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Résume

Active Electronically Scanned Array technologie est couramment utilisé dans les systémes
radar de pointe. Cela nous ameéne a la nécessité de distribuer des signaux RF d’une grande
pureté spectrale, horloges et oscillateurs locaux, du synthétiseur vers un ensemble de
modules répartis sur la surface du radar.

La réalisation de cette distribution par fibre optique constitue un challenge technologique
majeur pour la nouvelle génération de systéemes de radar. Avec cette distribution optique,
nous devons utiliser des techniques de régénération du signal comme PLL (Phase Locked Loop)
et oscillateur injecté.

L’étape prochaine consiste a fusionner les modules de distribution et de la régénération
de signaux optiques pour fournir une interface compacte et compatible avec les concepts
futurs de radar.

Ce projet vise dans la premiére partie de la modélisation d’un phototransistor a
hétérojonction (HPT) avec l'aide de mesures et d’outils de simulation hyperfréquence (ADS).
Dans un second temps, en s’appuyant sur le modéle développé, un ou plusieurs oscillateurs a
HPT seront développés et étudié en termes du bruit de phase. Parallélement a cette étape,
des mesures en bruits de phase sur une série de HPT seront réalisées afin de mener a bien les
simulations en bruit de phase sur le circuit d’oscillateur.
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Abstract

Active Electronically Scanned Array (AESA) technology is commonly used in advanced
radar systems. This brings us to the need to distribute RF signals with high spectral purity,
including clock signals and local oscillators.

The realization of this distribution through the fiber optic technology is a major challenge
for new generations of radar systems. With this optical distribution we need to use signal
regeneration techniques like PLL (Phase Locked Loop) and Injected Oscillator.

The next step is to integrate the distribution modules and optical signal regeneration to
provide a compact interface and compatible with the concepts of future radars.

This project aims in the first part of modelling a Heterojunction Phototransistor (HPT)
with the help of measurements and microwave simulation tool (ADS). Second part develops a
study taking into account the phase noise of one or more oscillators integrating the HPT
model. In parallel to this second step, phase noise measurements of a series of HPT will be
conducted in order to perform simulations in the oscillator circuit.
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Resumo

Os sistemas avancados de radar usam antenas activas para procederem ao varrimento
electronico. Isto leva-nos a necessidade de distribuir sinais de radiofrequéncia de elevada
pureza espectral, nomeadamente sinais de reldgio e osciladores locais.

A realizacdo desta distribuicao através da tecnologia da fibra dptica constitui um grande
desafio para as novas geracoes de sistemas de radar. Nesta distribuicdo Optica sao utilizadas
técnicas de regeneracao de sinal como PLL - Phase Locked Loop e Osciladores Injectados.

A proxima etapa prende-se em integrar os modulos de distribuicdo optica e de
regeneracao de sinal para oferecer uma interface compacta e compativel com os conceitos de
radar futuro.

Este projecto procura numa primeira parte de modelizar um Phototransistor de
Heterojuncao (HPT), com a ajuda de medicGes e ferramentas de simulacao microondas (ADS).
Em segundo desenvolver um estudo tendo em conta o ruido de fase de um ou varios
osciladores a HPT apoiado pelo modelo desenvolvido. Paralelamente a esta segunda etapa,
medicoes de ruido de fase de uma serie de HPT serao realizadas a fim de realizar simulacdes
no circuito do oscilador.
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Chapter 1

Introduction

This chapter intends to present an overview of the work for this dissertation, exposing the
subject, describing its objectives and finally giving the presentation of the report structure.

1.1 Subject and Context

An Electronically Scanned Antenna is a type of antenna which can vary the direction or
the shape of its pattern without physical displacement of its aperture. In certain advanced
radar systems, such as electronic scanning is used to concentrate the beam onto specific
targets or to switch rapidly from one target to another. Figure 1.1 shows a complete circuit of
an Electronically Scanned Antenna in an advanced radar system. Here we can see that the
antenna is composed by numerous small transmit/receive modules fed by an optical
distribution network.

Antenna _:8
1
Photo-detector | 4 \‘?‘8 -0
3

1

Injected oscillator *8 5 ~
v Y _"—®

; J

; Y

¢

Optical distributio Optical fibre
network

Micro-wave ;
source 7

A g Laser

Figure 1.1 - Complete advanced radar system




2 Introduction

In a Passive Electronically Scanned Array (PESA), the microwave feed network at the back
of the antenna is powered by a single RF source, sending its waves into phase shift modules.
An Active Electronically Scanned Array (AESA), instead, has an individual RF source for each
of its many T/R elements, making them “active”. Basically each of the T/R modules has a
phase shifter, then, beams are formed by shifting the phase of the signal emitted from each
radiating element, to provide constructive/destructive interference allowing the signal
reinforcement in a desired direction and suppression in undesired directions.

But here we arrive to the important need of a reference signal that must be distributed to
all modules. This signal has to be very precise with a high spectral purity. Radar systems
continue to demand greater resolution of targets. This puts higher requirements for spectral
purity on local oscillators/signal generators. For example, radar wants to detect a slow
moving surface vehicle. They must detect very low level return signals, which have very small
Doppler shifts. Figure 1.2 shows the radar antenna signal spectrum and the smaller Doppler-
shifted return from the moving vehicle. It also shows the effect of phase noise on the return
signal. It will mask out the return or smaller signal.

Amplitude

Frequency

Moving vehicule return signal

Radar antenna signal spectrum

Figure 1.2 - Doppler-shift effect

Phase noise is a key element in many communication systems as it can significantly affect
the performance of the systems. In an ideal world we have perfect signals with no phase
noise, which means single frequency. This is not the case.

As we note in the Figure 1.1 an optical distribution network is used which gives some
interesting characteristics result from the use of optical fiber like:

e Insensitive to electromagnetic interference

e Extremely low attenuation

e Bandwidth

e Using wavelength Division Multiplexing (WDM)

Signal regeneration techniques were developed to minimize the phase noise. Phased
locked loop (PLL) is one of them that have been used largely. Despite good results it is
composed by several active circuits that introduce noise at low frequencies. Even with a high

2



Introduction 3

efficiency, it is a complex circuit which consumes lot of space. More recent, another
technique was developed - Oscillator Injection. With an Oscillator Injection we have a limited
number of active circuits. Therefore we get better performance of phase noise at low and
high frequencies and we have a more compact circuit. This dissertation will be developed
around this technique. Two ways to inject the signal in the oscillator are possible: Indirect
Optical Injection locked Oscillator (IOILO) and Direct Optical Injection Locked Oscillator
(DOILO).

With Indirect injection, the oscillator injected signals come from the optical network
using a photodiode, matching block and amplifier block. On the other hand, with Direct
Injection, a Heterojunction Phototransistor (HPT) plays the role of the photodiode and the
amplifier, eliminating the matching block.

1.2 Objectives

The main goal of this dissertation is to take an indirect-OILO and replace the indirect
injection, using a photodiode as the detection block, by a direct injection, using a HPT. But
to arrive here an Injected Phototransistor Oscillator simulation model has to be developed
which gives us the possibility to make all kind of simulations in ADS. Then some targets must
be met which will be cited by topics:

e Make an amplifier model in ADS to use in Oscillators, taking into account the

nonlinearities of the amplifier and phase noise.

e Validate the amplifier model used in oscillator circuit and verify the Lesson effect (1).

e Add an injected signal in this model and simulate kurokawa effect (2).

e Make a HPT model by adding an optical input verify injection effects.

e Use HPT model in the oscillator doing phase noise simulations.
e Find the best characteristics of the model changing the different parameters and
design a electric circuit to implement a injected phototransistor oscillator

1.3 Dissertation structure

This document is organized according to the following structure. The current chapter is an
introduction to this dissertation. In chapter 2, an introductory insight is given into the
Injection Oscillator signal regeneration technique. Chapter 3 provides a study of a low noise
oscillator and develops of a simulation model. Thus, a detailed study will be done in order to
acquire knowledge in nonlinear dynamics of electronic circuits. Chapter 4 aims at replacing
the oscillator model used in the last chapter with an injected phototransistor oscillator. At
this point, the optical input will be considered.
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Chapter 2

Injected Oscillator

The main objective of this first chapter is to give an introductory insight into the Injected
Oscillator signal regeneration technique. Reviews some features of Free Oscillators starting by
the general description of the basic operating principle and focusing in phase noise

parameters.

2.1 Phase noise fundamentals

Frequency stability can be defined as the degree to which an oscillating source produces
the same frequency throughout a specified period of time. Every RF and microwave source
exhibits some amount of frequency instability. This can be broken down into two components
- long-term and short-term stability (3). Figure 2.1 is an illustration of the two stability
measurements. This thesis is primarily concerned with short-term stability, commonly

referred to as phase noise.

=1 -, &
(=3 [=3

| =

@@ @

= =

(=2 (=2

£ o

[ [T

fo ol—~

Time: days, months, years Time: seconds

Figure 2.1 - lllustration of long-term stability (left) and short-term stability (right)



6 Injected Oscillator

The ideal oscillator delivers a signal pure sinusoid
v(t) = Vo cos(2mvot) Eq. 1.1
where Vo is the peak amplitude and vo is the carrier frequency. Let us start by reviewing

some useful representations in time and frequency domain in Figure 2.2 associated with

Eq.1.1

A
1 v(t) p, | Puissance

v, .
0 Fréquence

Figure 2.2 - Pure sinusoid time domain (left) and frequency domain (right)

In practice, the amplitude and frequency of real oscillators are not constant over time,
see Figure 2.3. Various deterministic and random phenomena cause variations (drifts,
modulations or fluctuations). In this section, we focus exclusively on frequency fluctuations,

neglecting the variation of the amplitude.

Thus, the signal generated by an oscillator will be approximated by:

v(t) = Vo cos(2mvot + Ad(t)) Eq. 1.2

where A¢(t) is the phase noise. The physical dimension of Ag(t) is rad.

bande de 1 Hz

Phase Noise A¢(t) pD‘ Puissance

AR

, Phase time fluctuation x(t) /

\
\
\
\\
\
/ .\
/ \
!, p
I v h
S N
— —

o, Fréquence

Figure 2.3 - Real sinusoid time domain (left) and frequency domain (right)
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Injected Oscillator

The oscillator noise is better described in terms of the power spectrum density S, (f,) of

the phase noise.

A 2
Sy (f) = 210

rad?

where BW is the measurement bandwidth. The physical dimension of S, (i) is

Another useful measure of the noise energy, referred to as a single sideband (SSB) quantity,
is L(f,,), which is then directly related to S, (f,)

1
L(f) = Eszp(fm) Eq. 1.4
As shown in Figure 2.4, we can easily know the L(f) with a spectrum analyzer doing the

ratio of the power in one phase modulation sideband (Pssg) to the total signal power (Ps) (at

an offset away from the carrier). The power Pssg is measured in a 1 Hz band.

L(fw) =75 By ) (1.5)

Ps

»
»

L(fm)

Amplitude

PSSB

7
e b

"‘
o

=

o
R

e

ﬂ_‘
L5

>

o
e

=
i

o

»
»

fo Frequency
fm

Figure 2.4 - Deriving L(f,,) from a spectrum analyzer display

o

A model that has been found almost indispensable in describing oscillator phase noise is

the power-law function (Figure 2.5)

Se(f) =X _4biif! Eq 1.60



Injected Oscillator

Phase-noise spectra are (almost) always plotted on a log-log scale, where a term f* maps
into a straight line of slope i, i.e. the slope is i x 10 dB/decade. The main noise processes and

their power-law characterization are listed in Table 2.1 (4).

= r. w.freq.
= 4
= b_f°
b_, f3
flicker freq.
white freq.
bt~ flicker phase.
1
! by F white phase b,
' f
i

Figure 2.5 - Power spectral density (4)

In oscillators we find all the terms in Eq. 1.6 and sometimes additional terms with higher

slope, while in two-port components white noise and flicker noise are the main processes.

Table 2.1 - Most frequently encountered phase-noise processes

Law Slope Noise Process Units of b
bof° 0 White phase noise mdz/

0 Hz
b_if™* -1 Flicker phase noise rad?
b_,f? -2 White frequency noise rad? Hz
b_sf3 -3 Flicker frequency noise rad® Hz?
b_,f™* -4 Random walk of frequency rad® Hz3
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2.2 Phase noise in Amplifiers

Understanding amplifier phase noise is very important to the comprehension of the
oscillators. We have two basic classes of noise, additive and parametric. Random noise is
normally present in electronic circuits. When such noise can be represented as a voltage or

current source that can be added to the signal, it is called additive noise.

When a near-dc process modulates the carrier in amplitude, in phase, or in a combination
of both, it is referred to parametric noise. The most relevant difference is that additive noise
is always present, while parametric noise requires nonlinearity and the presence of a carrier.
Additive noise is typically constant throughout the whole frequency spectrum (white), while
parametric noise can have any shape around vo, depending on the near-dc phenomenon
(flicker noise) (4).

2.2.1.White Noise

The noise temperature and the noise figure, most often used in the context of amplifiers
and radio receivers, are parameters that describe the white noise of a device .When the
amplifier is input-terminated to a resistor at the temperature To, the equivalent spectrum

density at the amplifier input is

N = kFTo = =174 — (NF)dB Eq. 2.7

where NF is noise figure (kTo = 4x10-21 J, that is, -174 dBm in 1 Hz bandwidth)

In the presence of a sinusoidal carrier of power Po, the phase noise is

_po = MTF
Sp(f) = bo == Eq. 2.8

2.2.2.Flicker noise

The mechanism that originates phase flickering is a low-frequency (close to dc) random

process with spectrum of the flicker type that modulates the carrier (Figure 2.6).
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100 Carrier paramefric
(1) S(D) up—conversion
2 L
= 3
# | mnear—dc o "
S flicker 5
|
= =
| |

Vo v Vo v

Figure 2.6 - Parametric up-conversion of near-dc flicker in amplifiers

The 1/ f phase noise is best described by

Se(f) =b_yf ! Eq. 2.9
where the coefficient b_; is an experimental parameter of the specific amplifier.

When we combine the white and flicker noise, under the assumption that they are
independent we have for S, (f) (see Eq. 2.8 and Eq. 2.9)

S(p(f)=b0+b_1% Eq. 2.10
_FkT
0 _P—O

b_, = constant

The phase-noise spectrum of an amplifier is shown in Figure 2.7. In this figure, we observe

that the corner frequency, where the white noise equals the flicker noise, is

fo==2 Eq. 2.11
0

Recalling that bo = FlcT/Po, the above becomes

— b
fe = wr; Po Eq. 2.12

AS a relevant conclusion we can see that f, is proportional to the carrier power P,,.

10
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Figure 2.7 - Typical phase noise of an amplifier.

2.3 Oscillators fundamentals

Broadband noise is present everywhere in the circuit. The amplifier boosts the sighal level
of the noise at all frequencies. This amplified noise then travels through the feedback loop
back to the input of the amplifier. The feedback loop consists of a filter that allows the signal
of the desired frequency to pass. This frequency passes through the amplifier and filter
repeatedly. A sinusoidal signal, centered on the frequency of the filter, begins to emerge
from the noise as the signal travels around the loop many times.

The amount of positive feedback to sustain oscillation is also determined by external
components.

An oscillator uses an active device, such as a diode or transistor, and a passive circuit to
produce a sinusoidal steady-state RF signal. At start-up the oscillation is triggered, normally,
by noise and then a properly designed oscillator will reach a stable oscillation state. This

process requires that the active device would be nonlinear (4).

The combination of an amplifier with gain A(w) and a feedback network S(w), having
frequency-dependent open-loop gain H(jw) = BA, is illustrated in
Figure 2.8.

11
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p

Figure 2.8 - Oscillator Model and Barkhausen conditions
The general expression for closed-loop gain is

. _ E _ A(w)
H(jw) = 2= s Eq. 2.13

The system will oscillate, that means output V,, # 0, even when the input signal is V; =

0. This is only possible if, at w = w,,

1-B(w)A(w) =0 Eq. 2.14
Thus
B(w)A(w) = 1 (Barkhausen Condition) Eq. 2.15
Or equivalently
IB(w)A(w)| =1

arg[B(w)A(w)] = 0°

At the frequency of oscillation, the total phase shift around the loop must be 0 degrees
or multiples of 360 degrees, and the magnitude of the closed loop gain must be unity.
Although the model shown in
Figure 2.8 can be used to analyze and determine the necessary and sufficient conditions
for oscillation, it is easier to use the model shown in Figure 2.9 where the analysis is
performed in terms of a negative resistance concept. This is based on the principle that a
resonator such as a crystal quartz tuned circuit, once excited, will oscillate continuously if no

resistive element is present to dissipate the energy. It is the function of the amplifier to

12
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generate the negative resistance and maintain oscillation by supplying an amount of energy

equal to that dissipated.

amplifier resonator amplifier resonator

R<0

Figure 2.9 - Negative-resistance oscillator (4).

To make the oscillation grow up to the desired amplitude it is necessary that |fA(jw)| >
1 at w = w, for small signals (Figure 2.10). In these conditions the oscillation rises
exponentially at w, defined by arg[BA(jw)] = 0. As the oscillation amplitude approaches
the desired value, the nonlinearities from the amplifier reduces the loop gain. This means

that the condition |8 (w)A(w)| = 1 results from large-signal gain saturation.

small sienal
[——— —

b |A|3| . /  large sicnal
TN
e Iy out . = _
—r'—-l Z A I i ' (0]
M __,-'"' .
1 -~ ' ! \ .
+|, : i~ | ! tuning range
=T
3 arg (AP) !
I
|
— 1
e 1
o
=
| \-‘“'-. m
‘ @, _

Figure 2.10 - Starting the oscillator (4)

We have two ways to adjust the desired frequency of the oscillator. The first method is
pulling the natural frequency (w,) of the resonator by changing the parameters of the
resonator’s equation.

Another way to adjust the oscillation frequency (w,) is to introduce a static phase vy into

the loop like we can see in Figure 2.11.

13
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static phase
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D/ el

B
L P

|
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B 0
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arg (AR)+y=0

oscillation 0y +A®

Figure 2.11 - Tuning the oscillation frequency by insertion of a static phase (4)

The barkhausen phase condition becomes
arg[BA(jw)] +¢y =02 at w = w,
Thus, the loop oscillates at the frequency

W, = Wy + Aw

2.4 Phase noise in Free Oscillators

The formula (2.4.1) was proposed by B. Leeson (1) as a model for predicting the phase

noise in feedback oscillators.

2
S(p(fm) = [Sqa Amplifier T S(p quartz]- [1+ é] Eq. 2.4.1

where f; = % is Leeson frequency and f;, is the offset frequency in Hz.

-CL
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Taking the amplifier phase noise equation (2.4.2) and considering the quartz phase noise
negligible

FKkT

Sop(fim) = [P—O (1+ jf;)] L+ (ZQ’%)Z] Eq. 2.4.2

One important conclusion is that the phase noise improves with both the carrier power
and @, increasing.

Figure 2.12 shows two results when a noisy amplifier is inserted into an oscillator. For
these amplifiers the phase noise is white at higher frequencies and of the flicker type below

the corner frequency f.

fL > fc fL < fc

Sl
Se()

: white phase

. white phase

Lo
W

£ £ £ £ £

Figure 2.12 - With an amplifier phase noise, the Leeson effect yields two types of spectrum, left for

f. < fy and right for f. > f;

Both on the left and on the right we can see that at lower frequencies (f < f,) the
amplifier phase noise is multiplied by f~2. At higher frequencies (f > f;) we have the same
phase noise as the amplifier.

2.5 Phase noise in Injected Oscillators

Considering the feedback oscillatory system shown in Figure 2.13 where the injection is
modelled as an additive input.

The output is represented by a phase-modulated signal having a carrier frequency of w;,;
(rather than wg). In other words, the output is assumed to track the input except for a phase

difference.

15
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Vinj CoS a)injt
+

Y A >
+ Vout Cos(winjt +0)

o

Figure 2.13 - Injected oscillator

Originally derived by Adler (5) the next equation shows us the behaviour of oscillators

under injection
do wo Vinj

E=w0—wmj—a.msm9 Eq. 2.5.1
For the oscillator locked to the input, the phase difference, & , must remain constant

with time. Adler’s equation therefore requires that

ae
a= O
wo  Vinj
Wy — Winj — =——- sinf =0
M 2Q, Vour
Since | sin @ | < 1, the condition for locking is
_ < ©o Vinj _ Eq. 2.5.2
W — Wipj| = 200 Vour Weock> q. £.9.
We can also say
fo Pinj
==, [ Eq. 2.5.3
fIOCR 2Q, Pout q

Where f,ci is the injected oscillator bandwidth, P;,; is the injected power at the input
and P,,; the output power of the oscillator. We have to take into account that the overall

lock range is in fact +f;,.x around f;. We can see in Figure 2.14 the phenomenon of injection

16
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locking which is simply a shift in the oscillation frequency in response to the additional phase

shift that arises from adding an external signal to the feedback signal.
As the oscillator output power is normally fixed by the performance requirements and f,
is the free running frequency, @, and P;,; become the only two parameters to be optimized.

Even if taking Q; as a tuning parameter, an inversely proportional relation between fj,q«

and f; exists, so a compromise have to be made.

v
el
2
2
£
<
fo finj Frequency
Q
o
2
2
€
<
fo fing Frequency

Figure 2.14 - Injection locking phenomenon

Kurokawa formula (2) allows to express the injected oscillator phase noise in function of
the synchronization bandwidth f;,.., the free running oscillator phase noise, S‘/’free—osc’ and

the injected signal phase noise, S

Pinput”
fm 2
— 1 flock
Sp photo-0sc = T3S0 e t T3 50 pre—ose Eq. 2.5.4
) )
flock flock

We can split the equation above into two terms, first in the left side we have input phase
noise that is multiplied by a low pass band filter and in the right side a free running oscillator

phase noise multiplied by a high pass filter. This means that at low frequencies, f,;, < fiock»
the S(pmput is predominant and at higher frequencies, f,;, > fiock, the S(pfree—osc is

predominant (Figure 2.15). We must be cautions to this conclusion as it is an empirical

formula, which may find some limits.
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Figure 2.15 - Injected Oscillator Phase Noise

2.6 Optical Injection-Locked Oscillator (OILO)

e Indirect OILO

Using an optical distribution network means that an optoelectronic component must be
used. In the case of an indirect injection, a photodiode acts as an optical input, having the
role to convert the light signal into an electrical signal. The oscillator injected signal comes
through three important blocks: detection, matching and amplification (as depicted in Figure
2.16). The matching between the photodetector is important in order to avoid the leakage of

the oscillator signal into the diode.

Matching block

.
i

Optical fiber

Figure 2.16 - Indirect OILO
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e Direct OILO

Another way is to inject the signal coming from the optical network directly into the
oscillator using a HPT, which is directly illuminated for synchronization as depicted in Figure
2.17. With direct injection the HPT makes the detection and amplification eliminating the
need in a matching block. This type is much simpler and suitable compared with the Indirect

OILO, which needs an external photodetector.

N

Optical fiber

-

Figure 2.17 - Direct OILO

In conclusion of this chapter the Figure 2.18 show us different phase noises at different

locations of the radar system using OILO.

- I Free oscillator
T N LTI T 17
S N n - ———- .
g ) y Optical Injection locking
Q =] O T
8 o1 After Optical
g Wi ll“ hnnj
2 X .
n- .
Tl Master signal g &

Fréquence (Hz)

Figure 2.18 - Phase noise radar system using OILO
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Chapter 3

Low Noise Oscillator

inj

In the previous chapter, we talk about injection oscillator but first we need to know how
to make a simple low noise oscillator model. Thus, a detailed study will be done in order to
acquire knowledge in nonlinear dynamics of electronic circuits.

Two cases are possible in nonlinear circuits: autonomous (self-oscillating) and
nonautonomous (forced) systems. The two cases will be studied in this chapter focusing on
the autonomous systems. A nonlinear system solution representation will be shown: the
phase-space representation.

Different simulation techniques that allow to simulate the nonlinear solutions in
autonomous and synchronized circuits will be considered. The emphasis in this chapter will be
on Harmonic Balance (HB) because of its efficiency when dealing with microwave systems.

After, an oscillator model will be done in ADS using a behavioural model in order to

prepare the integration of the future behavioural HPT model.
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22 Low Noise Oscillator

3.1 State-of-the-art

Most military communication, navigation, surveillance and IFF (Identification Friend or
Foe) systems that are currently under development require stable low noise oscillators for
frequency control and/or timing. The best parameter to evaluate the low oscillator

performance is the phase noise thus if we look in detail to the equation

S(fm)—[P 1+ ][1+ ZQLfm]

we see four parameters to be optimized, Noise Factor (F), corner frequency (f.), input
power (P,) and quality factor (Q;). For the last decades it’s been doing an effort to improve
oscillator phase noise taking into account these parameters. Optimizing the three first
parameters mean optimizing the design of the power amplifier. Designing a low noise
oscillator is somehow the same as doing a low noise amplifier. Over the last decades,
improvements in modern communication systems have driven phase noise specifications to
prime importance. The technology of low phase noise signal source using crystal resonator is
beginning to approach theoretical limits for a given cost, size, and power. Characteristics like
the type of transistor or amplifier topology will interfere directly in the oscillator phase
noise. Then we have the quality factor which is provided by the resonator and here the
crystal quartz appears giving a high Q, which means better phase noise.
In the Table 3.1 we compare low noise oscillator performances provided by a some recent
papers. Some conclusions are made:
e We approach to the white noise minimum -174dBc at 0 dBm output power (6).
e The favorite resonator that is used is a quartz crystal resonator which gives a
really high Q factor approximately 1 x 10°.
e The amplifier topology that gives the best phase noise performance, is Colpitts
(Figure 3.1)
e Further optimizations like mode-selection and mode-feedback mechanism for
reducing broadband and 1/f noise level have been used in circuits using crystal
resonators. That not only improves the stability but also improves the phase noise

performances by 10-15 dB. (7)
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Table 3.1 - state-of-the-art

(8) (7) 9) (10) (11) (12)

Year 2009 2008 2007 2006 2004 1996

Frequency (MHz) 12.8 155.6 10 10 10 10

Phase Noise (dBc/Hz):

@1Hz - - -118 -86 -110

@ 10 Hz - -120 -147 -123 -148 -140

@ 100 Hz - -139 -158 - - -155

@ 1 KHz -142 160 -161 - - -163

@ 10KHz -150 -170 -162 -160 -165

noise floor -170 -162 -160 -170
Resonator AT cut VCXO SC cut AT-cut AT-cut SC-cut

Q - 1M 1.3 M - 1.2M
Topology Cca;l; ?Sti Colpitts Colpitts | Colpitts | Colpitts Colpitts
Output - 1.93dBm
Consumption (mW) <2.7

Figure 3.1 - Colpitts Crystal Oscillator

3.2 Nonlinear Simulations

Microwave circuits are often designed using nonlinear simulations techniques, like
harmonic balance. Nonlinear circuits can be described by means of a system of nonlinear
differential equations, (13). The nonlinear circuit’s behaviour is reflected by these equations,

which can be very complex. An electronic circuit can be described by a minimal set of
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variables called state variables. In circuits with resistors, inductors, and capacitors, the set of

state variables can be given by the capacitor voltages and the inductor currents.

The nonlinear differential equations give us the two possible cases of autonomous (self-

oscillating) and nonautonomous (forced) systems. The differential equations are

% = f(x,t) x(t,) =X, Nonoautonomous circuit (3.2a)

% = f(x) x(0) = X, Autonomous circuit (3.2b)
where x(t) is the system state variables vector at time t. The function f is called vector

field. The dynamics of (3.2) is linear if f is linear in X, otherwise, the system is nonlinear.

These two cases depend on the presence or absence of time-varying generators. In the case

of nonautonomous system (3.2a) f depends explicitly on time. This is the case of any forced

circuit like amplifiers and mixers which has RF generator A ) to makes time appears in

gcos(wgt
the function f. Vector field is independent of time in the case of autonomous system (3.2b).
Here we have free-running oscillators as examples when there are no external RF generators
(only dc generators).

In an autonomous system (3.2b), it is generally possible to impose dx/dt = 0 and solve
f (x) = 0. The resulting solutions are constant solutions and are called equilibrium points
(EP). These constant solutions do not exist in nonautonomous systems due to dependence on
time of f. EP in autonomous circuit is the dc solution of the circuit.

A way of representing the solutions of a nonlinear system is the phase-space
representation. Here we have to do a distinction between the solution curve and the solution
trajectory. Figure 3.2 shows us an example of phase-space representation of a free-running
oscillator (13). In the left we have a solution trajectory which is a three-dimensional space
representation (current; voltage; time). Two different initial conditions have been considered
for the same circuit. In the right we have a solution curve which is the same solution as the
left representation but in two-dimensional space, without time axis. Autonomous system may
have solution curves with two steady-state solutions: EP (dc solution- unstable) and Limit
cycle (stable).

Limit cycle is the periodic solution in which the values of the system variables are

repeated after exactly one period T.
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Figure 3.2 - Phase-Space representations: solution trajectory (left) and solution curve (right)

With the Harmonic Balance (HB) simulation only steady-state solutions are analyzed and
may converge to either a stable or an unstable solution. This can be very difficult to do a

free-running oscillator simulation which an EP always coexists with the limit cycle.

3.2.1.Harmonic Balance

Harmonic balance computes the steady state response of nonlinear circuits excited by
single or multiple periodic sources. The harmonic-balance technique is an iterative technique
that uses frequency-domain descriptions for the linear elements. In the case of nonlinear
elements a time-domain analysis is used. Due to the employment of Fourier series expansions
for the circuit variables, harmonic balance only analyzes the steady state solution (13). Then,
we have the shorter simulation times compared to time-domain simulation.

Harmonic Balance uses Newton's method to solve a system of nonlinear algebraic
equations, by starting with an initial guess and repeatedly solving the iteration equation. This
is done until some convergence criteria are met.

Normally harmonic balance requires the insertion of an OscPort probe into the feedback
loop of the oscillator or between the parts of the circuits that have negative resistance and
the resonator. When inserted into the oscillator’s feedback path, the OscPort performs the
harmonic balance analysis of the oscillator. Specifically, we can calculate the frequency, the
output power or the phase noise. The main problem when we use Oscport is the high-Q

effects which lead to convergence problems and even search failures in ADS [ADS tutorial].
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Harmonic Balance for Nonautonomous Circuits

The harmonic-balance technique is very efficient for the simulation of circuits in forced
regime (i.e. at the fundamental frequency delivered by the input generators, such as
amplifiers and mixers). However, its application to circuits with self-oscillations is more
demanding. In harmonic balance, the fundamental frequency of the solution must be initially
guessed. In the case of nonautonomous circuits, the independent generators deliver this

fundamental frequency, so it is not a problem.

Harmonic Balance for Autonomous and Synchronized Circuits

In autonomous circuits, the disadvantage of harmonic balance, compared with time
domain, comes from the necessity to fix in advance the frequency basis of the Fourier series.

Remember that in the free running oscillator circuit, aside from the periodic oscillation
(limit cycle) there is always an equilibrium point (Figure 3.2). When using harmonic balance,
the equilibrium point and the limit cycle constitute two different steady-state solutions to
which the system may converge. However, normally convergence to the dc solution is much
easier because the bias generators are forcing this solution, while at the oscillation frequency

there are no forcing generators at all.

3.2.2.Auxiliary Generator Technique

We already saw that HB technique is very efficient for the nonautonomous circuit
simulation. Then, auxiliary generator (AG) technique is an approach to convert the analysis of
an autonomous circuit into a nonautonomous circuit which is more efficient to simulate with
HB. In fact, the AG plays the role of the nonexisting generator at the autonomous frequency
and forces a periodic solution, avoiding the problem of convergence to the dc point. The
solution obtained with the aid of this AG must be the actual oscillator solution, and must
agree with the one that would be obtained without the auxiliary generator.

In Figure 3.3 we can see that the auxiliary generator is composed by a voltage generator

and an ideal filter connected in parallel at a node of the circuit.
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Zw) =

Load C?) PP ,m,,b,)

Figure 3.3 - Auxiliary Generator

To avoid a perturbation of the circuit due to the harmonic components, the voltage
generator is short-circuited at frequencies different from the one delivered. So an ideal filter
is necessary. Suitable locations for the auxiliary generators are the nonlinear device terminals

to which feedback branches are connected, Figure 3.4 (13).

Finally, the generator may have no influence over the circuit steady-state solution. It

must then have a zero current (I,;) value at the delivered frequency.

~

Linear Nonlinear

network network

Vac

Figure 3.4 - Auxiliary Generator in an oscillator circuit (Fz is an ideal filter)

In practice, by changing the probe voltage and frequency, the solution is obtained when
the probe current (I,;) is zero. This means that our AG frequency and amplitude agrees with
the self-oscillation frequency w,; = w, and amplitude V ,; = V,. Then, the fundamental
frequency is delivered by the input generators therefore we can use all capabilities of the HB

method.
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Vag
+T V_1Tone
SRCH
@ V=polar(module,dephasage) V
Freg=f0
MeasEqgn
Meas1

Y=|_sonde.i[1]/Vag[1]

|_Probe
8 4 |_sonde

Z1P_Egn
+ Z1P1
Z[1,1]=if (freq==f0) then 1e-18 else 118 endif

Figure 3.5 - Auxiliary Generator ADS circuit

3.3 Simulation Model

Behavioural Model

Numerous approaches of modelling PA nonlinearities have been developed in this research
area to characterize the input to output complex envelope relationship (14) (15). The
model forms used in identification are generally classified into three methods depending
on the physical knowledge of the system: black box, grey box and white box.

e In the case of white box model the necessary priori information is all available.
Are the most detailed type and more close to a full description of real device with
no approximations, then, the more realistic model.

e A black box model is a system where no physical insight and prior information are
available. This approach has been widely used in many research studies to predict
the output of the Nonlinear Power Amplifier.

e In grey box model we are between black and white box model. Is provides a

physical representation, but some of the physics is approximated.
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We can see what these three models through their names are literally: in the of black box
model we have a black box so we cannot see what is inside. In the white one we can see

everything and in grey one we can see one part but not everything.

Input Blackbox Qutput >

Figure 3.6 - Black box model

In our case a black box model will be used then no knowledge is used nor required
concerning the internal circuit. This means that we don’t know if we have a bipolar transistor
or a field effect transistor in our circuit, for example. So the goal is having a two port
network where the input and output variables relationships are described by behavoural
equations. Here three important elements have to be considered in our model (Figure 3.7):

Nonlinearities, Frequency Response and Phase Noise modelling.

Two Port Network

l4 I
~— ——e
v Nonlinearity
! Frequency response Vs,
~— Phase Noise

Figure 3.7 - Two port network model representation

An important tool in Advance Design System - ADS is the symbolically defined device (SDD)
which enables users to specify nonlinear models directly on the circuit schematic, using
algebraic relationships for the port voltages and currents (Figure 3.8). SDD can simulate both
the large-signal and small-signal behaviour of a nonlinear device and can be used with any

circuit simulator in ADS.
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SDD1P
SDD1P1
I[1,0]=(_v1)/50.0

Figure 3.8 - Symbolically defined device

SDD with n port is described by n equations that relate the n port currents and the n port
voltages, Figure 3.8. One important characteristic is that we can use weighting functions like

for example time derivative.

P1dB - 1 dB compression point (dBm output)

Gain - Small signal gain

NonlinearAmp_v26 FreqO - Matching operating frequency

AMP5

P1dB=5 Q - Quality factor

Gain=10 Fcorner - Flicker noise corner frequency
grjqu—m MHz Fc - Cut-off frequency

Fcorner=1000 Hz NF - Noise Figure

Fe=8 GHz

NF=30 dB

Figure 3.9 - ADS Amplifier model

The nonlinear power amplifier model is modelled by seven parameters as despicted in
Figure 3.9. With these parameters our black box model will result in an amplifier with
nonlinear response, given by 1dB compression point and Small signal gain. Frequency response
given by the matching operating frequency, cut-off frequency and Q-factor. The phase noise
response given by flicker noise corner frequency and noise figure.

Our model consists in 3 different blocks as we can see in Figure 3.10. At input and output
we have matching blocks which give us the frequency response. In this case we have a
perfectly matching circuit at 50 Q. Then, between these two blocks, we have the nonlinearity

response and phase noise response.
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Frequency dependence Core nonlinear Frequency dependence

from input matching amplifier from input matching
" 1 Hj_‘
InputMatching Amplifier_v2 CutputMatching
X1 AMP1 X2
- P1dB=P1dB w0=2*pi*Freq0
W? 2*pi*Freq0 Gain=Gain Q=Q
Q__(_l Fecorner=Fcorner Zout=50 Ohm
Zin=50 Fc_Amp=Fc_Amp
NF=NF

Figure 3.10 - Power amplifier modelling

Nonlinear System

We have a linear system if the output quantity is linearly proportional to the input as
despicted, by dashed line, in Figure 3.11. In this case the gain, ratio between the output ant
the input, is not affected by the input amplitude signal. Moreover, a nonlinear system is a

system in which the output is a nonlinear function of the input (Solid line).

output g
quantity >
(¥) y; nonlinear system
A ———— = — _
/ linear system
St — — — — -
7
/

input quantity (x)
Figure 3.11 - Linear and Nonlinear system
The nonlinearty of the system can be modeled by polynomial model, which allows an easy
calculation of spectral components. The output of the system can be described from a Taylor
serie expansion
Vo = Qg + a1V; + ayvi + azvi + -+ a vl Eq. 3.3.1

Where q, to a, are the real nonlinearity coefficients. Considering a single tone excitation

31



32 Low Noise Oscillator

v; = Acosw;t, Eq. 3.3.2

Substituting equation Eq. 3.3.2 into equation Eq. 3.3.1, an expression for v, can be found

(Considering only a 3™-order behavior)

Vo = Qg + a;A cos w;t + a,A? cos w;t? + azA? cos w;t3 Eq. 3.3.3

1 3 1 1
= (ag + EazAz) + (a,A +Za3A3)cos w;t + EaZAZ cos2w;t + Za3A3 cos 3w;t

The response consiste of a DC term and frequencies that are multiplies of the input
frequency. Figure 3.12 shows us the unwanted frequency components introduced by harmonic

distortion.

X ) y
— Inonlinear system *
f A,

Frequency Frequency

Figure 3.12 - Nonlinear effects

In our amplifier model we use hiperbolic tangent equation to give us the compression

effect.

v, = Vs tanh(

) Eq. 3.3.4

AgUi
Vs

We can write the Taylor’s series as

z3 225 1727

tanhz=z—?+E— o Eq. 3.3.5
Considering only a 3™-order behavior
A v (Agul)
v, = Vs(%—%) Eq. 3.3.6
Av;?
gl
= AV T3y

AgAcos w;t?

= AgAcosw;t — V52
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(4,4)° _ (444)°

= (AgA — AV ) cos w;t ToVs2

cos(3w;t)

To obtain the non-linear gain, the above equation is divided by the input v;,

_ vo(wy) _ ajA+azA®

; — — 2
Gain = w@n 4 @ + azA°, Eq. 3.3.6

3
Where a; = A; and a; = % then the small signal gain is 4,

The 1 dB gain compression point is given by (16)

a?

P1dB = 1010g< ) +0.62 dBm

as

P1dB = 101log(4Vs?) + 0.62 dBm Eq. 3.3.7

This two variables, Vs and 4,4, control the gain and 1dB gain compression point giving us

the nonlinearity characteristic, as despicted in Figure 3.13.

..’J_
1
— SDDzP —

SDDNP7

I[1,2]=_v1/50

I[2,2]= -(Vs*tanh{A*ve/Vs))/S0
H[2]=1/(1+]*omega*tau)
Cport[1]=

Figure 3.13 - SDD amplifier model

To understand better the SDD we can look to the equivalent circuit in Figure 3.14. For a
matter of simplicity we work with 50 Q in all model.
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V;
Vi R1 R1
=50 Ohm R=50 Ohm

Figure 3.14 - SDD equivalent circuit

Both input and output current are using the weighting function to introduce cut-off
frequency, Figure 3.15.

1

A2 = Gy
where
1
‘[ =
2nFc
L A
=)
2
°a
=
<
Fc Frequency'

Figure 3.15 - Amplifier Cut-off frequency

The result of our model taking in account the gain compression is given in Figure 3.16.
The output signal, on the blue line-1, show the gain saturation versus the input signal. We can

see the gain versus the input on the red line-2 and the 1dB gain compression is given by the

pink line-3.
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Figure 3.16 - Gain Compression result

Phase noise model

Taking the main expression of the amplifier phase noise we see that Noise Factor (F) is an
important element

kTF 1
S(p(f) = K(l +fc)j?y
The noise factor of a device specifies how much noise the device will add to the noise

coming from the source.

When analyzing a circuit we transform the many possible sources of noise (generating
noise currents and voltages) to an equivalent noise source at the input of the circuit as shown

in Figure 3.17.

Rs

L1

1—1/—\ —O
Y G

Vns =
4KT.Rs in

Figure 3.17 - Equivalent noise model
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Vns- input noise power due to Rs
Rs - Source impedance

Vn - Voltage noise source

In - Corrent noise source

G- Amplifier Gain

Veq - Total equivalent input noise voltage

The V.2 =Vns? + Vn? + In®Rs* where Vns = 4kTRs

Total equivalent input noise power Vns? + Vn? + In?Rs? Vn? + In?Rs?

- Input noise power due to the source only - Vns? Vns?
Noise Figure (NF) is the noise factor converted to dB,
NF = 10log(F) dB

Then NF, given by voltage and current noise sources, will be a SDD parameter of our

model which will give us the phase noise characteritic along with f.

@)

V_Noise
SRC1
V_Noise=(vn*(1+(Fcorner/(1e-18+noisefreq))*0.5)) nV

Figure 3.18 - Voltage noise source, per sqrt(Hz)

The phase noise result in Figure 3.19 (f. = 1000 Hz and NF = 30 dB)
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-13

-120—
-126—
-130—
-135—

pnmx, dBc

140
145
-150-

-185 I I I I I
1 1E1 1E2 1E3 1E4 1E5 1E6

naisefred, Hz

Figure 3.19 - Phase noise result

Frequency response

Here we try to do a input and output matching block this means that we can have a
perfectly adapted 50 Q amplifier at operating frequency, as despicted in Figure 3.21. Having
the possibility to change input and ouput impedance, Zin, Zout, making a more realistic

model.
Frequency dependence

from input matching

W—EH

InputMatching
X1
w0=2*pi*Freq0
Q=Q

Zin=50

Figure 3.20 - Input matching using S2P-Eqn (ADS linear model)
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Figure 3.21 - S-Parameters (521 in the left and S11 in the right)

An open loop Oscillator simulation was made to see if the Barkhausen condition has been

met and as we can see in Figure 3.22.

iml Vres I\ Vout
ID\ I/

1 Term - 1 Term
Term1 cResXial Term2
Num=1 "y Res3 NonlinearAmp_v26 Num=2
Z=50 Ohmao=100000 AMP5 Z=50 Ohm

= fo=10 MHz P1dB=2 =

rCS;E; ;?l?m Gain=Gain l
Freq0=RF_freq
Q=5 —
— Fcomer=1000 Hz
Fc=8 GHz
NF=30 dB

Figure 3.22 - Open Loop Crystal Oscillator

A crystal resonator was used, in fact, we use an electrical crystal model as depicted in
Figure 3.23. Here the crystal resonator was not our main concern therefore we just use an
example, in this case with a high-Q, 10°. Figure 3.22 shows that at operating frequency
(arg[BA(jw)] = 02) we have a gain greater than the unity then barkhausen conditions are
fulfilled.
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L
L1
L=Ls
R=rs
O =
Port C
P1 C2
Num=1 C=Cs
, Ay
i s
C
C1
C=Cp

Figure 3.23 - Electrical crystal model

m2
freq=9.99999990MHz

mag(S(2,1))=2.52156034

2.6

m2

Port

P

Num=2

2

<>

var VAR
VAR1

wo=2*pi*fo
Cs=1/(Qo*rs*wo)
Ls=Qo*rs/wo

m1

freq=9.99999990MHz

phase(S(2,1))=0.02047744

24—

22—

20—

1.8 —

mag(S(2,1))

1.6 —

14—

1

1.2

T

G666'6

96666 —
16666 —
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freq, MHz

000001 —

10000} —

200001 —

€000°0} —

¥000°0} —

Figure 3.24 - Barkhausen conditions

S000°0L

((1'z)s)eseyd

Know doing a close loop to have a free running oscillator like Figure 3.25 we use to kind of

simulation: OscPort simulation and AG simulation.
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daimll Vag Vin ‘ . Vout
| + V_Tlone
SRC1 R1
Resxtal i
;:(t;;esa?’ ") V=polar(module,dephasage) V ﬁaggler_blocks R=50 Ohm
Qo=Qo T e P1dB=10
fo=RF_freq 0=5
rs=21 Ohm Gain=Gain
Cp=2pF | Brob Fcorner=Fcorner —
8 . - Fc_Amp=8 GHz
 ONeE Freq0=RF_freq
NF=30
$ Z1P_Egn
+ Z1P1

-

Z[1 1]=if (freq==f0) then 1e-18 else 1e18 endif

Figure 3.25 - Free Oscillator using AG Technique

We did the simulation using OscPort but as expected it does not work. We are in the

presence of an autonomous circuit with a high-Q then we have convergence problems. From

now we will only use AG technique in the oscillator simultion.
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The result inFigure 3.26 shows the free running oscillator results using the AG technique.
We can see the two main results from the left to the right: phase noise and the output
spectrum. Then we have diferents parameters which are the inputs at the top and then
parameters given by simulation. In the output spectrum result we an oscillation a
10.0000013MHz with a power of 11.4 dBm. At the phase noise result we can see the diference
between the amplifier phase noise (solide line) and free oscillator phase noise. At frequencies
below Leeson frequency (~2880 Hz) we see that the oscillator phase noise is multiplied by f~2
. Note that the models used so far have ignored the effect of the load. In this case we have
21Q from crystal quartz resistor, 50 Q output impedance of the amplifier and then 50 Q
loaded impedance. Therefore the oscillator phase noise is slightly higher than amplifier phase
noise. An important conclusion is, as expected, in our model do not have even harmonics

while using hiperbolic tangent for the nonlinearity approximation.
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e TR

10 dBm 1739 -160 dBc 1000 Hz
mb5

5 indep(m5)40000001.3029288
o -60 plot_vs(dBm (Vout), freq)=11.39467:
o] optlter=10
5

80 20.000 5
£ fz i
€ o X . 5.714
:m -
25 -100 : ~ -8.571
£ X 5 22857
gé 120 2 .
£s ! E 37143 ]
5' 140 T 51429
2 m2 65.714
o 160 | | v -80.000

Tt 1E1 1E2 1E3 1E4 1E5 1E | 0 5 10 15 20 25 30 35 40 45 50 55
noisefreq, Hz freq, MHz

Results: OscilltionFreg. | ___Pin | __Pout

2890.17 Hz 10000001.30 Hz 8.34 dBm 11.39 dBm

Figure 3.26 - Free Oscillator results using AG technique
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Now let consider an Oscillator Injection using an injected signal with a phase noise

characteristic as despicted in Figure 3.27

pnmx, dBc

-140 | | | | |
1 1E1 1E2 1E3 1E4 1E5 1E6

noisefreq, Hz

Figure 3.27 - Injected signal Phase Noise characteristic

As shown in Figure 3.28 the Kurakawa theory is confirmed. We inject a signal with -19dBm
at 9.999991 MHz and with phase noise characteristic as shown in Figure 3.27. The parameter
Delta_sync which is the diference between the free oscillator frequency and the injected
oscillator frequency, gives us the shift in the oscillation frequency. We had 10.3 Hz (delta) of
diference and now is ~0.04 Hz. The phase noise results (left) shows the injected phase noise
signal (X line), free oscillator phase noise (solide line) and then the injected oscillator phase
noise (square line). Here we see the synchronization between the two phase noises as said

before.
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Inputs:

Results:

Free oscillator

-19dBm 9999991 Hz

m1
noisefreq=56.23 Hz
Free_Oscillator_Sonde_v1..pnmx=-115.422

noisefreq, Hz

2890.17 Hz 10000001.30 Hz

“Power | Frequency | dsta

10.3 Hz

m2

indep(m2)= 9999991.040296
plot_vs(dBm(HB.Vout), freq)=11.543949
optlter=9

mz2

[&]
% optlter=10
o 80
SE 20.000
3 Q' -80 '
€T . 5.714
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— 8o -100- = 8571
€6 x "y S 22857
20E 120 o
-8 | % -37.143
22 140
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9999991.04 0.04 Hz 8.60 dBm

Figure 3.28 - Injection oscillator simulation results
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As we can see in Figure 3.29 the synchronisation between the injected phase noise (x line)
and free oscillator phase noise (solide line) change with the level of injected power. With a
low injected power we do not have synchronisation, with a big difference between the final
frequency and the injected frquency (delta_sync). When we increase the injected power we
increase Flock with delta_sync tending to zero. But with high Py, the injected phase noise
start to have strong influence in the final phase noise. However these results were not
expected from Kurokawa and Adler equations: in the first example with Pinj=-30 dBm we
have Flock=12.2 which is above the delta=10.3 (f, - fi,;) then we fulfill the locking condition
Eq. 2.5.2 but we do not have lock frequency with delta_sync=6 Hz. With a high Pinj we can
see the slight diference to the injected phase noise at low frequencies and the floor noise

increases. One reason can be the use of empirical equations Eq. 2.5.3 and Eq. 2.5.4.

-60
-804

f
-100-

4 Pinj='30 dBm
-120+ Delta_sync=6 Hz
_140; : Flock= 12.2 Hz
-160 x x x x x

1 1E1 1E2 1E3 1E4 1E5 1E6

noisefreq, Hz
Pinj='25 dBm
Delta_sync=2.7 Hz
Flock= 21.7 Hz

T T T T w |
1 1E1 1E2 1E3 1E4 1E5 1E6

noisefreq, Hz
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Figure 3.29 - Phase noise Injection results for different injected powers
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Chapter 4

Injected Phototransistor Oscillator

The phototransistor combines detection and amplification functions in a device.

4.1 HPT Model

As we can see in Figure 4.1, a HPT has three ports, base, collector and common emitter,

and an additional input -the Optical Input.

Optical Input \
N

E
Figure 4.1 - HPT representation

The optical input is characterized by an amplitude modulated optical power signal (P,,;)

which has two components:

Popt(t) = Popt,DC + Popt,RF- cos(wgrp.t + @)

Where P, pc is optical DC component and Py, gr is optical AC component. In our model
we consider a purely electric behaviour representation. Then a current source represents the

modulated optical signal. Basically we begin our representation after the detection module
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50 Injected Phototransistor Oscillator

working with an electrical signal characterized by one variable,P,,, which controls the

photocurrent generator - I,.

a
I, =
1+j w.(

ph 1 'Popt = rpd'Popt

2nFcpp

Where o is the dc value of the r,q short-circuit optical responsivity and F.pp is the

internal photodiode cut-off frequency (17).

The corresponding equivalent circuit is shown in Figure 4.2.

1
Iﬂpl eS
4 @ (&)
Po || 21 I HPT
opt aply h
R, Ry P R,
()]
| I
| I
] I
[apl = Pupf ZB:RU \
ka = rpd"[op:‘ = rpd'Popr HPT 3-p01’t

Figure 4.2 - Electric equivalent circuit of HPT

Our input optical current is given by

[opt = Qcy- Popt

Where a., is the coefficient of homogeneity which we will consider equal to 1 A/W, then
the optical input is represented by a 2. I,,. equivalent current source with two resistances RO.

That means

Iopt = Popt

This leads us to a HPT model with an input impedance of 50 Q and a current source
symbolically connected to a line without losses of 50 Q. Then, we consider to have a perfectly

adapted optical input which means no reflection from the HPT to the optical fiber.
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a, a;
% e
b2 b3
— HPT 3- port
0;; l;? 2 3 |collector I,
P S-parameters
1
b
base IJ/Tal
1_‘l

Figure 4.3 - Three-port scheme of the HPT

Considering the common-emitter configuration of a transistor we have a two port network
between the base and the collector. With a phototransistor we can consider a three-port
network, as shown in Figure 4.3. This model was proposed by Jean-Luc Polleux (18). It gives

us a 9 terms opto-microwave S-parameter matrix, :

S11 S1z2 Si3
S=1S21 S22 Sz

S31 532 533

Port 2 is the optical input where a2 and b2 are the incident and reflected power waves.
Port 1 and port 3 are the electrical port base-emitter and collector-emitter, respectively. On
one side we have the typical two-port electrical s-parameters: S;1, Si3, S31, S33. On the other
side we have opto-microwave s-parameters of the phototransistor: S,;, S,,, Sz3, Si2, S32. We
already said that there is no reflection from the optical interface. This means that we b2 is

fixed at zero, therefore, S22=521=523=0. Then, as we can see

[Su] S [Si]

S=[ 0 0 0
S32
we just have two opto-microwave s-parameters: S;, and S;, which represents the opto-
microwave gain transfer from the optical input to the base and collector electrical ports,
respectively.
It is possible to write the transducer power gain G; using 50 Q base/collector impedance,
1
SReIE 1212

_ 2 _ 2
GT - |S32| -1 5 - 12 - Pz
E'RO'Iopt opt opt
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52 Injected Phototransistor Oscillator

If matching network are added on the based and collector, two important factors are to

be considered, see (18).

4.2 HPT simulation Model

Base | \ Optical_Input
l Collectol
Phototransistor_v20 P1dB - 1 dB compression point (dBm output)
HPT6 Gain - Small signal gain
P1dB=10 FreqO - Operating frequency
Gain=Gain .
- Quality factor
FreqO=RF_freq Q- Quality
Q=5 Fcorner - Flicker noise corner frequency
Fcorner=Fcorner Hz Fc_Amp - Amplifier Cut-off frequency
Fc_Amp=8 GHz Fc_PD - Photodiode Cut-off frequency
Fc_PD=8 GHz R - Responsivit
R=0.31 PONSIVIEY
NF=30dB NF - Noise Figure
Zin=50 Ohm Zin - Input impedance
Zout=50 Ohm Zout - Output impedance

Figure 4.4 - HPT ADS model

As we can see in Figure 4.4 a few parameters were added: photodiode Cut-off frequency,
responsivity, input and output impedance. Inside our model we have four blocks as despicted
in Figure 4.5. Detector block play the role of the optical input characterized by its frequency

(Fc_PD) response and responsivity (R).

Frequency Core nonlinear Frequency
dependence from the Detector Block Amplifier dependence from the
input matching output matching
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1 2 —a
InputMatching , |_Probe
X1 @ 4 Iph
W0=2"pi"Freq0 OpticalSource
Q=Q —— X3
Zin=50 T R=R

tau_PD=1/{2*pi*Fc_PD)

o

Optical Input
Base
Num=1

Amplifier_to_HPT
X4

P1dB=P1dB
Fc_Amp=Fc_Amp
Fcorner=Fcorner
Gain=Gain
NF=NF dB

bl—EH

CutputMatching
X2
wO=2*pi*Freq0
Q=Q

Zout=50 Ohm

Figure 4.5 - HPT Modelling

1

L

SDD2P
SDDNP4

I[1,2]=(_v1/50)
I[2,2]5-R*_v1/50

Port
P2

Num=2

H[2]=1/(1+]*"omega*tau_PD)

C[1]=

Cport[1]=

Figure 4.6 - Optical source SDD

Figure 4.7 shows the opto-microwave gain transfer from the optical input to the collector

when a R=0.5 is used.

(532)ag=(S21)as + 10 log (R?)= 10 dB - 10 log (0.5%)= 3.9794 dB

This result in confirmed at Figure 4.7.
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20
m2
0 =
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80 ] ] ]
1E4 1E5 1E6 1E7 3E
7
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m2

freq=10.00MHz
dB(S(3,2))=3.979
Max

Figure 4.7 - Opto-microwave gain transfer from the optical input to the

collector electrical port

4.3 HPT Oscillator Simulations

Free HPT Oscillator was made and like expected we get the same results as the free
injected oscillator, Figure 4.8. In the case of the Injected Phototransistor Oscillator, Figure
4.9, the simulation was not complete, but we espect the same result as well. The only

difference is the injection which now comes from the optical input using a voltage controlled

source.
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Figure 4.9 - Injected Phototransistor Oscillator

Injected Phototransistor Oscillator 55
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Figure 4.8 - Free Injected Phototransistor Oscillator
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Chapter 5

Conclusions and Perspectives

A Nonlinear Power Amplifier was developed using ADS software considering phase noise,
frequency response and nonlinearities characteristics. Its validity was proved using the Power
amplifier into the Oscillator where Leeson model were visualized. Auxiliary Generator
technique was presented for autonomous and synchronized circuit’s simulation using
Harmonic Balance. Oscillator Injection was demonstrated using our PA model where kurokawa
model was proved even if slight discrepancies to the simulation were revelled. HPT model
was presented were the optical input was modulated by a current controlled source.

The validation of the injected phototransistor oscillator is not complete. So next step is to
finish this point. Comparison between simulations, theory and measurements have to be done
since we found some differences which tell us that the empirical equations may not be
complete; Find the best characteristics of the HPT model changing the different parameters

and design an electric circuit to implement Oscillator Injection.
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