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The design of RF/microwave oscillators has been and is the
subject of many publications. Historically, oscillators have been
designed to a large degree based on past experience with
mostly successful designs and, to a lesser degree, on
experimental data. High resolution test equipment for
validation were also not available at the time. For a designer,
however, it is preferable to start from a set of specifications and
then apply a rigorous and an advanced mathematics-based
design procedure. In this talk we show linear-data based,
measured large-signal based and non-linear Bessel function
based treatment of RF/microwave Oscillators. The LC-based
oscillators such as bipolar, MESFET, and CMOS transistors and
the resulting design of high-performance, low phase noise
oscillators, from VHF crystal resonators to YIG oscillators and
their measured data will also be discussed.
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Outlook - 1

Introduction
 What is an oscillator?
* Introduction to Microwave Oscillators and Their Mathematical Treatment
* Transistor models and Noise Contributions
* Transistor Types
* Linear Approach to the Calculation of Oscillator Phase Noise
* Typical Microwave Oscillator (Colpitts Oscillator)
e Designing an Oscillator
* Tuning Diode Noise Contribution
* Designing an Oscillator based on Linear S-Parameters
* Large signal Operation of Oscillators (Colpitts/YIG)
* Classical Linear Two-Port Oscillator Design
 Microwave Resonators
* A Novel Tunable Active Spiral Inductor
* The Active Inductor Using a Gyrator
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Outlook - 2

Active Inductor Oscillator

* Synthesized Inductor Circuits

* Phase Noise Contribution of the Various Parts of the Oscillator Using an
Active Inductor

* The Modern Time-Domain Behavior of an Oscillator

* Test Case: Design Example of a 100MHz crystal oscillator

 Phase Noise Analysis Based on the Negative Resistance Model

* Oscillator Phase Noise

* Design Examples of Oscillators for Best Phase Noise and Good Output
Power

* Summary
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Introduction i

* The following presentation will be a thorough practical <] LIRSS
and mathematical description of how to build optimized F
oscillators, mostly LC based, such as the one shown her in oo > .
in Fig.1, but also with specific microwave resonators, !Lﬁ}i_! |
crystals and other resonators. N
* The oscillator below is from the MIMIC Program AR
* The acronym, “MIMIC” stood for Microwave/Millimeter- " '-i-

Wave Monolithic Integrated Circuits. The DARPA program
manager was Dr. Eliot Cohen. In 2012 Eliot Cohen wrote
an article on the MIMIC Program for IEEE MTT-S
Microwave Magazine which is a good resource if you want
to learn about this historic program. Here are the details:

=]
* Eliot Cohen, "The MIMIC Program - A Retrospective", —'L— ﬁ =

Microwave Magazine, June 2012, pp. 77-88 “

Fig. 1: Two stage FET based Microwave tunable Oscillator
Built on GaAs Substrate

der E‘-: moeswehr
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What is an Oscillator?

* An Oscillator is an Electronic Circuit that converts DC power to RF power, this can range from a few Hz to Tera Hz and higher
* An oscillator consists of an active device acting as an amplifier, a resonator, and a feedback circuit

* A small amount of energy feedback is needed to sustained oscillation and the majority of available energy appears at the output
terminals

* Resonators can be LC based circuits, transmission line based, crystal, ceramic, dielectric resonator ,YIG (Yttrium Garnet) based, and
others

For RF applications, the most relevant features besides size are:
* Output power

* Harmonic content

* Phase Noise

* Power consumptions, to name a few

der Bundeswehr
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Introduction

* The design of microwave oscillators has been and is the subject of many publications.

* To a certain degree, oscillators have been designed based on experimental data and experience, and
the resulting performance has been measured and published.

* The designer, however, considers it important and useful to start from a set of specifications and then
applies a synthesis procedure, which leads to a successful circuit.

* The following are popular transistor oscillator designs.

e History

* The first time an oscillator became important was when Maxwell's Equations were to be experimentally
proven. Heinrich Hertz made the first known oscillator. He used a dipole as the resonator and a spark gap
generator as the oscillator circuit as shown in Figure 1-1.

Figure 1-1 Original dipole made by Heinrich Hertz in 1887 using balls at the end to form a capacitive
load (Deutsches Museum, Munich).

o Bundeswehr
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Introduction to Oscillators

* One of the most popular Oscillators is the Colpitts Oscillator

Patented Apr. 12, 1927 : ‘ - 1,624,537

UNITED STATES PATENT OFFICE.

EDWIN H. COLPITTS, OF EAST GMNGI; NEW JEESEY, ASSIGNOE TO WESTERN ELEC-
TRIT COMPANY, INCORPOBATED, OF NEW YORKE, N, Y., A CORPORATION OF NEW

TORE.
‘ OBCILLATION GENERATOR.

" Application flled February 1, 1918, Serial Ko, 214971,

Ii is known that & vacuum tube of the oscillations of any frequency, depending
audion type may be employed as a generator upon the values of inductance and capacity 65
of oscillations of any desired frequency by in the oscillating circuit.
providing a tuned circuit suitably associated =~ The operation of the system may be ex-

5 with the tube circuits, usually ealled input plained as follows: ,

* A Colpitts oscillator is based on a topology using one coil and two capacitors and is variation of Hartleys approach

* Hartley is using one capacitor and two coils. Hartley’s patent was filed in 1915 and issued 1920

der Bundeswehr
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Colpitts Oscillators

Amplifier produces ;
_ 180° phase shift @ = QIR T
i L Ty
) —_1 | v
Tank circuit Mre bGD C2 Cq hie
o V, !
= o ®
% L 3 - B - - - -
C, :E_]_ WAt Colpitts oscillator equivalent circuit
. =
. 4 {:"

Source: Microelectronics by J. Millman and A. Grabel
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Introduction to Oscillators and their Mathematical Treatment

* Modern communications systems need oscillators as part
of the design.

* In most cases these oscillators are part of a synthesizer
and they are voltage-controlled, meaning that the
frequency is determined by tuning diodes, frequently
called varactors.

* For high performance circuits the Colpitts oscillator is most

frequently selected

* The Colpitts oscillator comes in different flavors e.g.:
* Figure 1a: Basis circuit with capacitive divider
* Figure 1b: basic circuit with indictive divider
* Figure 1c: basic circuit with a combination of both

* The important differences are the effective loading of the
resonator circuit and also the way of tuning of the circuits
resonance frequency.

der Bundeswehr
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Transistor models and their Noise Contribution

For the design of oscillators we are looking at members of bipolar and field-effect transistor families.

In the case of the bipolar transistor, conventional microwave silicon transistors are manufactured with an fT up to
25 GHz, while the more advanced SiGe transistors take over from this frequency range.

Today, SiGe transistors are available up to 900 GHz and are used as part of an RFIC. Their cousins, the
heterojunction bipolar transistors (HBTs), based on GaAs technology, can achieve similar cut-off frequencies, but
this technology is much more expensive for medium to large integrated circuits.

* HBTs also have a higher flicker noise corner frequency.

* SiGe transistors have a much lower flicker noise corner frequency and lower breakdown voltages (typically 2-3V).

However, because of the losses of the transmission line in practical circuits, there is not much difference between
HBT and SiGe oscillator noise as fT is the same.

There is a similar competing situation between Bi-CMOS transistors implemented in a 0.062 micron technology and
with GaAs FETs, specifically p-HEMTs.

* The GaAs FETs have well-established performance with good models, and the Bi-CMOS transistors are currently being
investigated as to what models are the best.

* Also, there is the 1/f noise problem, specifically, with GaAs FETs more than with MOS transistors.

* The 6 nm technology is somewhat impractical because of poor modeling. This means that many CAD predictions do not
translate in a good design.

Bundeswehr
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Johnson Noise

The Johnson noise (thermal noise) is due to the movement of molecules in solid state devices
called "Brown's molecular movements"

It is expressed as vZ = 4kTyRB (emf) volt 2/Hz)

The power of thermal noise can thus be written as

2
Noise Power = Z—; = kT,B(W /Hz)

It is most common to do noise evaluations using a noise power density, in Watts per Hz.

* By setting B = 1 Hz we get:

* For B =1 Hz, Noise Power = kT o
by Thevinin, Noise Power = 1.38 X 10723 x 290 = 4 X 10723 W

Bundeswehr
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Noise floor, noise power and more .....

der Bundeswehr

Noise floor below the carrier for zero dBm output is given by:

/R
L(w) = 10log (:;{W) = —173.97dBm or about — 174dBm

In order to reduce this noise, the only option is to lower the temperature, since
noise power is directly proportional to temperature.

The Johnson noise sets the theoretical noise floor.

The available noise power does not depend on the value of resistor but it is a
function of temperature T. The noise temperature can thus be used as a quantity
to describe the noise behavior of a general lossy one-port network.

For high frequencies and/or low temperature a quantum mechanical correction
factor has to be incorporated for the validation of equation. This correction term
results from Planck's radiation law, which applies to blackbody radiation.

Py, =kT.B - p(f,T), withp(f,T) = [Z—;/(e(%) — 1)]

where h = 6.626.1073* | — s, Planck's Constant (Planck's Radiation Noise)

Universitat "J-:-. Mdnchen Oct. 8t 2024 Microwave LC Based Oscillators
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Shottky / Shot Noise / Flicker Noise

* Schottky/Shot noise

The Schottky noise occurs in conducting PN junctions (semiconductor devices) where electrons are freely moving. The root
mean square (RMS) noise current in 1 Hz bandwidth given by

e« 2=2xqxXI;P=i2XR,

* Where, q is the charge of the electron, P is the noise power, and I ;. is the dc bias current, R; is the termination load (can be
complex).

* Since the origin of this noise generated is totally different, they are independent of each other
* Flicker noise

* The electrical properties of surfaces or boundary layers are influenced energetically by states, which are subject to statistical
fluctuations and therefore, lead to the flicker noise or 1/f noise for the current flow.

* 1/f noise is observable at low frequencies and generally decreases with increasing frequency f according to the 1/f-law
until it will be covered by frequency independent mechanism, like thermal noise or shot noise.

Example: The noise for a conducting diode is bias dependent and is expressed in terms of AF and KF.

e Transit time and Recombination Noise

* When the transit time of the carriers crossing the potential barrier is comparable to the periodic signal, some carriers diffuse
back and this causes noise. This is really seen in the collector area of NPN transistor.

* The electron and hole movements are responsible for this noise. The physics for this noise has not been fully established.

: L
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Avalange Noise

* When a reverse bias is applied to semiconductor junction, the normally small depletion region expands rapidly.

* The free holes and electrons then collide with the atoms in depletion region, thus ionizing them and produce spiked current
called the avalanche current.

* The spectral density of avalanche noise is mostly flat. At higher frequencies the junction capacitor with lead inductance acts
as a low-pass filter.

* Zener diodes are used as voltage reference sources and the avalanche noise needs to be reduced by big bypass capacitors.

Af

_ I
(iBn) o = 2qlacB + Kf%B

* The Af is generally in range of 1 to 3 (dimensionless quantity) and is a bias dependent curve fitting term, typically 2.

 The Kf value is ranging from 1E~12 to 1E~°, and defines the flicker corner frequency.

wr Bundeswehr
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Bipolar Transistor

* The bipolar transistor has been known and used for many decades.
* Many scientists have explained its behavior, and probably the best analysis in the DC/RF area is summarized in [29].

* This summary is based largely on the Infineon transistor BFP520 as an example, but is applicable to other transistors also.

Ci
Le
Che
{l
%Rc2
(NEN or PNP type) . . . . .
- T ik st - * equivalent circuit for a microwave bipolar
Lo} " - . .
- - : :121 -l-c:bci Z%'r_?—f %Suc - transistor. It deviates from the SPICE
P ' W Wy v S v v ot () T O T . implementation by having two base-
- ! i . .
vs1TTcr:~ea b %Ile k& : vs3 spreading resistors
:_ ____________________________ 1 Substrate L
(LENF tym=) % - n4 Cce_:_
Ix
Cbs
Le
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Noise Model of the Bipolar Transistor

Let Af'be the bandwidth (usually normalized to a 1Hz bandwidth). The noise generators
introduced in the intrinsic device are shown below, and have mean-square values of:

AF
Ay

(iz.)=2ql, Af +KF i Af
(i%) =24l &
<ff‘]bb> - ‘;;CT Af CG%&E‘;CTO?
bb )
(ifm ) = % Af Re2 gE@ irco

IRC'E -

4kT 1
(i >_RC‘2 4 Cox | i - Z%snr Z%im
T T BR -
IBHIi I o : y : % icf(ﬁ) G lesr (@ icn

o +1, Bose VA

‘[C = Icf = Icr
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Field-Effect Transistors

* For RF applications, there are three types of transistors which can be used.

* Thefirstis a junction FET, which have been shown to be useful up to 1 GHz at most. Their fairly high input capacitance of about
1pF and large feedback capacitance of about 0.1pF limits their use. They have been mentioned here only for completeness.

* The other two FETs of importance are members of the GaAs FET family and the BiCMOS transistors. Recent advances in
technology have push the BiCMOS process close to 1009 GHz if the BICMOS transistor is built on SiGe technology.

* For the purpose of modeling GaAs FETs, there is a large number of models available, and the list is longer if company or

university internal models are added.
N . Field
* The following models are popular with CAD tools. et
* Chalmers (Angelov) Model
* Modified Materka-Kacprzak Model (low noise) [ |
n; ) Metal
* Physics-Based MESFET Model l S;alffd Junction semiconductor
FET FET FET
GaAs Siticon Hiﬂoﬂﬁictt;nn InGaAs inP
MESFET MESFET transistor MESFET MESFET
Low power High power
Single gate Single gate
GaAs MESFET GaAs MESFET
Dual gate RF'FET Family Tree
GaAs MESFET
v Bundeswehr
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Field-Effect Transistors

* Their properties and different model equations can be found in the CAD user’s manual.

* As an example, the Ansoft Designer’s reference manual gives all the details and references on how the model was
implemented.

* |t is difficult to obtain a reliable parameter extractor for the models. Probably, the most popular model for commercial
application is the Angelov model.

* The model for which good parameters can be extracted with reasonable effort is the Materka model. It requires a DC/IV curve
tracer and a network analyzer which operates up to 84 GHz.

Dy Materka-Kacprzak Intrinsic Model
%LD oD
s
RD ngi lgd
LG = ©
RS CDSD .
o o RN R DS = CDE Vgsik cos Y lgs CD Ids | Vdsi
G MODEL RDSD
I's
RS
] g
CGE
s !
5 Qs
* Topology of the extrinsic model for all intrinsic models * Topology of the intrinsic model

der Bundeswehr
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NMOS Mosfet °

* The model shown in this Figure is the popular but simple MOSFET model and has been I
implemented in this configuration and in most of the simulators (ADS from Agilent,
Designer from Ansoft, and Microwave Office from AWR to name a few).

* Addressing the model Level 3, here are the parameters extracted for an LDMOS device
which works up to several GHz and was used for a 2 GHz oscillator.

L=0.12um W = 0.15mm CBD = 0.863E-12 * < *
CGDO = 166E-12 CGSO = 246E-12 GAMA = 0.211 + IS = 6.53E-16
KAPA = 0.809 MJ = 0.536 NSUB = 1E15 9
PB=0.71 PBSW = 0.71 + PHI = 0.579 RD=39RS=0.1 + g

THET = 0.588 TOX = 4E-8 U0 =835  VMAX = 3.38E5 + VTO = 2.78 XQC = 0.41

* The data provided above was supplied for a LDMOS device.

gs gs R

n3

intrinsic model for an NMOS MOSFET.

der Bundeswehr
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NMOS Mosfet — Noise Model

Let Afbe the bandwidth (normalized to 1 Hz). The noise generators introduced in the intrinsic
device are shown below and have mean square values of:

,-AF n2 Q D
: 8kTY b
(g} = 3 SN FFCP Al Cab Ry M b
g
. KT 1
2 s
(12 = 4—Rg Af
; KT
(iggn) = 4 R, Af Cqd Che
* {1 * 1 ]
kT
2 —
<"Rsn>“ 4 R, af
: KT
',ygbn> = 4TbAf
'Rgn
a Noise model of a MOSFET transistor
At w (not showing extrinsic parasitics).
g i Current sources with “n” are noise
+ 9 sources
——
Yooy
IJ.-*_'." H-f |'-'||.|P'_'-'.-‘
UﬂlVE’."Slfﬂf g M unc ht n Oct. 8t 2024 Microwave LC Based Oscillators 22



NMOS Mosfet — Noise Model -

For the RFIC application, the BISIM Model 3V3 is the Cgdot+Cf Ibd
model of choice. The figure here shows the MOSFET H
model representation
Qdrn Chd

While for the purpose of more insight this presentation ® I I ©
uses detailed equivalent circuits and parameter the s
engineer in realty used either a characterized transistor & > ®
or a foundry for the design. n
While the transistor models are quite mature the real nl  Rg Vds Rb n4
problem lies in the quality of the parameter extraction cO-A\\\—e Isub \\\—OB
or likewise in the accuracy of the physics based models. I Ids 3
For the purpose of this presentation some easy to .
understand and simplified models are used, the refined ? Qbulk i
models do not make the accuracy infinitely better | |Cbs

@ 2

Vgs Bins | | Vbs
| |
| |
Cgsot+Cf Ibs
Rs
FET-BSIM3V3 MOSFET model S e -

der Bundeswehr
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NMOS Mosfet — Noise Mode

Let Af'be the bandwidth (normalized to 1Hz). The noise generators introduced in the intrinsic
device are shown below, and have mean-square values of:

(2)=12), ),

kT D
<£fmr> = 4R_ﬂf n2
(2 ) ’ k_T J'dl Irdn
fmr'u Rd ‘ﬁ_f nglolt,',c:f Rd Ibd
kT [ H
53
(*'n.m> = 4R_Af | Iern del |
k; 1 * 1
.2 e Cgbo
(i2, ) =4—af o— 1| N 3
& Irgn | T Isub Irbn
s
® P
Idn
Rg i0s () <R
Ig _ i Ib
T o | i ®
Qbulk Cbs
—| —¢
Qsrc
Vgs { |l Vbs
Cgsot+Cf Ibs
s | Rs Irsn
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Linear Approach to the Calculation of Oscillator Phase Noise

* In transmitters, oscillator noise can result in adjacent-channel interference and modulation errors;
in receivers, oscillator noise can result in demodulation errors, and degraded sensitivity and
dynamic range.

* The specification, calculation and reduction of oscillator noise is therefore of great importance in
wireless system design

o)

ﬁ . -

g 1/f noise at carrier * The definition of phase noise was first
D C given by E. J. Baghdady, R. N. Lincoln
S ) . and B. D. Nelin, "Short-term Frequency
2 1/f noise Thermal noise fioor Stability: Characterization Theory, and
o
® Measurement," in Short-Term

N4 Frequency Stability, NASA SP-80, 1965,
© 65-87

pp.
) i
=z . ) f
t {
' |
i i
fe fo

* Noise power versus frequency of a transistor amplifier with an input signal applied.

der Bundeswehr
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Linear Approach to the Calculation of Oscillator Phase Noise

* Since an oscillator can be viewed as an amplifier with feedback, it is helpful to examine the phase noise added to an amplifier

that has a noise figure F. With F defined as

— (S/N)m - Nout - Nout
(S/N),, N.G GkTB
N, = FGkTB
N. =kTB

* where N, is the total input noise power to a noise-free
amplifier. The input phase noise in a 1-Hz bandwidth at any
frequency fO + fm from the carrier produces a phase
deviation given by (Figure 5-67)

A¢9 — VnRMSl — jKT

peak -

VaVSRMS P

avs

1 |FkT

E Pav S

A01RMS =

fer Bundeswehr
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FkTB

O—>

Pavs U/

_Varms1x V2

Vavs RMS X \/‘2_

_ 2
Vsvs Ams = PiRV—‘ Q
wy
sts RMS 1= @
N N\
MMM

fo

AN\

voa

e Phase noise
added to
- carrier
VnmwszT TVRRMS1
fo=Fn f. fo+
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Linear Approach to the Calculation of Oscillator Phase Noise

* Since a correlated random phase-noise relation exists at fO - fm, the total phase deviation becomes
AgRMStotal = V FkT/Pavs

* The spectral density of phase noise becomes

Sg(fm) =NA@2,, = FkTB/P,, - where B = 1 for a 1-Hz bandwidth. Using k7B = -174dBm/Hz

 allows a calculation of the spectral density of phase noise that is far removed from the carrier (that is, at large values of fm). This
noise is the theoretical noise floor of the amplifier. For example, an amplifier with +10 dBm power at the input and a noise figure
of 6 dB gives

S,(f, > f.)=-174dBm+6dB -10dBm=-178dBm

fer Bundeswehr
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Linear Approach to the Calculation of Oscillator Phase Noise

* Onlyif POUT is > 0 dBm can we expect £ (signal-to-noise ratio) to be greater than 174 dBc/Hz (1-Hz bandwidth.)

* For a modulation frequency close to the carrier, S, (fm) shows a flicker or 1/f component, which is empirically described by

the corner frequency fc.

* The phase noise can be modeled by a noise-free amplifier and a phase modulator at the input as shown in this Figure.

w Bur

Universitat

1deswehr

Miinchen

WY [\
A |
S {fm) Noise-free
P;‘afeto amplifier
mogauiator
Phase noise modeled by
a noise-free amplifier
and phase modulator
Se FkTB
Povs
T T T T T |
|
|
1
fo f
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Linear Approach to the Calculation of Oscillator Phase Noise

* The purity of the signal is degraded by the flicker noise at frequencies close to the carrier. The spectral phase noise can be
described by

Seoul (fm)r L(fm)
Output
FkTB f. Sgin {fm)
So(f,)= (H ] (B=1) YN T
P f Resonator
avs m u l/
Phase Noise-f-ree
* No AM-to-PM conversion is considered in this equation. The | modulator  amplifier
oscillator may be modeled as an amplifier with feedback as shown
in Figure 5-69. The phase noise at the input of the amplifier is y 46
affected by the bandwidth of the resonator in the oscillator circuit in
the following way. The tank circuit or bandpass resonator has a low-
pass transfer function 1
A EY TR T
L(a)m) = 1 where @, /2Q, =B/2 B8in '
1+ (20,0, /w,) 0T I AN
|
* is the half-bandwidth of the resonator. These equations describe the ,isv‘:j::;ef':, |
amplitude response of the bandpass resonator; the phase noise is resonator

transferred attenuated through the resonator up to the half-bandwidth
Equivalent feedback models

of oscillator phase noise
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Linear Approach to the Calculation of Oscillator Phase Noise

* The closed-loop response of the phase feedback loop is given by

ou fm ' - fm
Aeout (fm) :(1+LJA9H1 (fm) Output 59 l( ) L( )
120,40, Sgin {fm) T
i ™S Resonator
* The power transfer becomes the phase spectral density W 1>
Phase Noise-free
L( £ ) | modulator  amplifier
San (f) =] 1+ 2[ - j Sa(f,)  whereS, was given by
fm 2QL V Ag

.——
1+ {jom 2Q 020/ wo)

Aein l
Finally, &% (f.)is J(fm)=—;-[1+7£—(2fQo )2]Sein(fm) \
m L l

* This equation describes the phase noise at the output of the amplifier (flicker ,i@‘;’:ﬁf{;ﬂ |
corner frequency and AM-to-PM conversion are not considered). The phase resonator
perturbation SOin at the input of the amplifier is enhanced by the positive
phase feedback within the half-bandwidth of the resonator, f0/2QL.

Aoyt L{em)

Equivalent feedback models

der Bundeswel of oscillator phase noise
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Linear Approach to the Calculation of Oscillator Phase Noise

A Low Q Oscillator

A High Q Oscillator
Sg . p ,
Phase perturbation Phase perturbation
BT W ET
Pavs \_Pi\_’s_
| |
o .
) Resulting phase noise A Resulting phase noise
I_{fm) f,,_,a 1)

£ FkT

- FkT
fo 2Paus

I
|
1
o
fe

S|
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Equivalent feedback
models of oscillator
phase noise.
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Linear Approach to the Calculation of Oscillator Phase Noise

Sa (f m) “‘.

-40

-60

dBrad?/Hz

-80
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=160

-180

10.24 GHz DRO

Depending on the relation between f_and f,/2Q,, there are two cases of
interest, as shown in the two figures beore. For the low-Q case, the

Resonator

o ot ahe spectral phase noise is unaffected by the Q of the resonator, but the
fL=5.12 MHz
Ampiifer L (f. ) spectral density will show a 1/f3 and 1/f 2 dependence close to the
Ef’::;fi carrier.
fo=50khz For the high-Q case, a region of 1/f 3 and 1/f should be observed near the
carrier.
The overall noise can be modelled as:
~ 1/f2
sas,e};:* N
a;,,p/_f‘*..\‘
e 1 1 2VFkT
s oo o
2 fm 2QL Pavs fm
o f FkTB[ 1 f2 1 2
108 104 10° 108 107 108 fm 2Pavs fm 4QL fm 2QL fm

Phase Noise PSD of the 10.24 GHz DRO discussed in the example
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Linear Approach to the Calculation of Oscillator Phase Noise

1 FkT
L(fm) = {1 + ‘f‘z"(z—g") } (1 + iﬁ) Examining Eq. (5-112) gives the four major causes of oscillator
L) Pas f noise: the up-converted 1/f noise or flicker FM noise, the
_ FKTB[ 1 f%. LA I dBots (5-112) thermal FM noise, the flicker phase noise, and the thermal
T 2P, | f3, 403 f,,, 20, o noise floor, respectively.

QL (loaded Q) can be expressed as

0 = wW, _ w W, _ reactivepower £(f) = 1[ wg [ P Lt P )2} <1 4 e )FkTo
= = — m) =
: Pdiss,total [)1 + Pres Psig tOtal diSSipated power ? 4wm \ w}W QTI wOAvve “ P}av
input power over phase perturbation

reactive power

where We is the reactive energy stored in L and C,

resonator Q flicker effect

— a‘oWe signal power over
=2 ¢ reactive power
Qunl
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Linear Approach to the Calculation of Oscillator Phase Noise

Typical oscillator

v
FKT fe
13,62 = =1+ ——
F av( A J
e -
Pin
f
For f, < 2.
M 7 2Qi0ad
2
Syt A [ 2 Y BI(,,
Al 2 wh 2Q)0a4 s av fm
[ Wo Vg
Qioad = =

Pgiss. 1otal Pin + Pres + Psig

Reactive power
~ Total dissipated power

Maximum energy in Cor L : W, = %C v?

2
£ =1 FkT w’t’,(ﬁn + 1 +F§ig (1+mc
@)~ g R oav am woWe Quni WoW Wm
|

Phase
Perturbation

Flicker
Effect

Resonator Q

Input power Signal power
over over

der Bundeswehr

Universitat , Mtinchen Oct. 8t 2024

For bipolar transistors only

Figure 5-19--Diagram for a feedback
oscillator illustrating the principles
involved, and showing the key
components considered in the phase
noise calculation and its contribution.

This equation is extremely significant because it covers most of the

causes of phase noise in oscillators.
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Linear Approach to the Calculation of Oscillator Phase Noise

The basic equation (Scherer, Rohde’s Modified Leeson's Equation) needed to calculate the phase noise is found in The Design of
Modern Microwave Oscillators for Wireless Applications: Theory and Optimization

B ](1 +£) AT | zk?‘Rﬁg}

= lﬂ]og{[l—l— > = _ ,
5 (2fmQp) (1 — (Qr/Qu))~ Jm) 2Py b=

£(f,,) = SSB noise power spectral density defined as the ratio of sideband power
in a 1 Hz bandwidth at f, to total power in dB; the unit is dBc/Hz

[ = frequency offset

fo = center frequency

.. = flicker frequency—the region between l/'f'j and ij1
Q; = loaded Q of the tuned circuit

(Qp = unloaded Q) of the tuned circuit

F = noise of the oscillator

—— 21 , . .
kT =4.1 x 10 = at 300 K, (room temperature) The last term of Leeson’s phase noise equation
P, = average power at oscillator output is responsible for the modulation

R = equivalent noise resistance of the tuning diode noise.

K, = oscillator voltage gain

der Bundeswehr
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Linear Approach to the Calculation of Oscillator Phase Noise

The basic equation (Scherer, Rohde’s Modified Leeson's Equation) needed to calculate the phase noise is found in The Design of
Modern Microwave Oscillators for Wireless Applications: Theory and Optimization

L fn) = lﬂloa{[l + fo ](I +£) FkT +2k;r‘RK§}
7 3 (zﬁan_,}E“ R {QLKQ{}}JI er Ep.vm- fr;:

The minimum phase noise can be found by differentiating this Equation and equating to zero as % [E(fi)] =0

m=mgpt

a 2 K i)FkT 2kTRK02}} B
E(fm)_dm{lOIOg{ll+[meQom(l—m)]2 Y2 T TR
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Linear Approach to the Calculation of Oscillator Phase Noise

Fifad -116
118
120
<123
124
126
128
130
153
-134
136
138
-140
-142

Ey{nstise taimor) F, (noise factor)

Phase noise dB¢/Hz

0 0.2 0.4 0.6 0.8 1

m
Relative phase noise of the typical oscillator versus the ratio of loaded and unloaded Q of the resonator for noise factor F; and
F,, (Fy > F,)
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Some practical

parameters

-50.00

-125.00 |

PN1<H1> [dBc/Hz]

-150.00-

-175.00

x=Drive-Level

Single sideband phase noise as a function of the
normalized drive level x.

The theory behind , X“ will be explained in a few
moments

1.00E02  1.00E03
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Some practical parameters

le(_lib1) [mA]

20.00
| -y 800.00
Xx=20 x=Drive-Level ! x=Drive-level
15.00-
x=3
] 600.00-|
10.00 s
1 E
= x-10
2
L]
5.00 £
: 400.00- |
x=15
0.00-
x=26
200.00-L__ , . : : NS
&0 0.00 5.00 10.00 15.00 20.00
"250 500 750 1000 1250 1500  17.50  20.00 L

Time [nsec]

RF voltage Vbe across the base-emitter junction as a

collector current pulses of the oscillator function of the normalized drive level x.
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Some practical parameters

* Hereis a brief introduction to the definition of X, in a way the duty cycle.

* The voltage across the base-emitter junction consists of a DC component and a driven signal voltage .

* It can be expressed as
v(t) =V, +V, cos(wt)

* As the driven voltage increases and develops enough amplitude across the base-emitter junction, the resulting current is a
periodic series of pulses whose amplitude depends on the nonlinear characteristics of the device and is given as

o)
i(t)y=1e"

qV,. qV,cos(wt)
; — kT kT
i,(t)y=1e"" e

A Vl _q Vl

(1) =1 e KT g e assuming Ic = le (>10 = =

i_(f) is-the-emitter-current-and- x -is-the-drive-level-which-is-normalized-to- AT /q .
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Some practical parameters

LO

Periodic

Excitator

Nonlinear Device
Noise Sources

Steady-State

'

Modulation

Frequency
Conversion

Linear Subnetwork
Noise Sources

Frequency
Conversion

LO Signal
Noise Sources

Noise sources of oscillators being mixed on the carrier, amazing to see all the relevant contributions
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Oscillator Phase Noise

* This equation does not take into consideration the conducting angle, because it is in the linear domain

* The Leeson phase noise equation is modified to accommodate the tuning diode noise contribution

m

2 ) . 5
£(f,, ) =10 log [ 1+ 2f{} . . [l+ f. ]FLT . ..LTR;‘: 0
1 (2f, Q) m~“(1 —m) f 2P, £2

* The Equation above explain the phase noise degradation (as compared to the fixed frequency LC oscillator
due to the oscillator voltage gain KO associated with the tuning diode network as described by Rohde).

* The reason for noise degradation is due to the increased tuning sensitivity of the varactor diode tuning
network

der .'?-f|'.'||.'P"-'.-‘;'r'.'ir
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Oscillator Phase Noise

-4@dBc

-S@dBc—

-6@cBc

—7@dBc

-8@dBc

L

1
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—18@dB c—
A s
-120dBec -

=138dBc o

-148@dBc

2 4 68 2 =2 4 68 = 4 &8 2 4 &8
18H= 18@H= 1@kH=z 1

Typical phase noise of a PLL 50 GHz PLL synthesizer

der Bundeswehr

Universitat "J-:-. Mdnchen Oct. 8th 2024 Microwave LC Based Oscillators



Oscillator Phase Noise - References

https://www.researchgate.net/profile/Mehran-Mossammaparast/publication/4135164 A review_of sapphire whispering gallery-

mode_oscillators including technical progress and future potential of the technology/links/56187e1f08ae044edbad246¢/A-

review-of-sapphire-whispering-gallery-mode-oscillators-including-technical-progress-and-future-potential-of-the-technology.pdf

A REVIEW OF SAPPHIRE WHISPERING GALLERY-MODE OSCILLATORS INCLUDING

TECHNICAL PROGRESS AND FUTURE POTENTIAL OF THE TECHNOLOGY
C. McNeilage, J. H. Searls, E. N. Ivanov*, P. R. Stockwell, D. M. Green, M. Mossammaparast

Poseidon Scientific Instruments Pty Ltd,
1/95 Queen Victoria St, Fremantle WA 6160, Australia
*School of Physics, The University of Western Australia, 35 Stirling Hwy, Crawley WA 6009, Australia
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Oscillator Phase Noise — recent Results at PSI

* The PSI 'SBO' series are compact, sapphire oscillators operating near room temperature, while the 'SLCO' is a 19" rack instrument.
Since the first SLCOs were produced in 1996, the application-demanded requirements for temperature range, phase and amplitude
noise performance, vibration sensitivity, and reliability have become more stringent.

-80

)
o

PLL corner ~ 4 Hz
Resonators at +11°C

Measured phase noise of PSI room
temperature SLCO at 10.24 GHz
(August 2003).

— e e e e g
(=) n P (98] (%] — (]
e B o & & & &

SSB Phase Noise dBc/Hz

170 |

180 &
0.01 0.1 ] 10 100 1000 10000

Offset Frequency kHz
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Oscillator Phase Noise — Amplitude Noise Results

* With phase noise at these low levels, amplitude (AM) noise can no longer be ignored. In fact, poor AM noise can readily degrade
phase noise performance, particularly as temperature varies (an oscillator tuned for minimum AM-to-PM conversion at room
temperature may well suffer at operating temperature extremes). At PSI, we have tested various amplifier designs and developed
low noise power supplies to minimize oscillator AM noise, and Figure 13 shows the current 'SBO' performance

120 ¢
-130 |
- [ * AM noise is —154dBc/Hz at 1 kHz offset, with
= a 1/f characteristic through to 50 kHz , where
é -150 the effect of resonator filtering is visible. The
g measurement was done using cross correlation
2 -160 of the signals from two AM-sensitive mixers, to
< 170 achieve a low measurement noise floor. The
;f | apparent steps in the data are due to limited
@ -180 O T averaging in the cross-correlation method (a
"'\‘1[|J|r‘ | higher number of averages was taken at higher
) ‘vl .1 frequencies).
-200 TR
0.01 0.1 1 10 100 1000 10000

O ffset Frequency kHz

Measured phase noise of PSI room temperature SLCO at 10.24 GHz (August 2004).
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Typical Microwave Oscillators

* Most high performance oscillators are actually based on the Emitter Follower using the Colpitts oscillator circuit

A typical linear oscillator phase
noise model (block diagram) Leeson

Model
Sﬂou( (fm)r L(fm)
Qutput
Sgin {fml
N
Resonator
V
Phase Noise-free
modulator amplifier
y A8
L Awm) -.-._._.___..._._1._____.
880 T+ jam20, Jag)

Equivalent .
lowpass for
resonator

v Bundeswehr

Universitat > Munchen

The resulting phase noise in linear
terms can be calculated as

1 2/ P 1 P \? FKT,
:.Z(fm)=5|:1+ Qo ( L +—+—SE—> }(14"—0)‘6—)";—2
sav

—o |
dop\w,We  Quu @0, W,

T )

input power over
reactive power

W

phase perturbation

resonator (0

flicker effect

signal power over
reactive power

This equation is the linear Leeson equation, with the pushing effect omitted and the
flicker term added by Dieter Scherer (Hewlett Packard, about 1975).

Phase noise is a dimensionless number, and expressed in dBc/Hz, measured at an
offset of Af (fm) from the carrier relative to the RF output power. At 0 dBm output, the
ideal phase noise level far off the carrier is -174dB (TO= 300 Kelvin)
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Designing an Oscillator

* Microwave oscillators are based on the negative resistance principle to compensate for the losses.

* Maximum frequency of oscillation can be determined from linear analysis for start-up conditions, but not necessarily for sustaining
oscillation (large signal condition will reduce the gain and shift the frequency).

* Linear analysis is unreliable to determine resonance frequency and other dynamic parameters, beware of parasitics.

) \ v
Vo —(2) y o
Output

Hijw)

Cu]

kg

Rxl Rsc

Yo

C. Ly
[t
(G G
MM
r
¢ —
Zny

Oscillator as a feedback model and as a one port producing a loss compensation with the electronically generated negative impedance
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The Calculation of the Oscillating Condition Considering Parasitics
of the Colpitts oscillator

* In the practical case, the device parasitics and loss resistance of the resonator will play an important role in
the oscillator design. Figure 6-2 incorporates the base lead-inductance Lp and the package-capacitance Cp.

* |t must be noted that part of the intrinsic transistor the Base-Collector capacitance is responsible for the
Miller effect, and the Collector Emitter

Cea
Ce Ly | j
| | L Figure 6-2 Colpitts

. g oscillator with base-lead
_— ——p
L = ~—C o Y inductances and package
L
Ry 2 - 1] Ly capautance.
G C. is neglected.
Zy
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The Calculation of the Oscillating Condition Considering Parasitics

of the Colpitts oscillator

* The input impedance is

7 | - _ Y21 1 _j (Cl +CP+C2) _ a)YZILP Y21
Mlpacakaze =1 g (€, +C,)C, (1+ @ Y2ELY) w(C, +C,)C, (1+w'Y, L) &C +C,)C,

, _ | Y _ | (€ +Cy)
IN | yithout - pacakage - m J W
1L 1>2

G

Ccl
Ly J
M
G

_Mlj

L

}_

F

* where Lp is the base-lead inductance of the bipolar transistor and Cp is base-emitter package capacitance.

All further circuits are based on this model.
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The Calculation of the Oscillating Condition Considering Parasitics
of the Colpitts oscillator WF
|

C. L,
|
G
[] YL

Jo

* From the expression of the slide before, it is obvious that the base lead-
inductance makes the input capacitance appear larger and the negative

L -C
resistance appear smaller. The equivalent negative resistance and E
capacitance can be defined as Ry Re il
Cz__
Iy
R
RNEQ = 2
(+aw’'Y, L)
1 1 | @Y, L, Y,
Co (C, +C,)C, (1+w’Y, L)) | (C, +C,)C,
\_(C1+C2+CP)_ J
R, =- Y, R, Noisy negative resistance without lead inductance and package capacitance
w’C,C,

Rypo Negative resistance with base-lead inductance and package capacitance.

C., Equivalent capacitance with base-lead inductance and package capacitance.

. o .] e
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The Calculation of the Oscillating Condition Considering Parasitics
of the Colpitts oscillator - WF
G

} Jo

* At resonance:
6= l
L -
{ . 1 }_{(Cl +C,+C,) oY, L, Y, } UY

. _ =0 E L
1-*LC  aC, wWwC, +C,)C, 1+ wzylei) w(C, +C ,)C, Ry Ry, l—:::
Iy

J
(WLC, -(1-&’LC) | | 1+ @Y, L)(C, +C ,+C,) —al,Y,, The expression at the left can be rewritten in
aC.(1-w’LC) w(C, +C,)C,(1+w’Y, L")

Wl 1
= > -
1-w LC wC,

— (Cl +CP+C2) _ Y21 wYZlLP
w(C, +C,)C, w(C, +C,)C, 1+w'Y, L)

terms of a determinant as:

[’ LC. —(1-a’LC] [(1+ @Y, L2 )(C, +C ,+C,) —al, Y]

Det ‘ [aC.(1-w’LO)] [W(C, +C,)C,(1+ W'Y, L2)]
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The Calculation of the Oscillating Condition Considering Parasitics

of the Colpitts oscillator C WF
o T
* Forlp—>0 w, :\/ [C,C, #C,Cc 7 C,Cc ] ) 1. 6" G
LIC,C,C, +C,C,C+C,CC, +C,CC,.] UY
I ;
Ry Ry £
O
1 Iy
w, =

CICZCC
CICZ + CICC + CZCC

L{m

* CCis a coupling capacitor used for separating the bias circuit, and its value is normally small, but similar to C1
and C2, typically 0.2pF to 2pF.

* Rewriting the polynomial equation as ( CC - L)

w, =
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The Calculation of the Oscillating Condition Considering Parasitics
of the Colpitts oscillator - WF
G

) 1. G U
YL
For steady oscillation the following condition has to be satisfied: . ER L
_ y N T “T

a+2

RLass‘ < Gi 2 j - _3
' oL €

Since —2 is the frequency dependent current gain S

RLuss <

i S S &
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Tuning Diode Noise Contribution

* The practical oscillator will experience a frequency shift when the supply voltage is changed.
* This is due to the voltage and current dependent capacitances of the transistor.

* To calculate this effect, we can assume that the fixed tuning capacitor of the oscillator is a semiconductor junction, which is
reverse biased.

* This capacitor becomes a tuning diode

* This tuning diode itself generates a noise voltage and modulates its capacitance by a slight amount, and therefore
modulates the frequency of the oscillator by minute amounts.

* The following calculates the phase noise generated from this mechanism, which needs to be added to the phase noise
calculated before

* Itis possible to define an equivalent noise Raeq that, inserted in Nyquist’s equation

V, =\J4kT R, Af

* where kTo = 4.2 x 10-21 at 300 K, R is the equivalent noise resistor, Af is the bandwidth, and determines an open noise
voltage across the tuning diode. Practical values of R, for carefully selected tuning diodes are in the vicinity of 100Q, or
higher.

* If we now determine the voltage V, = V4x42x107 x100, the resulting voltage value is 1.265 x 10-9 V /Hz.

wr Bundeswehr
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Tuning Diode Noise Contribution

This noise voltage generated from the tuning diode is now multiplied with the
VCO gain, resulting in the rms frequency deviation:

(Afyms) = K, x (1.265 x 107°V) in a 1 Hz bandwidth (7-22)
In order to translate this into the equivalent peak phase deviation,

K2

0; = (1.265 x 107° rad) in a | Hz bandwidth (7-23)

H

or for a typical oscillator gain of 10 MHz/V,

0.00179
d = .
f?n

rad m a 1 Hz bandwidth (7-24)

For f,, = 25 kHz (typical spacing for adjacent channel measurements for FM
mobile radios), O; = 7.17x10™%. This can be converted into the SSB signal-to-
noise ratio

b,
ZL(fm) =20l0g)—-

= —149 dBc /Hz (7-25)
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Tuning Diode Noise Contribution

* This Figure shows a plot with an oscillator sensitivity of 10 kHz/V, 10 MHz/V, and 100 MHz/V. The center frequency is 2.4 GHz.
The lowest curve is the contribution of the Leeson equation. The second curve shows the beginning of the noise contribution
from the diode, and the third curve shows that at this tuning sensitivity, the noise from the tuning diode by itself dominates as it
modulates the VCO.

* This is valid regardless of the Q. This effect is called modulation noise (AM-to-PM conversion), while the Leeson equation deals
with the conversion noise.

Center frequency in MHZz::
$2400.0 . . . . .
SRR : Simulated phase noise following the following Equation
250 Phase noise VCO:
Loaded Q of the tuned circuit fz'
10000 2l 3
. o I fo .\ FKT  2kTRK?
Unioaded G of the tuned circuit: 10- L fm.) = l[)]()g 1 + 709 | _|_—L) = -+ ~ 0
+1000.00 20~ . (zmeL}h fm -'-P_ml-* ff
Flicker frequency in Hz: z I
1000 50- ) - . : . .
T i = ¥ (fn) = ratio of sideband power in a 1 Hz bandwidth at f,, to total power in dB
e i - fm = frequency offset
Oscillator voltage gain in Hz/V: .90- N
100000000 g_m, fo = center frequency
: o diodd) -110- = flicker freauenc
E:::hntmmm.mm ing diode s \\\ & fe = flicker [1e,qu:,'my o
it I N Q. = loaded Q of the tuned circuit
.y 4 } B
Calculate e i F = noise factor
l:g \ kT = 4.1x1072" at 300 Ky (room temperature)
Save Data File e : i s ¥ B+ 3 2 :
_“—JJ L e T R Ly S e L P, = average power at oscillator output
Exit Print . x . . . . - x
J Delets pravious traces R = equivalent noise resistance of the tuning diode (typically 50 —10 k()

Ky = oscillator voltage gain
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Tuning Diode Noise Contribution

Y Fa) = l[)l()g{l:l -

. ] i A=
(zmeL}_

f-\ FKT  2kTRK:
e

+
p) 2
& P.i'ﬂ. ¥ fj”

* The limitation of this equation is that the loaded Q in most cases has to be estimated and the same applies to the noise factor.

* The microwave harmonic-balance simulator, which is based on the noise modulation theory (published by Rizzoli), automatically
calculates the loaded Q and the resulting noise figure as well as the output power.

* The following equations, based on this equivalent circuit, are the exact values for Psav, QL, and F which are needed for the Leeson

equation. This approach shown here is n

ovel.

* The factor of 1000 is needed since the result is expressed in dBm and a function of n and C1.

P (n,C =10Lo
[ 0( l]dBm 8 |: 4(wOL)2

0.7 = high current saturation voltage,

Vce collector emitter voltage <Vcc

der Bundeswehr
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To calculate the loaded QL, we have to consider the
unloaded QO and the loading effect of the transistor.
There we have to consider the influence of Y21+. The
inverse of this is responsible for the loading and
reduction of the Q

woxF (Cl +C2)

21

QOXQ .Q*_

QL: * 9 - P
Q0+Q 1_6’-)0 C1 L(Qon)
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Designing an Oscillator based on Linear S-Parameters

* |t may be interesting for readers to see how an oscillator can be analyzed using S-parameters.

* |t should be noted that this method is based on linear approximations and works for practically all microwave oscillator designs
* The equivalent criteria of the negative resistance can be calculated in the form of S-parameters.

* This negative resistance will cause oscillations if the following conditions are satisfied.

* Assume that the oscillation condition is satisfied at port 1 of a two port device and is given by

1 —
5 "l (6 st =5, + 200l 50T, S (8)
Sii o =S, r, 1=8,T, S, §,-Dr,
From expanding (7) we get r,S,-Dr,r,=1-sr, (9) r, (S22 —DFG) =1-$,F, (10)
rL :% (11) Séz — Szz + Slzsz1rc — Szz —DFG (12) 1 _ I—Sler 13
S, =Dl -5, 1-8, S, S, -DI
Comparing equations (9) and (12), we find that 1 =T, (14) where, S11 and S22 are the input and output

reflection coefficients, respectively

i Bundeswehr
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Designing an Oscillator based on Linear S-Parameters

* The discussion above means that the oscillation condition is also satisfied at port 2; which proves the simultaneous oscillation
condition at both ports. Thus, if either port is oscillating the other port must be oscillating as well. A load may appear at either or
both ports, but normally the load is in , the output termination.

* |tis helpful to use the common-source based amplifier to compute the oscillator output power.

* For oscillators, the objective is to maximize of the amplifier, which is the useful power to the load. An empirical expression for the
common-source amplifier output power found by Johnson is:

-GP
P, =P, (1 —expﬁ]

sat

where Psat is the saturated output power of the amplifier and G is the tuned small-signal common-source transducer gain of
the amplifier, which is identical to S, |2

Since the objective is to maximize (PO -P ) , Where Pout and Pin are the output and input power of the amplifier

ut m

oP GP P InG
d(P, ~P,)=0 (1) — =1 (17) P =g -Ghioy g exp—==G  (19) h=——  (20)
af)in af)ln o Psat [;at [)sat G
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Designing an Oscillator based on Linear S-Parameters

out mn out sat

- . 1
At the maximum value of (P -P ) , the amplifier output is P =P (I—EJ (21)

0SC out n sat

and the maximum oscillator output poweris P, =(P —P) (22) =P (1—%—%} (23)

* Thus, the maximum oscillator output power can be predicted from the common-source amplifier saturated output power and the
small signal common source transducer gain G.

* For high oscillator output power, high (loop) gain is of importance. Another definition of gain that is useful for large-signal amplifier or
oscillator design is the maximum efficient gain, defined by
P — By
GME = }T (24)

¢ For maximum oscillator power the maximum efficient gain from (20) and (21) is  G,;,... = e (25)
n

* Designing oscillators based on S-parameters in a linear mode has been quoted by many authors using first approximation for large
signals. The problem with this published approach is that it uses a GaAs FET, where only the transconductance g, has a major
influence. S;; changes very little under large signal conditions, as does S,,. Reliable large signal S-parameters for bipolar transistors
and FETs are difficult to get. Under steady state condition Y,,* is approximately Re(Y,,)/m.
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Conditions for Oscillations

i i Voo
Real and imaginary values for Z;, i Cfﬂ,ﬂ:ﬁﬁ Sﬂzirﬁ?r r< —
i Q
1 For oscillation, R, = - __%ER&S“)C e B _L °E
] C,y>»=C WX g KLy
¢oo0.00 | ol s IR — : L Ci= > * Real (Z,,) must be slightly more negative than the
Vtune Bl | loss resistance in the circuit for oscillation to start.
— T T e The resulting dc shift in the transistor will then
400.00 Chutput . . o . .
= cr  * provide the amplitude stabilization as gm will be
= I\ reduced
E 00| : .
g S i) _ * Next we need to look at the large signal condition
- | which will affect Y,, and Y,,. The best way to get
T T / the data is to measure the parameters. At
10n . . oy . N .
ke microwave frequencies it is convenient to do so in a
e 50 Ohm system and then convert them to Y
-200.00. parameter
=300.00
050 0.80 100 1.20 140 160
Freq [GHI)

fer Bundeswehr
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Large signal Operation of Oscillators

» Definition: RF voltages/currents are of similar magnitude as the DC values.

* Test points were Vc =2V, Ic = 20mA.

* The transistor behaves differently under large signal conditions.

 Large signal parameters can be obtained from simulation using SPICE parameters, calculating the Bessel functions of the
currents of the intrinsic transistor and adding the parasitics and measurements.

* This Figure shows the R&S VNA and the test fixture for the transistor of choice

der Bundeswehr
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Microwave LC Based Oscillators

Typical measurement
setup for evaluation of
large signal parameters
(R&S vector analyzer
and the test fixture for
the transistor of
choice), Agilent now
calls this X Parameters

The bias, drive level,
and frequency
dependent S
parameters are then
obtained for practical
use
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Im (S11)

Some Test Results — D.U.T: BFP520

Measured large-signal S,

Freq: Swept from 600MHz to 3000MHz in 50MHz step

00
|
0.4 -10dBm
-5dBm
0.2
03
0dBm
04
+5dBm |
05 \
) 08

Real (Sy)
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Im (S12)

Measured large-signal S,

Freq: Swept from 600MHz to 3000MHz in 50MHz step

042

040

0.08-

0.06-

0.04

0.02

0.00-

Cod0 043 045 ofs o2

Real (S)
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im (Sz21)

Measured large-signal S,;

Freq: Swept from 600MHz to 3000MHz in 50MHz step

20.00
-20dBm
15.00-
-15dBm
10.00-|
-10dBm
o - /\
OdBmf
+5dant})
0.0 N TR map
-20.00 -15.00 -10.00 -5.00 0.00 5.00
Real (Sy1)

Microwave LC Based Oscillators

Im (Sz2)

X1=05
Y1=-0.2

00

Measured large-signal S,,

e Freq: Swept from 600MHz to 3000MHz in 50MHz step
+5dBm

02 03 04 0k 06 07 0B

Real (Sx)
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Oscillator Design Based on the Measured Large-Signal S-parameters
A) Parallel Resonant (Colpitts Oscillator)

* This Figure shows the standard Colpitts oscillator using large-signal S-parameters.

* This example is of particular interest because it requires an inductor instead of the familiar capacitor, C2, between
base and emitter - -

blos

Wiy

WOUT FREQ

Slrgle Tone

nHarn! 7
HELXHLY  Frog:72000IHZ 9000HHE? FLEY ESTP 18HZ LEWHZ 109

A 3000 MHz oscillator using a BFP520 transistor operating at 2V and 20mA. In this case, the capacitor C2 needs to be replaced by an
inductor L3 which tunes out the collector emitter capacitance to achieve the optimum value. The 1nF on the left is a DC separation
capacitor. This case is optimized for output power

der Bundeswehr
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Oscillator Design Based on the Measured Large-Signal S-parameters

* The measured large-signal Y-parameter data (Ic=20mA, Vce=2V), see above, @ 3000MHz are: [t
Y, =G, +jB, =142+ j8.96) mS (A-1) TM N S ) st C50) LATR
Y, =G, + jB, =(4.35— j196.64)mS (A2) L -
Y, =G, + jB, =(-433.09 - j1.5643 mS (A-3) ? |
Y, =G,, + jB,, =(4.41+ j9.10) mS (A-4)

* The optimum values of feedback element are calculated from the given expression of

*

*
, and B, are

der Bundeswehr
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Oscillator Design Based on the Measured Large-Signal S-parameters

* The optimum values of feedback element are calculated from the given expression of Bl* and B; are % 3
B; = _{Bn + [Blz By }+ {Gﬂ ~ Gy :|[ Gy + G +G, }} J—{“ . ;\3[/ («) 2000 M. 06C]_LATER
2 Bz1 - BIZ 2 (A-S) 1 s’
B =898E 3 (A-6) . i
j BI‘ = J (Z)Cl ( A-?) - . ——
c - 89.8E -3 477 pF
2 (A-8)
B = [312 +B, :|+|:(G12 + Gy )(G21 -Gy ):|
2
2 2(821 - Blz) (A-Q)
jB, =-1035E -3 (A-10)
B = (A-11)
JoL,
1
L,= 0.515nH
(27)x 103 5E -3L, (A-12)
der Bundeswehr
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Oscillator Design Based on the Measured Large-Signal S-parameters

* The optimum values of the real and imaginary part of the output admittance are

Yor:‘: [Goaf:+jBor:;] (A_l3)
where G o and B o is given as
G *_ G — (G12 +G21 )2 (821 _B12 )2
out 22 4G11
(A-14)
G, =—-823.53E-3 (A-15)

der Bundeswehr
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Bo::f: 322 +{G21 B G12 :|_ [(Gu + G21)
By - By 2
B, =-105.63E -3
o 1
JB(mf: o
JoL,
L, =0502nH

Microwave LC Based Oscillators

+G, -G

*

out

i

2

B21 +Bl2

(A-16)
(A-17)

(A-18)

(A-19)
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Oscillator Design Based on the Measured Large-Signal S-parameters

4.00

2.00-

0.00

Y1 [mA]

-2.00-¢

5 W A N ... A SNV PR S T
1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Freq [GHz]

the real and imaginary currents for oscillation. The reactive current
crosses the zero line at 3120 MHz. This is close, but not exactly at
the point of most negative resistance current. The reason for the
shift of 120 MHz is due to the use of small-signal analysis rather than
the large-signal analysis.

der Bundeswehr
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* This Figure shows the simulated response of the oscillator
circuit having resonance at 3120 MHz or 5% error. The little
variation in resonant frequency may be due to the
frequency dependent packaged parameters, but it is a good
starting value for tuning and optimization for the best
phase noise and output power.

* The best phase noise at a given power output is basically
dependent upon the ratio and absolute value of the
feedback capacitors, which in turn depends upon the
optimum drive-level.

Z,.l.o)+Z,(w)=0 (A-20)

Z (@) > 7Z5(o) (A-21)

Where | is the load current amplitude and w is the resonance
frequency.

Z,.. is current and frequency dependent output
impedance, whereas Z, is only function of frequency.
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Now the Evaluation

* The bias condition of the transistor is:

| Voltage
Vplvb) = 3.9442
VplVe) = 301643V
Vp()=3.01643Y
Vbe[_lib1)=0912885 Y
Vee[_lib1)=1.80815Y

Current

Iplvb) =04

Iplve) =04

Ip(l=04

Ib[_lib1) = 0.172653 m&
le[_lib1) = 21.3737 m&

.00 U S S A (S S S ——

dBm{PO1)

40.00—

Xi= 8870
Yie-311

der Bundeswehr

Universitdt J Miinchen

b i

Oct. 8t 2024

NS1<H1> [dBec/Hz]

-199.00—

150,90

NS1<H1> [dBciHz]

1.00E01 1.00E02 1.00£03 1.09E04. 1.60205 1.00E06 1.00E07
FDev [Hz]

The loaded Q of the printed resonator was 200. Now evaluating the
influence of the values of the feedback capacitors gives an interesting
result.

50.00 | 2600
|
|
i 81 0.00—
\\ "
m o
50.00—| N A
§
ool [N EER ao000——1—1 'R B I | | x
] | \
! \
4 |
08
-150.00 o.0b 5.0b 10.d
1.00E01 1.00E02 1.00E03

Increasing the output power strongly reduces the phase noise!

Microwave LC Based Oscillators
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Now the Evaluation

* The important message that can be derived from this calculation is the fact that the parasitics now dominate the design.
* The negative resistance which used to be proportional to 1/w2 now is 1/uA4.
* The rule of thumb is to use a large device for lower frequencies and operate it at medium DC currents.

* This in the millimeter wave area would be fatal. The large device would have excessive parasitic elements such as inductors and
capacitors and the optimum design is no longer possible since the parasitics would be larger than the values required for optimum
performance.

* These parasitics are the major reason why at millimeter wave and wide tuning ranges the phase noise is not as good as what a
narrowband Colpitts oscillator would provide.

* The oscillator operates in a reasonable linear mode so the load line has a minimum surface area

* Modeling the actual complex layout is much more relevant than a standard circuit diagram

wr Bundeswehr
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Oscillator Design Based on the Measured Large-Signal S-parameters
B) Series Feedback Oscillator: Applicable to YIG Oscillators

Ser ies—Feedback Oscil lator

* The steady-state oscillation condition for series
feedback configuration can be expressed as

18Bnh
i
3
b

P e =
Z,Uo)+Z,(0)=0 (A-20) 120 iu Al
Z, (o) > Z,(0) (A-21) )

where | is the load current amplitude and w is the resonance
frequency.

Z,, iscurrent and frequency dependent output impedance, where as  Z, is only function of frequency.
Z,,I.o)=R, (Io)+jX, (I o) (A-22)
Z,(@)=R,(0)+ jX,(®) (A-23)
: . . Z,+Z,0[Z,+Z
The expression of output impedance Z_,, can be written as 2, =-2,2(2, +2,)- L2t B lZat 2

(A-24)
[le +Zl +ZZ]

where Z;(1,)=1,2) 1s Z-parameters of hybrid transistor model and can be written as Z,=[R. +jX, ] 4> (A-25)
IJ.-‘_'." H‘-',f.'l|.|r'_"','.'.—'.‘|r
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Oscillator Design Based on the Measured Large-Signal S-parameters
B) Series Feedback Oscillator: Applicable to YIG Oscillators

* According to optimum criterion, the negative real part of the output impedance Z
optimal values of feedback reactance under which the negative value R

-t Nas to be maximized and the possible
is maximized by setting

out

aRe[ZOFU] — 0 and aRe[ZOFH] — 0
: : (A-26) The optimal values and X, and X, , based on above condition, can be
_ AR, AR, expressed in terms of a 2-port parameter of the active device e.g. BIT/FET
. X, +X R, -R, [R,+R i i
X =X, J{ = 21}{){2 —Xi }{ Ry —Rl} (A-28) By substituting values of X, and X, into above
equation, the optimal real and imaginary parts of the
. *
e :|:X12 +X21}{(R21 —R,)(2R, + R, +R21)] (A-29) output impedance Z_ can be expressed as:
’ 2 2(X21 _Xu)
Ry-Ryh o o ]
Zom Ror(r+Xoraf (A-30) XO?” X +X |:X21_ 12 :|[R0"f RI RH] (A 32)
2 _ 2 where
Rami R +R22 _ (2R2 + RE] + RII) +(X21 XII) (A'3l)
4(R,+R, +R)

(A-33)

X, :_{Xlz + X:l]_{(Rn —R,)2R, + Ry, +R:1)]
i 2(X21 _Xlz)

der Bundeswehr
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Oscillator Design Based on the Measured Large-Signal S-parameters
B) Series Feedback Oscillator: Applicable to YIG Oscillators

* thus, in the steady-state operation mode of the oscillator, amplitude and phase balance conditions can be written as:

*
ROH’J"

+R, =0 (A-34)

X +X, =0 (A-35)

out
The output power of the oscillator can be expressed in terms of load current and load impedance as

P = %12 Re[Z, ] (A-36)

out

where 7 and V is the corresponding load current and voltage across the output.

,_ Z,+Z, +7Z, }V (A37)

- 222(211 +Z1 +Zz)_221(212 +Zz)

der Bundeswehr
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Oscillator Design Based on the Measured Large-Signal S-parameters
B) Series Feedback Oscillator: Applicable to YIG Oscillators

* The expression of the phase noise for the series feedback oscillator, following the approach for the Colpitts oscillator, is :

— 4ql g’ (0
‘L ‘553: 4KTR+—; 3 12 ;g 33 57 |*
@ 0/82 C(C,+C,, — LC,C, 007) + g,0,(C,+C,, —LC,Cy00)

2 : _ 2 W2
(ooz : %4_ - 2l [(C, +C,, LICZC“(DO)+E'(€] (A-38)
HAd) V. || O; oy L, C.[C, +C,, - LC,Ch0 )]

For large value of Qi,

— 4ql. g, (1)
‘L ‘5'33_|:4KTR+ 1R o C LC.C 252 2o (C C LC.C 242 -
@ pfC(C,+C,, —L,C,Cp}) +g,0(C, +C, —L,C,C, o7)

{ w, ] 1 [[(Cz+CbE—L1C2Cbeco§)+Cw]J (A-39)

4 w)* Vfc co‘;' Lf C_[(C,+C,, —LICZCbecoé)]

* The important message that can be derived from this calculation is the fact that the parasitics now dominate the design. The
negative resistance which used to be proportional to 1/w2 now is 1/4. The rule of thumb is to use a large device for lower
frequencies and operate it at medium DC currents. This in the millimeterwave area would be fatal. The large device would have
excessive parasitic elements such as inductors and capacitors and the optimum design is no longer possible since the parasitics
would be larger than the values required for optimum performance. These parasitics are the major reason why at millimeterwave
and wide tuning ranges the phase noise is not as good as what a narrowband Colpitts oscillator would provide.

der Bundeswehr
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Example: 3000 MHz YIG Oscillator

* A 3000MHz oscillator is designed based on the above shown analytical series feedback approach and is also validated with the

simulated results. Figure A-3 shows the series feedback oscillator.
cnp’ A A A C : |||
F

Ser ies—-Feedback Oscillator

bios

188p
A e
54 12nh Y [
% 22pF ol
©
blas
V:-2u

A series feedback oscillator. For oscillation condition, the base to ground inductance and the emitter to ground
capacitance is required. The 12nH inductor acts a choke. The output is tuned and terminated into 50Q.
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Example: 3000 MHz YIG Oscillator

* Large signal Z-parameters measured data (lc=20mA, Vce=2V) @ 3000 MHz are given as:

Z,, =R, +jX,, =(22.96+ j27.30)Q (A-40)
Z,, =Ry, + jX,, = (140 + j670)Q (A-41)
_ _ * The simulated response of the oscillator circuit,
Zy =Ry +jX, =(2.72+74.99)Q (A-42) having resonance at 2980MHz or 1% error, is a
Z, =R, + jX,, = (46.04+ j21.45)Q) (A-43) good starting value for.tuning and optimization
for optimum phase noise and output power.
. [x,+x R,-R, |[R, +R ) ) .
X/ =-X, { = “]{X” = ]{ Ry —Rl] (A-44) ¢ The best phase noise at a given power output is
oo basically dependent upon the ratio and
X, =319.9654Q =L,=16.9nH (A-45) absolute value of the feedback capacitor, which
o in turn depends upon the optimum drive-level.
x: :_|:)1u +)121:|_|:(R21 _Ru )(2Rz +Ru +R21):| (A-46)
’ 2 20X, - Xp) * The detailed analysis for designing the best
. phase noise, based on a unified approach, is
X, =-311.67084 = C, =0.17pF A-47 . : :
% : P (A-47) discussed in the next section.
‘);au:: );2* +);22 _{@] [Raa.r:_R2 _R22 (A-48)
)121 - 12
X, =-25931176 = C, = 02 pF (A-49)
der .r."‘-f mdeswehr
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Example: 3000 MHz YIG Oscillator

* This figure shows the real and imaginary currents for oscillating conditions for optimum output power.

* In this case, the operating Q is very low, as can be seen from the shallow curve at which the imaginary current crosses the
zero line, while the real current is still negative.

* To optimize this circuit for phase noise, the imaginary curve should go through the zero line at the point of steepest ascent,
while maintaining a negative real current.

* The low Q resonator guarantees that the most output power is available, and the resonator is heavily loaded.

4.00

200 \

b : Ol
E / This figure the real and imaginary
" 200 currents of the 3 GHz series-type
: oscillator. The very shallow curve
\Im should be noted.
-4.00 7
-6.03.00 . 1.0!0 e 2.00 . 300 . 4.00 . . 5.00

Freq [GHZz]
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Classical Linear Two-Port Oscillator Design

* In many cases in old publications and even today a first approximation is made for two port oscillators using the published small
signal S parameters. This may be good for getting oscillation started but may not be correct for predicting sustaining oscillation

* This older, unreliable but frequently common method for designing oscillators is to resonate the input port with a passive high-Q
circuit at the desired frequency of resonance. This only works if the transistor has access gain! It will be shown that if this is
achieved with a load connected on the output port, the transistor is oscillating at both ports and is thus delivering power to the
load port.

* The oscillator may be considered a two-port structure, where M3 is the lossless resonating port and M4 provides lossless
matching such that all of the external RF power is delivered to the load. The resonating network has been described. Nominally,
only parasitic resistance is present at the resonating port, since a high-Q resonance is desirable for minimizing oscillator noise. It
is possible to have loads at both the input and the output ports if such an application occurs, since the oscillator is oscillating at
both ports simultaneously.

* Note: Using the hopefully high Q tuned circuit also as a filter gives better far out phase noise than the more common method
taking like the energy from the collector if the circuit is based on the Colpitts design.

wr Bundeswehr
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Classical Linear Two-Port Oscillator Design

* The simultaneous oscillation condition is proved as follows. Assume that the oscillation condition is satisfied at port 1:

]..IFS;H ZFG
Thus,
S = SDSIIFL _ Sll_DrL
B 1-s, T, 1-S,T,
1 I—Slzl"L
—=——=T,
Sn Sn_DrL

By expanding Eq. (4-220), we find

[.S,-DI,[,=1-5,T,

I, (Sﬂ -or, ] =1-5I.

_ ]_Snrs
S, -DI',

L

der Bundeswehr
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(4-220)

(4-221)
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Thus,
. 5.8, S,-DI
Sp=8py+—C%= ¢ (4-222)
1-sI- 1-81;
1 1-5T
S“ 732 _Dr, (4-223)
Comparing Eqs. (4-221) and (4-223), we find
1/5, =T, (4-224)

which means that the oscillation condition is also satisfied at port 2; this completes the proof. Thus, if
either port is oscillating, the other port must be oscillating as well. A load may appear at either or both
ports, but normally the load is in I';, the output termination. This result can be generalized to an n-port
oscillator by showing that the oscillator is simultaneously oscillating at each port:

1—1"-7;.11 = 1—2'532 = 1"35_;«3 == rns;w (4_325)
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Classical Linear Two-Port Oscillator Design

» Before concluding this section on two-port oscillator design, the buffered oscillator shown in Figure 4-166 must be considered. This
design approach is used to provide the following:
* A reduction in loading-pulling, which is the change in oscillator frequency when the load reflection coefficient changes.
* A load impedance that is more suitable to wideband applications.
* A higher output power from a working design, although the higher output power can also be achieved by using a larger oscillator transistor.

» Buffered oscillator designs are quite common in wideband YIG applications, where changes in the load impedance must not change
the generator frequency.

o s i 2 T .' el
5‘ E Elmsar - Amplifier] | : Decouples resonator from load variations
| transistor | : transistorl|l | { < A, Similar devices for Q; and Q;

. : : : i . Fuutﬂi - Fwtﬂl,

Figure 43: Figure 4-166 Buffered oscillator design.
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Classical Linear Two-Port Oscillator Design

* Two-port oscillator design may be summarized as follows:

Select a transistor with sufficient gain and output power capability for the frequency of operation. This may be based on oscillator data
sheets, amplifier performance, or S-parameter calculation.

Select a topology that gives k < 1 at the operating frequency. Add feedback if k < 1 has not been achieved.
Select an output load matching circuit that gives ‘Sil‘ >1 over the desired frequency range. In the simplest case this could be a 50 Q load.
Resonate the input port with a lossless termination so that FGS;1 =1

. The value of S%z greater than unity with the input properly resonated

* In all cases, the transistor delivers power to a load and the input of the transistor. Practical considerations of readability and dc
biasing will determine the best design.

* For both bipolar and FET oscillators, a common topology is common-base or common-gate, since a common-lead inductance can
be used to raise S22 to a large value, usually greater than unity even with a 50-Q generator resistor.

* However, it is not necessary for the transistor S,, to be greater than unity, since the 50-Q generator is not present in the oscillator
design. The requirement for oscillation is k < 1; then resonating the input with a lossless termination will provide that ‘S]']‘ >1
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Classical Linear Two-Port Oscillator Design

. A simple example will clarify the design Table 4-16 HP2001 bipolar chip common base (V. =15V, ] =25mA)

procedure. A common-base bipolar transistor

(HP2001) was selected to design a fixed- L,=0 L,=0.5nH
tuned oscillator at 2 GHz. The common-base
S parameters and stability factor are given in S. =0.94(174° 1.04[173°
Table 4-16. Using the load circuit in Figure 4- "
167, we see that the reflection coefficients S,, =1.90|-28° 2 00|—30°
are:
I, =0.62[30° S, =0.013(98° 0.043[153°
S, =1.18173° S, =1.01]-17° 1.05|-18°
k=-0.09 —0.83
100 02
: :ﬁﬂ s :
| i
C=20pF 7R | “tﬁ; i ff,ﬁ
] rl|=u.sz £30° ;

Figure 44: Figure 4-167 Oscillator example at 2 GHZ.
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Classical Linear Two-Port Oscillator Design

* Another two-port design procedure is to resonate the I', port and calculate S,, , until ‘5'22‘ >1 ,thandesign
the load port to satisfy. This design procedure is summarized in Figure 4-168

Calculate Yes Resonate
k T'a

Change to No ) l

CB/CC or Calculate Change
add feedback S'yy T'g

No

Yes

Calculate
I,

\

Design
output match

(=)

Figure 4-168 Oscillator design flowchart
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Classical Linear Two-Port Oscillator Design

* An example using this procedure at 4 GHz is given in Figure 4-169 using an AT 41400 silicon bipolar chip in the
common-base configuration with a convenient value of base and emitter inductance of 0.5 nH. The feedback
parameter is the base inductance, which can be varied if needed.

Z AT41400

Z
Z
T % | 3) T = 0,861 45.5°
1) S11 XR =1.212£137.7° (C=1.28 pF)
k=-0.805

2) C=2.06 pF; Sy 0SC =0.637.£44.5°
C=1.28 pF; Sy; OSC =1.161£-5.5°

Figure 4-169 A 4-GHz lumped
resonator oscillator using AT41400
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0.5 nH AT41400 119nH 6.0nH

N Do g e o o g WG
- — 50 Q
= 1.28 pF 0snH T 0-24pF qé
>
I, =0.8655°

Figure 4-170 Completed lumped
resonator oscillator (LRO).
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Classical Linear Two-Port Oscillator Design

* Another Example: DRO stabilized Oscillator

Lg
5 AT414000

1S5 > 100

Figure 4-171 Transmission line
oscillator with dielectric resonator.
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[S5,| > 100

Variables: R (coupling of puck) = 955 Q
| (placement of puck) = 224.2 mils
(e =10, h =25 mils)
Lg (base inductance) = 0.34 nH

Figure 4-172 Equivalent circuit for
dielectric resonator oscillator (DRO).
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Classical Linear Two-Port Oscillator Design

* Some practical hints

* For simple oscillators with no isolating stage, one can expect a certain amount of pulling. Figure 4-173 shows the tuning
parameters as the load varies from 50 Q. The load ¢, =R+ jX influences the required input capacitance C; and the base

inductor L. The numbers in the graph are the resonant portion of the load impedance and the ratio X/R determines the Q
line. It is obvious that such a circuit is quite interactive. As to the model for the dielectric resonator, the valid relationship is

shown in Figure 4-174.  A141400 - Si

Bipolar Chip
Le=0.5 nH
V4
3.0 .
25
2D
o 500
%1-5 Q=1, Series C
S 10 s00 Q=0
Q=1, Series L

0.5

0.0 01 B2 92 084 05
LB (nH)

Figure 4-173 Tuning parameters for a 4-GHz oscillator

versus load impedance as the load varies from 50 H..
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1 1 1

—_F — =

Oy O
where Qy= R/wL (unloaded Q)

Qext = %ﬁ (series resonator)

or

Qeyy = gf (parallel resonator)

Figure 4-174 Simple equivalent circuit for the dielectric

resonator.
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Microwave Resonators — SAW Oscillators

* For microwave applications, one is rapidly moving away from lumped to distributed elements. In the previous section, we looked
at the case of a transmission line-based oscillator, which by itself has a low Q and was shown only for descriptive and design
purposes. In similar fashion, we looked at the simplified description of a dielectric resonator-based oscillator.

* From a practical design point of view, most relevant applications are SAW resonators, dielectric resonators, and YIG oscillators.
These are the three types of resonators we will cover in this section.

* SAW Oscillators

* The SAW oscillator has an equivalent circuit similar to a crystal but should be enhanced by adding the appropriate capacitance to ground.
Figure 4-175 shows this. SAW oscillators are frequently used in synthesizers and provide a low phase noise, highly stable source, as can be
seen in Figure 4-175. The SAW oscillator comes as either a one-port or two-port device.

Cm
I 4R, 4 Alp
¢ —MMW—)
i %_28pF [l94nH
l 4R,=180 Q
Cm qF Co o—¢ p—o
Cm
=18E-4pF
z
R‘ :: %0. ;'J\
4Ly, =15mH

l I

One-port SAW Two-port SAW

Figure 4-175: Appropriate capacitance to ground for the
SAW resongtor,

o
(=l

UHFUE‘!’SJfﬂf '-;' M i.j.ﬂ E._."_:Ej,‘.] Oct. 8th 2024

-0.00, 0.00

!

-1.00 -6.00 :

2 -2.00 12003
< n
w —
= -3.00 -18.00 8
2 =
- . )
2 4.00 24002

&0 1 1 1 11 b 1 {1 )
306.2 306.4002

Frequency (0.020 MHz/division)

Figure 4-176 Frequency response of a SAW oscillator.
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Microwave Resonators — SAW Oscillators

* The SAW resonator has fairly high insertion loss, as can be seen from Figure 4-176 (previous slide). The actual circuit of a high-
performance SAW oscillator, as shown in Figure 4-177, consists of a bipolar transistor with a dc stabilizing circuit, SAW oscillator,
and a feedback loop, which allows the phase to be adjusted. The SAW oscillator provides very good phase noise. The measured
phase noise of such an oscillator is shown in Figure 4-178. The actual measured phase noise agrees quite well with this

prediction
+12V RF out

SAWR
Oscillator

90.9

422
Y1

10 pF
T % rl

D
J-47 pF l Sl
39pF 3w2

!

+15V (F1) 10 kQ
AAAA

: ! \ 47 pF
47 pF
4 2150 Q :
5110 Q

Figure 4-177 Schematic of a SAW oscillator.
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Figure 4-178 Phase noise as determined by the initial start-
up values and after optimization.
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Microwave Resonators — DRO — Dielectric Resonators Oscillators

* In designing dielectric resonator-based oscillators, several methods of frequency stabilization are available that have been

proposed
resonator
microstrip

by various authors. Figure 4-179 shows some recommended methods of frequency stabilization for dielectric
oscillators. The dielectric resonator consists of some high dielectric material coupled to a transmission line or

structure.
O, . d
9
l p -
g,d Q = 5 (@) E
s o

Khanna (1982)
97 dBc/Hz (10 kHz), Abe et al. (1979) 1:‘
8.5 GHz 86 dBc/Hz (10 kHz), 6 GHz

Saito et al. (1979)

94 dBc/Hz (10 kHz), 6 GHz
g9 2 s O
g
g9
d
. d
Sone (1978) NEC s o

91 dBc/Hz (10 kHz), 6 GHz

s QO (Optional) Khanna (1984)
g 90 dBc/Hz (10 kHz), 7.2 GHz
d
O L v
s
0. Ishihara et al. S. Fiedziuszko (1985)
(1980), Mitsubishi 100 dBc/Hz (10 kHz), 7.2 GHz

94 dBc/Hz (10 kHz), 12 GHz

Figure 4-179 Recommended methods of frequency stabilization for DROs
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Microwave Resonators — DRO — Dielectric Resonators Oscillators

* Figure 4-180 shows the field distribution and interaction between the microstrip and the dielectric resonator. The two resulting
applications, BandStop and BandPass filters, are displayed. Modeling this type of resonator is done by describing the resonator
in the form of its physical dimensions.

////////////////////////////////////////

? z _Z/Metal enclosure
¢ T

z 7

% .- 7

g g/wielectric puck)
| (su

% %

4 7

. P I

BT S e
///Y/\//////////A\W///////}V////////A
A
Usually L = f Substrate Usually L=—}:—19 Substrate Microstrip S;Eacer
Figure 4-180a DRO on Figure 4-180b DRO on Figure 4-180c Field distribution
microstrip as BandStop filter. microstrip as BandPass filter.. and interaction between the

microstrip and the DRO..
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Microwave Resonators — DRO — Dielectric Resonators Oscillators

Bias
20.0—
100
al V:6.56884 V:1.39754
15 nH -20.0
W:0.607883 mm
out tee  P:5.01787 mm -
D-_-l srl T
10 pF g -60.0
fet O 15 nH =
G drms trl =
ost fet1 |- [}  E ==
Materka W :0.607883 mm J_ = -100.0
W:0.607883 mm P:5.29812mm == 10 pF =
P: 75261 mm s 1
ost d:10.1645 mm ht:2 mm
er:37.28 1:5.08226 mm
W:0.607883 es: label:sub s!_’r(c): -140.0
ind i MM hd:4.0658 mm s:0.616059 mm
15 nH S il hs: sdr:4.18 mm
:0.607883 mm
% -180.0 1 ]

10° w W 1w 10 oW W
Frequency (Hz)

Figure 4-182 Predicted phase noise of the 6-
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Microwave Resonators — YIG Oscillators

* For wideband electrically tunable oscillators, we use

either a YIG or a varactor resonator. The YIG

resonator is a high-Q, ferrite sphere of yttrium ion
garnet, Y2Fe2 (FeO4)3, that can be tuned over a wide

band by varying the biasing dc magnetic field. Its
high performance and convenient size for

applications in microwave integrated circuits make it
an excellent choice in a large number of applications,
such as filters, multipliers, discriminators, limiters,

and oscillators. A YIG resonator makes use of the

ferrimagnetic resonance, which, depending on the
material composition, size, and applied field, can be
achieved from 500 MHz to 50 GHz. An unloaded Q
greater than 1000 is usually achieved with typical YIG

material.

* Figure 4-185 shows the mechanical drawing of a YIG

oscillator assembly. The drawing is somewhat
simplified and the actual construction is actually
more difficult to do. Its actual circuit diagram is
shown in Figure 4-186.

o B
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ey e

Miunchen
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Mounting and heater

Power input feedthroughs

Soft iron plate

GaAsFET Surface mount
“Negative Output connector and chip
resistance” (through base plate) components on
oscillator ceramic “thick

film” circuit

Fine tuning “FM” coil

\
_drr ST

X
\ N\
\ Mafn Majn \
§ pal S § | | Oscillator
§ o \\' power
7

/ Heater dc fiE output
Overlapping power power
Mu - metal cans YIG sphere Cross section

Figure 4-185: The yttrium-iron-garnet (YIG) sphere serves as
the resonator in the sweep oscillators used in many spectrum
analyzers.
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Microwave Resonators — YIG Oscillators

YIG

.

Figure 4-186: Actual circuit diagram for YIG-tuned oscillator

depicted in Figure 4-185.
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Tuning Diode based Resonators

The dual of the current-tuned YIG resonator is the voltage-tuned varactor, which is a variable reactance achieved from a low-loss,
reverse-biased semiconductor PN junction.

These diodes are designed to have very low loss and therefore high Q.

The silicon varactors have the fastest settling time in fast-tuning applications, but the gallium arsenide varactors have higher Q
values. The cutoff frequency of the varactor is defined as the frequency where Q, =1

. For a simple series RC equivalent circuit, we have

1
Q= oRC. (4-226)

Jeo = 1 4-227
“ 22RC (4-227)

v

The tuning range of the varactor will be determined by the capacitance ratio C___/C__ . which can be 12
or higher for hyper-abrupt varactors. Since R is a function of bias, the maximum cutoff frequency occurs

at a bias near breakdown, where both R and C_ have minimum values. Tuning diodes or GaAs varactors

for microwave and millimeter-wave applications are frequently obtained by using a GaAs FET and

connecting source and drain together.
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Tuning Diode based Resonators

Figure 4-187 shows the dynamic capacitance and dynamic resistors as a function of tuning voltage. In using a transistor instead of a
diode, the parameters become more complicated. Figure 4-188 shows the capacitance, equivalent resistor, and Q, as well as the
magnitude of S,,, as a function of reverse voltage. This is due to the breakdown effects of the GaAs FET.

16 Dynamic capacitance

. ' : - 20 1.0 102
/ Dynamic resistance
e & 08
12 = .
S08 = -
@ 10 —
£ 0.4 =3
0.4 g o
S 0.2
30
0.0
0 0204080810 12 14 2468 0.0 L)
DO 10 20 30 40 50 680 70 80
'Vd Reverse bias (V)
Figure 4-187 Dynamic capacitance and Fi 4-188 V )
dynamic resistors as a function of tuning lgl.lrel i .aractor paramete;'ls. cal[:amtanc.e, ¢
voltage for GaAs varactor. equivalent l'eSl.StOl', and Q, as well as the magnitude o
S11, as a function of reverse voltage.
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Ceramic Resonators

* An important application for a new class of resonators called ceramic
resonators (CRs) has emerged for wireless applications. The CRs are 1 L
similar to shielded coaxial cable, where the center controller is
connected at the end to the outside of the cable.

610.1

* These resonators are generally operating in quarter-wavelength mode b Jar= G =
and their characteristic impedance is approximately 10 Q.

* Because their coaxial assemblies are made for a high-€ low-loss <>
material with good silver plating throughout, the electromagnetic field
is internally contained and therefore provides very little radiation.

* These resonators are therefore ideally suited for high-Q, high-density e -
oscillators. ~aa Ll ]

* The typical application for this resonator is VCOs ranging from not | L |
much more than 200 MHz up to about 3 or 4 GHz. At these high : :
frequencies, the mechanical dimensions of the resonator become too
tiny to offer any advantage.

CR with Standard round/square packaging
* One of the principal requirements is that the physical length is

considerably larger than the diameter. If the frequency increases, this

can no longer be maintained.
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Calculation of an Equivalent Circuit of the Ceramic Resonator

* The equivalent parallel-resonant circuit has a resistance at resonant frequency of:

where Z, = characteristic impedance of the resonator
2z,

i * [ = mechanical length of the resonator
Rl

R

R" = equivalent resistor due to metalization and other losses

* As an example, one can calculate:

% 27E & - ¥ .
¢'=—8%  —ss61x10—5— and [ =HH =10ge(§j=2><10710ge(§]

Clog,(D/d) log (D /d) 2T

Z,=60 QLloge (gj

G

A practical example for £ =88 and 450 MHz is:

C*l

C = =49.7 pF L =8L*[=2.52nH R, =2.5kQ
p p

fer Bun

Universitat

vehr

FUNEEsW
X Aiiene o]
Mtnchen Oct. 8t 2024 Microwave LC Based Oscillators

98



Ceramic Resonators — some practical values

* The available material has a dielectric constant of 88 and is recommended for use in the 400- to 1500-MHz range.

* The next higher frequency range (800 MHz to 2.5 GHz) uses € of 38, while the top range (1 to 4.5 GHz) uses € of 21.

* Given the fact that ceramic resonators are prefabricated and have standard outside dimensions, the following quick calculation

applies:

Relative dielectric constant of resonator material

Resonator length in millimeters

Temperature coefficient (ppm/°C)
Available temperature coefficients

Typical resonator Q
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Oscillators with Ceramic Resonators
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Schematic of a ceramic resonator-based oscillator
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Oscillators with Ceramic Resonators —an Example

* By using ceramic-resonator-based oscillators in conjunction with
miniature synthesizer chips, it is possible to build extremely
small phase-locked loop systems for cellular telephone
operation.

* This figure shows one of the smallest available PLL-based
synthesizers manufactured by Synergy Microwave Corporation.

* Because of the high-Q resonator, these types of oscillators
exhibit extremely low phase noise.

* Values of better than 150 dB/Hz, 1 MHz off the carrier, are
achievable.

* The ceramic resonator reduces the sensitivity toward
microphonic effects and proximity effects caused by other
components.

Looking at the resonator of the oscillator
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A Novel Tunable Active Spiral Inductor PSR aheich ot Spiel fnduclar

» All oscillators including the Colpitts Oscillator need both capacitor and
inductor and they need to be in resonance at the desired frequency.

* So far we have made no comments about the inductor, but showed
some resonators like the ceramic resonators (quarter wave resonator)
or DRO (dielectric resonator based oscillator) but in most cases the
inductor is a discrete element.

* For the use on printed circuits or in integrated circuits, the inductors
are typically rectangular wound devices, as shown in the figure at the
right: (A typical sketch of spiral inductor)

* The sketch of the spiral inductor shows the mechanical assembly.

* One of the tricks is to connect the input and output of the inductor, for
the inner connection, an air-bridge is not uncommon. Of course it
adds to the inductor value.

* The real electrical values depend upon the substrate and other
manufacturing methods.

* The second figure shows a detailed lumped model of a spiral inductor.

2 . ' 2
== Cox2 Cox2 E
“bl-E %Rbl (':—T?LR >
::-[ 1 b:': T b2
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Simulating an Active Spiral Inductor

* Modern simulation tools are able to
deliver very good results macthing
niceley with mesured values.

* However, the physical size of the chip
inductor requires a large die area, thus
not a cost-effective solution.
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On-Chip Spiral Inductor

N= 3 turns EM Simulated Current
W=15um o

S$=20 um,
Ri=200 um

On-Chip Inductor
requires large dies
area: Not a
Cost-Effective
Solutions !!!

EM Simulated S-Parameters

LN

10 08 06 08 02 Op 02 04 08 0B 1D

freq (500 OMHz to 4 000GHz)

501,19
8(1.2)

freq (500 OMHz to 4. 0D0GHz)

Microwave LC Based Oscillators

103



Introducing the Gyrator

B. D. H. Tellegen of Philips Research Laboratory proposed a new 2-port network element, a Gyrator in 1948, which exhibits an
immittance conversion property, needed to generate an synthesized active inductor using transistors.

11 L2

[ 0 v
v v2 .1 = 9 [ 1] where ‘g’ is called gyration capacitance.
12 _g 0 UZ

* An admittance Y connected to the secondary terminals is converted to its dual g2/Y, this phenomena is called immittance
conversion, C transforms into L, parallel tuned circuit into series tuned circuit

* We have just seen that the inductor requires a lot of space and is difficult to build. So if we resort to the gyrator, invented
by a researcher of Phillips Research Lab, in 1948, we can electronically transform a capacitor into an inductor.

However, we need to ask the question immediately, how about the dynamic range under large signal conditions, the noise
contribution of the active circuit and the required DC power? We will get to this soon.
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The Active Inductor Using a Gyrator

Tunable Active Inductor (TAI) TAI using Gyrator I\I
v Integrable and Compact
= P “8m2
v" Cost-Effective
v' Power-Efficient Solutions Port # 1 C; Port # 2
. o—- Phase I i)
TAI: Design Challenges Compensating -
v" High Power Consumption Network (RC) Z& Vc ontrol
v" Noise Figure & Instability ¢ (a)) g 1
m
- ) _ v
v" Low Dynamic Ranges -R+j L

* Phase shift network ¢(w) is required in TAl topology for suppressing the higher order modes and self-oscillation
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SYNTHESIZED INDUCTOR BEHAVIOUR

The impedance plot reveals the inductive behavior of the circuit from 600MHz to 30GHz.
Care must be taken to avoid the encircling and crossing at 4.3GHz, which limits the applications.

In the case of a mathematics based time domain related prediction in the nonlinear oscillator system the use of Bessel function is
helpful.

Typical Schematic of a

Impedance Plot
Synthesized Inductor
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LAYOUT OF an OSCILLATOR USING a SPIRAL INDUCTOR

* Why use an Active Inductor instead of a Spiral Inductor? * We avoid the use of on-chip inductors!?

Physical size of spiral inductor

1.1nH Inductor Bond Pad
1pF Capacitor
RF BIT !
20um x 0.4pm x 10)
Minimum
Geometry

BJT
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Comparing active Inductors with passive ones

Passive and Active Inductors

Performances | Passive Inductor (Spiral) | Active Inductor
(Simulated: Active Device

Q-factor Low Q: Q-factor can be High Q: active inductor offers
improved by differential higher Q than the passive
method but added cost spiral inductor

Tunability Fixed Limited Large tuning range

Die-Area Large die-area Small die-area

Power- Zero Significant: consumes power

Consumption for generating active

inductance, resulting to high Q
that may offsets the power
consumptions

Linearity Good Linearity Poor Linearity: driven under
large-signal condition, causing
shift in operating point,
distortions. and impedance

fluctuations
Noise Superior: good phase noise | Poor : poor phase noise
performance performance
EMI Significant: Dueto EM | EMI insensitive

coupling in spiral inductors
Floor-Planning | Poor: large die- area makes | Not required
difficult floor-planning
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INTRODUCTION: ACTIVE INDUCTOR OSCILLATOR

* The Figure shows the typical Active Inductor Oscillator (AlO), includes a stable active inductor within a conventional
integrated LC oscillator

R SR

Floating Active Inductor

Floating Active

-~ _ Inductor
-~ -

Active Inductor ™

Vi

[=0.85mA

Typical Active Inductor Oscillator (AIO), includes a stable active inductor within a conventional integrated L.C oscillator
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OSCILLATOR PHASE NOISE BASED ON ACTIVE INDUCTOR

Phase Noise Plots

Surface of Phase Noise @ 1MHz

P = Advantages:

gel b | RS S 1. Broadband VCO Operation (Tuned L)
2 | " ' e : 2. Multi-Band VCO Operation (Switched L)
= 80T Pz i)
2wl s - Drawbacks:
£ ol 1. DC Power Consumption

; | \ L 2. Poor Phase Noise Performances
3500 SN _ A 3. Limited Large Signal Performances

R (Ohm) Control Voltage (V)
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SYNTHESIZED INDUCTOR CIRCUITS

* This Figure shows a schematic of a SIMULATED TUNBARLE INDUCTOR USING SiGe HBET DEVICE
transistorized inductor using SiGe HBT (BFP

620) from Infineon.
N

* The reason for using a high cut-off frequency
(ft=75 GHz) SiGe HBT transistor is to minimize
the package parasitic effects and allow
comparative evaluations of the 1.9 GHz
varactor-tuned and synthesized inductor-
tuned LC oscillator using discrete
components for experimental validations!

3 46KOH

TAI

e

100PF P1

.
res res _Lb3
b N bEpB20
3 46KOH 3. 46K0H
d \&5
L6
[ — e
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SIMULATED TUNBRLE INDUCTOR USING SiGe HBT DEVICE

SYNTHESIZED INDUCTOR CIRCUITS s

* The graph below shows the typical plot of
reactance and equivalent loss resistance of
the synthesized inductor using high cut-off
frequency (ft=75 GHz) SiGe HBTs.

3. 46K0H 3 .46KOH

20.00 6.00
1 IMPEDANCE PLOTS OF CAD SIMULATED REALIZED INDUCTOR

o,
=]
o

15.00_ .
1 Simulated Inductance Vlave @ 1.9GHz=0.8nH

10.00_] 4.00_

3.00_]

5.00_]

Im(Z11(ckt=Tunable_Indu [Ohm]
Re(Z11(ckt=Tunable_Indu [Ohm]

* As shown in the circuit diagram, the value of the realized
inductance and associated equivalent loss resistance are 0.8 nH
- Equivalent Loss Resistance @ 1.9 GHz = 1.9 Ohm and 1.9 Q at 1.9 GHz for the operating DC bias condition (3V,

0.50 1.00 1N rearcig 230 300 1.8mA) and Vtune (2.5V). The operating DC bias and Vtune are
adjusted in such a way that the realized equivalent noise
resistance must be positive to avoid the multi-mode oscillations
caused by the regenerative effect (if the simulated loss resistance
associated with realized inductor has a negative value).

0.00_ 2.00_]
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PN2<H1> [dBe¢/Mz]

SYNTHESIZED INDUCTOR CIRCUITS

* The graph below shows the comparative
phase noise plots for the LC Colpitts oscillator
using the lumped LC resonator, the varactor-
tuned lumped LC resonator and the
synthesized inductor-tuned resonator
network for identical inductance value and
loss resistance (0.8 nH with series loss
resistance 1.90).

1 COMPARATIVE PHASE NOISE PLOTS: 1.9 GHz Low Q-Factor Colpitts Oscillator

Inductor-Tuned LC Resonator (L=0.8nH. Rs=1.9 Ohm)

-1090.00yaractor-Tuned LC Resonator (L=0.8nH. Rs=1.9 Ohm)

Lumped Passive LC Resonator (L=0.8nH. Rs=1.9 Ohm)

-150.00
1.00E02 1.00E03 1.00804 100605 100806 1006807

FDev [Hz]
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SIMULATED TUNBRLE INDUCTOR USING SiGe HBT DEVICE

3 .46KOH

3. 46K0H

As shown in the circuit diagram, the value of the realized
inductance and associated equivalent loss resistance are 0.8 nH
and 1.9 Q at 1.9 GHz for the operating DC bias condition (3V,
1.8mA) and Vtune (2.5V). The operating DC bias and Vtune are
adjusted in such a way that the realized equivalent noise
resistance must be positive to avoid the multi-mode oscillations
caused by the regenerative effect (if the simulated loss resistance
associated with realized inductor has a negative value).
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ACTIVE INDUCTOR NOISE

Circuit that transforms a capacitor into an inductor A simplified circuit of active inductor
and identifies the noise contribution resonator with noise sources

| gml @
ey
\ Pgml
ﬁ%,l
22
m Gmz L IJL,Z R
R, L L |2
.['7\2 - v
~2 C
l:'gmz L
—& - C

* Vgm1l and Vgm2 are the equivalent noise voltages generated by the transconductances of the Gyrators
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ACTIVE INDUCTOR NOISE

* the following applies Uf = 4kTr,|R|, 1% = 4kTg,|G|

where R and G are the negative resistance and conductance values, and the coefficients rn and gn are frequency dependent

relative noise resistance and conductance (these give a comparative value of how much noise the active negative resistor
produces compared to a passive resistor of the same value).

The total noise spectral density in voltage squared, of the active inductor resonator is

92 — ﬁéml"'ﬁgngﬁmszZ — 92| — QZ({;Z + 2 92 w2L2) — 4kT/‘lQ2 1 + gme2
szZGlz_l_(szc_l)z wW—Wg l gm1 g?nz dmz l gmi 0}%C2

Wy (1 +731:9n)
1 1
AGmz (E"'@)

he time average normalized noise power of an active inductor resonator can be determined by:

* The time average Q-factor of active inductor is

A2

- = vV, 2 dw gAQ, ‘;2, r szzdw 12 172
vzzj“;zdfz émlwo_[ 2 2 12,0, o 2 2 2722 Th. KA 8w ( €. 1/2+ ¢ W-kTAQ Lo (c +c,)
0 2 (W LC-1)"+w’ L°G/ ] 2m (W LC-1)"+w L°G/] veE ¢ Q, P L C c. J_ C . P
der .'?-!.'.'lu.h"-','.'r'.':r
1 ittt (s AMiinche . .
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PHASE NOISE CONTRIBUTION OF THE VARIOUS PARTS OF THE
OSCILLATOR USING AN ACTIVE INDUCTOR

C(collector)
_— | = = e - Noise-Free .
| 2-Port Tlcn
Bipolar
ITi,,,@VA L(v) R(v)|* . |E(emitter) -
I C= n=0
| L 'T 2.0 =2 g exp(jncwr)
-— e e e e e - n=-0
ATI
= ZLi - 'gm(t)

* The total noise voltage power within 1 Hz bandwidth can be described by:

* The first term is related to the active inductor noise due to the
active inductor and the second term is related to negative
resistance generative active device.

e; (W)

wea, = L€, (W], e, (W],
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PHASE NOISE CONTRIBUTION OF THE VARIOUS PARTS OF THE
OSCILLATOR USING AN ACTIVE INDUCTOR

* After some lengthy calculations and minimal approximations, adding shot noise, flicker noise and the loss resistor, the
equivalent expression of the phase noise turns out to be

4K I
N 4qlcogiz + r2 iz
eg2m2 (CL)) wW=w, = [4kTR ] + o C 2
W Cllw(B)C;+gl, =2
L Cl
n=0
g, (1) =D g exp(jnwr) L(w) =10 x log
n=-0
IJ.-*_'." H‘-',r.'l|.|r'_'-','.'.—'.*|r

UFHVE'."S-'fﬂf '-I:-_ W}Hﬂ f._hE'” Oct. 8th 2024

8 m2 _[Y;I
AN
i

2
Y+
o) 2 bl

11

LG, [4kTR] is the thermal

noise of the resonator.

[Yzq ]3 y]Sq
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PHASE NOISE CONTRIBUTION OF THE VARIOUS PARTS OF THE

OSCILLATOR USING AN ACTIVE INDUCTOR

e Continued from slide before:

8 = [Yzi]{&}q

¢,

der Bundeswehr
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L(w) =10 % log

2 fob 2
qlc ng + ng
L= 4w
1 472 2
wz wO Lactive—inductorvcc
ccC
Lactive—inductor = 2 2
[C, +C, g,

L_lefe |

Oct. 8t 2024

2
Y+
k3k 21 2p
M ]

k, + : ! ]
i lbF o7 +m

kzzwg(ﬁJr)z k3=w§g§lz

n=0
g.,(1)= > g exp(jnwr)

n=-01
G
y = C,
* The values of p and q depend upon the drive level.
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PHASE NOISE CONTRIBUTION OF THE VARIOUS PARTS OF THE
OSCILLATOR USING AN ACTIVE INDUCTOR

* This Figure shows the schematic of v
self-injection-locked inductor-tuned SelF-Injection-Locked 1.9 GHz Tunable Inductor Usillotor
Colpitts oscillator realized by
incorporating phase shifter network
in the feedback path, which improves
the 1/f noise, including linearization
of the large signal drive-level
characteristics of the synthesized
inductor circuits.

* Injection locked oscillators are
frequently used to reduce the
wideband noise. The oscillator’s
tuned-circuit based on its Q reduces
the far out noise, while up-
multiplication makes the noise
worse.

Self
Injection
Locking

* A variation of the injection locked
oscillator is the self-injection, which
improves the phase noise further.

der Bundeswehr
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PHASE NOISE CONTRIBUTION OF THE VARIOUS PARTS OF THE

OSCILLATOR USING AN ACTIVE INDUCTOR

* The figure at the left above
shows the noise
improvement simulation
based on injection locking
which close-in has a 17dB
improvement, while
further out at 1MHz offset,
shows 10dB improvement,
and below is the measured
phase noise plot of
injection locked 1.9 GHz
Tunable Active Inductor
(TAI).

* The figure at the right side
shows the measured phase
noise plot (Injection-
Locked)
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PHA<H1> [dBc/Hz]
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(LN

000

10000

150.00

THED

1.9 GHz Injection-Lockeduned Simulated Inductor-Tuned Oscillator

PHASE NOISE PLOTS |

1.0GHz Smulated Inductor-Tuned Osciilator
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LOCKING)
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SUMMARY — Tunable Active Inductors

* This research work demonstrates the state-of-the-art in designing the novel tunable inductor based VCO (voltage controlled
oscillator) circuits presented in my dissertation to obtain the Habilitation Status of “Dr.-Ing. habil.” presented to the Faculty 3:
Mechanical engineering, Electrical engineering and industrial engineering, Brandenburg University of Technology Cottbus,
Germany

v’ Use of TAI (Tunable Active Inductor) resonator is relatively new and its application to replace tuning diodes in VCO
(voltage controlled oscillator) have recently begun to be explored

v’ Closed form noise models for TAI VCOs involved complex mathematical treatment due to the convergence problems at
large drive-level

v’ Limitation in the dynamic range may restricts the applications in high performance tunable filters, nevertheless by
incorporating my novel techniques one can improve the dynamic range up to an accepted limit

v The behavior of the TAI (Tunable Active Inductor) oscillator was studied and verified with practical examples.

v' Intensive studies were conducted to find the optimum configuration for the improvement in the phase noise over the
tuning range, and a US Patent application was filed.

v’ The extension of the research work is to increase the tuning range and dynamic range by employing injection mode
coupling and noise cancellation techniques in monolithic IC technology.

v’ | expect to see continued research in this field and the use of TAl (Tunable Active Inductor) components as a cost-
effective alternative of tuning diodes (Varactor) as a tuning element in filter, resonator, antenna matching network and
phase shifter for the applications in concurrent and configurable RF & MW modules/systems.
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The Modern Time-Domain Behavior of an Oscillator

* The following is a detailed mathematical analysis of the time-domain behavior of oscillators, intended as a stand-alone
mathematical derivation. It was developed between Prof. Rizzoli and team from the University of Bologna, Rowan Gilmore
and Prof. Fred Rosenbaum from the University of Washington, St. Louise, and my team at Compact Software, where we
introduced the world'’s first harmonic balance mathematics based simulator, that could handle nonlinear noise in amplifiers,
frequency doublers, mixers and finally oscillators.

* The semiconductor noise contribution for the various devices was fairly challenging, and validated.

* The large-signal transfer characteristic affecting the current and voltage of an active device in an oscillator circuit is
nonlinear. It limits the amplitude of the oscillation and produces harmonic content in the output signal. The resonant
circuit and resulting phase shift sets the oscillation frequency.

* The nonlinear, exponential relationship between the voltage and current of a bipolar transistor is given as

av(t)
i(t)y=1.e*

* |, is device saturation current, V(t) is the voltage drive applied across the junction, k is Boltzman’s constant, q is the
electronic charge, and T is the temperature of the device in Kelvins. The bipolar case is mathematically more complex than
the FET case. For the FET a similar set of equations exist which can be derived. Since most RFIC’s now use SiGe bipolar
transistors, the bipolar case has been selected.
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The Modern Time-Domain Behavior of an Oscillator

* The voltage V(t) across the base-emitter junction consists of a DC component and a driven signal voltage V,cos(wt) . It can
be expressed as

qv (1)

qVy  qV,cos(wrt) @Vae ) .
(1) =1e" i =Te e i (t)y=1,e* """ * assuming Ic = le (3>10)
_ Vi _aw .
(kT 1q) kT 1,(t) is the emitter current and x is the drive level which is normalizedto T /g
. . . . xcos(wr) —
From the Fourier series expansion, — g**") s expressed as e = Zan (x) cos(nwr)
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The Modern Time-Domain Behavior of an Oscillator

e =>"a, (x)cos(nwr)
n

From the Fourier series expansion,

a,(x)is a Fourier coefficient and given as

1 2?1— X Cos wi
ay(x)],_,= 5 je- D d(wr) = I,(x)
0

n=0
27

2T
a,(x)],.o= ! J.e"'ms(“’f) cos(rmwt)d(wt) =1, (x)
0

e =" a, (x)cos(mwr) = I, (x)+ DI, (x) cos(mwr)
n 1

I, (x) is the modified Bessel function.

Asx—>0=1,(x)— ('ﬂlz)
e

excos(wt) is eXpreSSed as

(6-89)

(6-90)

(6-91)

(6-92)

I,(x) are monotonic functions having positive values for x>0 and n>0; /,,(0) is unity, whereas all

higher order functions start at zero.
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The Modern Time-Domain Behavior of an Oscillator

* The short current pulses are generated from the growing large-signal drive level across the base-emitter junction, which
leads to strong harmonic generation. The emitter current represented above can be expressed in terms of harmonics as

ol X

7 £ 1,(%)
()=1e™ I (x)1+2> " t
(=1e O(A){ " ~I( cos(rmw) (6-93) e V.o and, are the operating DC bias voltage and the DC

value of the emitter current. Furthermore, the Fourier
qVa

s transform of i,(¢), a current pulse or series of pulses in the
g =Te™ I,(x) (6-94) time domain yields a number of frequency harmonics
common in oscillator circuit designs using nonlinear devices.
©T I, ) (1,1 kT 1 * The peak amplitude of the output current, the harmonic
V,=—In = —In +—In
q I:IO('X) q Is q Io(x) (6—95) I (.X)
content defined as | - , and the DC offset voltage are
1,(x)
vV, =V —k—Tlnlr (x)
e de g 0 (6-96) calculated analytically in terms of the drive level, as shown
in Table 6-1 (next slide). It gives good insight of the
()= fdc[l +2Z 1,(x) cos(nwr)} nonlinearities involved in the oscillator design.
1 IU (x) (6_97)
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The Modern Time-Domain Behavior of an Oscillator

Drive level

(x]

0.00
0.50
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
15.00
20.00

Universitat > Munchen

Drive-Voltage

[ KT sgmy

q

0.000
13.00
26.00
52.00
78.00
104.00
130.00
156.00
182.00
208.00
234.00
260.00
390.00
520.00

der Bundeswehr

Offset-Coefficient DC-Offset

In[ly(x)] k—T[ln 1,(x)]
q
mV

0.000 0.000
0.062 1.612
0.236 6.136
0.823 21.398
1.585 41.210
2.425 63.050
3.305 85.800
4.208 206.180
5.127 330.980
6.058 459.600
6.997 181.922
7.943 206.518
12.736 331.136
17.590 457.340

Table 6-1

Oct. 8t 2024

Fundamental Second-
AR Harmonic
2[1,(x)/1o(x)] [12(/1,)
0.000 0.000
0.485 0.124
0.893 0.240
1.396 0.433
1.620 0.568
1.737 0.658
1.787 0.719
1.825 0.762
1.851 0.794
1.870 0.819
1.885 0.835
1.897 0.854
1.932 0.902
1.949 0.926

Microwave LC Based Oscillators

* From the table, the peak current
2[121(x)/10(x)] in column 5
approaches 1.897Idc for a drive
level ratio x=10.

for T=300K, E =26mV (6-98)
q
and V; =260mV for x=10 (6-99)
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The Modern Time-Domain Behavior of an Oscillator

I, (x)
* The second harmonic-distortion 12 () is 85% for a normalized drive level of x=10 and the corresponding DC offset is
1
205.518mV. When referring to the amplitude, x is always meant as normalized to k_T
q

* Figure 6-10 is generated with the help of Math-CAD, and shows the plot of the normalized fundamental and second
harmonic current with respect to the drive level.

2,5
Figure 6-10 Plot of the normalized
2 2[11(){_)_[[3(?]_ ] fundamental current
— / - - - -
X% 15 y 2I1(x)/10(x)
g
== / 12(x)/11(x
g = / *) _(___) _______ andsecond harmonic
~ | eememmmmmmmTTTTTTITTITITTTTTT
05 4/ 12(x)/I1(x)
| .
0 & : : ‘ with respect to the drive level x.
0 5} 10 15 20
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The Modern Time-Domain Behavior of an Oscillator

* One can notice that as the drive level x increases, the fundamental 211(x)/10(x) and harmonic 12(x)/11(x) increases
monotonically.

* Figure 6-11 shows the plot of the coefficient of offset [In/,(x)] with respect to drive level x so that the DC offset voltage can
kT

q

be calculated at different temperatures by simply multiplying the factor

20

15 /

10 / Figure 6-11 Plot of Vs drive level X.
5
0 / | | At T= 300K the DC voltage shift is - 26[In 1, (x)|mV

der Eunoeswenr
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The Modern Time-Domain Behavior of an Oscillator

e

/

20
At T= 300K the DC voltage shift is - 26[In 1, (x)|mV
15
for x=10 g .
kT 5
V(FC_V(FCO__]'HI ( ) 5
(6-100)
0
Va’c—aﬁ:gr = k_T ]-HIO (T) =206mV (6-102) 0
q

10 15 20
X

V,oand V, . are the operating bias points and DC offsets due to an increase in the drive level. The

dcQ

DC voltage shift at x=10 is 206mV. Figure 6-12 shows the shape of the output current with respect to

the drive level and demonstrates that as the drive level increases, the output current pulse width becomes

shorter and the peak current amplitude becomes greater.

i,(9)|,.., — 0 ,_For conduction angle >60° (6-103)
_.— 0, For conduction angle >90° (6-104)
i,(1)|,_,— 0, For conduction angle >180° (6-105)
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le(t)

0,8

0,6

0,4

0,2

0 -

Figure 6-11 Plot of
Vs drive level X.

* The harmonic content trade-off is an
important consideration in reducing
the noise content by using shorter
current pulses [64-67].

180 -150 120 90 -6 30 60 90 120 150 180

wt

Plot of current with respect to conduction
angle- (wt) and drive level X.
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Test Case: Design Example of a 100MHz crystal oscil

ator

c1e 1uF
|||—“”—| A -]
7
Osclllotor rescoled to 108 MHz cg InF z
e > - 88 = b el Ple-MidBlo g Wb OMet
18Hz > -116 L2 E;;H = RE - Rl E
108 Hz > - 138 3455 Al
1 kHz > -156 99.999MH=z A0
18kHz > - 166 own  1Inf
| I |l
1 MHz < - 166 ||:| cal | g‘i
by 5 4300 L
1.00€00 180E0 130603 T00EM T06E0s Totess T06E07
= e
E Z Figure 6-16: CAD simulated Phase Noise Plot of 100 MHz Crystal Oscillator with Buffer Stage [63, Fig 4.16]
x

‘Signal Frequency 10000001 Mz

SGL
Count 1/1
Meas:

1,000 kitz

10,000 Lz -1
L00.000 kitz

Signal Level 11.45 dBm
Att
- R3  ree
1
: .
- 0
ES

1,000 Mz - 19
10,000 Mz

Yigy

~130 di]

<140 did

~350 di

<160 di

Figure 5-33a: Scaled to 100 MHz based on the 10 MHz HP10811A circuit [17]

370 di

+100 dig

e 191 ke

1Oz

2 Integrated Measurements
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v Figure 5-49: Measured phase noise of the 100 MHz crystal oscillator
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Phase Noise Analysis Based on the Negative Resistance Model

* The following noise analysis for the oscillator, while based on the approach of Kurokawa, is an attempt to introduce the
concept of a “noisy” negative resistance, which is time dependent.

* Kurokawa, addressing the question of synchronized oscillators, provided insight in the general case of a series oscillator.

* The method introduced here is specific for a real oscillator and real noise sources.

* | now take the basic Colpitts oscillator circuit and develop:
Cc
|
]
Figure 8-2 Colpitts Oscillator configuration R A
. . . o 0 P ——CP ]'_P
for the intrinsic case, no parasitics assumed, :
and an ideal transistor considered. ; — G D
Resonator-Tank Negative Conductance

o Bundesa

Universitat

dils

AMiinche i i
Munchen Oct. 8t 2024 Microwave LC Based Oscillators 131



Phase Noise Analysis Based on the Negative Resistance Model

The following two circuits show the transition from a series tuned circuit connected with the series time-dependent negative
resistance and the resulting input capacitance marked CIN.

Translated, the resulting configuration consists of a series circuit with inductance L and the resulting capacitance C'. The
noise voltage e, (t) describes a small perturbation, which is the noise resulting from R and — R(t).

Figure 8-3 shows the equivalent representation of the oscillator circuit in the presence of noise.

Ry
g L 'RN(t) L %
—— _> — 1
TC€ CiN T C % -Rn(t)
\/
- (py——

en(t)

1(t)

Rp

Figure 8-3 Equivalent representation of the oscillator circuit in presence of noise
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Phase Noise Analysis Based on the Negative Resistance Model

* The circuit equation of the oscillator circuit of Figure 8-3 can be given as 90, (R,—R,([)i() + %Ii(r)dr =e,(t)

dt (8-11)

* where i(t) is the time varying resultant current. Due to the noise voltage eN(t), Equation (8-11) is a nonhomogeneous
differential equation. If the noise voltage is zero, it translates into a homogeneous differential equation.

* For a noiseless oscillator, the noise signal e, () is zero and the expression of the free-running oscillator current i(t) can be
assumed to be a periodic function of time and can be given as

i(f)=1,cos(@t+@,)+ 1, cosQot+@,)+1,cosGat+@;)+....1 cosmot+@,) (8-12)

where I1, 12 .....In are peak harmonic amplitudes of the current and ¢1, ¢2.....¢n are time invariant phases.

: . ey()
* In the presence of the noise perturbation

expressed as

, the current i(t) may no longer be a periodic function of time and can be

. where I1(t), 12(t).....In(t) are
i(t)=I1,()cos[wt+ @, (D] + I, () cos[2af + @, ()] + I;(f) cos[3m1 + @, (1)] + time variant amplitudes of the

.- "In—l (f) COS[(H - 2)(0 I+ Py ('f)] + jrJ'i'—l ('f) COS[(?’.‘ - Uﬁ}'f + @ra—l(r)] + I}i’ ('f) COS[Mi @t + @, ('f)] current and q)l(t),
¢2(t).....Hn(t) are time variant

fer Bundeswehr
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Phase Noise Analysis Based on the Negative Resistance Model

* Considering that In(t) and ¢n(t) do not change much over the period of 21T/nw; each corresponding harmonic over one
period of oscillation cycle remains small and more or less variant.

* The solution of the differential equation becomes easy since the harmonics are suppressed due to a Q > 10, which

prevents i(t) to flow for the higher terms.

_ di : . : .. . :
After the substitution of the value of F.J:‘ and _[z‘ (t)dt , the complete oscillator circuit equation, as given in Equation (8-11), can be rewritten as

() dl (1)

IA—L(-’)(&H

)sin[wf + @ ()] + ———cos[wf + @, (1)] +

de, (1), . dL(f)
- LN 2o+ —)sm[2of+ o, ()] +——=
L) 7 )sin[ @, (1] 7

cos[2mt + @, ()] +

~L(HBw+ )ysin[3@1 + @, ()] +

d%( ) Id.ff) cos[3wt + @, ()] + ...

_‘rn(-'](nm+m
dt

)sin[not +¢@ ()] + % cos[not+e (O] }+
[(R, — R, (£))i(D]+

der Bundeswehr
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1 {I”m Lo [d@,(r)

C%.{Ilm - Il(f) [d% ® ]]sm[mf +o,(0]+ —{ ;‘: )Jcos[m( + gol(f)]} +

@ fon dt

1[Lo LO(de,®)]. L (dL®) s
ol { [ J}sm(btuf+(az(!)+4fuz[ 7 Jcos(bru(Jr(az(!]]}Jr

20  4o° dt

1| L) L@(des@)]. . 1 dl; (1)
C_{ . 9{92[ 7 J]Sm[3m{+¢3({)]+9m:[ = ]cos[3(a!+(p3(f)]}+...

C ne n-o* dt nem

]]sin[na)!+ @, (D] + 21 5 [ d]d(!) J cos[not+@, (f)]} =e, (1)

Microwave LC Based Oscillators 134



Phase Noise Analysis Based on the Negative Resistance Model

aie _ =-I,()(o+ (’3( ))sm[m.f+(p1(.f)]+ (}E)cos[m.f+(pl(.f)]+(slowly varying function at higher

* Because Q > 10 we approximate:. dt
order harmonics of a very small amount)

J.f(.f)dfz {Il ® _h (;) {dqol @ J] sinf@?+ @, ()] +— [ ar, @) Jcos[m! +@,()]+ (slowly varying
@ o\ d o'\ dt

function at higher order harmonics of a very small amount)

After the substitution of the value of % and _[f (t)dt , the oscillator circuit Equation (8-14) can be rewritten as

L{—II oo+ DDy sior + 9,001+ T costor +, (r)]] +[(R, - Ry (0)I(D)]+

ar

1| L 1L,® do, (1) 1 dr, (1) B -
E{ » 2 { o J]Sm[t’ﬂf+¢’1(f)]+m [ d.f Jcos[m.f+¢91(.f)]}_e‘,;(f) (8-15)
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Phase Noise Analysis Based on the Negative Resistance Model

do, (1)
dt

dr, (1)
d

L{— I()(w+ Ysin[wt + @, ()] + ( cos[mt + @, (.f)]] +[(R, — Ry (NI(D)] +]

1 {L(O Lo ['dcol(r)'

. 1(
c . —a J]sm[mf+(pl(.f)]+m—2[

dl, (1)
w @ dt

} cos[@t + @, (f)]} =e,(7) (8-15)

For simplification purposes, the equations above are multiplied with sin[e# + @, ()]0r cos[e? + @,(¢)] and
integrated over one period of the oscillation cycle, which will give an approximate differential equation
for phase @(r) and amplitude i(t) as

2 | do

i __a¢ 1 _ 1 _
[FO]J;N(r)sm[m +o)dr=-— [L t—o ] J{ oL+ — ] (8-16)

[Ti] j.eh-(.f) cos[wt +@(1)]df = d;(:) [L + m?lC' ] + {RL - m]l(.f) (8-17)

0 Jr-1

N 2 1
where R, (¢) is the average negative resistance under large signal condition. R,.(1) = L__—] J.Rﬁ_. (DI(F)cos’[wt + @)]dt
=Ty

* Since magnitude of the higher harmonics are not significant, the subscript of ¢(¢r) and I(¢) are dropped. We now determine the
negative resistancg
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Calculation of the Region of the Nonlinear Negative Resistance

dI(t)

* Under steady-state free running oscillation condition, = 0 implies steady current, and e, (f) >0

with /= fundamental RF current. Solving the now homogeneous differential equation

for Ri — Rn(t) and inserting the two terms into 8-17, we obtain

{Tiﬂ]fl?\,(t) cos[er + @(1)]dt = % {L +

1 _
(QEC':| * [RL - RN(O]I(O (8-19)

term — 0

AR [R, —R(D]=y Al,y >0=>[R;, —R,()]I(t) >0 (8-20)
now we introduce y; y= — : for A—> 0,y — 0 and )
Al R, —-R,.(H)=R,,, — Lﬂi} .[RN () cos*[ewt + @(2)]dt - 0 (8-21)
0 -1,
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Calculation of the Region of the Nonlinear Negative Resistance

[R; — R,()]I(t) — 0 gives the intersection of [ R ,;(#)]and [Ry]. This value is defined as J; which is the

minimum value of the current needed for the steady-state sustained oscillation condition.

Figure 8-4 shows the plot of the nonlinear negative resistance, which is a function of the amplitude of the

RF current. As the RF amplitude gets larger the conducting angle becomes more narrow. T
= T A
Tangent on Ry(1)
For a small variation of the current AI from Jo, the relation above is expressed as # Ylo
R -R®l=y A1 | e e 4
RN(t) E RLoad
> i
y Al can be found from the intersection on the vertical axis by drawing the tangential line on [ R ,,(7) ] at !
I'=1Io |AI|decreases exponentially with time for y>0. I I Y
N 0
Hence, o represents the stable operating point. On the other hand, if [ R ,,(#) ] intersects [RL] from the other *Figure 8-4 Plot of negative
side for y<0 then |A7 | grows indefinitely with time. Such an operating point does not support stable - resistance of [ R, (1) ] vs.

- ~amplitude of current I.
operation].
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Design Example of an Oscillator for Best Phase Noise and Good
Output Power

Parallel-tuned Colpitts oscillator
circuit, which has to be designed
with the following specifications.
The unit was also built and
measured. It uses a ceramic
resonator and its equivalent circuit
is shown.

* Requirements:
* output power requirement: 13 dBm

» operating frequency: 1000 MHz
* |load:50Q
* phase noise =124 dBc/Hz @10KHz

der Bundeswehr

Universitat j Mdnchen Oct. 8t 2024 Microwave LC Based Oscillators 139



Design Example of an Oscillator for Best Phase Noise and Good
Output Power

IBB@MHZ_POI"Ol l El "Tuned_Resonofor‘_Osc 'kl lOtOI"

Schematic of the 1000 MHz
oscillator.
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Design Example of an Oscillator for Best Phase Noise and Good

Output Power

20.00
1
1000 TR | | SN (E==-SCONT | 1) IS TP | =N
1 v
0.00] | SR ST R | S S z
= @
Q 5
€ &
a I
®  .10.00 | S SPR IR USRS R AR | MO S ¥
r4
o
-20.00- el l e Wl e e o sl =
L L) U N—— S ——
0.80 0.90 1.00 1.10 1.40
Spectrum [GHz]
X1=1.00GHz X1=
Y1=12.96 Yi=

Predicted output power of the oscillator.
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A7800

-200.00

1.00E04Hz
-124.51dBc/Hz

1.00E02  100E03  1.00E04 1.00E05 1.00E06  1.00E07  1.00E08

FDev [Hz]

Predicted phase noise of the oscillator

Microwave LC Based Oscillators

100@MHz_Paral l el ~Tuned_Resonator _Oscil lator

Schematic of the 1000
MHz oscillator.
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Design Example of an Oscillator for Best Phase Noise and Good
QOutput Power

Circuit schematic of a 2 GHz GaAs FET
oscillator built on GaAs substrate with very
fine resolution of the components
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Design Example of an Oscillator for Best Phase Noise and Good

Output Power

0.00 :
|
|
|
; \ i
-50.00- .
v
<
Q
m
=
= 10000 oy
A
I
v
=
o
-150.00.] | S
1.00E02 1.00E03 '1.00E04 1.00E05 1.00E06 1.00E07 1.00E08 1.00E09

FDev [Hz]

X1=1.00E05Hz X2=1.00E06Hz X3=1.00E07Hz
Y1=-98.04dBc/Hz  Y2=-122.22dBc/Hz Y3=-142.68dBc/Hz

Predicted phase noise of this oscillator. The measured
values were 100 dBc/Hz at 100 kHz and 120 dBc/Hz at 1 MHz.
There is a deviation of about 2 dB compared to simulation.
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125.00
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Shows the DC-IV and the load line for the GaAs Lay out O.f the 2 GHz GaAs
FET oscillator. FET oscillator
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Further Design Examples
2400 MHz MOSFET-Based Push-Pull Oscillator

A Symmetric LC Oscillator

Vdd
e
L2 L/2

C
|l
1

WNIL|]><EI Wy/L *
I ‘

Adjust ratios
to fine tune
symmetry

Uses the same current twice for high transconductance.
[Also appears in: J.Craninckx, et al, Proceedings of CICC 97.]
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Summary

* We made a quite detailed survey through major topics with respect to Oscillator design.

A variety of circuits have been discussed.

Different type of resonators were introduced which are strongly influencing the design and
the performance of oscillators.

A detailed mathematical modelling was explained describing major effects within oscillators.

Modern simulation tools can precisely predict the technical parameters of a design.
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Thank you very much for your attention

Questions?
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