a resonant frequency it can
ordinarily be represented by a parallel combination of constant lumped

inductance, capacitance, and conductance having admittance Gt + jBt'
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The active device admittance is represented by --Ge + jBe’ and the load
~admittance due to the locking signal by Yl. The electronic conductance
Ge and susceptance Be are functions of the rf voltage and the d-c

parameters associated with the oscillator:

e 1 " rf

B =F_(V ,V ). (3.17)

The explicit form of Eqs. 3.17 is determined by the dynamics of
the electric discharge, and the derivation of these equations is, in
general extremely difficult. An ideal transformer44, having an n:1
turns ratio, is taken to couple the diodé to a transmission line of
characteristic admittance Y . At the reference plane R-R' the electronic
admittance and tuned circuig admittance are transformed to the transmission
line in the forms of a conductance § and a susceptance B which consists
of an inductance L and a capacitance C. It is desirable to introduce the

equivalent circuit of Fig.3.5 since all measurements are taken along

the transmission line between the oscillator output port and the circulator.

Relationships among those various parameters are, respectively,

at the reference plane RR'

G=(CG +G)
e t

1
- = T 5 . 8
Cw 2 (B, +B) (3.18)

el

where w is the oscillation frequency.

The normalized admittance of the circuit Fig 3.5 is
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(3.19)

Assuming G, C, and L are frequency-independent, a plot of';

on the admittance plane is a straight line which intersects the real axis

at the resonant frequency W, such that

Cw "‘__—:l—- =0
o

or

In terms of W, the normalized susceptance b beccmes

; the external Q of the oscillator.

(3.20)

(3.21)

In the vicinity of w , we thus can write the approximate‘
o

b=Q o
w
ext W,
moc
where Q = 2.
ext Y
o
expression;

ol
I

ext Y

where w = w + Aw.
o

Thus, in the neighbourhood of 0 s

of frequency.

2Aw

(3.22)

susceptance is a linear function

As discussed in Eq. 3.16, since the reflection coefficient is

greater than zero when a locking signal is applied,

the equivalent load
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seen by the oscillator is under these conditions no longer a matched

load. Let the resultant load admittance

YL = GE + BL'

The equivalent circuit then becomes that of Fig. 3.4, in which the

effective load admittance YZ is dependent on locking power and

frequency.

Finally, under steady-state conditions, we can write a relation

between the oscillator circuit and the load as follows:
_g'+j§+g2+jbz=o. (3.23)

Eq.3.23 expressed the operational dependence of the oscillator
upon the load. When the d-c conditions are fixed, then Eq. 3.23 defines

the operation of the oscillator into a particular load admittance.

3-2-2 Effective Load Admittance due to a Locking Signal

Let us now analyze the effect of the locking signél on the
equivalent load in detail. As shown in Fig.3.5, the effective load
admittance seen looking toward the circulator at the reference plane RR'

is given by

1-T
- g =y =L .2
Y =G, +iB Y G5 (3.24)

\
Substituting Eq. 3.16 into Eq. 3.24, we obtain the effective

load susceptance due to the power waves. Normalizing these with respect

to the characteristic admittance Yo’ we get

2
Gy - 1- |r]

Y 1+ |t]2% + 2|r|cose (3.25)

82 =
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b - B -2|r]sin6

3
g Y, 1+ |T|2+ 2|r|cose

(3.26)

where gy is the "effective normalized load conductance", and bz is the

Meffective normalized load susceptance". We may now substitute these
expressions into Eq. 3.23 and write it in two parts, the real and imaginary

parts of the equation, obtaining

_ - 2
-g = 1 - lrl (3_27)
1+ |r|2 + 2|T|cose

1+ |P|2 + 2|r|cos8

Let us consider the case where the oscillator is locked to the
incoming signal, so that & is a constant independent of time. In this
case Eq. 3.28,when solved for frequency, indicates a frequency differing

from the value which we should have without the locking signal by the

amount (. 2|r]sing ). That is, using Eq. 3.21, we have
1+ |r|2 + 2|r|cos6 ' -

2|r|sins

¢ -2 (3.29)
1+ |P|2 + 2|P|cose

ext w
o]

Il
L

where w, is the frequency at which the oscillator would operate in the
absence of an external signal. But if 6 is to be a constant, this means
that the frequency w of operation must be the same as the frequency ug
of the external signal. In other words, Eq; 3.29 detérmines sin6, or
the phase angle between oscillator output and locking signal, in terms

of the initial frequency difference (ws - mo) between the locking signal
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and the free-running frequency of the oscillator output, and |r], the
relative amplitude of the signal. We may differentiate Eq. 3.26 with
respect to 8 and solve for a maximum value of‘fi . This occurs when

2|T

cos® = —~ .
1+ 1]

Substituting this into Eq. 3.26 we obtain

Ibzl ——Z—LU—Z . (3.30)

max 1 - IT|

This maximum value of bl fixes a maximum value for the frequency
difference between the locking signal and the free-running frequency,

beyond which locking cannot occur.

Eq. 3.26 can be plotted as a function of magnitude of the
reflection coefficient, as shown in Fig.3.6. For |F|<<1, susceptance is
approximately proportional to the magnitude of the reflection coefficient.
In other words, locking range here incréases linearly with the magnitude
of the locking voltage wave in accordance with Eq. 3.22. .When |P| is
close to unity, effective load susceptance is 'no longer proportional to
|r]. Therefore the linear approximation is limited to the low locking
power level case, in which the load susceptance has the maximum value of

2|Pl when 6 = 90°. This fixes a locking range under locked conditions.

The injection phase-locking behaviour can thus be simulated by
an effective variable susceptance which is a finite positive or negative
susceptance added in parallel to the equivalent circuit of the locked
one-port oscillator, which dynamically counteracts any phase shift of the

locked oscillator and the locking signals under locked cqnditions. This
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suéceptance is the physical means by which the phase of the oscillator

converges towards that of the impressed signal.

Let us consider next the normalized load conductance variation
with reflection coefficient. Eq. 3,25 shows that the effective conduct-
ance decreaseé monotonically from 1 to zero (open circuit) as ]FI increases
from zero to unity for all values of 6 within the locking range as

11lustrated in Fig.3.7.

In order to determine the effect of the locking signal on the
load conductance, let the matched load be the reference. Then a

"supplementary" conductance.can be defined as

= gz -1 or G' = GL - Yo (3.31)

By substituting Eq. 3.31 into Eq. 3.27 we obtain

. _=20.]r]% + |rlcose) (3.32)

1+ |r|2 + 2|r|cose

Consequently , the resulting value of 0 in ?q. 3.32 leads to a
conductance contribution of the locking signal’to the load, when 6 is
determined from Eq. 3.29, which will result in a modified rf voltage

and power. Since the sign of g' is negative the locking signal acts like
a négative conductance, i.e. the negative sign represents a power f£low
from the locking signal into the oscillator. This term is a maximum when

wg = 0 and approaches zero when W, ~ W is at its extreme limit.

Fig.3.7 shows how the supplementary conductance varies with
reflection coefficient. When |F|<<l, g' is approximately zero, or g

is unity. That is, the oscillator sees an almost matched load, which
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means the oscillator produces the same power as the free-running power.

This problem will be discussed in detail in Chapter IV.

Let us discuss the locus of the points of g, and bL when the
magnitude of the reflection coefficient is constant and the phase angle

{s allowed to vary. From Eq. 3.25 and Eq. 3.26, we obtain

2
(g5, - 1_'1'__|_I'_|.E)2 + b2 = (_l.lll__,z.)z (3.33)
1 - |r| ¢ 1-|r]
which can be plotted as shown in Fig.3.8a. The center of the circle is
located at the point (%_T l ; ,0), and the radius of the circle is given
- \Tr
by E%lz%?Té' In order to clearly know the conductive contribution of the

locking signal to the load, we may substitute Eq. 3.31 into Eq. 3.33,

obtaining
2
(g' - _2121__§)z_+ b2 = 2ir )2 (3.34)
1 - |r oS S By

which can be plotted as shown in Fig.3.8b. It is obviously seen that the

locking signal contributes a negative conductance to the load on the left
. 2

of the b-axis. However, at the portion between g' =0 and g' ='E?UI%TTFZ’

the positive conductance contribution is obtained, which is arbitrarily

reduced to zero by making |r| much smaller than unity.

It is very interesting to note that the phase angle of the
reflection coefficient at the turning point of the load

conductance can be written as

2
6= +(tan 1_2lr| 4 oggpt 2 EITD) (3.35)

N
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where |T]<<l, 8, N +90°,

3-2-3 Locking Equation

The loading effect method discussed above will be used to obtain
the locking equation in this section. From the locking equation, many
important locking relationships can be derived, as will be discussed in

the section 3-3.

An oscillator can be locked to an external signal injected into
the oscillator if the locking signal frequency is near the normal

operating frequency of the oscillator.

If a locking signal having exactly the same frequenéy as that of
free-running oscillator is applied to the oscillator the locking signal
cannot be distinguished from a reflected wave. It will then simulate a
correction to the reflection coefficient of unity, or to the matched
load admittance in accordancé with Eqs. 3.28 and 3.21. If, originally,
the oscillator is operating at a different frequency from the reference
signal, this signal can pull the oscillator into synchronism, and into a
definite phase relationship with it, provided there is some phase for
which the reactive effect.of the simulated admittance of the signal (see
Eq.’3.26)‘is large enough to provide the necessary frequency pulling. As
soon as the locking signal is present, the phase angle between the locking
signal and oscillétor will begin to approach the required value to produce
this frequency pulling, and after a short time the oscillator will have
settled down to a steady-state, synchronous with the locking signal, and
with a constant phase angle between them. Therefore, there must be a

time-dependent term, in Eq. 3.29, varying with the phase angle between the
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oscillator and the external signal, which would depend on the frequency
difference (m-ms) if the reference signal had frequency Wy and the

oscillator frequency w.

Therefore, we may substitute Eq. 3.22 into Eq. 3.29, obtaining

wo|F|sin6

w—w (3.36)
2 o
Q (1L+ |r|°+ 2|r|cose)

ext

Consequently, if the locking signal is suddenly impressed, the phase 0
will adjust itself to the proper value in Eq. 3.36, with a time constant
which will be discussed in the next section. As a result in Eq. 3.36,

w-w_ = w_.-w.-(w -~w) where w -w is the initial frequency difference Aw
o s Yo" Wg 's o o

and W is the instantaneous frequency difference %%. By making these

substitutions and rearranging Eq. 3.36, the locking equation is obtained:

de “olFlsine

= Aw (3.37)
at (1 + |r]2 + 2{r|cose)

[0}

Qext

The above differential equation describesthe process of injectionv
phase-locking. This equation is useful even for higher relative levels
of locking signal, a case often encountered in practice. It is interesting
to note that, for relatively low levels of locking signal, Eq. 3.37 is

identical to the Adler's equations.

,

For many system applications, the level of locking signal is
relatively small compared to the oscillator output, so that-Eq. 3.37 can

be reduced to

dé 4+ A sinb = Aw (3.38)
de © °
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where Ao is the maximum initial frequency difference at which locking can
occur for a given ratio of locking signal and the oscillator output

voltage waves. We may use Eq. 3.16 obtaining

W4 Pg .
A = 3 "5: _ (3.39)

ext

3-3 Locking Relationship

3-3-1 Steady-State Phase Angle and Locking Time

For stable locking, the instantaneous frequency difference do/dt
must be zero. In other words the phase angle 6 must be constant. Let
this constant be ess’ which is called the steady-state phase angle. Then,

the steady-state solution to Eq. 3.37 is given by:

_ 2 Aw
(<] = gin 1 1+|F| ' . =2
ss Aw 2 We
2| 1L+
By o 20,
2Qex
.- 1 Ao (3.40)
+ sin [ AU.)O 2 wo
w
1+ 2 Q 2Qext
Qext

The steady-state phase angle of Eq. 3.40 is plotted in Fig.3.9.
This steady-state value of the phase angle can also be obtained by
letting t = ® in the general solution of Eq. 3.37, which will be derived
in the Appendix-B. It is very interesting to investigaie Eq. 3.40

for special cases. Suppose that the reflection coefficient is small
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compared to unity. Then Eq. 3.40 becomes

1 Aw
6 = sint (9 (3.41)
S8 o

which can also be derived from Eq.3.38 for the steady-state case.

Under the above assumptions, the transient response of the phase angle

for the case Awo 0 is written as

-1, -4t 86 '
2 tan 1(e © tan 5“9 (3.42)

2]
1]

which is plotted in Fig. 3.10. The curves of Eq. 3.42 are symmetrical
about 8 = 0, It is seen that, for low values of initial phase angle,

the transient phase angle 6 approaches zero exponentially.

For small values of initial phase 60, the transient phase angle

o(t), from Eq. 3.42 becomes

-A_t

6(t) =6, e o (3.43)

To be consistent with the conventional definition of "time
constant" for transient circuits, let us define a locking time constant

T to be the time required for the phase angle between the oscillator

2”
being locked and the locking signal to reduce to 1/e of the initial

phase difference 8 in the above case,

o’

Qext Py '
TR. = 1/Ao.— P VB—; . . (3.44)

o
It is seen from Eq. 3.43 that the phase difference approaches the final
value approximately exponentially at a rate determined by the locking

time constant 1/A°.
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3-3-2 Locking Range

The locking range may be defined as the maximum initial frequency
difference at which locking can take place for a given ratio of locking
power to oscillator power. When the initial frequency difference is

larger than the locking range,the oscillator cannot be locked.

Since d8/dt in Eq. 3.37 must be zero for stable injection phase-
locking, the relationship between steady-state phase angle and initial

frequeﬁcy difference can be found as follows:

wolPIsinB
2
Qo (1 + [T]% + 2[T]cose)

(3.45)

We may differentiate the above equation with respect to 6 and solve for

a maximum. This occurs under the following condition;

6 = cos L ( - I—ZJ:F—IFI—Z) (3.46)

It is worth while to note that the condition of Eq. 3.46 is identical to
that of the effective load susceptance for a maximum value, as we
expected (Eq. 3.30). Locking range is a function of the locking signal
amplitude, osciilation frequency, and circuit, The greater the
amplitude of the locking signal the greater will be the locking range.
High oscillator frequencies and circuits with low Q also result in

large locking range.

Substituting this value of 6 into Eq. 3.46, we obtain the

maximum initial frequency, or the "locking range'";
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a, = |_1‘| W, S (3.47)
- Irl2
Qe - Ir]%)

As a result, for low level injection locking, the locking range
is proportional to ]PI or the square root of the locking power ratio to
the oscillator output. Under this conditiom, 4; is equal to Aj in Eq..

3.39.

Eq. 3.47 is plotted in Fig. 3.11 where Eq. 3.47 can be easily
compared with Eq. 3.39. As discussed in’'the section 3-2, it is
interesting to note that, from the magnitude of the reflection coefficient
in.Eq. 3;16, the effective return loss in dB can be evaluated, which is

essentially the same as the gain of the locked oscillator;

- 1 | '
G(dB) = 20 1og10 TFT _ (3.48)

3-3.-3 Transient Phase Angle in General

The general solution of Eq. 3.37 specifies time as a function
of phase. From it, phase can be calculated as a function of time, which
will show its transient response.

We may integrate Eq. 3.37, as given in the Appendix-B subject

~

to the condition

[

Aw | <A
l oI 1 _
which means that the initial frequency difference is smaller than the

locking range. For the sake of simplicity, let
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- Y 2|I‘|
1 204 14+ |r)?

(3.49)

and

(3.50)

Then, the solution with the initial condition 6(o0) = 60 is

Awo Aw Aw 2 ' Aw Aw
(— - —-—)tan— 1 l-( ) % g( go - )tan—-—- -1 +VI (——) g
1

1 &1 2

1
Aw Aw Aw { Aw Aw
Vl— f—A_o' 2 z(—g—e - )tan-— 14 > 2; 3 2 )tan—-c—’- -1~ l— %
1 " & 4 & & 2

Awo Aw
Aw 3 cos® - sind
o 1 T
_E-i (e_eo) - _5,—2- log ( Awo Aw )
2 + -2 cos® - sinb
. E EZ o]
1
Am . _ '
g {l + (——) 2 (3.51)
2
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Fig.3.12 is a plot of Eq. 3.51 for |T'| = 40 dB, Q¢ = 100,
and Aw = 1.26 x 10° rad/sec. As locking time increases, the phase
angle approached the steady-state value of 11.766°. When Aw, = 0 the
curves are symmetric about the € = ess = 0 but as Awo increases the
curves become increasingly asymmetric as shown in Fig.3.12. However,
when the locking signal power level is higher than before the curves

are more symmetric about the 8 = ess even if Aw, is increased, as

shown in Fig. 3.13.

Now let us plot Eq. 3.51 as a parameter of Awo. Fig.3.14 is

for |T| = 40 dB, 8, = -100°, and Q_,, = 100. Fig.3.15 is for |T| = 40 dB,

6, = - 100°, and Qo = °0. The curves of Fig.3.15 approach the steady-
state values faster than Fig.3.14 because the locking range in the case

of Fig.3.15 is larger than that of Fig.3.14.

Let us consider cases with a higher locking power level than the
above cases. Fig.3.16 is for |P| = 30 4B, 60 = -100°, and Qext = 100,
while Fig.3;17 is for |r| = 30 dB, 6 = -100°, and Quye = 50. From
Figs. of 3.16 and 3.17 it is seen that a higher locking power makes the
oscillator approéch faster the steady-state phase angle with reference
to the locking signal. 1In addition, it is ;lso seen that a smaller
frequency difference results in faster phase-approaching the steady-state
value of the oscillator. For all cases above, the free-running frequency .
is taken at 10 GHz. Suppose that thenﬁgnitudeof reflection éoefficient

IFI is relatively small, thus making

and that the initial difference frequency is far less than the free-

running frequency, thus making
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Aw |<< 2 A <<l
| uol mol Qext or | wO/EZI '
Then we obtain from Eq. 3.51:

Aw 0 { Bu_ 'Amo eo Ao 5
%T tan 2 -1~ —-(T) § A tan 3 -1 +\/1 ~ (——A—")
o] (o] (o)
= A
Aw o

o .

' 1 (__w_O_)zlog —f.u_).‘_’. can 2 _1.*.%_(5\.(‘_)9.)2 f\.mﬂ.t i’_ -1 _vl_(_..f’_)z -
R A, n3 A, B, an 3 A,
| (3.52)

In this case, by ﬁsing Eq. 3.41.the transient phase angle can be obtained

in terms of the steady-state and initial phase angles:

ss eo ) .ess o, —~(A cosb®_ )t
-1 cob—i— —tani—'+(tan—§—-— taan)e o ss
@ = 2tan {csc 6__-(cotb_:) }
ss ss :
0 0 0 0
sSs o SS o. -(A cos® )t
ot—;— —tan*i —(tan—i— - tan—i)e o ss

(3.53)

It is seen from Eq. 3.53 that the transient terms decrease exponentially

with time.

The transient response of the locked oscillator is of great
interest, as it places a limit on the useable modulation rates of the
locking éignal. If the modulation rate is not too high, locked
oscillators may be used as amplifiers of angle modulation signals and

as angle modulators.

3-3-4 Locking Figure of Merit

It is seen from Eq. 3.39 that the total locking bandwidth about

the free-running frequency for a small locking power is equal to ZAO

¢

which is approximately proportional to the ratio of the locking signal
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and the oscillator output voltage waves. Therefore the normalized

locking bandwidth can be written as
ZAO _ ’ps
—— = n —
w Py

where n is a proportionality.constant:

2Ao Py 2

n=s—%Y— =

o Pg Qext

(3.54)

Now it is interesting to note that the locking signal is attenuated
or partially reflected so that not all of the available locking signal

is effective in locking the oscillator.

It is thus apparent n serves as a figure of merit of the injection
phase-locked oscillator which characterizes the locking efficiency of an
oscillator. The n is equal to a gain-bandwidth product and will be
diminished by signal losses; thus,the larger n, the greater the normalized

locking bandwidth that can be obtained for a given locking signal power.

The high locking figure of merit indicates tﬁat the locking
signal is being used efficiently in locking the oscillator; hence,

relatively little of the locking signal energy is attenuated or reflected.

Since the locking figure of merit is equal to twice the inverse
of the external Q of the oscillator, the locking figure of merit is
dependent only upon the oscillator circuit. Consequently, it can be
suggested that a method for Q measurement by injection phase-locking

offers a simpler, and more accurate measurement of oscillator circuit Q
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than a conventional method at microwave frequencies,

3-4 Locking to an FM Signal

As discussed, it is possible to apply an external signal to an
oscillator, of frequency very close to that at which the oscillator would

normally operate, and by means of this external signal to cause the

oscillator to produce power whose phase is determined by the external
signal, as long as the signal frequency is within the locking range. Thus the
oscillator operating in this way takes on some of the properties of an

amplifier.

The transient response of the locked oscillator is of interest
as it places a limit on the ﬁseable modulation rates of the locking signal.
The locked oscillator may be used to amplify signals that are angle

modulated if the modulation rates are not too high.

Eq. 3.52 describes the oscillator response ﬁhen the locking
signal is suddenly switched on with an initial phase difference eo with
respect to the free-running oscillator. The solution also describes the
case of a step change of phase of the locking signal by an initial amount

e .
o

By use of hyperbolic functions, for convenience, Eq. 3.52 can

be written as:

ViaZ VinZ
[} - 225 tanh 8, 22K ()] (3.55)

a(t) = 2 tan~t

where k = AmO/Ao, C = integration constant. The integration constant C
permits us to fit the equation to the initial phase difference 90 which

exists when the external signal is switched on:



(3.56)

Since the function tanh approaches unity with increasing

argument, the steady-state will be reached when

2
.AOVl—k
tanh — (t-C) = 1 (3.57)

For the special case Do, = 0, let us consider the curves of
Fig.3.10. It is seen that the steady state is essentially reached at

equal to 6/A°.

time tl

For analysis purposes, the input FM signal will be taken as
e (t) = A _cosfw t + ¢(t)] (3.58)
1 1 e

where el(t) = applied FM wave

A1 = constant amplitude of FM
w, = carrier frequency in radian/second
¢t = angle modulation in radians

The locked output with an additional phase modulation can be

expressed as follows;
ez(t) = A2coé[wct + ¢(t) - a(r)l (3.59)
where 8(t) is the additional phase modulation.

From Eq. 3.58, the instantaneous frequency of the input FM

signal is

wg(£) = w, + ¢7(t) (3.60)

64
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For convenience, by using Eqs. 3.59 and 3.38 we obtain an

expression for 08'(t);

e'(t) =(mc—w°) + ¢'(t) - Ao sind (t) (3.61)

where 8'(t) is the time derivative of 6(t) and ¢$'(t) is the instantaneous
frequency deviation in radian/second. For the case where the modulating

signal is a single frequency sinusoid, ¢'(t) can be written as:

$'(t) = Aw sin mmt

or (3.62)

= . Aw
¢ == cos wmt

wm .
where Aw is the maximum frequency deviation.
Substituting of Eq. 3.62 into Eq. 3.61 gives

] = — -
6'(t) wc W, 4+ Aw sin wmt By sin® (3.63)

It is seen from Eq. 3.63 that the additional phése e(t) is a

function of (wc - wo), Aw, and W provided that Ao is constant.
Let us consider the symmetric case, W, = Woe Then we have
8'(t) = Aw sin w t - A sin (3.64)
o

With some assumptions, we can obtain an approximate solution to Eq. 3.64,

which is adequate to analyze the distortion of the FM-locked oscillator.

First, let us assume that the maximum frequency deviation is

much less than the locking range of the oscillator:

Aw << A
o
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In Appendix-C, a solution of Eq. 3.64 has been obtained by a

piecewise linearization. From Eq.C.23, we can write . j;
1 'm
Ay gin(ygt - tan — F
o o

o(t) = . (3.65)
g/l + (%’ﬂ)2
[o]

From Eqs. 3.59, 3.62 and 3.65, we obtain the instantaneous

phase deviation of the locked oscillator with respect to the carrier:

Aw
Ty -1 W
aCe) = 8(e) - #(t) = ——B—— sin(u t + tan | gD.  (3.66)
1+ (2 °
Ay :
Therefore the modulation index ratio of the output to input, defined

as the modulation suppression factor, can be obtained from the peak phase

deviation ratio of the lockad output to the original input FM signal:

V/l + <7S“’1:-)2

Isobe and Tokital® have studied the response of the FM-locked
oscillator output with the aid of an analog computer. Eq. 3.67 is in
good agreement with their results. For the case of small modulation
indexes the frequency modulation index of the locked output is not
noticéably affected, when the self—excifed oscillator is injection phase-
locked with an external FM locking signal. MHowever, as the modulation -
frequency of the input FM signal is increased injection phase—locking
has more effect on the modulation index of the oscillatdf output.

. Comsequently, it is worthwhile to have an "upper modulating" frequency
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limit" up to which the locked oscillator can rebroduce the input frequency

deviation without any noticeable distortiom.

In other words, if an FM signal is applied to the oscillator
the output of the locked oscillator should have the same "quality" as
the input signal. However, the locked output wili be distorted from the
input signal. As a consequence the modulation index ratio of the
oscillator output to Aw/mm, modulation index of the input signal, is a measure

of the degree of conservation (reverse of suppression).

It has been shown46 that a noise power suppression factor of the
oscillator, injection phase-locked with a noisy signal, characterizes the
locked resultant FM spectra. In this case it is assumed that both the
locking signal and the locked oscillator are phase-modulated by the small

signals of noise spectra; there is no AM-PM conversion and vice-versa.

Let us use Eq. 3.64 in order to determine the upper modulation
frequency limit permissible on the locking signal. Then we may define
a mo&ulation power conservation factor of an FM injection phase-locked
oscillator:

Cl =1+ (;m)z (3.68)
o

This conservation factor in dB is plotted in Fig.3.18. It is

seen from Fig.3.18 that the power spectra, when 0 is less than 0.35Ao,

are conserved without any noticeable suppression; when
Wy = 0.35A (3.69)
o

then the conservation factor is only about -0.5 dB. For example; 1if

£, = 10 GHz, Ir] = 20 dB, and Q_,, = 100, then £ = 3.5 Miz. Fig.3.18
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also indicates that at the wm/Ao of 0.5 the conservation factor is reduced

by 1.0 dB, while at the mn'l/Ao of 0.35 the factor is only -0.5 dB.

From the above discussion, the upper modulation frequency
component of an FM locking signal seems to be well conserved for injection

phase-locking at which the conservation factor is less than -0.5 dB.

So far we considered the distortion associated with the
moaulation frequency. However, even if the modulation frequency is very
small compared to the locking range, changes in input frequency result
in nonlinear changes in the phase relationships that exist in the locked
oscillator, because the stead?—state phase angle is an inverse sine
function of the locking frequency deviation. Therefore, changes in
modulation frequency introduce indirect frequency modulation: as a result
distortion will be introduced by the phase locking. In this case, phase
modulation is a consequence of the additional resultant phase shift,
which varies throughout the modulating cycle. Since the deviation due
to phase modulation is increased with the change in phase angle, the

distortion will also increase with the frequency deviation.

For the purposes of this distortion analysis concerned with the
frequency deviation of the input signal, the nonlinear phase response

of Eq. 3.41 may be used.

Let us assume that the modulating frequency is very small
compared to the locking range and frequency deviation. Then the
distortion is concerned mainly with the group delay or envelope delay

distortion due to nonlinear phase shape.

Delay time measures the time required to propagate a change
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in the envelope of the actual information bearing part of the signal

through the locking system. If the 6(t) is proportional to frequency the
delay time will be constant for all frequencies and there will be no

distortion of the transmitted signal.

For our case, 6(w) is not linear but instead includes higher

order terms;

' w-u w-w w-w ~ -
. -1 o o 1 0,3 1.3 47%.5 1:3-5  (“ %7
8(w) = sin = t 5oy ( + (—2~° + 9)
L [ 2:3 4 ) 2:4°5 T, ) 2+ 567 ( Ay

(3.70)
Ignoring the linear phase component, 8(w) can be written asj

w-u w— 3=
0.3 3 w w

5 7
0(w) = § 7 + 55 by CD (3.71)
o .

(9N o

The envelope delay distortion of our phase locking characteristics,
which is defined as the delay time or the derivgtive of the phase angle
with respect to angular frequency due to the nonlinear terms of the
phase angle equation, can be written as;

1 w--w

D=__—(__._9-)
24, A,

3 m~w0 4 5 m-mo 6 . '
+ _S'A_' (—E—") + 'IB’A( A ) + LI N ) . (3072)
o o o o

2

~

It is seen from Eq. 3.72 that the most serious form of distortion occurs
in the parabolic delay distortion. However, if the locking range is
assumed to be larger than the ﬁeak frequency deviation, the higher order

terms are negligible.

The nonlinear phase characteristic of injection phase-locking
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and its associated time delaj response are showea in Fig.3.19. 1It is
int?resting to note from Fig.3.19 that the locking system inﬁroduces a
phase shift proportional to frequency around the free-running frequency.
The time delay within the deviation of 0.68Ao is almost constant. In
this range , the = phase characteristic does not introduce any
appreciable delay distortion =~ so the time delay is nearly constant
for all components of the FM signal. At 0.68A , the ratio of the linéar

portion to the actual phése angle becomes;

2 = 907 , (3.73)

A
[e) —A—u"‘= 0.68

In conclusion, if the angular frequency deviation of the input
FM signal is less than about 0.68A° injection phase-locking does not
introduce any appreciabie distortion because the time delay (d6/dw) is

almost constant of the F.M. signal for all components.

Let us consider another source of distortion. If the input
carrier of the FM signal is not centered exactly on'mo, the parabolic
delay distortion yields a linear delay distortion which is serious in

communication system.

To show this, let the parabolic delay be evaluated about Wy

instead of about wO:

, "3 W w)? | (3.74)

Let
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Fig.3-19 NONLINEAR PHASE CHARACTERISTICS OF INJECTION
PHASE-LOCKING AND ITS ASSOCIATED TIME DELAY.
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- = s == 4 A .7
wl ©, Awl or &y wo uul (3.75)

By substituting Eq. 3.75 into Eq. 3.74, we can obhtain

= .__l_— - 2 - . — o i 2 e}
D2 70,3 [(w wo) 20w (w wo) + (A-ul) 1 3.76)

It is interesting to note that the delay distortion of Eq. 3.76 has a
parabolic component of unchanged magnitude plus a linear component of

Aw
magnitude-z—l . Consequently, the analysis illustrates that in an FM

o

locked oscillator, the baseband distortion depends also upon the
location of the carrier frequency with respect to the oscillator free-
running fraquency. As a result, it is important to maintain the free-
running frequency equal to tha center frequency cf the information band-

width. The bias voltage tunability of oscillators would be useful for

this purpose.

3-5 InjectionPhase-Locking Prenomena Qutside the Tccking Range

3-5-1 An Analysis of Driven Oscillators

Qutside :he lockinz range, ]Am°|>A1’the general solution to

Eq. 3.37 under this condition is, as given in the Appendix-2;

o Am 9 Amo Am
——-—-—-g——)tan—-- ¥ Sl E; )tan——- -1
1 2 -1 “1 2
A7) 2 - tan () 2
A A
% 7 -1 Y O
1 1
. Aw Am ‘
Aw 51 gl + —E; cosd - sind . Aw )
+————(06)-E—log oSN DR S I
£ 2 Aw Aw 2
2 o
E~ ~E—-+-—?~ cos G - 51n€°
1 1 22 (3.77)
if lAm |>Al.



74 .

Because the solution of Eq. 3.77 is unwieldy and difficult to
understand physically, let us consider the case of small locking power.

Then we obtain

Aw 2 Aw e (<)
Vg_jb_ -1 ng-tan —=1
bo -1 ) 2 :
A £ = tan . (3.78)

2 o w
‘:(rg) 2-1
(o]

Eq. 3.78 represents a periodic variation characterized by its wave form

and its fundamental frequency, which will be found a little later.

It is seen from Eq. 3.78 that the periodic relationship between

sin® and t shows that the character of the beat-note is nonsinusoidal.

The period of Eq. 3.78, Tb, is such that t increases by Tb

when 6 increases by 27w, and is found from the following relation:

AT =1 (3.79)

N
(<]
-

when A® = 2w, therefore

(3.80)

T = 27
b V(Au))z—A2
o o
Consequently the average beat-note frequency can be written as

’ A
Ao, = Vl - (-L%)2 Aw (3.81)

b o o
Amb '
v approaches unity for large values of Awo, far from the point where
o

locking occurs; but it drops toward zero when Awo approaches the value
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of A , as shown in Fig.3.20.
o

The implicit form of Eq. 3.78 is cumbersome and does not provide
much insight into the problem. However, a plot of typical waveforms, as in
Fig.3.21 is very revealing and the nonsinusoidal character of the beat-
note is evident. Moreover, the positive and negative excursions are
obviously unequal in area, and therefore the diode must contain some
additional amount of dc potential over the dc bias potential which is

initially appiied, even before lock is obtained.

The average dc potential developed at the diode in this case is

given in Appendix-D.

Since this property is very important in the case of injection
phase-locking of bias modulated oscillators, the detailed analysis on

this phenomenon will be done in Chapter V.

3-5-2 Output Spectrum of Driven Oscillators

We have obtained the general solution to Eq. 3.37 in the preceding
section, but the solutiomn in its exact form is not as clear for a spectral
analysis as some approximate solutions. Stover47 has found that a third-

order solution is sufficient to yield the significant physical trends.

The Fourier decomposition of Eq. 3.78 is given by

A 2 = n v
=4 -2 k- J -~ (2?2
8(t) 1l (A“’o) Awo t+ 2 nz__l sin(n§ 1 (Awo) Awot) (3.82)

n

Ay, A, — 4 A o
wherek = (— —l)/(——ll) + 1) and Aw, =¥1 - (—9—) Aw .
Awo Awo b Awo o

Thus, 6(t) is a complex periodic function whose fundamental freduency
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Fig.3-21 TYPICAL BEAT-NOTE WAVEFORMS
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—

is the modified beat frequency Amb.

Eqs. 3.27 and 3.28 in conjunction with Eq. 3.82 imply that the
forced oscillation is subject.to simultaneous amplitude and frequency
modulation on a time scale 21/Aw about the free-running oscillations of
amplitude and frequency. °

The simultaneous amplitude and frequency modulation by a complex
function in Eq. 3.82 represénts a case of multitone modulation, which
can produce an extremely complicated frequency spectrum. However, under
typiéal experimental conditions k<<1, and only the Fourier components

of 8 corresponding to the first few values of n need be considered.

7,48
It has been shown

that, under appropriate conditionms,
cancellation of one-sideband can occur, the non vanishing sideband lying

on the far side of w, from the locking frequency.

3-6 P.M. Noise Improvement in Injection Phase-Locked Oscillators

Generally in oscillators there is influence of noise originating
inside the circuit, especially from the active elements. Such noise
component may influence the phase or frequency stability of the oscillators
Particularly it is known that.there is such noise component in the solid-
state diode oscillators35—40’49-51. One way to improve the noise
performance is to control the oscillator frequency by injécting a stable

1 .
locking signal,z’ls’45

The effect of the noise component on the free-running oscillation
and the action of a stable locking signal can be analyzed by means of bias

modulation and then injection phase-locking the oscillator at the same
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microwave frequencies. This approach is taken in Chapter V.

Consider a hypothetical case in which the locking signal is

noise free and the oscillator to be locked, is noisy.

Let it be assumed that the oscillation frequency wo is
sinusoidally bias modqlated by a baseband noise tone of frequency w -
Then the noise power suppression factor, which characterizes the locked
resultant PM power spectra under an injection phase—locked state for
two oscillators of the same average frequency with the locking signal

noise free and the oscillator noisy, is given in Appendix-C.

1 .
8, = —=—x— ' (3.83)
2o g’
m

Eq. 3.83 is plotted in Fig.3.22. It is seen from Fig.3.22 that
noise near the carrier will be attenuated as the noise power suppression
factor S2 tends to zero, or 10 log %; tends to infinity, for low w3
noise far away from the carrier will be unattenuated as 82 will go to the

value of unity, or 10 log-gl tends to zero, for large W

z
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CHAPTER 1V

EXPERIMENTAL STUDY OF BASIC INJECTION PHASE-LOCKING

PROPERTIES OF OSCILLATORS

4-1 Introduction

This chapter describes a detailed systematic experimental
study of the basic locking behaviour of injection phase-locked IMPATT

"diode oscillators and Gunn diode oscillators.

The experimental study includes:
1) Measurement of locking range as a function of the locking power
ratio to the oscillator output.
2) Measurement of phase angle difference between the locked power
oseillator output and the locking signal as a function of the initial

frequency difference.

3) Phase-locking measurement of multi-signal injected oscillators.

4) Measurements for frequency stabilization.

In addition, the results are compared to those from the

variable load experiments.

This experimental work covers the study of four IMPATT diodes
(Table 4.1) and four Gunn diodes (Table 4.2). All measurements were made .
at X-band frequencies. The experimentél results are in good accord with
the theories developed in Chapter 3 and indicate that IMPATT diode
oscillators and Gunn diode oscillators may be used as amplifiers for

angle modulated signals.

4-2 Measurement of Locking Range




4=2-1

Description of Experimental Setup

Table 4.1 SOME ELECTRICAL CHARACTERISTICS FOR IMPATT DIODE

OSCILLATORS TESTED.

NORMAL RF OQUTPUT

IMPATT NORMAL DC OPERATION

DIODE CURRENT | VOLTAGE RF POWER | RF FREQUENCY
OSCILLATOR IN mA IN VOLTS IN mW IN GHz
SYA-3200-1 19.0 82.1 27.0 9.800
SYA-3200-2 19.0 80.3 29.0 9.800
SYA-3200-3 23.0 93.2 30.0 9.800
SYA-3200-4 19.0 83.9 35.0 9.800

Table 4.2 SOME ELECTRICAL CHARACTERISTICS FOR GUNN DIODE

OSCILLATORS TESTED

81

GUNN NORMAL DC OPERATION NORMAL RF OPERATION
DIODE CURRENT | VOLTAGE RF POWER| RF FREQUENCY
OSCILLATOR IN mA IN VOLTS IN mW IN GHz
CL-8370-1 115.0 7.1 7.1 9.300
CL-8370-2 118.0 7.0 6.2 9.400
CL-8370-3 120.0 6.5 6.7 9.300
CL-8370-4 119.0 6.2 5.0 9.400

The experimental setup for measuring the locking range is shown

in Fig. 4.1 The locking signal from a stabilized reflex klystron

oscillator was impressed on the IMPATT diode oscillator or on the Gunn

diode oscillator through a precision attenuator, a 20 dB directional

coupler, and path 1-2 of a four-port circulator.

The locking signal
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power was calibrated for a particular attenuator setting, and monitored

by means of a power meter connected to the auxiliary arm of a directional
coupler. Path 1-2 of the circulator had a return loss of the order of

40 dB. Therefore, the locking signal oscillator was adequateiy isolated
from the rest of the system. The locked oscillator output signal was
dissipated in a matched load, passing through the circulator path 2-3,

and two 20 dB directional couplers. Any power reflected from the output
circuit is passed through the circulator path 3-4 and is dissipated in a
matched load connected to port 4. Actually, the circulator path 1-4
provided isolation of the order of 52 dB. The insertion losses of the
circulator path 1-2 and 2-3 were about 0.2 dB. The loss of the circulator
is plotted as a function of frequency in Fig.4.2. The frequency and the
oscillator output power were measured by means of two directional couplers

fitted with a power meter, and a frequency counter.

Two different methods for measuring the locking range were used,

but the same experimental setup was used.

First, the locking signal was swept in frequency, while holding
the amplitude of the locking signal constant and a direct reading
frequency counter was used to detr—.iine the locking range over which the
IMPATT diode oscillator or the Gunn diode oscillator was locked. During
every experiment, the locking signal amplitude was kept constant. The
oscillator output was displayed on a spectrum analyzer after transmission
through directional couplers. Actually a very small portion of the

oscillator output was sufficient to be analyzed, as shown in Fig. 4.1,

The locking range measurements were made by presenting the
oscillator output on the spectrum analyzer and by observing the locking

frequency,on the frequency counter,required to just pull the oscillator



ISOLATION IN DB

INSERTION LOSS IN DB

84

60
55 L PORT(3-2) AND PORT (1-4) -
L/A'/r——f % T
so | 1
3
45 L i
40 .PORT(Z—l) éyD PORT (4-3)

35 L
301 .
25 | i
20 | ]
3t .
2 L i
1t PORT(1-2) AND PORT(3-4) 4
0 3% % ;i3 i - <  om  x 3 % :

8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8 10.0 1062 10.4 10.6

FREQUENCY IN GHz
Fig.4.2 TFOUR-PORT CIRCULATOR CHARACTERISTICS.



85

into lock at a given locking power }atio to the oscillator output. When
the locking signal frequency was very far from the free-running frequency
of the oscillator only two or three spectral lines were seen on the
spectrum. Then the signal frequency was slowly swept from the far side
of W, while the locking signal power was heid constant. As the frequency
came close to W, complicated spectral lines were seen. In this case,
the spectral line at Wy is growing as W, is near to wg. At a certain
frequency all spectra except that at Wy disappeared. This distinct

frequency gave us the locking range.

Second, another method of measuring locking range entailed holding
the signal frequency wg constant while its power was varied. This method
is a very sensitive way to measure the end points of the locking range.

The output spectra observed will be treated in the next section.

§4-2-2 Output Spectra of Locked Oscillators

When no locking signal was injected, only a single line at w,
is present. When a locking signal at a fixed frequency wg was admitted
to the oscillator, several spectral lines at frequencies wg, wg + Awo,
appear where Amb is defined as in Eq. 3.81. As the power of the locking
signal was increased, the following phenomena occurred as seen in the
sequence of Fig.4.3:
1) The line at wg increased in amplitu@e.
2) The line which had been at 0, was éulled toward the line at Wy and

decreased in amplitude.

3) Several other short lines appeared, these components were principally

on the opposite side of the oscillator output line from the locking

signal frequency.
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4) As locking power level was increased further, the beat-note frequency

continued to decrease toward zero, the amplitude of the line at the
modified oscillation frequency continued to diminish in size, and the
amplitude of the spectral line at Wy continued to grow.

5) As the locking power was increased still further, the line at w
became almost as large as the free-running oscillator output line
had been. The components 6ther than the locking signal became very
small in amplitude but were crowded together in frequency.

6) As the locking signal power was increased still more, all of the
lines except the one at wy suddenly disappeared at a very sharp and
distinct point. The output power at w, was still essentially equal
to the free~running oscillator power; the locking signal power at
®w was still much less than the oscillator output power. These

s
properties are in good agreement with theories developed in chapter 3.

Fig.4.4 shows plots of measured beat frequency AEB as a function

of the initial difference frequency at a given power ratio, which are in

excellent agreement with the theoretical curve of Fig.3.20.

4-2-3 Locking Range Variation with Power Ratio

Fig.4.5 shows the measured upper side locking range as a function
of maximum initial frequency difference. It is seen that the locking
power needed to injection phase-lock increased at the rate of 20 dB/decade
of the locking range, which is derived from the theofy of Eq. 3.39, in
case of small locking power. However, as the locking power increases,.
the locking range is no longer proportional to the ratio between the
locking signal and the oscillator output voltage waves (see Eq.3.47). In
addition, the oscillator circuit parameters, including the coupling

parameter at the oscillator output port, became a function of frequency
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over the broad locking bandwidth. Assuming frequency independent
parameters, the locking range increases much faster with large injected
power than is the case for small locking power, in accordance with
Eq. 3.47. In Fig.4.5, for a given locking range, the IMPATT diode
oscillator is injection phase-locked at higher locking powers than the
Gunn diode oscillator. The typical IMPATT diode oscillator (SYA-3200)
had a locking range of 10 MHz when the locking signal was 20.2 dB below
the oscillator output while the typical Gunn Aiode (CL-8370) had a
locking range of the same value as the IMPATT when the locking signal

was 25.0 dB below the oscillator output.

As seen in Fig.4.2, the reflections from the circulator port-2
may be comparable with the locking power when the power gain is higher
than 45 dB. As a result, data taken with a very small locking signal

(power gain 45 dB) are considered to be less reliable points.

As predicted from the theory, the experimental points are in

good agreement with the theoretical straight line.

The same diode, when tuned to different frequencies, had the

same locking range properties.

Experimental data were taken for some other free-running
frequencies by inserting a tuning screw. The locking range properties
were much the same for ail of those cases. This means that the locking
figure of merit is an inherent parameter of the locked oscillator. The
locking range cﬁaracteristic will be solved by considering the locking

figure of merit.
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4-2 -4 Oscillator Quality Factor Derived from Locking Bandwidth

It was shown in Chapter III that the normalized locking bandwidth
is proportional to the ratio of the locking power to the oscillator
output power. Therefore, the locking figure of merit can be calculated
sy measuring the locking range, the free-running frequency, the locking
power, and the oscillator output power, independently, and by using

‘Eq. 3.54. Accordingly, the external Q of the oscillator can be obtained

by

2
Qext T (4.1)

As seen in Fig.4.5, typical values of the locking figure of merit are:

0.0204 for the IMPATT diode oscillator and

n

0.0382 for the Gunn diode oscillator.

n

Therefore, typical values of the external Q are:

Q 98.1 for the IMPATT diode oscillator and

ext

Qoxt 52.3 for the Gunn diode oscillator.

Table 4-3 shows the values of locking figure of merits tested.
From Tables 4-1, 4-2, and 4-3, it may be seen that the better the RF
power (efficiency) is matched from the diode circuit to the external load

circuit, the better the external locking signal matches into the diode.

The values of the external Q will be compared to those measured
in an experiment, in which the '"real" load admittance was varied,

described in the next section.
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4-2-5 Interpretation of the Locking Signal Effect as the Change in

Load Admittance

The oscillator was coupled to a length of wave-guide of
appropriate admittance and facilities were provided for measuring the

frequency and power transmitted along it.

In order to interpret the locking signal's effect on the
oscillator, we inserted an adjustable post,mounted on a movable carriage,
which penetrates a short distance into the wave-guide so as to give rise
to a reflected wave whose phase at the oscillator depends on a position
of the post along the wave-guide. The reflection coefficient [r] of the
post was moved along the line while frequency as well as output power
were measured. TFor each given value of the reflection coefficient, the
maximum change in frequency was observed. From these results, Fig.4.6
was obtained, where the return loss in dB calculated from the measured
reflection coefficient is equivalen; to the power gain in dB;

20 log - = 10 log-l-)i , (4.2)
i Ps
Therefore, it is very easy to experimentally interpret the locking signal's
effect on the oscillator as a change in load admittance presented to the

oscillator, as shown +in Fig.4.6.

In addition, the external Q of the oscillator was also measured
from the maximum frequency change and from the reflection coefficient due

to a change in load admittance:

Q . =]r| =2 (4.3)
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which is equivalent to Eq. 3.39 and Eq. 3.51. The values are very cloée

to those obtained in section 4-2-3.

Table 3. LOCKING PERFORMANCE

OSCILLATOR LOCKING FIGURE OF MERIT EXTERNAL Q
SYA-3200-1 0.0204 98.1
SYA-3200-2 0.0217 92.0
SYA-3200-3 0.0170 117.8
SYA-3200-4 0.0211 95.0
CL-8370-1 0.0397 50.4
CL-8370-2 0.0382 52.3
CL-8370-3 0.0392 51.0
CL-8370-4 0.0378 53.0

On the other hand, let us consider the locked operation of an
oscillator, When the locking signal is'applied, the oscillator shifts
frequency from the free-running frequency to the locking signal. Since
the DC current condition has remained fixed, the operation point of the
oscillator on the loading diagram has to be shifted to a new frequency
line, when the reflection coefficient has a value of greater than zero.
This value of reflection coefficient has been given in Eq. 3.16. This
change of reflection coefficient reveals the mechanism qf oscillator
synchronization; when locking to an external signal, the oscillator

assumes a phase and power output for which the resulting reflection
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coefficient specifies the frequency of operation, which is equal to that
of the external signal. As the frequency of the external signal is
changed, accordingly, the reflection coefficient varies in a manner
determined by the load characteristic of the oscillator. Thereforé, the
effect of the locking signal can be interpreted as a change in the load
admittance presented to the oscillator. As a result, an analysis of this

type is:applicable to any microwave oscillator.

4-3 Measurement of Phase Angle Difference between the Locked Oscillator

and the Locking Signal

4-3-1 Description of Experimental Setup Employing a Sensitive

Microwave Phase Detector

The experimental setup for measuring the phase angle between two
signals is shown in Fig.4.7. A sensitive microwave phase detector is

added to the setup in Fig. 4.1.

A phase detector 2 consisting of two diode detectors fed from
a hybrid junction (a magic tee) was used. The two diodes are mounted in
the coplanar arms, and connected in series-opposition. A centered-zero

de null meter was connected to the balanced detectors.

The stabilized locking signal and the locked output are each
monitored by a suitable directidnal-coqpler; these are connected to a
magic tee phase sensitive detector system. We can compensate for any
phase shift caused by nonequal transmission line lengths by means of an
adjustable phase shifter. It is desirable that the amplitudes of two
signals fed to the square law detectors are set equal by means of

variable attenuators. The operation of the microwave phase detector is
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treated in Appendix-D. The detector output is a sinusoidal function of

phase difference between the two inputs.

When the locking signal is exactly out-of-phase with the locked
oscillator output, the output of the detector reaches a null. When the
phase of the locked oscillator output changes, the balance which produces
the null is upset. Since this null balance was found to be very sharp
and since the transmission lines of the two channels have frequency-~
dependent characteristics, the balance has to be recalibrated for every

different measurement.

4-3-2 Phase Angle Variation with Initial Frequency Difference

Fig. 4.8 and Fig. 4.9 show how the steady-state phase angles of
locked oscillators vary with the initial frequency difference for given
locking power ratios and it may be seen that the experimental measurements

are in excellent agreement with theory for the high gain cases.

During the experiment, it was sometimes difficult to maintain a
balance; the oscillator tended to jump inward,out of lock,at the locking
boundary. Consequently, the experimental points near the locking

boundary tend to have an uncertainty, as seen in the figures.

Because the null balance depends upon the amplitude and frequency
of both the locked oscillator and of the locking signal,.its stability
demonstrates the degree of stability in amplitude and frequency of both
the locked oscillator and the locking oscillator. In this experiment
the null balance was very good? which indicates that the amplitude and
the frequency of the locked oscillator were very stable when applying

a stabilized locking signal.
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Besides the above measurements, the phase angle between the two
signals can be observed as a function of i) oscillator bias current
ii) ambient temperature, and iii) the voltage applied to a varactor tuning
diode or the current drive applied to YIG, coupled into the locked
oscillator. Phase control by means of bias veltage or current will be

treated theoretically and experimentally in Chapter V.

4-4 Injection Phase-Locked Oscillators with Relatively Large Locking Power

The theory developed in Chapter III assumes that the oscillator
is characterized by an equivalent circuit with linear elements and that
the reflected wave of the locking signal from the oscillator does not
appreciably affect the output wave of theoscillator. However, at
saturation,both the IMPATT diode oscillator and the Gunn diode oscillator
are nonlinear elementsl7’60'67. In addition, the portion of the locking
signal reflected from the oscillator appreciably affects the total output
power wave. In other words, the net amplitude of the two interfering
signals emerging from the oscillator toward the circulator is the vector .

sum of the locked oscillator output and the reflected signal.

First, let us consider the van der Pol type equation with an
injected current term, which describes the locked oscillator with a
nonlinear conductance. The nonlinear conductance postulated is voltage-
dependent, and the current through the nonlinear element méy be expressed

(Appendix-F) as

ig = a e + a3e3 (4:.4)

1

where a, is the small-signal negative diode conductance and aq is positive

constant.
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As shown in Appendix-F, we can obtain, under some assumptions,
solutions to the van der Pol-type circuit equation with the injected
current ter;. From Eq. F.20, we obtain for the output voltage of the
locked oscillator, when the free-running oscillator is tuned for
maximum power output:

E

(1 + == cos8) (4.5)

2 _ 2
E E

E =
where Eo is the free-running optimum output obtained for the optimum
load conductance, E is the locked oscillator output, Ee is the
effective amplitude of the locking signal, and 6 is the phase angle

between the locking and locked oscillator signals.

Huntoon and We1556 have shown that the amplitude and frequency
deviation of the locked oscillator are functionally related and that

the maximum value of the locked oscillator amplitude can be given by

E = Eo + K.aEe (4.6)

where Ka is much less than EO/Ee and is an amplitude change coefficient
derived from the oscillator amplitude change when a small supplemenfary
admittance is added to the original load admittance due to the injected
voltage. More recently, by using the power concept, Kurokawa14 has

shown that the locked oscillator output power at microwave frequencies can
become larger or smaller than the free-running oscillator power and

that the locked oscillator power approaches the free-running oscillator
power as the locking frequency moves away from the free-running

frequency.
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In addition, let us take into account the effect of the

reflected part of the locking signal from the reference oscillator

on the total output power. Due to interference between the reflected

portion of the locking signal and the locked oscillator output the total
power emerging from the oscillator output line toward the circulator is

modified. If the locking frequency is swept across the locking bandwidth
of the oscillator there will be a minimum—and a maximum power point,
respectively. From our experimental results, it has been observed that the
output power from a locked oscillator may decrease or increase with an
increase in locking signal, depending upon the oscillator and the operating
conditions. To experimentally check this behavior, let us choose the case
of constructive interference, which results in maximum power points. If

the reflected part of the locking signal is taken to be the principal cause
of the low locking figure of merit, we may assume that the effective locking
signal voltage and the reflected locking voltage are approximately MEg and

(1-ME;, respectively.

As mentioned above, let us assume that, at the maximum power point,
the reflected locking signal and the generated oscillator output wave
inerfere constructively. As a result, the actual constructive output Em

emerging from the oscillator may then be expressed as:
2 2
Ep” = [E + (1 -MEg] (4.7)

Substitution of Eqs.4.5 and 4.6 into Eq.4<7 and first-order’

approximation yield, for the maximum output power Py emerging from the

oscillator,

E 2
Py = Poll + (2 -m) an_ Kanz(%-) ] (4.8)

If Eg is small compared to Eg, then the actual maximum power
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can be approximately expressed as

P = Po[l + (2-n) =5 ] : (4.9)

Eo

Figs. 4.10 and 4.11 show how the estimated maximum power compares
with the measured maximum power. It is seen from the figures that the
reflection hypothesis used in conjunction with the van der Pol
oscillator theory appears to explain the observed amplitude variation

reasonably well for the case of relatively small n.

The analysis above has been concerned on}y with nonlinear
conductance. However, nonlinear susceptance effects are normally present
also. Consequently, for practical locked oscillators, we need a better
theoretical understanding and a full experimental characterization of the
nonlinear behaviour to determine the variations of conductance and

susceptance with amplitude.

A nonlinear susceptance study for the IMPAIT diode has been

published by Read17, B1ue62, Gummel and Scharfetter63, Evans and Haddad64,

and Glance65. Nonlinear analysis of the Gunn diode has been carried out

by Peterson and Knight66.

As the locking power increases, the nonlinear susceptance effects
cause the locked oscillator to have an asymmetric distribution about the
free-running frequency. It has been shown experimentally that the upper
side locking range is larger than its lower side counterpart for both
the IMPATT and Gunn diode oscillators. It is believed that this is caused

by nonlinear susceptance in the diode.
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It must be mentioned that we have observed an abnormal frequency
pushing phenomenon for larger frequency separations. As discussed in
Section 4-2, injection phase-locking phenomena were obtained only for
small frequency separations, giving the typical injection locking
spectrum with sidebands and frequency pulling effects, as shown in
Fig.4.3. For larger frequency separations, the carrier frequency
component was pushed away from the locking frequency. In addition, as
the locking frequency approached the previous free-running frequency, the
carrier moved away from the locking frequency and decreased in amplitude.

Fig.4.12 illustrates this phenomenon for different values of locking

signal frequency. It is believed as a result that the résonant circuit
is not single-tuned,as originally assumed, but multi-tuned, causing the

"abnormal behaviour".

The microwave power available from solid-state sources can be

68,69 the output powers of several

significantly increased by combining
devices. Particularly, it is very interesting to note that the output
power of separate sources can be combined by mutual injection phase-
locking in conjunction with hyhrid.sx70_73 for the purpose of power combining

and splitting. We can utilize the good performance of injection phase-

locking for stabilized microwave power.

4-5 Intermodulation Products of Injection Phase-Locked Oscillators.

This section deals with an experimental study og the intermodulation
products appearing at the output of the locked oscillator.

In order to know what performance of input noise the injection
phase-locking provides, we can see the effect that the noise in the locking

source has on the intermodulation products of the locked oscillators. We
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may simplify the discussion by taking interfering signal component
combining it with a desired locking signal, and observing the effect on
the output of the locked oscillator. Since random noise consists of
almost equal amplitudes, we can even select one of these for our single

noise—frequency component.

4-5-1 Experimental Arrangement

The experimental setup used to measure the intermodulation
products is shown in Fig.4.13. Two input locking sources are fed into
the oscillator through directional couplers and attenuators. Witﬁ the
different signal sources set. at the desired level, the output of the
system is displayed on a spectrum analyzer and is searched for various
frequency components. The spectrum analyzer is calibrated for various
frequencies within the bandwidth. By use of the calibration curve,
the output amplitudes are recorded for different freqqenéy and amplitude

combinations.

4-5-2 Effect of Interfering Signal on Desired Signal

Some typical results are plotted in Figs.4.14 and 4.15. The
relative power levels of the various components of the products are
plotted as a function of the power level of the interfering input signal.
In Fig.4.14 the results of a two-input signal consisting of the interfering
signal and the desired signal are presented. For the case of Fig.l4(a)
since the interfering signal frequency w, is far removed from the free—
running frequency w, and since the desired signal frequency wg is close
enough to mo,the oscillgtor is locked to wg Let us.increase the relative
pover of the interfering signal from low value to 0 dBj which is considered

sufficient power for locking to occur. In the output signal of the locked
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oscillator, the interfering signal level is below the level of the desired
signal and most power resides at Wge This meéns that noise far away from
the carrier frequency is actually attenuated by injection phase-locking.
On the other hand, since the desired signal of Fig.4.14(b) is far from

Wy and since W is very close to Wy the oscillator is locked to W, and
most of the output power resides at W . As a result the interfering
signal component of the output is predominant. This means that noise

near the carrier is unattenuated. These experimental results agree with

the theory discussed in section 3-4.

It is aléo interesting to note the decrease in power of the desired
signal at wy as the power of the interfering signal at W is increased,
'which means a loss in gain of desired signal when a high level interfering
signal is presented. an - fs’ 2fs - fn, 4f8 - 3fn, and 4fn - 3fS also

appear in the output due to the higher order terms of nonlinearity.

Fig.4.15 shows the results of a three-input case. Here two inputs
fsl and f82 are kept constant while an interfering signal at W is varied
in power level. The interfering signal frequency W is set to almost
coincide with w s SO the oscillator is locked to Wy and most of the

output power resides at this frequency. This explains the same property

as discussed before.

4-6 Self Injection Phase Locking

Frequency stabilization of a self-excited oscillator can be

obtained by means of an external resonant circuit54_57, by impressing

a small portion of the oscillator output back upon the oscillator through
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a high Q resonator tuned to the desired frequency. Self injection phase-

locking can be used for desirable purpose.

Fig.4.16 shows the experimental setup of the self-injected
oscillator. A part of the output power can be coupled by means of a
directional coupler and fed back tothe oscillator through a high Q
transmission cavity. The output power can be measured by means of a
directional coupler and a power meter ;; circulator output port 3. The
feedback ratiq is controlled by a precision attenuator. The frequency and
the spectrum of the output of the oscillator are monitored by a frequency
counter and a spectrum analyzer, respectively, as seen in Fig.4.16. The
power fed through the high Q cavity serves as the locking signal. The
ﬁoise component of this feedback signal is greatly diminished by passing

the signal through the cavity. As a result, this self-injection locking

can provide a considerable noise reduction or frequency stabilization.

A change in frequency of operation is produced either by a change
in electronic susceptance or by tuning of the resonant cavity. If the
oscillator frequency is tuned slightly off the frequency of the stabilizing
resonator, the resonator susceptance takes on such a large value that the
frequency pulling resulting from this susceptance pulls the frequency of
the oscillator back to the resohator frequency. Consequently, variation
of the oscillation frequency with bias current, under condition of self-
injection back to the oscillator, will demonstrate properties of these
locked oscillators. Fig.4.17 shows the frequency variation of a self-
injection locked IMPATT diode oscillator with dc bias current. It is
clearly seen from Fig.4.17 that the oscillation frequency does not vary

appreciably with bias current.
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It is further interesting to note that the actual external Q
of the oscillator circuit is heightened by self-injection phase-locking.
The external Q measurement can be carried out using injection phase-locking
techniques, as discussed in section 4-2-4, In other words, the actual
Qext of the self—injection locked oscillator may be measured by simply
applying an external locking signal, denoted by the dotted line in Fig.4.16,
and using some formulés derived in chapter 3.Fig.4.18.6 shows the measured

Qg 35 2 function of feedback ratio at a bias current of 14 mA.

According to the well—knbwn noise theory of the negative
conductance oscillator, the rms frequency deviation from the carrier is
inversely proportional to the external Q. Consequently by increasing the
Qext of the oscillator, noise can be improved. That is, applying self-

injection locking to a microwave oscillator with poor noise characteristics

yields good noise suppression,

Fig.4.19(a) shows the output spectrum of the IMPATT diode
oscillator when no self-injection is applied. Fig.4.19(b) shows the output
spectrum when self-injection is applied with a feedback ratio of - 16 dB.
The spectrum of self-injection locked oscillator is much better than the
origiﬂal spectrum of the oscillator without self-injection. Therefore,
this self-injection locking is considered to be a kind of injection phase-

locking.
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(a) NO FEEDBACK IS APPLIED

(b) FEEDBACK (-16 DB) IS APPLIED

Fig.4-19 OSCILLATION OUTPUT SPECTRA OF AN IMPATT
DIODE OSCILLATOR (SYA-3200-4) FOR BIAS

CURRENT OF 14MA.
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CHAPTER V

INJECTION PHASE-LOCKING OF BIAS MODULATED OSCILLATORS

5-1 Introduction

This chapter describes the results of a theoretical and
experimental study of the injection phase-locking properties of some
Impatt and Gunn oscillators, in which a modulating signal is also applied

to the bias circuit.

The problems considered in this chaﬁter are: (1) to study phase
modulation properties of injection-locked oscillators, and to utilize
injection phase-locking to obtain a P.M. microwave source suitable for
system applications. Further, to demonstrate the frequency stabilization
or the suppression of P.M, noise by means of biaé—modulation and injection
phase-locking, (2) to describe the operation of an injection phase-locked
oscillator acting simultaneously as a suitable upconverter with gain.

This mode of operation is obtained by modulating the bias current, while
at the same time injecting a stable microwave signal whose frequency lies

within one of the induced sidebands.

Two types of phase control of the oscillator are achieved by the
injection of energy from a reference signal into the oscillator. Firstly,
there can be an entire frequency pulling of the oscillator, provided
that certain locking signal amplitude and frequency conditions are satisfied;
Secondly, the phase angle of the oscillator can be a complex function whose
fundamental frequency is the modified beat frequency and whose Fourier

decomposi~fon can be obtained for analysis.
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General approaches, applicable to any microwave oscillator, are
outlined, and system applications are included for possible carriers of

information.

It is assumed throughout this chapter that the locking signal

level is very small compared to the oscillator output level.

5-2 Angle Modulation of Injection Phase-Locked Oscillators

5-2-1 Modulation Theory

It is seen from Eq. 3.41 that the steady-state phase angle
between the locked oscillator output and the locking signal is a function
of free-running frequency, assuming the other parameters are constant.
1f the free running frequency is slowly time-variant, then the oscillator

phase is also time-variant:

l[ws _ wo(t)
8,

] (5.1)

g(t) = sin”

If the locking signal amplitude and frequency are independent of time,
it is seen from Eq. 5.1 that the phase 6 is a function of wg, which is
the oscillation frequency in the absence of the locking signal. So far
as the phase angle between the locking signal and the locked output is
concerned, a positive change in the locking frequency is equivalent to
an equal negative change of wge As a result, if the frequency wj is
time-variant, the oscillator phase & will be time-modulated. In this
analysis, the locked output power Pi is assumed to be constant while the
frequency is changed with time. Otherwise the oscillator phase is also

dependent upon the locking range A, according to Eqs. 3.39 and 5.1.
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Electronic tuning of IMPATT diode oscillators has been treated
explicitly by Gilden and Hine321. The dependence of Gunn diode
oscillators on the bias voltage has been observed by Hakki and Knight74,
Bott et al.75 and many other investigators 76—78. This tuning effect is
attributed to the variations of the electronic susceptance with bias
current or voltage. Both the electronic conductance and susceptance of
the diodes, as well as the RF voltage of the oscillators are functions
of the DC operating conditions. If these parameters change, both the
free-running frequency and the output power are modified. Therefore, the
output RF voltage of the bias-voltage tuned oscillators inevitably varies
with bias voltage, resulting in AM distortion. However, AM distortion

can be minimized by proper tuning of the circuit, if the modulation index

is small.

If the oscillator operates with a DC bias current or voltage,
Ao, and a superimposed sinusoidal bias current or voltage whose amplitude
and frequency are Am and wy, respectively, the total bias current or

voltage cén be assumed to be modulated in a manner such that
A= Ao(l + m sin mmt) (5.2)

where m = Am/A°<<1. The operating frequency of the oscillator is
simultaneously modulated79. The output frequency of the oscillator can
be expressed as a linear function of the bias modulating condition, for

low modulation index:
wo(t) = W, + Aw sin w t (5.3)

where w. is the center frequency of the oscillator and Aw is the maximum

Cc
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frequency deviation from w, due to the superimposed AC bias current;

thus

Aw = k A (5.4)
m

where k is a constant. This process varies the instantaneous frequency
of the oscillator in synchronism with, and in direct proportion to,

the amplitude of a modulating signal.

Let us apply a locking signal, whose frequency is not greatly
different from the center frequency, to the bias-modulated oscillator.
Then the dynamic phase angle is

-1 w —wc
o(t) = sin ~ (=

X -5 sin wmt) (5.5)
o o

Eq. 5.5 shows that the phase of the locked oscillator is modulated by
the modulating signal. It is also seen from Eq. 5.5 that for stable
injection locking, st—mc iAwl must be smaller than the locking range Ao.

If this condition is not satisfied, the injection locking is interrupted.

For a symmetrical modulation characteristic, let the locking frequency
equal the center frequency of the oscillator. Then, from Eq. 5.5 the phase
of the locked oscillator becomes
- -1 Aw
8(t) = - sin (K— sin w t) (5.6)
o .

where |e|§_£-and |%91§}.
2 o

Thus, the phase 6 in Eq. 5.6 is varied in accordance with the modulating

signal. Consequently, the instantaneous output voltage of the locked
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oscillator, with the modulating signal of frequency w. , can be obtained

by use of Eqs. 5.6 and 3.12:

e(t) = E sin(wst + sin~t %9

o

sin wmt) (5.7)

It is seen from Eq. 5.7 that this is not the usual type of phase-
modulation; here, the sine of the phase, rather than the phase itself,
is proportional to the modulating signal. Therefore, the frequency spectra

produced in this system differ from the usual case.

However, as discussed in the Appendix-E, a typical microwave phase

detector output is a sine function of input phase difference:
v = Mzsin 8(t)

Substituting Eq.5.5 into Eq.E-9 of Appendix-E yields the time-dependent

output voltage of the detector:

W - A '
v(t) = M_(-&-8 4+ A8 gin w_t) (5.8)
2 A A m
[e] (o]

where M, is a constant. Eqs. 5.6 and 5.8 show that the detector output

has a real value only when

Iwc—wsiAwljpo

If the above condition is not satisfied, in other words, if the phase-
locking does not take place, the detector is not able to reproduce the
modulating signal. When the locking frequency we is not equal to the
carrier frequency Wos the detector output contains a DC component:

=M. _
A (w, ws)

DC o
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This DC component gives the direction and magnitude of the frequency
difference. The magnitude is proportional to the frequency difference.
Therefore, it is possible for the oscillator to be tuned automatically
to the locking frequency by using the DC component to control a suitable

oscillator parameter.

When the locking frequency wg is made equal to the center frequency
of the bias-modulated oscillator wc, the detector output is directly

proportional to the time-varying term in Eq. 5.6:

_ Aw
v = MZ K—; sin wmt (5.9)

As a result, the phase-moduléted signal studied here can be very easily
demodulated by means of a conventional microwave phase detector. Therefore,
this angle modulation scheme in conjunction with a receiver shquld be very
attractive at the higher microwave frequencies, where conventional

microwave receivers are difficult to build.

On the other hand, the linear approximation of the phase can be
obtained by making A4, relatively large. Then the PM output voltage

may be written as
e(t) = E sin(mst + A8 sin wmt) (5.10)

where A6 = = k_A ; the maximum phase deviation.

6m

>|>
€

(o}

Thus, when the locking range is held constant, Eq. 5.10 is an expression
of a normal PM carrier because A® is directly proportional to the

amplitude of the modulating signal.
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It is worthwhile to note that the instantaneous frequency

for the PM signal is given by

")
m
wy = W + Aw(A ) cos wmt
o
Ym
Thus, as seen above, the maximum incidental frequency is Aw(z—). Since

o
for practical cases mm<<Ao, the effective transmission band-width of the

PM signal is therefore reduced by injecting the locking signal, at the
rate of wm/Ao. The smaller transmission bandwidth also presents an
.advantage of the phase-modulation scheme of injection phase-locked

oscillators.

The above analysis is based on the assumptions that the
modulation frequencies involved are low enough so that quasi-steady-state
conditions exist and that the oscillator output does not appreciably vary

with the modulating signal.

5-2-2 System Application

The modulation theory discussed in the above section can be
applied to modulation systems. Eqs. 5.3, 5.4 and 5.8 may be used to

describe the circuit shown in Fig.5.l.

The oscillation frequency was modulated by direct modulation of
the oscillator bias current through an appropriate capacitor, as shown in .
Fig.5.1. For the stage of the angle modulation experiment, measurements
were made on the injection phase-locking behaviour of bias modulated
oscillators. A stabilized locking signal from a reflex klystron is
divided into two parts: One supplies a small locking signal to the IMPATT

or Gunn diode oscillator while the other bypasses the oscillator and is
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combined with the oscillator output by a second directional coupler,
where the two signals interfere because of the phase difference
introduced by the oscillator; a phase—sénsitive, square-law detector is
connected to this coupler. At the input to the detector, the PM signal
is converted to an AM+PM signal whose AM is proportional to the

modulating signal.

When the oscillator is locked to a locking signal which is
equal to the center frequency of the modulated oscillation, the AC

component of the detector output can be expressed as Eq. 5.9

_y Du g
v o= M2 Ao sin wmt

It is seen from the above equation and from Eq. 5.5 that the output
voltage has a real value only when the absolute value of Aw is less than

Ly If 8w is larger than Ab’ entire locking is no longer maintained.

Fig. 5.2 shows phase patterns of the locked oscillator output.

For the case of w_ = W

s 0? Fig.5.2a shows that the oscillator is entirely

locked to the locking signal, so that the phase of the output fully traces
the bias modulating signal, when 8w<A . In Fig.5.2b, the sharp breaks

at the sine-wave peaks indicate the unlocked portion of the cycle when Aw
is slightly larger than the locking range. This éxperimental result

verifies Eq. 5.9.

On the other hand, for the case of ms#wc, the breaks can occur
at the upper sine-wave peaks or at the lower ones. In Fig.5.2c, the
breaks at the upper peaks are of the case when ws<wc; the locking is

now impossible at the lower peaks. This result verifies partially Eq. 5.8.
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In order to verify the above theory in more detail, we may

substitute Eqs. 3.39 and 5.4 into Eq. 5,9. Then we obtain

v=-——A sinw t ' (5.11)
r|f m m ,

where K2 can be made constant by holding the output of the oscillator

and of the reference signal constant, respectively. Eq. 5.11 indicates
that the detector output is directly proportional to the modulating

signal whenAall other parameters are held constant. Fig.5.3 shows the
experimental detector output as a function of modulation signal amplitude.
The experimentally observed detector output is also seen to be proportion-
al to the modulation signal. In this case, the modulation frequency was
10 KHz and the locking signal frequency was equal to the center frequency
of the oscillator. For a uniqﬁe value of detector conversion factor,

the reference signal into the detector was made constant throughout the

experiment.

On the other harnd, Eq. 5.1l also indicates that the detector
output is inversely proportional to IFI or to the square root of the locking

powver when all other parameters are held constant.

Fig. 5.4 shows the variation of the amplitude of the detector
output with locking signal level, when the oscillator is bias-modulated
with a 10 KHz-modulating signal. The experimental results are in good

agreement with the theoretical values discussed in the Section 5-~2-1.

For the case of an IMPATT diode oscillator (SYA-3200-1), there are
no experimental points which are available for the values of\/pslpo for

less than 0.029, as seen in Fig.5.4a, because injection locking at the
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peaks of the modulation cycle was no longer possible after the maximum
frequency deviation Aw had become larger than the locking range Ao. In
this case, the oscillator was modulated with a modulation current of

1 mA-amplitude.

For the case of a Gunn diode oscillator (CL-8370-2), there are
no experimental points available for the values of\/ps/po less than
0.023, when modulated with modulation voltage of 0.5 volt-amplitude. It
is indicated that the dynamic modulation sensitivity, which is determined
by the injection phase-locking measurement, is equal to the static

modulation sensitivity obtained from the electronic tuning characteristics.

It is very interesting to note that the locking boundary condition
can be used to brovide a quantitative check of Eq. 5.6. For the IMPATT
diode oscillator (SYA-3200-1), the maximum frequency deviation Aw from
the center frequency can be approximately calculated from the frequency
sensitivity 3 MHz/mA of the electronic tuning. At the locking boundary
the deviation is approximately Aw = (27 x 3 X 106 Hz/mA) x 1 mA. Then,

we obtain the locking boundary condition:

be o Aw <1
b Yo _
Qe I

Therefore, IPIz_éQ

o Qexe = 0.03

The Gunn diode oscillator (CL-8370-2) has an approximate frequency
sensitivity of 7.4 MHz/volt. Therefore, the maximum frequency deviation
due to the amplitude of 0.5 volt is 27 x 7.4 x 106(Hz/volt) x 0.5 volt.

= 0.022. Our experimental points at the locking

. Aw
Finally, IFIz_E— Qext
0

boundary are very close to these calculated values.
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So far, we have discussed the angle modulation of an injection
phase-locked oscillator, in which a modulating signal is simultaneously
applied to the bias circuit. It is apparent that the phase modulation

schieme used may be employed for communication purposes.

5-2-3 PM Noise Performance

Let us now consider how variations of the oscillator frequency

affect the locking phase.

By differentiating Eq. 5.1 with respect to Wos the rate of change

of the phase angle with w, can be expressed as

8w,
(1 +—] Q
—_— = - __BQ._. s Or AB 2 = —m——— o (5-12)

amo Ao cos 0 w, cos 0 F
A Po

It is seen from the above equation that the phase deviation rates
near the locking boundary approach quite large values even though the
frequency deviation be small. The minimum rate of change of the phase
deviation occurs at the center of the locking band, where 6 = 0 and

w_ =W

s o+ PFurther, the phase deviation can be decreased by increasing the

locking power because the locking range A, increases with power.

However, since A, is proportional to the square root of the
locking power, increases of the locking power are relatively ineffective

in reducing the phase deviation.

In chapter 3, we discussed the phase-modulation noise improvement
of injection phase-locked oscillators. Consider the case of a locking

signal that is comparatively noise-free, applied to an oscillator to
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be locked, which is comparatively noisy. Let us assume that the free-

running oscillation frequency Wy is sinusoidally modulated by a baseband
noise modulating signal of frequency W . The effect of this noise
component on the free-running oscillation, and the subsequent action of
the stable locking signal may be analyzed by means of the theory for
injection phase-locking of bias-modulated oscillators. Then, our purpose
is to minimize the phase deviation of the noise-modulated oscillator by

injection phase-locking with a stable locking signal.

Assuming that the‘amplitude of the noise component is kept
constant throughout the locking range, we can draw curves of phase

variation with locking signal power where frequency is a parameter.

Since, according to Eq. 5.6, the value of (sin 6) is equal to

(Aw/Ao)sin wmt, the maximum value of the phase can be expressed as

-1 K
8, = sin ~ 5.13
' B -1
Aw
where K = _—eXt | Since the phase detector output is proportional
w
o

to sin 6, it is experimentally possible to measure the maximum value of
the phase. From Eq. 5.13, we may plot 62 as a function of |P|. Figs. 5.5
and 5.5 show how the measured and calculated values of the phase deviation
compare for the IMPATT and Gunn diode oscillators tested réspectively.

In accordance with the theory, it is seen that the slope of the phase
deviation decreases sharply towards zero as locking power increases.

Thus, for power ratios beyond the "knee" of these curves, the locking
power becomes increasingly less and less effective in further reducing

the phase deviation caused by the bias modulating signal W . The dotted

line in Figs. 5.5 and 5.6 represents the locus of points at which the
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slope is one radian per unit-increase in the locking power. This line
may mark the approximate boundary between efficient and inefficient

phase deviation suppression. It is indicated that in the inefficient
region the phase deviation is a rapidly increasing function of XK which

is equal to (Q Aw/w ).
ext o

In addition it is also interesting to note that it is not always
possible to redqce the interfering component close to the carrier to
that‘of the locking signal, as shown in Figs. 5.5 and 5.6. It may be
that the phase was modulated by hum from the power supply. 1In addition,
the up-conversion noise80_82 of the low frequency noise, excited by
thermal generation and avalanche multiplication, may contribute to tﬁis
additive phase deviation. A detailed study of the up-conversion noise

would be very valuable. Although not covered in this thesis, the work is

presently being done in this laboratory.

We may draw the conclusion that in the injection phase-locked
oscillator power gain can be increased at the expense of phase

stability by decreasing the locking power.

5-3 Injection Phase Locking of a Sideband to the Locking Signal,

a Theoretical and Experimental Analysis

For an oscillator partially locked to the locking signal, a
characteristic FM spectrum with an asymmetric distribution of sidebands
has recently been investigated47_48’83—84. When the oscillator is far
from lock, when lws—w0|>>A°, it is clear from Eq: 3.38 that do6/dt is
nearly equal to (ws—wo). Locking phenomena outside the locking range

are discussed in Section 3-2. Eq. 3.81 explains how the beat frequency
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varies with the locking range. We have shown in Chapter 4 that the
experimental values of the beat frequencies agree with the theoretical

ones.

Under the above conditions there would be FM sidebands of nearly
equal amplitude at frequencies Wy and wS—ZAGB (upper sideband locking).
Since the average beat frequency varies with W, the stability of Amb

is strongly dependent upon that of'wo, as indicated in Eq. 3.81.

Now let us apply a modulating signal whose frequency wy is
nearly equal to the beat frequency AEB. Then the average beat frequency
can be controlled by this modulating sigﬁal. In other words, the beat-
note wave shown in Fig.3.21 is synchronized to the modulating signal. In
this case, one of sidebands generated by the modulating signal is located
at the locking frequency W s and the carrier frequency is thus shifted
from wg—AB, to wg—w, (upper sideband locking) or from “5+Aab to wgtwy
(lower sideband locking), as seen in Fig.5.7b.

Conversely, let us first‘abply the modulating signal through the
bias circuit to the diode and then apply a stabilized locking signal, whose
frequency is nearly at one of the first sideband frequencies. Then the
sideband frequency is pulled and locked to the locking signal due to
partial pulling. The sidebands are separated from the reproduced carrier,
at frequency (ws+w£) or (ws—wz) by integral multiples of the modulating

frequency w These characteristics are illustrated in Fig.5.7c.

I
The oscillator output under these conditions has a frequency

spectrum whose intervals correspond to the modulating frequency. It is

noteworthy that the reproduced carrier signal is at a higher power level
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than the input modulating signal.

As a result,the oscillator output has a spectrum composed of

lines whose intervals correspond to the modulating frequency w For

I
example, when the upper sideband frequency of the bias-modulated
oscillator is locked to the locking frequency, the carrier frequency

is then shifted to a new frequency:

mé tu = (5.14)

therefore, W, =W =W

It is seen from Eq. 5.14 that the reproduced carrier signal is
taken at much higher frequency wg—wy than Wy In addition, the ‘power of
the reproduced carrier is delivered from the locked oscillator, whose
power is much higher than the modulating signal. On the other hand
the reproduced carrier frequency is not dependent on the original
carrier frequency. Consequently, as long as the locking signal is stable,
frequency stability will be imposed by the locking signal. -in other

words, up—conversion with gain and frequency stability is obtained in

this way. This is due to the injection phase-locking properties.

The case of a single-frequency bias modulated signal can be
extended to that of multiple-frequency signals. Let a one-tone FM signal,-
which will be applied to the diode of the oscillator through the bias

circuit, be expressed as:

am(t) = A :E: Jn(M) sin (wz + nwm)t (5.15)

whefe A = the peak amplitude of the FM wave
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wz = the center frequency of the carrier
Aw . -
M= ;— = the modulation index
m
Aw = the maximum frequency deviation
w = the modulating frequency of the FM wave

Jn(M) = the Bessel function of the first kind of n'th order.

In practice, the amplitude of the spactral components of higher
frequencies become‘negligible and hence almost all of the energy of the
signal is contained in the spectral components lying within a finite
bandwidth, 2Aw. When this FM signal is applied directly to the diode
of the oscillator through a bias circuit,the output of the oscillator will
have complicated sidebands. Since the modulating signal has multi-
frequency components, each of these components causes its own sidebands.
In other Qords, when more than one modulating frequency is ﬁresent in FM,
sidebands are caused by all the sum and difference frequencies between
the harmonics, as well as the harmonics themselvesss’BG. The output of

the bias FM modulated oscillator may be expressed as:

SN (0]
_ _ n .
a(e) = A'sinlut + mA ) oy Foay Sin (e H el (5,06

n=-—oo

where A' the peak amplitude of the oscillator output

w

c the center frequency of the oscillator

m = the electronic tuning sensitivity
From Eq. 5.16, it is clear that terms of the form
: +
51n[wc * nl(w2 * mm) + nz(ml + Zwm) * n3(w2 + 3wm) * ... ]t (5.17)

for integral values of ni will appear in the result., The actual carrying
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out of the development is too tedious and is not sufficiently important
to be set down here in detail. We are here interested in the case of a
low modulation index. Therefore, the output of the oscillator is a
narrow-band FM signal which occupies the effective transmission bandwidth
2(wz+Aw) by Carson's rule.Thus for low modulation index, only the carrier
and the first upper and lower sidebands are important, while the remainder
are ignored. Accordingly from Expression.5.17, the frequency terms of

the oscillator output can be expressed as follows:

w, = carrier frequency
w, + (wl * nwm) = first upper sideband frequencies
W, = (wz + nwm) = first lower sideband frequencies

These characteristics are illustrated in Fig.5.8a, which shows
the spectrum of the multiple frequency modulated signal with low

modulation index.

Let us next apply a locking signal, whose frequency is near the
center of the first upper (or lower) sideband and whose amplitude is
relatively sufficient for sideband locking to the oscillator through a
circulator. Then, all the frequency components of the first sideband are
locked to the single frequency ug of the locking signal. Under this
condition, the carrier component must vary with the frequency of the
modulating signal to maintain the corresponding frequency intervals
from the locking signal frequency. Therefore, the carrier frequency

spectra vary according to the following:

' = -
we ws (wn * nwm) (5.18)

where the n are all integers within the transmission bandwidth. It is
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seen from Eq. 5.14 and Eq. 5.1 that under the locked condition the
carrier is of the same form as the signal to which the original FM
signal is converted from w, to wg=w, in carrier frequency. Thus, the
carrier componert is frequency-modulated since the AC bias signal is
frequency modulated. It is also noteworthy that the reproduced signal

frequency components are not functions of the oscillation frequency.

This means that sideband locking also establishes frequency stabilization.

In addition, since most of the power resides near the carrier
component, the reproduced signal, to which the original FM signal is
converted, is at a much higher power level than the original one, as

shown in Fig.5.8b.

In order to utilize the amplified and stabilized FM signal, we
may connect a microwave band-pass filter at the output port of the

circulator to select only the desired signal.

The experimental arrangement for sideband locking is the same

as shown in Fig.5.1, except for the phase detector portion.

For the experiments carried out to investigate these phenomena,
a VHF modulating signal and DC bias voltage are admitted to the diode
through a monitor tee. For the first stage of the experiment a single
frequency VHF signal (fl = 50 MHz) is applied to the diode in addition to
the DC bias. The locking signal, which has a constant power, is swept
in frequency for the measurement of the side-band locking range. The
locking range variation of the first sideband with modulating power is
plotted in Fig.5.9. As seen in the figure, the sideband locking range

increases with an increase of modulating power level. This explains why
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the stronger modulating signal more powerfully controls the modified

beat frequency. For the IMPATT diode oscillator, the upper sideband

. locking range is almost the same as the lower one, as shown in Fig.5.9a.
However, for the Gunn diode oscillator, the upper sideband locking range
is larger than the lower one. This deviation results from the inevitable
amplitude modulation of the oscillator by the modulating signal, because
the fundamental locking range is a function of the effective reflection
coefficient. Consequently a varactor tuned Gunn oscillator would be

suggested to be better than the bias-current tuned oscillator.

For the next stage of the experiments a VHF FM signal instead
of a single frequency signal is applied to the diode and a microwave

locking signal is admitted to the oscillator in the same way as before.

Figs.5.10 and 5.11 show the frequency spectra of an IMPATT
diode oscillator and of a Gunn diode oscillator, respectively, during
the process of the sideband injection phase-locking. The reproduced
carrier spectra are seen in Figs.5.10 and 5.11(a), (b) and (c), while
the first upper sideband spectra are seen in Figs.5.10 and 5.11 (@),
(e), and (f). 1In the figures, (a) and (d) are the spectra of the carrier
and first upper sideband, respectively, for the case of FM bias signal
but no locking signal: (b) and (e) same as (a) and (d) respectively,
but with locking signal near the first upper sideband. The injection
ratio was 20 dB; (c) and (f) show the spectra of the carrier and the
first upper sideband which are the same case as (b) and (e),respectively,
but the locking signal frequency is decreased and the oscillators were

upper sideband-locked entirely.

It is clearly seen that the reproduced carrier signal is the
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Fig.5-10 FREQUENCY SPECTRA OF SIDE-BAND LOCKED IMPATT DIODE
OSCILLATOR (SYA-3200-3):

(a) and (d); NO LOCKING SIGNAL IS APPLIED.
(b) and (e); PARTIALLY PULLING OF UPPER SIDEBAND TOWARD THE SIGNAL.
(c) and (f); LOCKING OF SIDEBAND TO THE SIGNAL.

Vertical Scale, 10 DB/div. Horizontal Scale, 3 MHz/div.
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(d)

(b) (e)

(c)

Fig.5-11 FREQUENCY SPECTRA OF SIDE-BAND LOCKED GUNN DIODE
OSCILLATOR (CL8370-2):

(a) and (d); NO-LOCKING SIGNAL IS APPLIED.
(b) and (e); PARTIALLY PULLING OF UPPER SIDEBAND TO THE SIGNAL.
(c) and (f); LOCKING OF SIDEBAND TO THE SIGNAL.

Vertical Scale, 10 DB/div. Horizontal Scale, 3 MHz/div.
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.So far, two types of phase control of the IMPATT diode oscillator

and of a Gunn diode oscillator by injeétion of energy from a reference

signal into the oscillator have been discussed. An entire frequency

pulling of the bias modulated oscillators yields a practical phase

modulation scheme. Partial pulling properties permit the oscillators

to be sideband-locked, achieving up-conversion with gain and frequency

stability.
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CHAPTER VI

FREQUENCY DEMODULATION BY INJECTION PHASE-LOCKING

6-1 Introduction

It has been shown8 that the locking properties of the phase-
locked loop and of injection phase locked oscillators are described by
the same differential equation. Recognition of this basic similarity
can generate new applications. Since a phase-locked loop oscillator
can be used as a frequency demodulator, in which application it has
superior performance to a conventional discriminator, an injection
locked oscillator can also be used as a frequency demodulator with good
performance. This chapter dgals with the properties of the injection

locked oscillator in frequency demodulation.

Injection phase-locked oscillator frequency demodulators using
89
vacuum tube oscillators have been built by Woodyard ~, Carnahn and

23 and good experimerital

Kalmusgo, Beersgl, Bradleygz, and Corrington
results have been reported. Since the advent of microwave solid-state
oscillators such as the IMPATT diode and Gunn diode, the application of
injection phase-locking has become attractive at microwave frequencies
due to the simplicity of the circuitry and the potential locking range

of the locked oscillators. As a result, the FM receiver application

of injection locked microwave oscillators using IMPATT diodes and Gunn
diodes will become very interesting for microwave FM reception. We

shall first give a general description of the circuitry and then consider

-

the details.
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The demodulation process makes use of two modes of operationm.

The first mode of operation occurs inside the diode of the locked
oscillator. The second mode of operation occurs in a crystal
detector where the input signal and the locked output signal are

combined and mixed ocutside the locked oscillator.

The oscillator in FM reception is either locked in or it is not;
there is no intermediate condition. If the incoming signal is too weak
to lock in the oscillator for the full deviation, the oscillator may
break out at the ends of the swing and cause distortion; The de-
modulator in the injection locked configuration must have sufficient
sensitivity ahead of the locked oscillator to assure that the input to
the oscillator is adequate to lock in the oscillator for all signals
to be received. In other words, the baseband bandwidth of the injection
locked frequency demodulator must be less than the locking range of the

locked oscillator.

On the other hand, considerable attention has been given also

. . . . 94-105

to the possible use of microwave oscillators as regenerative mixers .

As discussed in Section 3-5, when the locking signal frequency is located
outside of the locking range, the beat frequency is not exactly equal

to the initial frequency difference: the beat frequency is less than the

initial frequency difference and is dependent upon the injectioﬁ level

because of the partial locking phenomena.

As seen in Fig.4.3, the amplitude spectrum of the oscillator
output at the locking frequency is increased as the locking frequency
approaches the free-running frequency, and a complicated output
spectrum occurs. As a result, the level and frequency of the beat note

vary with the locking signal.
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However, when the injection power level is small compared to
that of the oscillator output, the oscillator diode can be used
simultaneously as a self-oscillating regenerative mixer; a simple down-
converter using a microwave oscillator as a mixer and local oscillator
may be obtained. The oscillator is operated much the same way as for a
detector, but with one major difference; the diode is permitted to

oscillate while as a detector it is passive.

In addition for the case of the Gunn diode, not only the microwave
signal but also the IF component can be amplified by the negative
resistance106 with a positive conversion gain. However, for the case
of the IMPATIT diode the IF signal cannot be amplified because the low
frequency negative resistance found in Gunn Diodes does not appear.
Nevertheless, it will be confirmed that the FM injected signal is

amplified and demodulated by the IMPATT diode.

6-2 Injection Locked FM Reception

A circuit diagram of the injection-locked FM receiver is shown
in Fig.6.1. The diode in the locked oscillator is used as a frequency
demodulator. It can provide efficient limiting, FM demodulation within
a single diode with no need for a complicated circuit. The input circuit
can be connected directly. By itself, it can be used as a broad-band
limiter followed by a wide-band detector and will provide excellent
overall performance. The incoming microwave FM signal was injected into
the diode of the oscillator through an isolator, attenuators, a coupler,
and a waveguide rotary switch. The oscillator output power and frequency
were measured by a power monitor and a frequency counter, respectively,

through a waveguide rotary switch. The locked output was displayed on
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the spectrum analyzer for monitoring the locking. The same circuit
for the monitor tee as discussed in Section 5-2-Z2 was used. The
detected output was coupled to the oscilloscope through the capacitor

arm of the monitor tee.

Let us consider the condition when the oscillator is operating
normally at a frequency determined by the tuned circuit. Oscillation
at any other frequency is prohibited by phase shift introduced by the
tuned circuit. When a locking signal of slightly different frequency
is épplied to the oscillator, the resultant voltage across the diode
will be the vector sum of the locking signal and the output voltages.
A phase shift between the locking and oscillator signals is required

to maintain oscillation at the frequency of the locking signal.

As the locking signal deviates above and below the center
frequency, the amplitude and the phase with respect to the carrier of
the resultant voltage across the diode of the oscillator varies with
the original FM. 1In other words, the locking signal is combined with
the oscillator output in the diode where two signéls interfere because
of the phase difference introduced by the oscillator.. Thus at the diode,
the FM signal is converted to an AM-PM signal whose AM is linearly
related to the frequency deviation of the original FM, over a bandwidth
sufficient to accept a full frequency swing encountered in the FM

signal.

If the carrier deviation extends beyond the locking range of the
oscillator, the circuit will not be able to remain in step with the

deviation of the input carrier. This results in a "breakout" condition,
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which can be observed at the extremes of the demodulator characteristicg.
The breakout phenomena represent the modified beat frequency swings
between the deviating carrier and the oscillating demodulator, as
discussed in Section 3-4-1. Thus,‘if the carrier deviates beyond the
locking range, the oscillator will not remain synchronized with the

input carrier and will therefore oscillate in the unlocked but driven
condition. So long as the carrier frequency deviations remain within the
locking range, the oscillator circuit will be forced or pulled into step

with the input signal.

The sensitivity is high since a relatively weak input signal can

control relatively strong oscillations.

Its circuitry is very simple and its alignment is straightforward.
Consequently, this type of demodulator is attractive at the higher
microwave frequencies, where conventional demodulators are difficult to

build.

Let us analyze the oscillating demodulator circuit. Let the input

signal be an FM signal expressed as

- . - | |
ey = ES 31n(wct G cos W t) (6.1)

where w, 1s the center frequency of the FM signal, Aw is the maximum

frequency deviation, and W is the modulating frequency of the FM.

The output of the injection-locked oscillator can be, according

to the locking theory described in Chapter III, expressed as

e = E Sin(wct - éﬁ cos th - 6(t)) (6.2)
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where 6(t) is the instantaneous phase difference between the input and

the output signal. The demodulator output is contained in 0(t).

It is well-known that any device with a nonlinearity in its
voltage—-current characteristic may be used as a detector. The IMPATT
diode is such a device due to the space charge generated by the

avalanchel7, the Gunn diode is also such a device due to the growth of

106

space—charge waves *

The demodulated output voltage may be (ref. Eq. D.9 of Appendix-D)

expressed as
vo(t) = M.E E sin 6(t) (6.3)
17s

where M1 is the demodulator circuit constant.

The instantaneous phase in Eq. 6.2 can be determined from the
basic locking equation discussed in Chapter III. With the input signal,
expressed as Eq. 6.1, the locging equation of the locked oscillator
may be, from Eq. 3.38, written as

%% + A,sin O = (e ~ w,) + Aw sin w,t . (6.4)

where Ao is the maximum initial frequency difference of the locked

oscillator at the given locking power level.

Let us assume that wo is low enough so that d8/dt is negligible
compared to Ao. Thus, under the quasi-state locked condition, we obtain

from Eq. 6.4,
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Aw
~sin 6 = + Ao sin w t (6.5)

In order that Eq. 6.5 be a solution to Eq. 6.4 it is necessary

that

Aw W
— cos w t

e _ °

dt ] . (6.6)

W W
L+ (20 4 he gy )2
Ao Ao m

for all t. From Eq. 6.6 an excellent approximate solution can be

obtained.

By substituting Eq. 6.5 into Eq. 6.3, we obtain

M.Eg E M. E_ Edw

_ 1 _ _ )
vo(t) = 5 (wc mo) 4+ ~———"——sgin wmt (6.7)

o

The first term of the right-hand side of the above equation represents
a DC component due Eo the FM signal injection locking. The first term
gives the direction of the frequency difference; its magnitude is
proportional to that of the frequency difference. This DC component

is responsible for the pull-in phenomena described in Chapter IIIj;
actually, variations of this component give rise to a change in effective
susceptance which results in frequency synchronization to the center

frequency of the FM signal.

According to the above analysis, a voltage and current curve can

be plotted as a function of frequency in Fig. 6.2,

So far, we have discussed a quasi-state case. In the derivations
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the tacit assumption has been made that the modulating frequency
involved is low. As seen in Eq. 6.7, the modulating signal is ideally
reproduced under the above condition. If this condition is not satisfied,
we must solve the system differential eqﬁation in order to describe the

phase more correctly.

. 107
In Ruthroff's paper a solution of improved accuracy to Eq. 6.4

has been found by an iteration procedure:

W, - w w_ Aw cos w_t
. _ c o ﬁn_ _ m
sin 8(t) = [——7;~——— + 5 sin wmt] { Tz ]
o o o
w 2 Aw sin w t w 3 Aw cos mmt
- = o] + [ ]
3 4
Ao A
° (6.8)
4 Aw sin w_t
w
+[m 5 m.]—-oc
8o
w Aw3 cos w_t sin2 w_ t
2a 4
o

The first term of the right side of Eq. 6.8 is the frequency
modulation on the input signal and the other terms provide some
distortion. However, when the locking range is much larger than the
modulating signal of input FM signal —Ao>>wm, the other terms become
negligible compared to the first term. Thus, the distortion becomes
very small under these conditions. Thus, for wm<Ao, Eq. 6.8 is almost
identical with Eq. 6.5. As a result, a linear operation of the demod~

ulator may be predicted,

The demodulator characteristics can be shown in Fig.6.2. Inside
the locking bandwidth A-B, linear characteristics may be obtained. The

"breakout'" represents the difference beat between the oscillating



157

demodulator and the RF carrier. This phenomenon will be discussed in

the next section.

Similarly, the other mode of operation can be analyzed. Fig.5.1
may be used for explanation of a frequency demodulation scheme, (no use
is made of the modulating signal oscillator at theqlocked oscillator).
In this case we connect only the locked oscillator to port 2 of the
circulator. An FM signal into the first coupler is &ivided into two
parts. One signal is used for injection locking of the oscillator and
the other signal bypasses the oscillator and is combined with the
oscillator output by a second coupler. 1In the coupler the phase—shifted
and non-shifted signals from the FM source are added and subtracted as
a function of frequency and fed to a crystal detector. From the
detector we obtain the base-band output signal. The mechanism is the
same as before. It is also understood that the vector-voltage addition

and detection may be accomplished by means of a magic tee balanced

detector (Appendix-D) or a hybrid detector.

6-3 Eiperimental Performance of Frequency Demodulation

The experimental setup for this FM signal reception is shown in
Fig.6.1. The FM signal was obtained by modulating an X-band BWO with a

test signal.

The maximum frequency deviation measurement of the FM signal
was made with a spectrum anaiyzer. By knowing the moduléting frequency
and the modulating indices at which the carrier and sidebands,
respectively, go to zero, we can measure the FM deviation. For a single

tone FM signal, any deviation within the limits of the oscillation may
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be set up by choosing the correct combinations of modulation index

and modulation frequency.

Fig.6.3 shows the oscillating demodulator characteristics of
a typicél IMPATT diode oscillator (SYA-3200-3) an& a typical Gunn diode
oscillator (CL-8370-3). The characteristic is very linear over the
locking bandwidth of the oscillator. If the carrier deviation extends
beyond the locking bandwidth, the circuit will not be able to remain
in step with the deviations of the FM carrier. This results in a
condition known as "breakout" which can be observed at the extremes of
the demodulatior characteristics in Fig.6.3(a) and (c). The breakout
phenomena represent the difference beats between the deviating carrier
and the oscillating deﬁodulator. So long as the carrier frequency
deviations remain within the locking range the circuit will be forced
or pulled into step with the input signal. 1In Fig.6.3(b) and (d) all
the carrier frequency deviations remain within the locking range and then

the circuit is synchronized with the input locking FM signal.

In a multiplex signal situation, or with a single wideband
signal, where nearly the entire locking range is occupied by the signal
bandwidth, it is important to maintain the free-running frequency equal
to the center frequency of the information bandwidth. The voltage

tunability of the oscillator would be useful for this purpose.

Eqs. 6.5 and 6.7 show that the maximum variations of sin 6
or the detected amplitude will be directly proportional to the modulating
voltage of the FM input, when the free-running frequency w, is made
equal to the center frequency of the FM, We - Experimentally this was
found to be the case, as is shown in Fig. 6.4. For a Gunn diode

oscillator (CL-8370-4) the measured amplitudes of the detector output
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Fig.6-2 DEHODULATOR CHARACTERISTICS SHOWING THE BEATS
OCCURING OUTSIDE LOCKING BANDWIDTH.
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Fig.6-3 (a) and (b) OSCILLOSCOPIC DEMODULATOR CHARACTERISTICS OF
AN IMPATT DIODE OSCILLATOR (SYA-3200-3) 3
(c) and (d) A GUNN DIODE OSCILLATOR (CL-8370-3);

Vertical Scale: 22mV/division. Horizontal Scale: 7.7 MHz/
division.
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voltage versus maximum frequency deviations are plotted in Fig.6.4 for
a modulating frequency of 100 KHz and a power gain of 20 dB. For the

given operating conditions, the demodulation sensitivity is 5.6 mV per
MHz of frequency deviation for the Gunn diode.oscillator and it is

4.4 mV per MHz for an IMPAIT diode oscillator (SYA-3200-4), as seen in

Fig.6.4.

From this analysis, it is shown that linear operation is
possible over base-band bandwidths approaching the oscillator locking

range.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

A detailed systematic study of the injection phase-locking
properties of microwave IMPATT diode oscillators and of Gunn diode
oscillators was carried out by use of the locking equations derived
from the loading effect of the locking signal on the oscillator. The

results obtained indicate the IMPATT diode and Gunn diode oscillators

e

may be suitable for system applications as microwave FM amplifiers,
demodulators, and angle-modulators. Following conclusions can be drawn

from the study of injection phase-locking properties:

1. IMPATT and Gunn diode oscillators can be locked in frequency by an
external signal which is injected into the oscillator. The mechanism of
the locking process depends on (1) the initial frequency difference
between the oscillator and the injected signals, (2) the relative
amplitude between the oscillator and the injected signals, and (3) the

oscillator circuit parameters.

2. The injection‘phase—locking properties of the microwave oscillator
are determined qualitatively by use of the loading effect method in
which the injected signal is considered as a reflected wave from a
mismatched load. The effective susceptance is a finite positive or
negative suséeptance adde§ in parallel with the equivalent circuit of
the locked one-port oscillator and the locking signals under locked
conditions. In addition, the locking signal contributes a negative

conductance to the load of the oscillator.
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3. The loading effect theory develops locking differential equation
which 1s useful even for comparatively high levels of locking signal
power. The resulting différential equation has been solved and the
results have been presented graphically with curves which can be used
to determine the properties of an injection-locked oscillator required
for a desired locking time. When the locking signal amplitude is .
relatively small compared to the oscillator output, the locking equation

reduces to a simple one.

4{ The locking figure of merit characterizes the locking efficiency
of an oscillator. This parameter is dependent only upon the oscillator
circuit and therefore a method of Q measurement by injection phase-
locking is simpler and more accurate than a conventional method at

microwave frequencies.

5. The injection phase-locked oscillator may be used as an

amplifier for frequency-modulated microwave signals, without excessive
amplitude modulation. The gains and bandwidths obtained from the CW

locking tests indicate that amplification of 20 MHz bandwidth signals

at 20 dB gain could be achieved with the IMPATT diode oscillator whose
external Q was approximately 98 and that of 36 MHz bandwidth signals at

20 dB gain with the Gunn diode oscillator whose external Q was approximately
52. In order to minimize the distortion in FM signal amplification the
center frequency of the input FM signal must be located at the free-

running frequency of the oscillator.

6. The modulation suppression of an FM locking signal in the injection-
locked oscillator is very small while the FM noise of the oscillator is

considerably reduced by the injection phase-locking: this conclusion is
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supported by the conservation and suppression rates of modulation,
which are derived from the fundamental locking equation of phase

angle.

7. Outside the locking range, the phase angle between the
oscillator and external signals varies at a relatively slow rate
compared to the frequency of oscillation. The pulled oscillations
represent,in general, frequency and amplitude modulated waves, but the
degree of amplitude modulation is very small. The fundamental frequency
of modulation - average beat frequency - decreases as the locking
condition is approached. The average frequency of oscillation is shifted
from the free-rumnning frequency toward the external frequency by an

amount depending on the external signal amplitude and frequency.

8. The locking equation derived from the loading effect has been
shown experimentally to be applicable to driven IMPATT and Gunn diode
oscillators. The measured basic steady-state locking performance of the
oscillators is satisfactory for some system applications; The information
necessary to identify an oscillator fér system applications is: (1) free-
running fréquency, (2) output power, and (3) locking figure of merit.

The parameters, output power and locking figure of merit, are normally

slight functions of frequency.

9. The variation in detected power from the locked oscillator,
with locking signal amplitude, appears to support the hypothesis that the
detected power is a constructive or destructive interference combination
of the oscillator output and reflected locking signal. As the locking
signal amplitude increases, nonlinear electronic admittance effects

cause the locked oscillator output power to have an asymmetic distribution
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about the free-running frequency.

10. It has been vefified experimentally that the approximate
expressions derived for modulation suppression rates of an injection-
locked oscillator can be applied to the IMPATT and the Gunn diode
oscillators; in the locking band, the modulation suppression of an FM
driving signal in the locked oscillator is very small, while the
oscillator noise, which dominates the entire output characteristic, is

considerably reduced.

11. Frequency stabilization of a self-excited oscillator has been
obtained by using a self-injection phase-locking technique, in which a
small fraction of output power is passed through a high Q cavity and
injected back into the oscillator itself through a circulator thus

heightening the external Q of the oscillator.

12, A type of phase control of bias-modulated IMPATT and Gunn diode
oscillators has been achieved by injection of energy from a CW reference
signal into the oscillators: An entire frequency locking of bias-
modulated oscillators yields a practical phase modulation scheme at

microwave frequencies, which might be used directly for communication

purposes,

13. Partial pulling properties of the driven oscillator have been
used to permit the IMPATT and Gunn diode oscillators to be side-band

locked, achieving up-conversion with gain and frequency stability.

14, Another application for the locked oscillator is as a practical
frequency demodulator. In one mode of operation, the microwave oscillator

diode is simultaneously used for quasi-steady-state phase locking and
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detection. Linear operation of the frequency demodulator has been
obtained. The measured data verify that the locked IMPATT and the

Gunn diode oscillators with an FM locking signal obey the locking
equation and agree sufficiently well with the values predicted by the
quasi-steady-state solution to the locking equation. In addition, far
outside the locking range, the Gunn diode oscillator can be an efficient
regenerative mixer for microwave detection, due to the low—-frequency

negative conductance of Gunn diodes.
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APPENDIX-A

SOME CHARACTERISTICS OF IMPATT DIODES AND GUNN DIODES

A-1 Static Characteristics of the IMPATT Diode

If the electric field in the depletion region of a pn junction
is sufficiently high that electron-hole pairs are generated by impact
ionization, the avalanche breakdown condition is given by the

. . . . 30
ionization integral™ ;

D
f anexp[— f(an - ap)dx]dx =1 (A.1)
o X

where o and ap are the ionization rates of the electrons and holes,

respectively, and D is the depletion width.

Basic classes of IMPATT diode are the Read diode, the one-sided

p-n junction, the linearly graded p-n junction and the p—i-n diode31.

Let us consider the static characteristics of the Read diode and
of the one-sided abrupt p-n junction. Fig.A.l shows the doping profile,
the electric field, and the jonization integrand at the breakdouwn
condition for a Read diode and for a typical one-sided p—n junction
diode. The diode conditions are represented while biased into reverse
breakdown. As seen in Fig.A.l, the avalanche region is so highly
localized that most of the change multiplication occurs in a narrow
region near the highest field., The dfift region is located outside

the avalanche region.

For both Read diode and the abrupt p-n junction diode, the region

of carrier multiplication is restricted to a narrow region close to the
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metallurgical junction. Thus, a reasonable definition of the
avalanche region width, D , is obtained by taking the distance over
a

which 95% of the contribution of the integral in Eq.A.l occurs:

D D
fanexp [- f (an"ap)dx]dx = 0.95 (A.2)
o x

The drift region is the depletion layer, excluding the avalanche
region. The carrier drift velocity is the most important parameter
in the drift region. The electric field in this region is high enough
so that the generated carriers can travel at their scattering limited
velocity, VS. For silicon, the electric field should be larger than

10 V/em for velocity saturation.

Under operating conditions the IMPATT diode is biased well into
avalanche breakdown and the current density is usually very high. The
high current density results in a considerable rise in junction
temperature and a large space-charge effect, which is the variation of
electric field in the depletion region. This effect gives rise to a

positive dc incremental resistance for abrupt junctions.

A-2 Dynamic Characteristics of IMPATT Diode

The basic small signal analysis of the Read diode was first
considered by Read17 an& developed further by Gilden and HinesZI.
For analysis purposes, the diode may be divided into three regions:
1) the avalanche region, which is assumed to be very thin, so that space

charge and signal delay can be neglected; 2) the drift region, where

no carriers are generated, and all carriers entering from the avalanche
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region travel at their scattering-limited velocity; 3) an inactive
end region which adds undesirable parasitic resistance, as shown in

Fig.A.2a.

Under the assumption17 that 1) electrons and holes have equal
ijonization rates and scattering velocities, 2) the drift current
components are much larger than the diffusion component, and 3) the
generation rate of electron-hole pairs by avalanche multiplication
is large compared to the thermal generation rate, and 4) the breakdown
does occur not by direct internal field emission or tunnelling. An
equivalent circuit of the avalanche region can be shown21 to be as

in Fig.A.2b, where the inductance L_, and capacitance Ca are given asj;

L = —2 - (A.3)

c = esA
a D,
where T = the transit time across the multiplication region.
&' = the derivative of an average value of the ionization rate

with respect to the electric field

(2
I

the direct current density of diode

m
I

the dielectric constant of diode, and

A = the active junction area cross-sectional.
From Eq.A.3, the "avalanche frequency' is given by

(A.4)

and the impedance for the avalanche region is given by
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Fig.A-2

(a) MODEL OF READ DIODE WLTH AVALANCHE REGION, DRIFT REGION AND
INACTIVE REGION.

(b) EQUIVALENT CIRCUIT OF THE AVALANCHE REGION.

(¢) EQUIVALENT CIPCUIT OF READ DIODE FOR SMALL TRANSIT ANGLE.
(AFTER GILDEN AND HINESZ1)
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1 1
Za = jﬁ ( waz ) (A.S)
1 - ——
mZ

by
1 - cos © . sin 6
z =4 [—L Hr+d s L D1 a6
d wC 2 ) wC 2 9
d w d d w d
1 - — 1 - _—é
w Wa
m(D"Da)
where 8, = v
d s
eSA .
Cgq = ; the capacitance of the drift region.
4" pp |
a

It is seen from Eq. A.6 that the real part will be negative when
w>w and that the real part will be positive for frequencies below w,
and approached a finite value at low frequencies:
(0-D,)2
Rd(w->0) =2§-€~—a;— (A.7)
s Vs
Actually, the low-frequency small signal resistance results from a

space charge resistance in the drift region.

As a result, the total impedance Z, the sum of the impedance of

three regions, can be written as;



181

2
(D—Da) 1 1l - cos ed
Z = 2 A (: YA 2 + R
€s Vg 1 - 2 ed s
Wa 2
] . sllge N DA
P sin D-D
p——d-n- (221 (A.8)
w d ed 1 - ‘”a
m2

For small transit angles, Eq. A.8 reduces to

(0-D_)°
z = — +R_+- L1 1) (A.9)
2A v e (1 - 82 s chl_waz

S s

where C eSA/D; the total depletion layer capacitance. The equivalent
circuit correspondence to Eq. A.9 is shown in Fig.A—Zc. The first

term in Eq. A.9, which corresponds to Rd in the equivalent circuit,
becomes negative for W W, and the diode becomes an active device
whenever - Rd>RS. The third term in Eq. A.é, which corresponds to

the parallel resonant circuit of Fig.A.2c, becomes capacitive for

w>ma and inductive for w<wa.

For generalized small signal analysis, the multiple-uniform-
layer model was proposed by MisawaZ0. As discussed before, in the
Read diode, the avalanche region is so narrow that the phase shift of
the signal withiﬁ the region is neglected; in the p-i-n diode there
is no avalanche—freeAdrift region. By the use of a multiple-uniform-
layer model, the intermediate case can be investigated. The diodes

in the multiple~layer model behave similar to Read diodes and also

exhibit a negative resistance when the transit time of the carriers
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bacomes a significant fraction of an RF period. The reactance of
the diode is inductive at lower frequencies and changes to capacitive

beyond the resonant frequency.

A-3 Bulk Differential Negative Conductance of n-type GaAs

In this sectidn, we shall consider the bulk differential negative
conductance associated with the Ridley-Watkins-Hilsum transferred electron

mechanism,

Let us consider a simple two-valley model of GaAs as shown in
Fig.A.3. At zero electric field the carriers are distributed between
the two valleys in a manner determined by the energy separation Aw,
the lattice temperature T,» and the density of states. When a field
is applied, a redistribution of the population takes place. We assume
that in the lower valley the electrons have an effective mass mi, a
mobility Hy» and a concentration n and the density of states is N_.

1

In the upper valley the corresponding values are mg, 12, and NZ. The

1 + n,. The steady-state

conductivity of the two-valley semiconductor can be given by

total carrier concentration is given by n = n

o = qg(ngu +n,u) =q nu (A.10)

where q, is the electronic charge and the average mobility

_ n u, + n.p :
po=.r1 22 (A.11)
nl f n2

The magnitude of the current density is given by

J =o0eg = q, nye= q, nv (A.12)

where g is the electric field intensity and
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where v = P€ is the magnitude of the average carrier velocity.

For simplicity, let us assume the following conditions for the

carrier concentrations over specific ranges of electric field:

0 for 0 < e < e

=]
[
=]
N
3
(=9
=]
[H]

1 a
n, +n, =n for € < g <€
n; = 0 and»n2 = n for €y < e
Then, the current density is
J = q, 0 ule =q,n v1 for 0 < e < ea
J=q,nle=q,nV forea<e'<eb'
J = q, nVy € =4q, DV, for € < €p

1f M€, is larger than HyEp s there will exist a region of negative

differential conduétance, as shown in Fig.A.4.

The incremental variation of current density with field is
obtained by taking the derivative of Eq. A.12, with respect to the

electric field;

3 =g o ¥ : (A.13)
e e o€

The condition for negative differential conductance can then be

written as

v <0 (A.14)
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Fig. A-3 SCHEMATIC DIAGRAM SHOWING THE ELECTRON ENERGY VERSUS
WAVE NUMBER IN THE REGION OF THE CONDUCTION BAND VALLEYS

Fig.A-4
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1
1
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AVERAGE VELOCITY VS. ELECTRIC FIELD FOR n-TYPE GaAs.
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For the determination of dv/de, a detailed Boltzmann-equation analysis
of the high field carriers is requiredzg. For an analytical expression
of the velocity-field curve, it is assumed that the carrier populations

30
are instantaneous functions of the electric field ;

n

n, = a(l - F¥y-1 (A.15)

3
|

, = nES(L + 71 | (A.16)

where F is an appropriately normalized electric field, k is a constant

and n = n; + ny = n, + An. The average velocity for a given field

then becomes

' ok
1+ (uy/uy)F
£ . (A.17)
1+ F¢

The constants € and k are unknown; however, a choice of € = 4.5 kV/cm
and k = 4.5 were found to yield reasonably good agreement between

theory and experiment3o.



APPENDIX-B

GENERAL SOLUTION TO THE LOCKING EQUATION

Let us here solve the differential equation which describes
the injection phase-locking properties. By separating variables in

Eq. 3.37, the locking equation can be rewritten as

2
Qext(l+ lrl ) + 2Qext
w IFI w cosH
o o
de = dt (B.1)
2
Aw Q (L +|T|D 20w Q
o _ext + O eXt .56 - sind
w |F| )
o
with an initial condition
6(0) = 60 (B.2)
woIT]
Let 1 = 3 and
Qe @ + 101D
w
E. = .9 (B.3)
2 2 Q
ext

Substituting Eq. B.3 into Eq. B.l yields

l—- + l— cosB

gl €2
" i de = dt (B.4)
E~2-+ o cosB - sinb

1 2

Thus, from Eq. B.4 a definite integration form is obtained:

186
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dt (B.5)

6
-g"—- + é—- cosf t
1 B
Aw Aw dé = J
o o
0 (—g;— + —f  cos6 - sine) o
o 1 2

Eq. B.5 has two different solutions, depending upon the values of

gl’gz’ and A(J.)o.
First, subject to the condition;

Aw
2,2 0,2
(E‘) 1> ()
=2 1
By substituting Eqs. B.3a and B.3b into the above equation and using

Eq. 3.47, we obtain the condition

B.6
|Amo|<A1 (B.6)

which means that the initial frequency difference is less than the
locking range - the locking frequency falls within the locking range.

Under this condition, Eq. B.5 can be rewritten as;

Bwg Awo 8 “s. 2 Awo Au’o eo Yo\ 2
[ - gDeany —Mjl—(Al I - g rany” —1+Vl—(—[q> ]

Bw £, 2 )
1n
w Aw Aw w Aw Aw 6 Aw
Vi- 92 (2 ey -wg-( A2 - ) tang -14}1_(—51)21
1 1 2 ' 1 1 2 1
Aw Aw
Aw g © 4 —2 cos6 - sind
—o ot KSR
+ (® -98) In [ 1
£2 o’ &, Aw  Aw
b § o o
3 —E- - —E—-coseo— Sineo
1 1 2
Amo 2
= g1+ ()71t (B.7)

)



188

‘llt"

It is worthwhile to note that, when goes to infinity, Eq. B.7

yields the stationary solution. By some mathematical manipulations,
we then obtain from Eq. B.7 the stationary condition;

Aw Aw

- A — cos® - sin® =0

€ 2
1 2

from which the steady-state phase is obtained as;

B = sin_1 &L )+ sin_1 ) (B.8)
Aw, 2 Aw
1 +2) 1+ (92
2 )

Eq. B.8 is identical to Eq. 3.40 which is the steady-state solution

to Eq. 3.37, the locking equation for the general case.

Eq. B.7 specifies time as a function of phase and from the
equation the phase can be calculated as a function of time. The phase

goes from Bo to ess as t goes from 0 to infinity.

Suppose that the magnitude of the reflection coefficient |P| is
very small; in other words, the locking power is very small compared

to the locked output power. Then, Eq. B.7 reduces to:
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Aw 0 )
allo 0 Aw, 2 o o _ _ 0,2
5 tamy -1- 1—(—-A ) ][——Ao tan— -1 +V1 (——A )]

o 0o o ‘/ Au’o 2
1o Amo 8 " “o.2 Awo eo ‘/ Yo, 2 B C—K;) Aot
- tan—z- =1+ l—(—A—') ][—A—' tan—z- -1- l_(T) ]
o o o o
. (B.9)
or
2 2 0
‘/ 2 2 1-V1i-k 0 1-V1-k (o}
o = 2ean~t) L _ Vici2| e 1Tk 8 G — tan—)+ (= —— ~tan—)
KR Va2 e 2 1 VIP eo)__(l—Vl-k2 AN
k ) k ar—
Amo
where k = -
o

Moreoever, when t>~, Eq. B.9 yields a stationary condition for the

case of small locking signals:

Aw 2
6 _ Yo - Yo _ (_0O: . = wd -1, Aw
tan 5 = T 1 (A ) ox 0 sin (A )
. o o o o)

(B.10)

Eq. B.10 is identical to Eq. 3.4l which is the steady-state phase
angle obtained from the Adler's equation. In addition, it can be
shown that the solution to Eq. 3.37 yields the same result as Eq. B.9.
Consequently, it indicates that our loading effect method agrees with

Adler's approach for relatively small locking signal cases.
Second, impose the condition that
lAwo 1>, (B.11)

Eq. B.1l means that the initial difference frequency is larger than the
locking range, that is, the locking frequency falls outside the locking

range. Under this condition, Eq. B.5 yields



Amo Awo A(no
-—E— - _9tand - 1 (_éj— - —F,—) tany - T Aw
2 can-l 51 2 o pan~l 01 2
w : Aw w _—
2 2
V<_._A°)2-1 —" -1 2 -1 3
1 1 1
Aw Aw
—2 + —2 cos® - sind AW
El 51 52 or 2
- In|-= =€1[1+(““) t (B.12)
2 Aw Aw . ) £2 '
9 4 _9 cosp - sinB,
£ g o
1 2

For the case of relatively small locking signals (|I'|<<l) Eq. B.12

can be rewritten as;

6
Aw
A“’o tan 6 -1 (—-'—]0 2 -1
-1 Ay Zz A
tan o = —‘2—' At (B.l3)
\/(__E )% -1 °
Ag A
o

It is seen that the phase in Eq. B.13 is a periodic function of time,

Eq. B.13 can also be derived directly from Eq. 3.38.
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APPENDIX-C

AN APPROXIMATE SOLUTION TO THE DIFFERENTIAL EQUATION OF A LOCKED

OSCILLATOR FOR THE FOLLOWING CASES: (1) LOCKING SIGNAL IS FREQUENCY-

MODULATED (2) SELF-EXCITED OSCILLATOR IS FREQUENCY-MODULATED.

This appendix presents a method for finding the approximate
solution of the locking system in which the locking signal is
frequency-modulated or the self-excited oscillator is frequency-

modulated.

Let us consider first the case in which the oscillator is driven

by an input FM signal;

e; = Al cos[wct + ¢(t)] (Cc.1)
where e, = applied FM signal
Al = constant amplitude of FM

= carrier frequency

¢(t) = angle modulation

A typical negative-conductance oscillator, whose free-running
frequency and oscillation amplitude are Wy and AZ’ respectively,will

have an output

e, = A, cos [w t + ¢(t) - ()] (c.2)

when driven by the input FM signal of Eq. C.1, provided that $(t) is
a slowly varying function of time and that the input amplitude is very

small compared to the oscillator output amplitude. In Eq. C.2 6(t)
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represents the phase tracking error.

From Eq. C.1l the instantaneous frequency of the locking signal

can be written as
- 1
ws(t) w, + o' (t) (c.3)

The instantaneous phase difference between the locking and

locked signals is, from Eqs. C.1 and C.2, easily seen to be a(t).

By substituting Eq. C.3 into Eq. 3.38, the slowly varying function

of 6(t) behaves according to the differential equation

dgét) = (g - 0y) +8"(£) = & sin 6(t) (c.4)

For simplicity, let w be equél to w and the modulation on the input
c

FM signal be a single frequency sinusoid:

$'(t) = Aw sin wyt
(c.5)

Aw
or op(t) = - o cos w t

where Aw is the maximum frequency deviation and w_is the modulating
. m

frequency.
Substitution of Eq. C.5 into Eq. C.4 yields

48 ;. A sin 8 = Aw sin t (Cc.6)
o

dt m

for a symmetric modulation about the free-running frequency.

Provided the input maximum frequency deviation is small compared
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to the locking range, the phase angle characteristics can be approximated

by a linearized characteristic; sin 6 = 0.
As a result, Eq. C.6 is reduced, substantially, to

§§.+ A8 = Aw sin mmt (c.7)
o

dt

Since both the dependent variable 6 and its derivative d6/dt in Eq. C.7
now occur in linear form, a solution can be obtained by means of an

integration factor of the form

Multiplying both sides of Eq. C.7 by this integration factor, the

differential equation reads

At A
e ¢ [%% + 48] =e ot Ay sin Wyt

This is equivalent to
[efot 8] = e®o® Aw sin wpt

and the solution of Eq. C.7 is of the form

A A
eote=Awfeotsinwt+C
. m (o]

A
Integrating by parts and dividing both sides by e Ot, we obtain

1w
8 = Aw sinfw t - tan 1 m

A ‘P + (EE)2 n Ao
© A

o

-A
] + c, e ot (c.8)

Let ut take as an initial condition that at t = 0, 0 = 0, then
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W
m

C =—% c.9
"3 (.9)
o

Substitution of Eq. C.9 into Eq. C.8 yields

| R w _
8 = Aw sin(w t - tan —Eh + -2 . Aot (C.10)

m A 2
m, 2 o A
AJVl + (K;) o

The second term of Eq. C.10 is a transient term; it seems to decrease

exponentially at a rate determined by the locking bandwidth, descreasing

to %-of its original value after a time 1. In the steady state, we
o
have
-1 W :
6 = Aw sin (wmt - tan EE) (c.11)
— 0
A°V14-c£52 °

Ao

Eq. C.11 represents the phase-tracking error of the locking system.

In addition, from Eqs; C.2, €.5, and C.1l1l we can obtain the
instantaneous phase deviation a(t) of the locked oscillator from the

carrier;

alt) = 6(t) - ¢(¢)
4 Aw .
= tm sin(uyt + tan ' -B) (c.12)

u)m 2 AO
Vi + &
o]

It is useful to define a "modulation conservation factor' C; being the
1

ratio of the modulation index of the original input FM signal, Aw/mm,
to the output modulation index. In other words, the modulation

conservation factor represents the ratio of the input peak phase
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deviation to the locked output peak phase deviation. The locked
output modulation index or the output peak phase deviation can easily

be obtained from the instantaneous phase deviation formula of Eq. C.12;

SE

o = (C.13)

_ |
c, = YL+ 2 z (C.14)

In this case we can also deduce from Eq. C.1l4, a "Modulation

suppression factor" defined as the reciprocal of the conservation factor:

S, = L ‘ (C.15)

1
Y1+ G2
o]

Let us now consider the second case, in which the self-excited

oscillator is frequency-modulated,
wo(t) = w, +‘Aw sin wpt s (C.16)
and the locking signal is a sinusoid
e. = A_ cos wst- (C.17)
Then the locked oscillator will have an output

e2 = A2 cos[wst - 08(t)] (C.18)
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when driven by the input CW signal of Eq. C.17. 6(t) represents the

phase difference between the locking and locked oscillator signals.

As a result, by substituting Eq. C.16 into Eq. 3.38, the slowly

varying function of 6(t) behaves according to

de(t) -

5 s = We ~ Aw sin mmt - Ao sin 6(t) (c.19)
t

As in the first case, let W, be equal to W Then we have

.d.% +4_sin 6(t) = - bw sin uge (C.20)

Letting

a(t) = —-B(t) (c.21)

we obtain a differential equation identical in form to Eq. B.7;

___dgét) + 8, sin B(t) = Aw sin wyt (c.22)

In a similar way, the instantaneous phase deviation 6(t), which

is equal to -B(t), can be written as

A |
4o -1 Y
oCt) = - sinupt - tan T (c.23)
[ 2 ’ o
1+ 6D
o

It is very useful to deduce the "modulation suppression factor'
for this case. The modulation index of the locked oscillator is

represented as the peak phase deviation of the locked oscillator output;
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M ® | ' (C.24)
Y1+ (A_‘“_)2 |

Consequently, ~the ratio of 6 to the original modulation rate Aw/mm

M
yields the modulation suppression factor;
“m
Ao
S =
2 w
1+ (_292

or (C.25)

o]
5 1
A
Vi+ 2
W
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EFFECT OF ADDITIVE DC POTENTIAL ON AVERAGE FREQUENCY SHIFT

The average dc potential developed at the diode input of the

oscillator may be determined from Eq. 3.38 when relatively small

locking signals are applied to the oscillator.

Integrating the differential equation over one cycle results

T
b
1 Aw de -
T;f‘”otT
(o]

in
Ty
Ti Ay sin 8 dt =
b
o
or A <sinb> = Aw_ - 2%
o Tb

Substituting Eq. 3.79 into Eq

A <sin6> Aw - Aw
o o

(o]

. C.1 yields

1 - (2)2
Amo

0 +27
o
1 de (D.1)
b
0
(o]

(D.2)

Eq. D.2 is plotted in Fig.D.1l. It is seen that Ao sinb, the average

frequency shift, is a maximum when Awo = Ao and decreases beyond that

point, approaching zero.

A _<sinb>

Aw

Fig.D-1 PLOT OF Ao<sin0> AS A FUNCTION OF Awo.
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Once the existence of the DC component is recognized, the

' A
beat-note of the fundamental frequency, Awo Qé - (Z% )2, is seen to

o
modulate the oscillator.
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APPENDIX-E

MICROWAVE PHASE DETECTOR

Consider the arrangement of Fig.D.l, consisting of a magic

tee and two microwave square law detectors with detector mounts,

>

LOCKING SIGNAL

TO DC NULL METER
>

I
e ! ',
rd ] f’
o

BLOCK

N~ h

LOCKED OUTPUT
Fig.E-1 MICROWAVE PHASE DETECTOR

The two detector mounts are insulated for dc and video frém
the E and H arms so that the signals from the two detectors can be
subtracted by connecting the detector mount outputs in series
opposition. The dc blocks account for the equivalent circuit of
Fig.E.2. The two capacitors are ;ctually the cable capacitance; the
resistors are about 15 kQ each. The two mounts are tuned for maximum

dc voltage output. Both detectors should be adjusted as neariy as

possible for identical operation.

Ey

3 RéETB
L5

Fig.E-2 EQUIVALENT CIRCUIT OF Fig.E-1.
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The two voltages being compared may be represented as

e =E' sin w t (E.1)
s s . s

e = E' sin(wst - 8) (E.2)

Consequently, the outputs of the detectors are expressed as;

2 .2
E; + E'" + ZE; E' cos 6 (E.3)

E, =leg + e|2

2

2
E'"+ E' - 2E' E' cos 8 (E.4)
s s

Since the output Ed is equal to the difference of the two

rectified voltages, then

Ed = Kl cos 8 | (E.5)

where Kl is a proportionalityconstant which is independent of the phase.
In other words, the output is a sinusoidal wave as a function of input

phase difference,

Another microwave phase detector may be accomplisheq by means
of a 3-dB coupler as the symmetry of the crystals with respect to the
reference plane has no particular significanceaa, except to offset the
response curve by a constant angle. Let us consider Fig.E.3. The
two voltages being compared have the same form of Eq. E.5. In the
coupler, two signals interfere because of the phase difference between

them. The detector input may be represented as

S ' -
ein = ES sin wgt + E sin(wst 0) (E.6)

square-law detected output is expressed as
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PRECISION
OS P}IASE_SHIFTER r— ——————— — o —— o ——. w— -—-|
| |
Y 0 |
i
} |
|
I
@—— 310
I ]
0y | 3dB COUPLER SQUARE-LAW | OSCILLOSCOPE
lL_ DETECTOR |
————————————— —
Fig.E-3 A PHASE DETECTOR WITH 3 dB COUPLER.
e =M (E"2+ E'2 + 2E' E' cos 6) (E.7)
out 1l s s

where Ml is the detector conversion constant. Since an electrical
length or a phase angle can be adjusted by use of a phase shifter,

6 in Eq. E.7 may be replaced by 8 + 90°. Then the output is

2 2
1 — ) T 1 1
e ut - M(E'l + E - 2E' E' sin 6) (E.8)

Therefore, the detector output is a sine wave as a function of input

phase difference.

If the phase angle is time-modulated by an AC signal, the AC

component of the detector output can be represented as

vy = M2 sin 6(t) (E.9)

- ' ' =
where M2 = ZES Eg M1 constant.
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APPENDIX-F

INJECTION PHASE-LOCKING OF A NONLINEAR CONDUCTANCE DIODE OSCILLATOR

Consider a simple model of a locked oscillator, represented

by a resonant circuit G, L, C, a nonlinear element of characteristic
i = ¢(e) (F.1)
g

and a locking source is(t), as shown in Fig.E.l.

For large signal operation, we may express the current flowing
through the diode active element in terms of a power series of the

RF voltage e(t) across the diode:

2 3
ig = ale + aje + aje + ... (F.2)

The diode is assumed to be mounted in a simple, single-tuned
circuit, and no significant harmonic voltages appear. Then the
fundamental component of current as a function of the RF voltage e can

be written as;

i = + 3 (F.3)
g = ale a3e .

where a, is negative and a, positive.

Then the differential equation describing the circuit of

Fig.E.l is given by

de ._]; 3=
c EE-+ (G + al)e + L.[e dt + aqe is(t) (F.4)
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LOCKING , 1
CURRENT s
SOURCE ig G L iy A e(t)

Fig.F-1 AN EQUIVALENT CIRCUIT OF THE INJECTION PHASE-LOCKED
OSCILLATOR OF NONLINEAR CONDUCTANCE DIODE.

Under the above assumptions, the RF voltage across the resonant

circuit can be given by
e(t) = E(t) cos[wt - a(t)] (F.5)

where E(t) and 6(t) do not change appreciably over one cycle of the

oscillation.

Under these conditions, de/dt and I;dt can be approximately
obtained as
de d9) g1 - dE - F.6)
de _ _ g(w - 9 sin(wt - 8) + cos(wt —- 6) (
at (0 -3¢ dt
and

Jedt = E+ By $Hsinor - o) + L Ecostwe -0  (F.D)

Substituting Eqs. F.5 and F.6, and F.7 into Eq. F.4, multiplying by
sin(wt - 8) or cos(wt - 8) and integrating with respect to time over
one cycle of the oscillation, because of the orthogonal relations
between sine and cosine functions, we obtain an approximate differential

equationlos—logz
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t
1 1,de _ 2
(-uwe - E) +(c+ mZL) dt ET / is(t) sin(wt - 8)dt (F.8)
[o}
£-T ¢t
o
C+-Ly L Gra +2aEHE = 1 (t) cos(ut - 8)dt
2 1 7% 23 T s
w L dt o
1 (F.9)
[o]

For a steady-state free-running oscillation, since de/dt = o,
dE/dt = 0, and is = 0, we obtain the frequency w, and the amplitude

Eo of the oscillation;

w, = L (F.10)
LC
and
;
-G
4 21
Eo '3—( 2 ) (F.11)
3
' = — =
where a; = -3, lall.

The free-running power P, of the oscillator is given by

1 2
P, =3 GE
-2 @l -0 (F.12)
3a3
Power output is parabolic as a function of G, peaking when
al
G = X (F.13)
2
and having a maximum value
2
. max Po = ¢ a (F.14)

3



For analysis purposes let the locking current source is(t)

be written as:
i (£) = I  cosw.t (F.15)

Substitution of Eq. F.15 into Egs. F.8 and F.9 yields:

I
(—- — we)+(C + —2— 48 _ _ S gin e (F.16)
w'L dt E
c + ——) 4E . G + a, + 2 a E2)E = I_ cos 8 (F.17)
” L dt 1 4 3 S

For the steady-state of the locked oscillator, de/dt or

@ = constant and dE/dt = 0. Let

W, = Wy + Awo , (F.18)
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where Awo = initial frequency difference. In this case, substitution

of Eq. F.18 into Eq. F.16 yields;

o __1 _s (F.19)
E

where ES is taken as the effective locking voltage at the optimum load

condition, and Qext is the external Q of the oscillator.

Substitution of Eq. E.1l into Eq. F.17 yields

2 2 Es
E° = E_ (1 + - cos 8) (F.z0)
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It is very interesting to note that the nonlinear conductance
diode oscillator does not introduce any modification in the locking
range, but only modifies the output voltage, resulting in the

modified power output.



