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Abstract

This thesispresents a new technique of injection of mbéirmonics into an oscillator, study
thebehavior and responsé the oscillator. First general locking equations are denixgiolg

the feedback model of an oscillator. Second, using the Laplace domain modeled phase noise
analysis giving insight into the phase noise model of an oscillator under multiple harmonics
are analytically studied and experimentally validated with good agreement. From the
locking process and phase noise analysis we can observe when compared to single tone
injection there isa substantial improvement of phase noise under rhaltinonic injection
enhancement in the locking range. We present Injection Locked Frequency Divider (ILFD)
circuit under multharmonic injection (¥ and 3* harmonics injected) wittsimulation
theoretical validationThe proposed circuit is designed using tHéC library by using Op

Amp based feedback current reference circuit. The amplitude dependency of the injection
signals on the phase noise is observed as increase in the injection levels decreases the phase
noise.

With the above mentioned performances and advantéges believed that the studied
Injection Locked Frequency Divider (ILFD) under mgiarmonic injection is attractive for
further developmentioward practical applications in the modern microwave and millimeter

wave wireless communications systems.
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Chapter 1

Introduction

1.1  Introduction

In order to obtain a reference signal with a low phase noise, high frequency stability,
and low cost for the microwave/millimeterave applicationsthe injectionlocked
oscillators[1] have been widely used in the wireless, optics, and local network
systems. Signal generation and division are very important to provide a reference
frequency signal for the communication systems. The reference sigea basa
voltagecontrolled oscillator or a phasecked loop must be included in the system

to offer a desired frequency for the channel selection or the
modulation/demodulation through up/down conversion. To reach the microwave and
millimeter-wave operatn band, the design of the oscillator also has more
challenges due to the limitation about the signal transmission effect in such band,
high-frequency performance of the transistors, and cost issues. No matter what kinds
of the reference signal are genetitlow phase noise, frequency tuning range, and
the carrier frequency stability always have to pay attention. For this reason, the
injection locking mechanism has been proposed to improve the performance of an
oscillator [£3]. Since the injectiotocked technique has the characteristics of the
supef/subharmonically synchronization and the phase tunable function, the
injectionlocked oscillator has been widely used to synchronize the frequency and
phase for some applications, such as the active/phase antenna with the phase
tuning function to control the beam angl&@he superharmonic ILO can to be an
injectionlocked frequency divider (ILFD), and the shhArmonic ILO can

synchronize an injected signal with a frequency multiple funptjon



1.2 Aim and Motivation
Resech on frequency division can be tracked ba
topic. Researches focused on frequency divider circuits primarily involve
1 Wide operation range

9 High operating frequency
9 High division ratio
1 Low power cmsumption
1 Low cost
Generally wide operating range is achieved byilyp based digital dividers [].for analog
dividers, ring oscillator based divider feature wide locking range due teQlow
characteristic. On the other hand-b€cillator based dividersavks at high frequency with
less power dissipationAdvances in devices motivate the evolvement of circuits,
components and systems toward compactness, high operating frequency and low cost.
Frequency dividerswith increase in division ratios improve théngse noise,
narrowing down locking range with increase in power and area. Since there is a need
to achieve higher phase noise improvement with wide locking range. In present
work we propose a lowost ILLC-VCO with Multiple Harmonic injection
technique (. injection of multiple harmonics likeo2 and 3. at different nodes
of oscillator) to meet above mentioned neelks phase noise constraints of modern RF
transceivers
1.3 Literature Survey

The injectionlocking of an electrical oscillator was first described by Van Der Pol in
1927, and the first locking bandwidth equation for electrically injetticked
oscillators was developed by Adler in 1946 [1]. A vacuum tube transistoruses in
Adl erdés oscillator model . Razavi [ 8], Abidi [ ¢
to a conclusion that the increase in division ratio will narrow down the locking réwge.
the years, various attempts for analysis of phase noiserbaubed in various improved
expressions for Leesonds classic formula [12]
viewing an oscillator as a tiriavariant system. It was heuristic derivation without formal
proof. Rael and Abidi [13] were successfal deriving the unspecified noise factor in
Leesonds heuristic derivation as a function ¢
steered L&ank topology. Based on the definition by Rael andtli, Hegazi[14] proposed
a filtering technique to remove high frequency noise thereby reducing the phase noise

considerably. However, Rael 6s description of



physical phenomena of noise to phase noise conversion, sincadablcted the time

variant nature of oscillator. More recent developments are reported by Hajimiri and Lee [15]

[16], have explicitly proven the importance of incorporating the time varying nature of
oscillatorb6s phase noivariant apgfoacgh isithd iatedudtion oft hi s | i
sensitivity function called Impulse Sensitivity Function (ISF), ISF quantitatively represents

the impact of stationary and cyedtationary noise sources on phase noise conversion varies

across the oscillation perioRategh and Lee [5] using ISF derived the phase noise of an

ILFD. From the analysis a dividey N ILFD network shows a phase noise improvement

of ¢ 1t T0C By using the analogy between fumtder PLL and ILO, the phase noise of an

Injection LockedOscillabr is calculated in terms of noise filteringandwidtho  from

Paciorekds equation and Laplace domain model in

14  Contribution of the Thesis

This work focuses on the design aadalysisof an oscillator under muHaarmonic
injection. The phase e model using Laplace domain modeling for raldtrmonic
injection locked oscillator by extending the single tone injection analyidi® main
contributions of this research work are as follows:

AGeneral locking expressions of an Injection locked llasoi under multiple injections
using feedback model of an oscillator

A Phase noise model usi ng-hdrmopi¢igecten domai n model
A Multi-harmonic injection locked oscillator design and theoretical validation using the
proposed mode

A Ideas for exploring the possibility of muhiarmonic injection in other oscillator
topologies.

1.5 Thesis Organization

AChapter 1: is the introduction describing the motivation behind the work, literature
survey, objectives and contributions of the present work.

KChapter 2: analysis of the oscillator response under rrdiimonic injection, theoretical
locking expressions usingedack model of an oscillatoExtending the Laplace domain
phase noise model for single tone injection to Mutrmonic injection.

AChapter 3: describes existing Injection locked frequeniiyider circuit topologies

for even, odd division ratios



AChapter 4: gives insight into Multharmonic ILFDdesign,analysis of the circuit and
theoretical validation of the proposed design based on proposed phase noise model.

AChapter 5: presents the conclusion to the thesis as well as future directions obtkis w



Chapter 2
Theoretical Analysis of  Multi-

Harmonic Injection Locking

2.1  Introduction

Injection of a periodic signal into an oscillator leads to interesting locking or pulling
phenomenaThe injectionlocking of an electrical oscillator was first described by Van Der

Pol in 1927, and the first locking bandwidth equation for electrically injelciéed

oscillators was developed by Adler in 1946 [1]. A vacuum tube transistsrused in

Adl eréds oscillator model . I njection | ocking b
including frequency division, quadrature generation, and oscillators with finer phase
separations. Injection pulling, on the other hand, typically provessuatiée. Depending

upon the ratio of the incident frequency to the oscillation frequency, three classes of

injectonl ocked oscill ator s ( {harmpdis subharaonic, brel def i n e c
super har moni darnohi®lbGs the okcillatid@reqlienay & the same as the

fundamental frequency of the incident signal, while insub harmonidLO, the

incident frequency is a sub harmonic of the oscillation frequency. Likewise, in a super

harmonic ILO, the incident frequency is a harneooii the oscillation frequency.

In order to maintain the phase and frequency stability of the reference signal for establishing
a coherent carrier at each active T/R module, thus, thénaubonic injectiodocked
oscillators are used to establish a cohemarrier and to synchronize the frequency of
reference local oscillators through indirect. Because figures of merit, such as the locking
range and the FM noise degradation of the sub harmonically injection locked LO, have a
great effect on the frequensyability and the noise behavior of the modulated carrier, it is

important to analyze the siiiarmonic injection locking process quantitatively.



2.2  Theoretical Formulation

2.2.1 Model of an Injection Locked Oscillator

In general, an injection locked odatr can be modeled as a Aarear block f(e) with a
linear sensitivity block Hf) in a positive feedback loop; and an external signal(i.e.,
injection signal) is injected into the oscillatémalysis and study on single source injection
locked oscillator wh locking phenomena is done by -lia Li, Shi-Wei Qu and Quan
Xue[11] We extend the analysis to Multlarmonic injection(i.e. Multiple sources are
injected)in an oscillator as shown Figure @.1)

e | AW
J';{ e(t]| Non Linear \'ii"rt"
V.___.Z.-l-t} ) | BlOCkﬂ:E} I

Linear

€—| Sensitivity ®—

\ . Block H{wi J

Figure(2.1): Model ofamulti-harmonic injection locked oscillator.

Let the oscillator be described by []
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Where0 O and0 O are the injection signal®) 0 is the positive feedback signal,

0 O is the outputsignal of the oscillator, s the phase difference between

O ol o6 ando 6.1 h Injection frequencie§ MY and Q are the resonant
frequency, frequency deviation from the resonant frequency, and quality factor of a single

tunedresonant circuit, respectively. The output of the nonlinear block may contain



harmonic and interodulation terms of 6 © and0 O R o . For a small injection
signalb 0f o, function™ @66 O 6 O O can be expanded into a Taylor

series given by
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Where function "Q 8 denotes the ntbrder derivative. It can be seen th&X 8 is a
periodic function withperiodicity¢” , and hence, one can further expadfd8 in terms of

the complete orthogonal basis seerponential Fourier series, resudfim
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Based on trigonometric identities Afi @ p | , the following relationships are valid for

the coefficient® ; Y are

Now, to obtain general locking equatiomge expand 0 as
DO Q60 L O UL O
Q L Q
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In the proposed design we inject multiple harmonic8 tfarmonic and "8 harmonic) into

oscillator. We simplify the above expressiondmysidering
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From the abovexpression the fundamental oscillation frequency is set by considering
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Theoutput signal 8t  of theoscillator is simplified by truncating the higher order terms
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Wherethe asterisk denotes the complex conjugate, and
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Using the linear transfer functid®] and oscillation condition the output signal at is
expressethy
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Thereal and imaginary parts are separated as
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The above expressiorgive the fundamental and frequency locking of Mhbhirmonic
injection locked oscillator.

2.2.2Locking range

The frequency deviatiofmtom the above expression considering the steady state response of
the system to the single tone injection signal being replaced by the instantaneous frequency
gives an insight into locking proce$r multi-harmonic injection the frequency deviation
derivedis similar in the form to the one studied by Aldi&}, Razavi[8] andAbidi [9].
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From the above expressiahen compared to the single injection we have excess terms in
the numeator and the denominator the locking range entirely depends on tHeéemn

function of the oscillator.



2.3  Phase Noise Analysis

Any practical Oscillator has variations in its amplitude fiedquency. Short terfArequency
fluctuations of a standalor@scillator are mainly due to the noise and interference. The one
sided spectrum of an ideal oscillator which is an impulse function at the frequency of
operation exhibits skirts around it due to these short term frequency variations. These skirts
are chareterized as phase noise side bafi3]. Any reference frequency signal in a
wireless communication system has stringent phase noise specifications. In order to obtain a
reference frequency signal with a low phase noise, high frequency stability andskpwheo
injectionlocked oscillators have been widely used in wireless, optics, and local networks. In
the frequency domai n Vi ewpoint, an oscillatc
characterized in terms of the single sideband noise spectral demsighown in Figure

(2.2). It is conventionally given the units of decibels below the carrier per Hertz (dBc/Hz)

and is defined as:

o 0 Y FpOd
5% pmen— A e
Where) 1 Y p'Od, represents the single side band power at a

frequency offse¥] from the carrier in a measurement bandwidth of 1Hz and

0 is the total power under the power spectrum.

Siw) 7
A"

gV

w 1Hz

Figure @.2): Phase Noise pemit bandwidth.

Its disadvantage is that it shows the sum of both amplitude and phase variations; it does not
show them separately. It is often important to know the amplitude and phase noise
separately because they behave differently in a circuit. For instance, theoétiemlitude

noise can be reduced by amplitude limiting, while the phase noise cannot be reduced in an
analogous manner. Therefore, in most practical oscilladors, Y is dominated by its

phase portion.

10
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Figure @.3): Phase noise in an oscillator

If one plots 0 Y for a free running oscillator as a function o¥] on

logarithmic scales, region of different slopes may be obseaseshown in Figure

(2.3) .At large offset frequencies; there is a flat noise floor. At small offsets, one

may identify regions with a slope of '@ and 1/Q .where the corner is

called] ; . An early phase noise model was proposed by Lefk#nin 1966

considering an osddtor as Timenvariant system. Oscillator properties such as
signal power , resonator Q, Noi se factor,

obtain an estimation of phase noise.

" . . coQY T
LM i IFT 8 — 8 -
p 3 p o p 3
Where Fisthe empiricaloi se f actor parameter, k i s Bolt zme

temperaturef)i is the average power dissipated in the positive resistive part of thg tank,

is the osdlation frequencyf)d is the effective quality factor of the tank with &kdings

included,Y is the offset frequency from the carrier, ahd, is the frequency of the
nd

andP »

corner between thé

d

regions as shown in Figure ().

The main drawback of the Leesonbds model i's t

11



proportionality F, which Leeson leaves as an unspecified noise factor that strongly depends

on the oscillator topology. Over the years large number of attempts for analysis of phase

noi se has resulted in various i fomuaRaeld expres
and Abi di [ 13] were successful in deriving the
derivation as a function of circuit parameters for a popularly current steergdnkC

topology. Based on the definition by Rael and Abidi , Hedga4] proposed a filtering

technique to remove high frequency noise thereby reducing the phase noise considerably.
However, Rael 6s description of phase noise d
phenomena of noise to phase noise conversion, since¢gdscted the timgariant nature

of oscillator.

More recent developments are reported by Hajimiri and Lee [15] [16], have explicitly
proven the i mportance of incorporating the ti
Key idea in this linear timgariant approach is the introduction of sensitivity function called

Impulse Sensitivity Function (ISF), ISF quantitatively represents the impact of stationary

and cyclestationary noise sources on phase noise conversion varies across the oscillation

period

Rategh and Lee [5] usingnpulse sensitivity functionl§F) derived the phase noise of an
Injection Locked Frequency DividelLED). From the analysis a divid®y N ILFD network
shows a phase noise improvementcat 10C This approximation is valid undehe
assumption the contribution of the phase noise to ILFD by input injection sources and

internal noises are independent and uncorrelated.

Phase noise of a Dividay-N ILFD is given by

N N y N 7
0 g 0 —+) >
Yy y

Where0 j is the phase noise of an ILFD aind , 0 are the phase noise of the

free running oscillator, injection sourcg. is the offset frequency, is the pole frequency

where ILFD phase noise follows thecdkator phase noise. Just as in the first order PLL, the

internal freerunning phase noise of an ILFD is filtered with a high pass filter while the

noise from the injection source is filtered with a low pass filter. The pole frequency is
analogous to thdoopb andwi dt h frequency of conventional

output is dominated by the phase noise from the input which the output tracks with a scale

factor of P 5

12



Using the phase noise spectrum of an ILFD for a single source injection extending it to
Multi-harmonic injection sources under the assumption the contribution of phase noise to
ILFD by input injection sources and internal oscillator noise are independeht a
uncorrelated it can be concluded from Figu4) that there will be phase noise
improvement of201 10G+201 T0C under injection of two harmonics whebe and 0

being the harmonics injected (lik&"2nd 3 harmonic)

L{vw} X
” \
2ag (i) ~ \phase noise from inputi y, free running
L x_ \phase noise
20log(N2) N h ~ X

b, % ~ N\

<
- ~

X ~

N

offset frequency

Figure @.4): Phase Nois&pectrum of an ILFD under Multiple injections.

From [4] using the analogy between the first order Phase Locked Loop (PLL) and Injection
Locked Oscillator (ILO), the phase noise of an injection locked oscillator is calculated in
terms of the noise filteringandwidth0  analogous to the pole frequency as derived
by Rategh and Le¢5]. From the Laplace domain modeling and based on the
Paciorekds equation the phase noise of

O 0 . zp Y zD Y
Y0

Where0 « is the noise filtering bandwidth given by

* is the fixed phase difference between the injection output and the oscillator output,

13
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Relative injection level] —, N1 is the ratio of injection locked frequency to the

injection frequency(>1:Multiplier , <1:Divider).

Till date all the phase noise models proposed were inherently taken into account a single
injection source and analysis was perfednConsidering the Laplace domain modeled
phase noise analysis where its dependency on the quantities being easily derivable by
designers we emphasize omitdextendthe analysis to muHlarmonic injection. Using the
superposition theorem under the wmption contribution to phase noise by the injection
sources and the internal noise are independent and uncorrelated the phase noise-of a multi

harmonic injection locked oscillator intuitively is proposed as:

o 6 0 . zp ¥ 6 0 . zd ¥ 1 zu Y
v ¥ ¥ :
N v . v .
Whera) . » is the fixed steady statephase difference
between the injection output and the oscillator output, -« 8
Relative injection levels — 1 —— of the multiple injection sources, N1 and N2

arethe division ratio.

2.4  Discussions

Understandinghe injection lockingbased on the feedback model of an oscillator
and the phase noise phenomena in an injection locked frequency divider under
single tone injection. We tried exploring the possibility of multiple harmonic
injections into an oscillator; understand the response and behavior of the oscillator.
Based on thdeedback model the locking equatioof Multi-harmonic injection
locked oscillator is derivedThe expression derived is similar to that of one by
Alder, RazaviBy analyzingthe phase noise models derived for single tone injection
we emphasize on the Lage domain model analysis for understanding the phase

noise of a Multiharmonic injection locked oscillator.

14



Chapter 3

Study of Injection Locked Frequency
Divider (ILFD)

3.1 Introduction

Modern Wireless and wistne communications consists of many stilwuits each
performing a special function of frequency modulation demodulation, power amplification,
frequency updown conversion, etc. such systems are treated as frequency conversion
netwworks and among them, a key component is the frequency divider. Generally the
different microwave frequency dividers can be classified into two categories: digital and

analog.

The fundamental element of a digital frequency divider is &lfhp, typically consisting of

two levelsensitive latches in a negative feedback loop to form an edge triggered-master
slave flipflop. The advantage of digital frequency divider over analog one is the broadband
operation from dc to a maximum division frequency as Iantha slew rate is high enough.
The disadvantage is the relatively low maximum division frequency and complicated circuit

configurations.

All the analog frequency dividers can be classified into three-typés:
regenerative, parametric, and injectiolocked frequency divider§l7]. Regenerative
frequency divider consists of a modul ator or
and a power amplification unit limited by small division ratios and complicated circuit
topologies. Parametric divider cdre described by a negative conductance generator and
input/output isolation networks .The major advantage of this kind of frequency divider is
high operation frequency with relatively inexpensive circuit. However, the division ratio

higher than two will reult in a narrow operation band and poor noise performance.

15



The injectionlocked frequency divider is generally an oscillatased divider. In this way,

an oscillator is required to design before the final implementation of this kind of frequency
divider. There are two kinds of oscillators: relaxation and harmonic types. The relaxation
oscillator is characterized by an extremely distorted waveform, an inherent lack of
frequency stability, and a high degree of susceptibility to synchronization even aiglery
order supeharmonic components. The harmonic oscillator, on the contrary, features a
relatively high degree of frequency stability, and a correspondingly smaller susceptibility to
synchronization the harmonic oscillator can be further classifiétd@subtypes: ring and

LC oscillators. The ring oscillator has low quality factor Q, and a wide operation range for
frequency divider applications. However, its relatively complicated circuit topology leads to
higher dc power consumptions LC oscillatongrally characterizes high Q, which leads to
the relatively narrow operation bandwidth for frequency divider applications, and this
becomes the only disadvantage. However, low power dissipation as well as high speed
(high-frequency operation) makes it veagtractive for application to the microwave and

millimeter-wave frequencylivision circuits.

3.2 Designed ILFD

3.2.1 Divide-by-2 ILFD

The injection method for popul ar Adassical LFD6 s
topology suitable for dividdy 2 ILFD operation is a differential LC oscillator with

injection of the signal at the tailodeis shown in Figure (3.1)The classical CMOS

injection locked oscillator topology17] has a limitation on lockingange due to inefficient

injecting path through the tail transistor and it is not suitable for the high frequency
operation because of the large parasitic capacitance at drain of injected tail transistor and not

a good option for low voltage applicationsirdxt injection is used for high frequency

operation

16

C ¢



Vbbb

000

ST S
FII -

Figure @.1): Classic ILO Topology

A differential LC oscillator has become a popular choice for ILFDs [4]. When there is no
input signal, i.e., the oscillator is freenning, there exists a signalradde A (the drain of

the tail transistor, Mtail), which is at the second harmonic of therineging oscillation
frequency. To avoid this problem thersatile structure is shown in Figure (3&here the
signal is injected parallel to the tank of thecithgtor i.e. equivalent to injection at the tail
node with a factor of mixer conversion gain. Differential pair Mland M2 shown in figure
produces an odd ndmear function mixed with injection signal forces the oscillatdiottk

to even division ratiogEL8]. There is a phase noise improvement of 6dBc/Hz for dikiga
network.

17



Resonator

Vinj ; |

M1 :I I: M2

Ibias

Figure(3.2): Divide-by-2 circuit

3.2.2 Divide-by 3 ILFD

In case of dividéoy odd [19] number operation needs a configuration of -evear non
linearity with differentialtopology. Most suitable architecture falivide-by 3 is shown in
Figure (3.3. Here differential pair of M3 and M4 is added with the cross coupled source
node of M1 and M2 forming a differential cascode topology. As a result M3 and M4 mixes
the differentidinjection signals with even order non linearity function forcing the oscillator
to lock to odd division ratio§l9]. There is a phase noise improvement of 9.5dBc/Hz for
divide-by 3.
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Figure(3.3). Divide-by-3 circuit

3.3 Results and Discussion

Simulations are carried out using Cadence tool SpeRffeon 0.3fm UMC CMOS

Technology, we observe a phase noise improvement of 6dBc/Hz for -ivi@ecircuit,

9dBc/Hz for divideby 3 circuit. The dependence of amplitude of injection signal on the

phase noise has & examined and the phase noise of an oscillator decreases with increase

in the injection levels. For a dividey 2 circuit for injection levels varied from 10mv to 2v

the phas@oise variations are shown ifghre (3.4) below.
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phase noise
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160
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| ! ! L
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L ) L I )
0 02 04 06 08 1

Figure B.4): Phase noiseariation with input injection levels.
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Chapter 4

Proposed Multi-harmonic  Injection
Locked Frequency Divider (ILFD)

4.1  Introduction

Injecting signal into an oscillator idone either by direct injection or tail injection. The
drawback with the direct injection being the channel resistance of MOS can degrade the
guality factor of the resonator, high power consumption, whereas tail injection uses stack
MOSFET®6s wh igeootl opiion forrloavtvoltamge application. Hence there being a
possibility of injection of multiple signals into oscillator. We propose Mudtimonic
injection locked frequency dividavhich intuitively has more advantages over single tone
injection.

4.2  Proposed Design for MulttHarmonic ILFD

Practically to achieve this phase noise improvement through multiple injection, in our
proposed circuit we have combined the differential cascode topology for the odd division
ratios[19] with the differential naturef even division ratig18] as shown in Figuré4.1).
Designed ILFD is composed of double cressipled VCO with LC resonator, with"®2
harmonic injected through M3 parallel to the tank aficharmonic differential signal is
injected into M4, M5 througBalun (converts the single ended input signal to a differential
signal). By preserving the differential nature we confine signals of different harmonics

locally by circuit topology and filtering.
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Figure(4.1): Proposed MultHarmonic ILFD.
We have desiged the proposed circuit using UMC library components. The bias current is
generated using the @mp based feedback current reference cieughown in Figure
4.2).
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Figure(4.2): Proposed Circuit Using Gamp based Current reference.

4.3  Theoretical validation of the proposed design

For small injection levels using the proposed Phase Noise model for phase noise analysis
of the proposed ILFD the measurements from the simulated phase noise values were
observed to be in close agreement with the theatgii@dcted values as shown in Figure
(4.3)validating the predicted model for multarmonics injection locked oscillator.

Parameters used are o T[’i'[ i T8 T4, X ¢" 2¢O, Q=10, N=2,
N2=3.
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Figure(4.3): theoretical andimulated phase noise values

4.4  Results and Discussion

Proposed ILFD oscillates at free running frequency of 2.72GHz and phase noise at
1.04MHz offset frequency i108.5dBc/Hz. Under the injection of 2nd and 3rd harmonic
signal, phase noise of the lockedtput at 1IMHz frequency offset is-123.24dBc/Hz i.e.
phase noise of the locked output is improved by 14.72dBc/Hz at 1MHz offset frequency

compared to freeunning oneas shown in Figure (4.4)
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Figure @.4): Simulated phase noise plots of fre@ning and locked state
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Frequency response of proposed ILFD for injection fregesr®GHz to 5.8GHz is shown

in Figure @.5.We observe for frequencies 5.1GHz to 5.7GHz at fundamental tones of the
oscillator the oscillator enters the locking region an2ina harmonic it gets perfectly

locked as observed at frequency 5.4GHz and produces beats at frequencies outside locking

range

Figure @.5): Simulated power in dBm at different injection frequencies

It is substantiated from the DFT magnitude plot shawrigure (4.6). For the
injection frequencies within the locking range the DFT magnitude is observed to be
maximum, In comparison to the [[L8ivide-by 2 ILFD the proposed circuit shows a

wide locking rangeThe performance summary is shown in Table I.
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