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Transistor Applications from
RF to Microwave Frequencies

Theory of SiGe HBTs and pHEMT and
practical circuits up to Sub Terahertz frequencies

The design of RF/microwave oscillators has been, and continues to beyjéet elimany publications.
Historically, oscillators have been designed largely based on past experience with mostly successful
designs, and to a lesser degree on experimental data. Furthermoreesbighion test equipment for
validation of device phasnoise has only become available in the last decade or so, and accurate
measurement can still take hours. For a designer, however, it is preferable to start from a set of
specifications and then apply a rigorous and advanced matheivasies design prodare. In this talk,

we will present linear dathased, measured larggnatbased, and nelinear Bessel functichased
treatments of RF/microwave oscillators. The discussion will includéased oscillators, such as those
using bipolar, MESFET, and CMQO&ansistors, as well as the design of khugrformance, lowphase

noise oscillators, ranging from VHF crystal resonators to YIG oscillators, and their measured data.
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U Introduction

The following presentation will be a thorough practical and mathematical description of how to build
optimized oscillators, mostly LC based, suchites one shown below, in Fig.1, but also with specific

microwave resonators, crystals and other resonators.

The oscillatobelow is from the MIMIC Program

Thea c r o nMIMHC 0 sfood forMicrowave/MillimeterWave Monolithic Integrated CircuitsThe
DARPA program manager was Dr. Eliot Cohelm. 2012 Eliot Cohen wrote an article on the MIMIC
Program folEEE MTT-S Microwave Magazinavhich is a good resource if you want to learn about this
historic program. ldre are the details:

Eliot Cohen, "The MIMIC ProgramA Retrospective"Microwave MagazineJune 2012, pp. 738.


http://www.mtt.org/magazine.html
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Figure 1: Two stage FET based Microwave tunable Oscillator Built on GaAs Substrate

160 GHz Oscillator — Measured
Phase Noise Plot
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Figure 2: Typical Sensitivity at various frequencies with R&S FSWP-B61option (starts @I Hz
offset)

MultiView * Phase Noise Spectrum

Signal Frequency 161 999997332 GHz RBW 10 % Source Frequency 1.0 GHz
Signal Level ~1405 d8m XCORR Factor 100 Source Level RF Off
At Sd8  Meas Time ~i8s

p: Extivix D

1 Noise Spectrum

-80 g/ M2+
i

-8s wcm?‘

~90 gBe/ Mz

~95 gBe M2

=100 ddc/Hz

~105 ddc/Me

=110 ddc/mz

~115 déc/He

=120 ddc/me

-125 d8c/mz

=130 d8c/Hz

=138 abcve

=140 dbcmz

100.0 Hz Frequency Offset

2 Integrated Measurements

100.000 Hz 1.000 GHz -41.88 dBc 652.59 m°/11.39 mrad 5.599 MHz 11.190 fs

__ Reody W [oc] e 2N

Figure 3: Measured Phase Noise of a PLL System at about 162 GHz using the R&S FSWP
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This CAD tool was developed under the MIMIC Program

GTW Commact Safware Inc. - Sicremove Harmanics 18 V7579 |on

-~ - W
o SR

e

o i B R W BOW T £5 £3 |

Vi b gk Pl Mgt - 085

[Pt G Gy (5 phamed | 4]

[Avatas G 50 15 5 L B
e

Compact Software, Inc.

Figure 4: Advertising for the Serenade Program developed under the MIMIC Program



U WHAT IS AN OSCILLATOR
x 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
x  An oscillator consists of an active device acting as an amplifier, a resonator, and a feedback
circuit
x A small amount of energy feedback is needed to sustained oscillation and the majority of
available energy appears at the output terminals
x  Resonatorsan be LC based circuits, transmission line based, grgst@mic, dielectric
resonatarYIG (Yttrium Garnet) based, and others
For RF application, the most relevant features besides size are:
x  Output power
x Harmonic content
x Phase Noise

x Power consumptionsp name a few

U Introduction to Microwave Oscillators and Their Mathematical Treatment:

The design of microwave oscillators has been and is the subject of many publications. To a certain
degree, oscillators have been designed based on experimentalddatparence, and the resulting
performance has been measured and published. The designer, however, considers it important and useft
to start from a set of specifications and then applies a synthesis procedure, which leads to a successful
circuit. Thefollowing are populatrangstor oscillatordesigns.

History

The first time an oscillator became important wéen 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 oscillatarcuit as shown in Figure-1.

Figure 5: Figure 1-1 Original dipole made by Heinrich Hertz in 1887 using balls at the end to
form a capacitive load (Deutsches Museum, Munich).



Modern communications systems need oscillators as part of the design. In most cases these oscillators ar
part of a synthesizer and they are voltagatrolled, meaning that the frequency is determined by tuning
diodes, frequently called varactors. The applied DC voltage varies the frequency. For high performance
circuits the Colpitts oscillator is most frequently selectd®B]. A large part of this work isaken from

our book mentioned above and reproduced with permission.

The Colpitts oscillator comes in three flavors. Figuae shows the conventional circuit configuration.

This type of circuit is based on a design developed by Edwin Henry Colpitts, knowis invention of

this oscillator and hence carries his name [1]. It uses a capacitive voltage divider and an inductor. In reality
this simple circuit is not used but rather a derivation of this. This is shown in Figure 1b. The advantage of
this circuitis that the values for{&nd G are fixed and the frequency change occurs by changintj C

the frequency of Figurealneeds to be changed, a better choice is to vary the inductor L.

Colpitts colleague Ralph Hartley [2] invented an inductive couplindlase. The advantage of such an
oscillator having capacitorsi@nd G replaced with a tap of the inductor has been used together with
helical resonators. The frequency tuning is achieved purely capacitively. To minimize loading, the
transistor of choicéere is a FET, which has very high input impedance and provides minimum loading
to the circuit. The disadvantage is that this circuit, using junction FETSs, is limited to about 400 MHz. The
transition frequencyr is about 500 MHz. FETs can also be usethan Colpitts oscillator as shown in
Figure 1a, because of relatively lower loading than the bipolar transistor. The drawback of Figure 1a is
the heavy loading of the tuned circuit by the transistor.

Important: These oscillators are called one port oatilts as the resonatioisses are compensated with
thenegative but noisiReZ11) resistor compensatade! The Im(Z11) adds to the AM to PM conversion.

10
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Figure 6: Basic Oscillator Configurations

U Transistor models and Noise Contributiors

For the design of oscillators we are looking at members of bipolar aneeffelt transistor families. In

the case of the bipolar transistor, conventional microwave silicon transistors are manufactured-with an
up to 25 GHz, while the more advance&8itransistors 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 simdér cut
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 (tyjyc2-3V). However, because of the losses of the
transmission line in practical circuits, there is not much difference between HBT and SiGe oscillator noise

asfr is the same.

11



There is a similar competing situation betweerCBIOS transistors implementad a 0.062 micron
technology and with GaAs FETs, specificallyHEMTs. The GaAs FETs have welstablished
performance with good models, and the@#OS transistors are currently being investigated as to what
models are the best. Also, there is thfenbise 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.
Noise in Semiconductors and Circuits

Microwave applications generally use bipolar transistors and following are their noise contributions

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 expessed a®  TQYY 6(emf)(volt F( U

The power of thermal noise can thus be written as
Noi se P—%WGTQY(S ® FOa
T

It is most common to do noise evaluations using a noise power density, in Watts per Hz.
By settingd p ( Wve get:
For6 p( UNoise Power QY
By Thevinin, Noise Power p& § p T wmnt pm 7

Noise floor below the carrier for zero dBm output is given by:
01 puéQ-  pXxBREE IGOE 6PXAO G

In order to reduce this noise, the owllgtion is to lower the temperature, since noise power is

directly proportional to temperature.

The Johnson noise sets the theoretical noise floor.

1 The available noise power does not depend on the value of resistor but it is a function of
temperature T. Téanoise temperature can thus be used as a quantity to describe the noise behavior

of a general lossy oRgort network.

12



1 For high frequencies and/or low temperature a quantum mechanical correction factor has to be
incorporated for the validation of equationhi s correcti on term resul

law, which applies to blackbody radiation.

0 Q® ) "WYho WH BY — Q p

T 0MI 0 PN U MaGRDE e qRIEadNckds Ra)di ati on Noi

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

— ¢ f 00 QY
Where, N is the chargef the electron, P is the noise power, 8@dis the dc bias currenty 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 progrties of surfaces or boundary layers are influenced energetically by states, which are
subject to statistical fluctuations and therefore, lead to the flicker nogsE®@noise for the current flow.

pF Mnoise is observable at low frequencies and generally decreases with increasing fré&qpoencging

to thepZ'Qlaw until it will be covered by frequency independent mechanism, like thermal noise or shot
noise.

Example: The noise for a conducting diasl®ias dependent and is expressed in ternds"@&ndo "O

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 ndlss 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 beer

fully established.

13



Avalanche Noise

When a reverse bias is applied to semiconductatipm 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 noismastly flat. At higher frequencies the junction capacitor with
lead inductance acts as a kpass filter.

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

N S ©
aQ a ¢cn06 U Qﬁo
0 "Generally isn therange of 1 to 3 (dimensionless quantity) and is a bias dependent curve fitting

term, typically 2.

Thev "Qalue is ranging fropp%  top% , and defines the flicker corner frequency.

U Transistor Types

Bipolar Transistors

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 BE20 as an example, but is applicable to other transistors also.

14
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Figure 7: Equivalent circuit for a microwave bipolar transistor. It deviates from the SPICE
implementation by having two base-spreading resistors.

The first thing we need to do is look at the nmlagged to calculate the DC and RF performance of a
microwave transistor. There are subtle differences between the standard SPICE implementation and the
one suited for higher frequencies. Figdrghows a modification that was necessary for greater agcura

by introducing an additional baspreading resistor,s?
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Noise Model

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:

IAF

(iz,) =291, Af + KFfLAf

FCP
<i3n> =2ql. Af

<i12ebb> = < Af

Rbb
()= T &
(RESY, oo [ L. L
I, = B—‘;’V +1, Base o ]_g_[ - @ D @ier
F=l—1I, i == Cbei %:1 lie jon

Figure 8: Noise Model of a BJT

Field-Effect Transistors

For RF applications, there are three types of transistors which can be used. The first is a junction FET,
which have been shown to be usefultod 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 FETafaimihe
BiCMOS transistors. Recent advances in technology have push the BICMOS process clod8&tdz100

if the BICMOS transistor is built on SiGe technology.
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GaAs FETs(MESFET)

Field
effect
transistor

l |

Insulated . Metai
gate Junction semiconductor
FET FET FET
GaAs Siticon Hlfroeblﬁft;mn InGaAs IinP
MESFET MESFET transistor MESFET MESFET
Low power High power
Single gate Single gate
GaAs MESFET GaAs MESFET

Dual gate
GaAs MESFET

Figure 9: RF-FET Family Tree

For the purpose of modeling GaAs FETSs, therdasge number of models available, and the list is longer

if company or university internal models are added. The following models are popular with CAD tools.
1 Chalmers (Angelov) Model
1 Modified MaterkaKacprzak Mode(low noisg
1 PhysicsBased MESFET Model

Their properties and different model equations
the Ansoft Designeros reference manual gi ves
implemented. It is difficult to obtain a reliable pareter extractor for the models. Bably, the most
popular modefor commercial application is the Angelov modéerhe model for which good parameters

can be extracted with reasonable effort is the Materka model. It requires a DC/IV curve tracer and a

networkanalyzer which operates up84 GHz

17
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Figure 10: Figure 3-11 Topology of the extrinsic model for all intrinsic models.
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NMOS MOSFET

Figure 12: Intrinsic model for an NMOS MOSFET.

MOS Model Level 3Example:
The following model shown in Figurg2 is the popular but simple MOSFET model and has been
implemented in this configuration and in most of the simulators (ADS from Agilent, Designer from
Ansoft, and Microwave Officefrom AWR to name a few). Addressing the model Level 3, here are the
parameters extracted for the LDMOS device which works up to several GHz and was used for a 2 GHz

oscillator.

L =0.12um W =0.15mm CBD = 0.863EL2 CGDO = 166EL2 CGS0 = 24682 GAMA = 0.211 + IS =
6.53E16 KAPA =0.809 MJ = 0.536 NSUB = 1E15 PB=0.71 PBSW =0.71 + PHI = 0.579 RD = 39 RS
= 0.1 THET =0.588 TOX = 418 U0 = 835 VMAX = 3.38E5 VT0 = 2.78 XQC = 0.41

Thedata providd above was suppligdr a LDMOS device.

19



Noise Model

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:

AF

D

gy SETe. .. I
<ljn> = TAf +KF f;’(‘l"

Af

() = 4’;—TAf

g

(ikan) = 41;—T &f A

d

<ilzfxn> =4 /;eT Af € o Cac
|
1

<i12elm > - 4k_T Af

Figure 13: Noise model of the MOSFET transistor (not showing extrinsic parasitics). Current
sources with “n” are noise sources.

For the RFIC application, the BISIM Model 3\Ms the model othoice. Figures13 and 14 show the
MOSFET model representation.
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Figure 14: FET-BSIM3V3 MOSFET model.

While for the purpose of more insight this presentation uses detailed equivalent circuits and parameter the

engineer in realty used either a characterized transistor or a foundry forigre des

While the transistor models are quite mature the real problem lies in the quality of the parameter extraction
or likewise in the accuracy of the physics based models.

For the purpose of this presentation some easy to understand and simplified meods¢siathe refined

models do not make the accuracy infinitely better.
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Noise Model

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:

(i) = (i), + (i)
Lan | = \ban f + Lin h

= kT D
<ll(gn> = 4R_Af n2
&
Id Ird
() =4y :
len I Rd f ngot+Cf Rd Ibd
kT ! H
2 .
<1Rm> =4—Af | |ern del |
" i * N O
kT
2 VR Cgbo
(1n) =47 | ST . !
4 Irgn Isub Irbn
L3 3
@ o
i Vds 7 n4
G B
Idn
Rg Ids @ PR
lg _ L Ib
T ® | | ®
I [Qbulk Cbs
| | | |
i —1
Qsrc
Vgs i } Vbs
Cgsot+Cf Ibs
Is | Rs Irsn
== n3 —
S

Figure 15: Enhanced Noise Model of MOSFET

U Linear Approach to the Calculation of Oscillator Phase Noise

In transmitters, oscillator noise can result in adjact@innel interference andodulation 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.

See alsohttps://www.analog.com/en/resources/aqmies/anl067.html

https://tf.nist.gov/general/tn1337/Tn190.pdf
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https://www.analog.com/en/resources/app-notes/an-1067.html
https://tf.nist.gov/general/tn1337/Tn190.pdf

Thedefinition of phase noise was first given by E. J. Baghdady, R. N. Lincoln and B. D. Nelin,-"Short

term Frequency Stability: Characterization Theory, and Measurement,” in-T&rort Frequency
Stability, NASA SR80, 1965, pp. 6B7.

A/ noise at carrier Figure 16: Noise power versus frequency
c

/ of a transistor amplifier with an input
wise f Th;errnal noise floor signal applied.

Noise power (dB)}

Since an oscillator can be viewed as an amplifier with feedback (Figur# is helpful to examine the
phase noise added to an amplifier that has a noise figikéth F defined as

F = (S/ N)in - Nout - Nout (5_97)
(S/N),, N,G GKTB

N,, = FGKTB (5-98)

N, =kTB (5-99)

where Nin is the total input noise power to a nefsee amplifier. The input phase noise in 44

bandwidth at any frequendy+ fm from the carrier produces a phase deviation given by (FigQre

\/ fKT
queak: MRMSL = = (5'100)
avsRMS avs
1 |(FkT
DG1rus = E P (5-101)
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Figure 17: Phase noise added to carrier
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Since a correlated random phas®ese relation exists & - fm, thetotal phase deviation becomes

DQRMStotaI = V FKT/ Pavs (5'102)

The spectral density of phase noise becomes
S, (f.) = Dgays = FKTB/ P (5-103)

whereB = 1 for a 2Hz bandwidth. Using
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KTB= - 174dBm/Hz (B=1) (5-104)

allows a calculation of the spectral density of phase noise that is far removed from the carrier (that is, at
large values ofin). This noise is the theoretical noise floor of the amplifier. For example, an amplifier with

+10 dBm power at the input and aise figure of 6 dB gives

S,(f,, > f.)=-174dBm+6dB- 10dBm= - 178dBm (5-105)

Only if Poutis > 0 dBm can we expe £ (signatto-noise ratio) to be greater than 174 dBc/H#@A
bandwidth.) For a modulation frequency close to the ca®igeffm) shows a flicker or T/component,
which is empirically described by the corner frequeiacyhe phase noise can be modeled by a roése

amplifier and a phase modulator at the input as shown in Figure

WA R
/ |
So {fm Noise-free
Phase amplifier
modulator
Figure 18: Phase noise modeled by a noise-free
amplifier and phase modulator
& FKT

PSVS

r:i\ ——
3"

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

(B=1) (5-106)

fC
+_C
fm

|-ODO
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No AM-to-PM conversion is considered in this equation. The osmillmay be modeled as an amplifier
with feedback as shown in Figui®. The phase noise at the input of the amplifier is affected by the
bandwidth of the resonator in the oscillator circuit in the following way. The tank circuit or bandpass

resonator has law-pass transfer function

1
L = 5-107
T FoXTATA (5107
where
w,12Q, =B/2 (5-108)

is the halfbandwidth of the resonator. These equations describe the amplitude response of the bandpass

resonator; the phase noise is transfeatéehuated through the resonator up to thehedidwidth.

SBoul {fm)- ‘Q,(fm}
Output
50 in ':fm)
Resonator
Phase Noise-free
y  modulator amplifier
Figure 19: Equivalent feedback
models of oscillator phase noise.
L (o) = ’
Aoy 1+ (fwm 2Qgad/ wg)

Equivalent Y
lowpass for
resonator

The closedoop response of the phase feedback loop is given by
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X

quut(fm): +

gaq- () (5-109)

g

j 2QL

The power transfer becomes thigase spectral densitygiven by

€ 18f g9
Sqom(fm):éh—z@" uS,, (f,,) (5-110)
g TmC2Q by ¥

whereSyin was given by Eq. @A06). Finally, L (fn) is

?[(fm)* [1+'f§"(_£q'") :' Bin(fm)
(5-111)

This equation describes the phase noise at the output of the amplifier (flicker corner frequency and AM
to-PM conversion are not considered). The phase perturlfiat the input of the amplifier is enhanced
by the positive phase feedback within thé fi@ndwidth of the resonatds/2Q..

A High Q Oscillator A Low Q Oscillator
59 : Sy .
Phase perturbation Phase perturbation
- BT
i N : _ Figure 20: Equivalent
f. g f, . feedback models of
. . . illator ph se.
) Resulting phase noise A Resulting phase noise oscillator phase noise.
L] £73 I ()
fm-I FkT
~m 2Pas
: '
| ! o
o
2Q
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Selfm) ™ 10.24 GHz DRO

40 4

Resonator
fo=10.24 GHz,
Q =1000

60 o™ fL =512 MHz

dBrad?/Hz

Amplifier

bO =1E-15,
b_ =5E-11
fo=50kHz

oscillator
=100 ~

-120

-140

-160 -~

-180 T T T T T T >
102 103 10 105 10° 107 108 fm

Figure 21: Figure 2-45: Phase Noise PSD of the 10.24 GHz DRO discussed in the example

Depending on the relation betwekrandfo/2QL, there are two cases of interest, as shown in Fig@ire
For the lowQ case, the spectral phase noise is unaffected [y tfiehe resonator, but tt.L (fn) spectral
density will show a T2 and 1f 2 dependence close to the carrier. For the @gtasea region of 1f/3

and 1f should be observed near the carrier. Substituting E®0§% in (5111) gives an overall noise of

2
=]+ lag) [l )

FKTB[ 1 f*f. 1 2 ;
= 2P, [me:in +3‘Z(562) * (”;_mﬂ Btz

(5-112)

Examining Eq. (5L12) gives the four major causes of oscillator noise: theonperted X/noise or flicker

FM noise the thermal FM noise, the flicker phase noise, and the thermal noise floor, respectively.

QL (loadedQ) can be expressed as
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Q = wW, W, W, _  reactivepower
" Picow P +P+P,, totaldissipatecpower (5-113)

whereWk is the reactive energy storedlirandC,

W, =;CV? (5-114)
Pz (5-115)
unl

1 > ( P 1 Pge \*
_f(fm)=-[1+ w‘;,/ o - ) ](1+ wf)m——FkT"
2 4wy, \ woW, Qun w0, W, W | Pgay
! ‘ !
input power over phase perturbation
reactive power

resonator Q flicker effect

signal power over
reactive power

(5-116)
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The following examples refer to bipolar transistorsONLY

Typical oscillator

2 FkT fe
= 1+ =
AB R av[ + ra )
=\
\Afj T
Pin
fo
Forf, € ——
fim 2Olaad
; Figure 5-19--Diagram for a feedback
101 o FKT fe oscillator illustrating the principles
““/”m] == -5 1+ — - .
2 w2 \2Qag ) Fav fn involved, and showing the key
components considered in the phase
Qlong = WoWe  _ 0, W noise calculation and its contribution.

Pdiss. total Pin + Pres +Psig

Reactive power
~ Total dissipated power

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

2
1 FkT ) (R 1 Ri
Liw,) == Do [ n +i} [1 1_.9_“_]

L —_
8 Fay 0h oW, Qun @V W
Phase Resonator Q Flicker
Perturbation Effect

Input power Signal power
over over

Figure 22: Example of a typical but simplified grounded base oscillator

This equation is extremely significant because it covers most of the causes of phase noise in oscillators.
[AM -to-PM conversion must be added; se&6).]
The basic equatiors(c h e r e r ModRied heks0ld'ssEquation) needed to calculate the phaseisois
found in The Design of Modern Microwave Oscillators for Wireless Applications: Theory and
Optimization [9].

"0 "0 "0Q YWY
Q0 & p a P @ Q

Z'Q prml ipC
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whereZ "Q RQROACH) M) ROV YO AY) and & are the ratio of the sideband power in a 1 Hz
bandwidth atQ to total power in dB , offset frequency, flicker corner frequency, loaded Q , unloaded Q,
noise factor, Boltzmann's constant, temperature in degree Kelvin, average output power, equisalent no
resistance of tuning diode, voltage gain and ratio of the loaded and unlGadesspectively.

From (1.1), the minimum phase noise can be found by differentiating Equation (1.1b) and equating to zero

as— Z2'Q ot T
. Q - "Q "Q 0QYCQ WY -
Qa P Catep & P aw® 0
°a, o € ®

Figure23 shows the relative phase noise of the typical oscillator versus the ratio of loaded and unloaded

0 of the resonator for noise fact@and'Oh™0 O .

-50.00

x=Drive-Level

PN1<H1> [dBc/Hz]

-150.00-

-175.00 ; - : o ; st
1.00E02 1.00E03 1.00E04 1.00E05 1.00E06 1.00E07

FDev [Hz]

Figure 23: Single sideband phase noise as a function of the normalized drive level x.
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The collector current plotted in Figure 20 becomes more narrow as the normalized drive level x moves
towards x = 20. At the same time, the basgtter voltage swing increases. This is plotteéigure 6

21.

20.00

x=Drive-Level

x=20

15.00-

10.00

Ic(_lib1) [mA]

2.50 500 750 1000 1250 1500  17.50  20.00
Time [nsec]

Figure 24: Figure 6-20 shows the collector current pulses of the oscillator.

800.00

x=Drive-level

600.00-

Vbe(_lib1) [mV]

400.00-

x=20

200.00- : ,
0.00 5.00 10.00 15.00 20.00

Time [nsec]

Figure 25: Figure 6-21: RF voltage Vbe across the base-emitter junction as a function of the
normalized drive level x.
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Here is a brief introduction to the definition of X, innay the duty cycle. The voltaggt) across the
baseemitter junction consists of a DC component and a driven signal vultegsnst). It can be

expressed as

V(t) =V +V; cosm)

As the driven voltageV, cosfnt) increases and develops enough amplitude across theeinéser
junction, the resulting current is a periodic series of pulses whose amplitude depends on the nonlinear

characteristics of the device and is given as

)
i(t)=1e

AVee AV cos)
i,(t)=lek ke X

AVete
i (t) = 1,eK et
e S

assumingc© le (6>10)

- Vi _dv
(KT/q) KT

I, (t) is the emitter current and is the drive level which is normalized k3 /q.
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Nonlinear Device Modulation Frequency
Noise Sources I Conversion
Linear Subnetwork Frequency i
weal SUBIE >l q 1] IF Noise
Noise Sources Conversion
LO Signal Frequency
Noise Sources Conversion

Figure 26: Noise sources of oscillators being mixed on the carrier, amazing to see all the relevant
contributions

OSCILLATOR PHASE NOISE
Repeat: This equation does not take into consideration the conducting angle, because it is in the

linear domain.

TheLeeson phase noise equation is modified to accommodate the tuning diode noise contribu

s 5
£(fm)=1OIog?éL+ fo 2% f OFkT 2kTI2?K 2
ié (2me0) m (1 m) fm _2PO f2 §7

The Equation above explain the phase noise degradation (as compared to the fixed frequency LC oscillator
due to the oscillator voltage gaiq) 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.
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Figure 27: Typical phase noise of a PLL 50 GHz PLL synthesizer
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RECENT RESULTS AT PSI

The PSI 'SBO' series are compact, sapphire oscillators operating near room temperature, while the
'SLCO' is a 19tack instrument. Since the first SLCOs were produced in 1996, the apphcation
demanded requirements for temperature range, phase and amplitude noise performance, vibration

sensitivity, and reliability have become more stringent.

Phase Noise Results
As mentoned above, the phase noise has shown steady improvement over the last few years, and Figure

12 shows the current level of performance.

PLL corner ~ 4 Hz
Resonators at +11°C

SSB Phase Noise dBc/Hz

0.01 0.1 1 10 100 1000 10000

O ffset Frequency kHz

Figure 28: Figure 12. Measured phase noise of PSI room temperature SLCO at 10.24 GHz
(August 2003).

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 AMto-PM conversion at room tempénge may well suffer at operating
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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.
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Figure 13. Measured amplitude noise of PSI room temperature
SBO at 10.24 GHz (August 2004).

Figure 29:

AM noiseis p v T A(" Ut 1 kHz offset, with @¥AEharacteristic through to 50 kHz, where the effect
of resonator filtering is visible. The measurement was done asasg correlatioof the signals from

two AM-sensitive mixers, to achieve a low measurement noise floor. Paeeay steps in the data are
due to limited averaging in the cressrrelation method (a higher number of averages was taken at

higher frequencies).
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U Typical Microwave Oscillator (Colpitts Oscillator)
ed

by

Dieter Scherer (Hewlett Packard, about 1975).

Phase noise is a dimensionless number, and expressed in dBc/Hz, measured atcrDbffsgtfrom

the carrier relative to the RF output power. AABm output, the ideal phase noise level far off the carrier

is -

174dB {To= 300 Kelvin)

U Designing an Oscillator

ZIN

1 Microwave oscillators are based on the negative resistance pritwipdenpensate for tHesses.

1 Maximum frequency of oscillation cdre déermined from lineaaralysis for stadup conditions,

but nd necessarily for sustainirascillation (large signal condition will deice the gain and shift
thefrequency).

1 Linear analysis is unreliable to determine resonance frequencgthed dynant parameters,
bewareof parasitics.

Cc]
+ Vo I_
() Gljw) —o C T J
_ Qutput I } MWL
Yo

H{jew)

Figure 30: Oscillator as a feedback model and as a
one port producing a loss compensation with the electronically generated negative impedance.

*

— 2 Y21 1 N 12(C1 +:P+:2) VW2*1LP Y2*1
=- T TUE } -
pacakage g (C, +C,)C, L+ WY,7L3) @MC, +Cp)C, 1+ Y, L2) MC, +C,)C,

(e ]
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The Calculation of the Oscillating Condition Considering Parasiticof 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. FigureBincaporates the base le@mbductance Lp and the packagapacitance

Cp.

It must be noted that part of the intrinsic transistor the Hadkector capacitance is responsible for the
Miller effect, and the Collector Emitter capacitance (Both are depletiortitapees), are nelinearly

dependent on the collecteoltage

MW Yo
L,

ZnN

Figure 31: Figure 6-2 Colpitts oscillator with base-lead inductances and package capacitance.
Ccis neglected. The equivalent circuit of the intrinsic transistor is shown in Figure 8-12.

Theinputimpedance is

e Y, 1 g €(C,+C,+C,) WL, Y, 2
Zy ‘ pacakage: € S 2 U Je - ™ U
e’ (C, +C,)C, @+w’Y;L%)y ~gMC, +Cp)C, 1+ 1wPY;L2) MC, +Cp)C, (6-1)

Because the real and imaginary part of Z11 contain Y21 which is both nonlinear and time dependent,

The flicker and other noisy parts wil/l be up co

improvethe noise unless the resonator also acts like a bandpass filter.
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e Y21 9 -é,(cl"'cz)?

—_ 7

ZIN - € u
without pacakage e v €
aw’C,C,(; & nC,C,

c\C

(6-2)

whereL, is the basdead inductance of the bipolar transistor &ads baseemitter package capacitance.

All further circuits are based on this model.

Fromthe expression above, it is obvious that the baseitehattance makes the input capacitance appear

larger and the negative resistance appear smaller. The equivalent negative resistance and capacitance c:

be defined as

I:QN

RNEQ = N
@+ w?YALE) (6-3)

e o a
1 _ig 1 3_ e W2Y21LP gé Y21 d
Ceq 16 (C*CoIC, U 1+ wPYAL2)(EMC, +C,)C,
18(C.+C,+Co)u y 6.4)
— Y21
Ry =- wee, (6-5)
where

Ry: Noisy regative resistance without lead inductance and packagapacitance.

Rueo: Negative resistance with balead inductance arphckage capacitance.
Ceo: Equivalent capacitance with balsad inductance and package capacitance

At resonance:

m 192 Je(cl +C,+C,) WY Lp Ya1 -
- u- é - =
al- w'LC  uCq gMC, +Cp)C,  (1+ W2Y221L2p) mC, +Cp)C, g

j

CLCE\ -

(6-6)
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L 1 9_ e(c +CotC,) Yy, WL, @
-W’LC WC.{ gMC,+C.)C, WGC,+C,)C, 1+wYAL%) 67)

Y &

('L('E\ -

. &n’LC, - (1- WZLC)ﬂ &L+ n?Y,;1L5)(C, +Cp+C,) - ML, Y, 2
Y é =é 2 u
€ uC.(1- W’LC) | 6 WC, +C.)C,(1+nwYiLY) g (6-8)

The expression above cha rewritten in terms of a determinant as

[WZI—CC - (1' WZI—C] [(1+ W2Y221L2p)(C1 +CP+C2)' M’LPY221]

Det =0 (6-9)
‘ [WCC (l' WZI—C)] [W(Cl +CP)C2 (1+ W2Y221L2p )]
ForLp- O
_ J [C,C, +C,C; +C,C]
0 L[C,C,C. +C,C,C+C,CC. +C,CC_] (6-33)
1
%= I C,C,C¢ z
LgC CC,+CC.+C,C
€ ¢ U (6-34)

Cc is a coupling capacitor used for separating the bias circuit, and its value is normally small, but similar

to C1 andCy, typically 0.2pF to 2pF.

Rewriting the polynomial equation a&4- ")
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W, = (6-35)

For steady oscillation the following condition has to be satisfied:

1
<G - =

R | =3 -
o’CC, <G,

Loss

Since % is the frequency dependent current gain S:

ofzee)
GG, G

Rl.u,\s <

U  Tuning Diode Noise Contribution

Now including a tuning diode and explaining and its noise contribution

(For the moment assuming it introduces no sifiect).

The circuit assume&;3>>C2.Both the Base Collector and the Collector to Emitter capacitance will act

as a tuningliode.

This tuning diode itself generates a noise voltage and modulates its capacitance by a slight amount, anc
therefore modulates the frequency of the oscillator muiteiamounts. The following calculates the phase

noise generated from this mechanism, which needs to be added to the phase noise calculated above.

It is possible to define an equivalent ndiseqt h at , i nserted in Nyquistos

V, = J4KT R, Df (7-21)

wherekT, = 4.23 102! at 300 K,Ris the equivalent noise resist@X,is the bandwidth, and determines

an open noise voltage across the tuning diode. Practical valRggfofr carefully selected tuning diodes
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are inthe vicinity of 100, or higher. If we now determine the voltage= V43 423102 100 the

resulting voltage value is 1.28510°V v Hz.

This noise voltage generated from the tuning diode is now multiplied with the VCO gain, reisulkiag

rms frequency deviation:

(Df, ) =K, 3 (1.265° 10°V)in 1 Hz bandwidth (7-22)

rms

In order to translate this into the equivalent peak phase deviation,

K,v2
q, = ;‘/_ (1.265% 10 °rad)in 1 Hz bandwidth (7-23)

m

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

Q
g, = O'OfOl?“ rad in 1 Hz bandwidth (7-24)

m

Forfm= 25 kHz (typical spacing for adjacent channel measurements for FM mobile radi@g)-tAel7

3 108 This can be converted into the SSB sigonatoise ratio

g,

(f,) =20log,,
L 2
(7-25)
=-149 dBc/Hz

Figure32shows a plot with an oscillator sensitivity of 10 kHz/V, 10 MHz/V, ande&/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 tmmise contribution from the diode, and the third curve shows that at this tuning

43



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-{&MV conversion), while the Leeson

eqguation deals with the conversion noise.

center frequency in MHz::
$2400.0

average power at oscillator output:

a Phase Noise VCO:
6.0
loaded Q of the tuned circuit 20-
$100.00 10
0
unioaded Q of the tuned circuit: -10—\\
£1000.00 -20 N
-30-
flicker frequency in Hz: 40- N
- N
& 1000 . 50 g
noise factor in dB: § -60-
$6.0 © -70-
g 80
oscillator voltage gain in Hz/V: 2 %0 \
3100000000 § -100- ‘\\
equivalent noise resistance of tuning diode: '1 10- S =
%200 -120 \§§\
-130- PR
-140 B
Calculate e ™
e — 190 e
-170- TN
Save Data File J ~180- .
o i Sises 1E+0 10.E+0 100.E+0 1E+3 10.E+3 100.E+3 1E+6 10.E+6
Frequency -151.01
Bt | Print

Delete prewous traces

Figure 32: Simulated phase noise following Equation (7-26).

If we combine the Leeson formula with the tuning diode contribution, the following equation allows us to

calculate the noise diie oscillator completely.

f,? f oFkT 2kTR fl
2@ 2K) u (7-26)
(2f.Q,) 2P f

- sav m

fe
L (f,)=10log g+
[é

where

L (fw) = ratio of sideband power in a 1 Hz bandwidtlfidb total power in dB
fm = frequency offset

fo= center frequency
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fc = flicker frequency

QL = loadedQ of the tuned circuit

F = noise factor

KT=4.13 102! at 300Ko (room temperature)

Psav= average power at oscillator output

R = equivalent noise resistance of tuning diode (typicalJ\&aL0 KW)

Ko = oscillator voltage gain

The limitation of this equation is that theabted Q in most cases has to be estimated and the same applies
to the noise factor. The microwave harmepaance simulator, which is based on the noise modulation
theory (published by Rizzoli), automatically calculates the loaded Q and the resultedjgnoie as well

as the output power [73]. The following equations, based on this equivalent circuit, are the exact values
for Psay QL, andF which are needed for the Leeson equation. This approach shown here is novel. It
calculates the output powerdssl on the Equations-@ to 876). The factor of 1000 is needed since the

result is expressed in dBm and a functiom ahdCi.

As a reminder this figure is repeated: The output coupling of the energy is done at the tapped inductor. As
the inductor igart of the tuned circuit, the selectivity of the tuned circuit reduces the far out noise. This
type of circuit has much better phase noise, than the output at the collector ofisotaed Colpitts

circuit.
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Typical oscillator

v
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Figure 33: Figure 4-16 Diagram for a feedback oscillator illustrating the principles involved and
showing the key components considered in the phase noise calculation and its contribution.

In frequency synthesizers, we have no usé.@oscillators without a tuning diode, bitimay still be of

interest to analyze the lenoise fixedtunedLC oscillator first and later make both elements, inductor
and capacitor, variable.
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é e C, o 2 4
| 0706 QLeClan 10 oWy 4 1
| =-0U. - - i
[P,(n,C,] 45, = 10L0Gj S(V4(W L)Z) Sg - QC ¢ OQC ZER *100q; (7-27)
e 0 Ué~2 1 ] 2~2a G Qg 7
i i LA St
| e u y

0.7 = high current saturation voltage,¥ollector emitter voltageVcc

To calculate the loaded.Qwe have to consider the unload@gland the loading effect of the transistor.
There we have to consider the influenceYaf. The inverse of this is responsible for the loading and

reduction of the Q.

1
s A —=(c,+c,)
QO Q . Q* - 21
Qo +Q* 1- Wo2 C, L(Q=Qy,)

3
Wo

(7-28)

-Q, =

Based on Figure-8, which also shows the transformation of the loading of the differential emitter
impedance (resistance), we can also calculate the noise factor of the transistor unesgralge
conditions. Consideriny:", thisnoise calculation, while itself uses a totally new approach, is based on
the general noise calculations such as the one shown by Hawkins [117] and Hsu and Snapp [118]. An

equi val ent pr oc eduratherthanrbipdiaetrarfisistrsmd f or FETO6s r

U Desigring an Oscillator based on Linear SParameters

It may be interesting for readers to see how an oscillator can be analyzed-panagreters. It should be

noted that this method is based on linear approximations and works for practically all microvilaterosc
designs [6, 28, pg. 741]. The equivalent criteria of the negative resistance can be calculated in the form of
Sparameters. The detailed definitionsSgparameters can be found in [31]. This negative resistance will
cause oscillations if the foNaing conditions are satisfied. Assume that the oscillation condition is satisfied

at port 1 and is given by

Sﬂ ~F (6)

Thus
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P +S_2 %1(31_ _$1 - DLC
Sll Sl 1'822@ l%ZL‘ (7)

izl'szzg

S - 06 ° ®)

From expanding (7) we get

GS; -D GGl 5+ (g

G(S2. DG 1=8rc
15,6

S.- D& (1)

P = +§2 SG& S, -DE&
%2 %2 1- S.Ll @ 1 '51 GC (12)

i: 1- S, @
Si, S,- D@ (13)

Comparing equations (9) and (12), we find that

1
=G
Sk (14)
where,Si1andS2are the input andutput reflection coefficients, respectively

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 poremust b

oscillating as well. A load may appear at either or both ports, but normally the loa,is the output

termination.

It is helpful to use the commesource based amplifier to compute the oscillator output power. For
oscillators the objective is to maximizgP,,, - P,) of the amplifier, which is the useful power to the load.

An empirical expression for the commsaurce amplifier output power found by Johnson [29] is

a -GF
Pout = Psaté _expﬂ
c Ra (15)
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wherePsatis the saturated output power of the amplifier &is the tuned smabignal commorsource

transducer gain of the amplifier, which is identica]$g|2. Since the objective is to maxim(zl%ut - Rn)

, WherePotandPi, are the output and input power of the amplifier,

d(l:())ut- Pln) 9 (16)
WP _ 4
HR, (17)
“R)ut — Gexp GFl)n ];
p‘Rn Fgat (18)
exp% =G
F;at (19)
P, _InG
PRa G

(20)

At the maximum value ofP,, - P,), the amplifier output is

n

a, 1
Pout = Psat% E

¢ (21)
and the maximum oscillator output power is
Posc = ( Pout - Pm) (22)

-p 4 1 InG

¢ G G (23
Thus, the maximum oscillator output power can be predicted from the cosouore ampfier saturated
output power and the small signal common source transduce6Gg&or high oscillator output power,
high (loop) gain is of importance. Another definition of gain that is useful for-sigyeal amplifier or
oscillator design is themaximunefficient gain defined by

GME — R)ut - I:)in

B (24)

For maximum oscillator power the maximum efficient gain from (20) and (21) is
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_G-1
MEmax InG

signal gain7-12].

Designing oscillators based &parameters in a linear mode has been quoted by many authors using first
approximation for large signals, as shown in [8]. The problem with this published approach is that it uses

(25) The RF gairGvemaxis a considerably smaller value compare®Githe smal

a GaAs FET, where only the transdontancegmhas a major influenc& i1 changes very little under large

signal conditions, as do&%.. Reliable large signab-parameters for bipolar transistors and FETs are

difficult to get.Under steady state condition Y2is*approximatelfRe(Y21)/ .

CONDITIONS FOR OSCILLATIONS

Real and imaginary values for Z;;

Colpitts Oscillator

Emitter Follower BJT

| Q
< < Rc External Tan osc
1 For oscillation, R, = - # )
| GG @ xC,xC, _L
600.00 ' : G4 ”D
Vtune
Cz Re

400.00_| Yeractr Output
: &l
=
e
E  200.00 ]
i Imaginary
o
N 1 {

0.00_| | . : 4
At —— oint of oscillation //
Real
-200.00 »
-300.00 i
0.60 0.80 100 120 140 160

Figure 34: Point of Oscillation as shown by the Zero reactance and negative resistance

Real ¢11) must be slightly more negative than the loss resistance in the circuit for oscillation to start.

Freq [GHz)

The resulting dc shift in the transisteill then provide the amplitude stabilization aswill be reduced.
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Next we need to look at the large signal conditidrch will affect Y11 and Y2II'he best way to get

the data is to measure tharameters. At microwave frequencies it is convenedbtso in a 50 Ohm

systemand therconvert them t parameter

U Large signal Operation of Oscillators

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

Test pointavereVe = 2V, Ic = 20mA.

The transistor behavelifferently under large signal conditions.

Large signal parameters can be obtained from simulation using SPICE paracadidegtjng

= =2 = =

the Bessel functionsf the currents of the intrinsic transistor and addingotirasitics and

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

Lil:
LIl
L

goaosiny

al]

L0

EA - 1. -
IEeE e G .

Ll L'LIAUU

Lt LECH
UilllilLlU UUI(.L.I
i
o [E|
%/uJ
w

_A .(_

Figure 35: Typical measurement setup for evaluation of large signal parameters

Typical measurement setup for evaluation of large signal parameters (R&S vector analyhertastl

fixture for the transistor of choigeAgilent now calls this X Parameters

The bias, drive level, and frequency dependent S parameters are then obtained for practical use
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Figure 36: Measured Large-signal S-parameters of the BFP520
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Oscillator Design Based on the Measured Larg8ignal Sparameters
A) Parallel Resonar{Colpitts Oscillato
Figure 1 shavs the standard Colpitts oscillator using lasjgnal S parameters. This example is of

particular interest because it requires an inductor instead of the familiar cap@gitmtween base and

emitter.

om W

NOUT FREQ

Sirgle Tone

rHarnt ¥
WELCHLY  Froq) 72B90HHE GREGHE? FOEY ESTR LAHZ LBHHZ LB9

Figure 37: Figure A-1 A 3000 MHz oscillator using a BFP520 transistor operating at 2V and
20mA.

In this case, the capacitop Geeds to be replaced by an inductemibich tunes out the collector emitter
capacitance to achieve the optimum value. The 1rtRefeft is a DC separation capacitor. This case is

optimized for output power.

The measured largggnalY-parameter dataft20mA, Vee=2V), see above, @ 3000MHz are:

Y, =G, + jB,, =(1142+ j8.96) mS (A-1)
Y,, =G,, + jB,, = (4.35- j19664)mS (A-2)
Y, =G,, + jB,, = (- 43309- j1.5643mS (A-3)
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Y,, =G,, + jB,, = (4.41+ j9.10) mS (A-4)

The optimum values of feedback element are calculated from the given expresBjamdB; are

B =18, + gz tuly gG "G 8800 a9
i & 2 U &B,-B & 2 ty (A-5)
jB; =898E- 3 (A-6)
jB; = juC, (A-7)
C, = B98E- 3 _ 4 77pF
A (A-8)
B, = eBy, + By g, g(Gﬂ +G,) (G, - Glz)g
g 2 Y e 2(B,, - By,) a (A-9)
iB, =-1035E- 3 (A-10)
. 1
B’ = A-11
B2 =5 al, (A-11)
L,= 1 0.515H
(20f)2 1035E - 3L, (A-12)

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



You*t: [Gou*t+jBo:t] (A'13)

WhereGoutand Bou is given as

Gout_ GZZ e(GlZ + GZl) (BZI BlZ)2 g
é 4Gy, u (A-14)
G,,=-82353E- 3 (A-15)
B,.= *_ =B, +¢& éGZl G12 g &G, + GZl) +G,, - Gou*tﬁ ele +B, 0 2
e 21~ Buo u & 2 S 2 (A-16)
B,.=-10563E- 3 (A-17)
B = —— (A-18)
Jnd,

L, =0.50H (A-19)
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Figure 38: Figure A-2 Shows 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.

Figure A2 shows the simulated response of the oscillator circuit having resonance MB120 5%

error. The little variation in resonant frequency may be due to the fregudependent 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 absolut

value of the feedbaakapacitors, which in turn depends upon the optimum dewvel.

Zy (I, M+Z (W)=0 (A-20)

Z(W- Z;(w) (A-21)
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Wherel is the load current amplitude amdis the resonance frequenc¥,,, is current and frequency

dependent output impedance, wheregss only function of frequency.

Now theevaluation

The bias condition of the transistor is

Yoltage Current
Vplvb) = 3.9442 v Ipvb) =04
Vplve) = 3.01649 Y Iplve) =04
Vp[]=3.01643 V Ip(l=04A
VYbel_lib1) =0.912885 Y Ib[_lib1) = 0.172653 md
Yeel[_lib1) =1.80815Y le[_lib1) = 21.3737 m&
20.00
§ -20.00
5
-60.00 . ¥ :
0.00 5.0/ 10.00 15.00 20.00 25.00

Spectrum [GHz]

X1=8.87GHz
¥Y1=-13.11

Figure 39: Simulated Output power of the 3000 MHZ oscillator using a BFP520 transistor

Good new, the calculatefeedbackcircuit makes thescillatorto oscillate,
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Figure 40: Simulated Phase Noise of the 3000 MH? oscillator using a BFP520 transistor

The loaded Q of the printed resonator was 200. Now evaluating the influence of the values of the

feedback cpacitors givesminteresting result.

5000

0.00—

<20.00—

dBm(PO1)

-50.00—

NS1<H1> [dBciHz]

100.00—|

1.00£01 100802 100203

Figure 41: Increasing the output power strongly reduces the phase noise

Increasing the output power strongly reduces the phaise!

The important message that can be derived from this calculation is the fact thatshepa@v dominate

the design. The negative resistance which used to be proportionaf too®/ is 1###. 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 befal. The large device would have excessive parasitic elements such as inductors
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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 areajbeneason 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 theactual complex layout is much more relevant than a standard diagram

B) Series Feedback Oscillat@pplicable to YIG Oscillators

The steadystate oscillation condition for series feedback configuration can be expressed as

Zou’[(I ’M/)+ZL(M/) =0 (A-ZO)

ZW- Z;(wW) (A-21)

wherel is the load current amplitude amdis the resonance frequency,,, is current and frequency

dependent output impedance, whereZass only function of frequency.

Zou (I W) = Ry (1, ) + X o (I, W) (A-22)

Z (W =R W)+ X (W) (A-23)

The expression of output impedangg,can be written as
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[212 + ZZ][221 + ZZ]

Zow=-2Z,Y [Z,+Z,]- A-24
out 3 [ 22 2] [le+zl+zz] ( )

wherezj (i,j=1,2) isZ-parameters dfiybrid transistor model and can be written as
Zi,j :[Rj + inj]i,j:l,Z (A-25)

According to optimum criterion, the negative real part of the output impedgjckas to be maximized

and the possible optimal values of feedback reactamder which the negative vall , is maximized

by setting

“Rel.zout] - O and l‘lRel.Zout] - O
1 IJXZ (A_26)

Y H[Rout] :0 and H[Rout] :0
1 sz (A_27)

The optimal valuesX; and X, based on above condition, can be expressed in termspfra@arameter

of the active device (BJT/FET) as [177, 178]:

. eX,+X,,8 eR, - R, ®R, +R, 2

X =-X. + 12 219, % o 2 X 2 1 _ L (A—28)
' . 8 2 H gle' XlZEﬁ 2 Rll RlH

X; - éXlz"' x21?_ é,(Rzl' R.LZ)(ZRZ + R.LZ +R21)? (A-29)

(<] u
8 2 H e 2(X21' X12) u
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By substituting values ofX; and X, into above equation, the optimal real and imaginary parts of the

*

output impedanc& . can be expressed as

out

Z 0L:t: ROL:I+ X ou*t (A_3O)
*_ é(2R2+R21+R12)2+(X21- Xlz)zg
Rou - RZ + R2 - é () (A'Sl)
t - 4R,+R,+R) G

* * é = *
Xout: x2 + X22 - %aRout_ RZ - RZZ] (A_32)
eNa1” NM2U
where
. eX,+X,, g € - 2R +R,, + 7]
X2 :_8 12 > 210_ Z(Rn F\;.Lzzg F\izXRlz R21)u (A-33)
u e ( 21 12) u

thus, in the steadstate operation mode of the oscillator, amplitude and phase balance conditions can be

written as

Ru+R =0 (A-34)

Xow+ X, =0 (A-35)

The output power of thescillator can be expressed in terms of load current and load impedance as
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Pout = %l ? Re[ZL] (A-36)

wherel andV is the corresponding load current and voltage across the output.

-

Z,+Z,+Z,

| =g
2222(211"'2 +Z ) 221(212"'Z )U

(A-37)

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

— e 4ql g (1) %)
L |ss= AKTR+ cm ot
I ess & wib’C2(C, +C,. - LC,C,w?)? + g2w¥(C, +Cy - LC,C, 2y

o 2
e w2 &£1 & &4 1 B(C,+C,.- LC,Cwd)+C. 130 2
&0 6+ : e U(A-38)
EA(DW)* Ve, (€Q! ? c oLl—%Cce[(CﬁCbe L,C,Cpe5)] 8-83

For large value of Q

4ql.g2(t) g,
wéb?C2(C, +C,. - L,C,Co2)? +g2w2(C, +C, - L,C,Co2)?

[ g4KTR
e

¢ W 2 1 a;(c +Cye - LC,Coe2) +Ce]§
§4(M V2 Ceel(C, +Cye - LC,Ca2)] 2

(A-39)

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 proportionaf too®/ is 1###. The rule of thumb
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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 isnmgelgossible 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

oscillatorwould provide.

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. Figur8 shows the series feedback oscillator.

Ser ies-Feedback Oscillator

1

bles

Figure 42: Figure A-3 Shows 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 50£2

Large signalZ-parameters easured datadt20mA, Vee=2V) @ 3000 MHz are given as

Z,, =R, + X, = (2296+ j27.30W (A-40)

Z, =R, + )X, =40+ j670W (A-41)
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Z,=R,+ X, =(272+ j4.99W (A-42)

Z,, =R, + JX,, =(4604+ j2145W (A-43)

N exX,+X, 8 eR, - R, #éR,+R @
X = X 512 219 %1 2 % 2 21 _ _p¥X (A-44)

' " 8 2 H gle' XlZHS 2 o RlH
X. =3199654VY L,=169nH (A-45)
X5 = eXp,t X008 2(R21 - RYER, + R, + RZl)S (A-46)

2
8 2 H e Z(le' X12) a
X, =-31167084Y C, =0.17pF (A-47)
o eR,, - ‘
Xout= Xyt Xy~ éRZl—;R(lzﬂRout' R, - Rzz] (A'48)
eNa1” M2 U

X .=-25931176Y C, =0.2pF (A-49)

The simulated response of the oscillator circuit, having resonance at 2980MHz or 1% error, is a good
starting value for tuning and optimization for optimum phase noise and output power. The best phase
noise at a given power output is basically dependeon tipe ratio and absolute value of the feedback
capacitor, which in turn depends upon the optimum devel. The detailed analysis for designing the

best phase noise, based on a unified approach, is discussed in the next section.-Fghoes\the i

and imaginary currents for oscillating conditions for optimum output power. In this case, the operating Q
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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 negativé&o 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 tia¢areischeavily loaded.

4.00

200

0.00

Y1 [mA]

200

400

\ [
- | | | |
s.ogm TR g ¢ ¢ Y Sgde ¢ ¢ @derc © ¢ Yade ¢ ¢ ' “gide

Freq [GHz]

Figure 43: Figure A-4 Shows the real and imaginary currents of the 3 GHZ series-type oscillator.
The very shallow curve should be noted.

U Classical Linear Two-Port Oscillator Design
In many cases in old publications and even todaysadpproximation 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

Thisolder, unreliable burequently commomethod for designing oscillators is to resonate the input port
with a passive higi@ circuit at the desired frequency of resonarfides only works if the transistor has
access gaint will be shown that if this is achieved with a load connected onutpibport, the transistor

is oscillating at both ports and is thus delivering power to the load port. The oscillator may be considered
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a two-port structure, wherklsz is the lossless resonating port angprovides lossless matching such that

all of the exernal RF power is delivered to the load. The resonating network has been described.
Nominally, only parasitic resistance is present at the resonating port, sinceCregpnance is desirable

for minimizing oscillator noise. It is possible to have loatlboth 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 mthod taking like the energy from the collector if the circuit is based on the Colpitts
design.

The simultaneous oscillation condition is proved as follows. Assume that the oscillation condition is

satisfied at port 1:

1/S,= G (4-218)
Thus,
| +§2 gleL _$1 - DLC
%1 Sl 1- Szz @" 1 %2 L ¢ (4-219)
i:ﬁ = G(
S; Si- DG (4-220)

By expanding Eq. (220), we find

Geal -D LGGG:L :%21
GL(Szz -D (9 1= SI_G

_1- %1 @
S,- DG (4-221)
Thus,
' +§.2%1GG 5, -D¢&
822 %2 1- Sll @‘ 1 -Sl G( (4-222)
i: 1-5, ¢
S, S,- DG (4-223)

Comparing Egs. £@21) and (4223),we find
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1/S,= G (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 eithiér or bo

ports, but normally the load is i@, , the output termination. This result can be generalized topntn
oscillator by showing that the oscillator is simultaneously oscillating at each port:

G.ls.;.l = 2($22 :3%‘ T % (4-225)

Before concluding this section on tvport 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 loadingpulling, which is the change in oscillator frequgnghen the load reflection
coefficient changes.

A load impedance that is more suitable to wideband applications,-#£§8{4

A higher output power from a working design, although the higher output power can also be achieved by
using a larger oscillatoransistor.

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

Decouples resonator from load variations

R, Similar devices for Q) and Q,
PoutQ; > PoulaL

Figure 44: Figure 4-166 Buffered oscillator design.
Two-port oscillator design may be summarized aoVed:

Select a transistor with sufficient gain and output power capability for the frequency of operation. This
may be based on oscillator data sheets, amplifier performancgava®eter calculation.

Select a topology that givé&s< 1 at the operating frequency. Add feedbadk<fl has not been achieved.
Select an output load matching circuit that gif@'ﬁ >1 over the desired frequency range. In the simplest
case this could be a 80'load.

Resonate the input port with a lossless termination soGh@t =1. The value ofS,, greater than unity

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

For both bipolar and FET oscillators, a common topology is cordmase or commogate, since a
commonlead inductance can be used to r&seo a large viue, usually greater than unity even with a
50-W generator resistor. However, it is not necessary for the tranSistior be greater than unity, since

the 50W generator is not present in the oscillator design. The requirement for oscillatienlisthen

resonating the input with a lossless termination will provide‘ﬂ'éb 1.

A simple example will clarify the design procedure. A comrbase bipolar transistor (HP2001) was
selected to design a fixedned oscillator at 2 GHz. Th@mmonbaseS parameters and stability factor

are given in Table-46. Using the load circuit in Figure¥s7, we see that the reflection coefficients are
G $0.6230

S,=1.18173

Thus, a resonating capacitance@f 20 pF resonates the input port. IfYES-tuned oscillator, this
reactive element could be provided by the F@gIYIG element. For a dielectric resonator oscillator

(DRO), the puck would be placed to giG °1.0] 173.

Table 416 HP2001 bipolar chip common baséVCE =15V, I, =25 mA)

L, =0 L, =0.5nH
S,=0.94174 1.04173
S,=1.90 28 2.00- 30

S,=0.013 98 0.043153
S, =1.01 -17 1.05- 18’
k= 0.09 -0.83
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100Q

HP2001 u8

Bipolar

1

Figure 45: Figure 4-167 Oscillator example at 2 GHz.

Another tweport design procedure is to resonate @eport and calculatess,,, until ‘822‘ >1, than

design the load port to satisfy. This design procedure is summarized in Fibo8e 4

Calculate Yes Resonate
k T'o

Change to No Y l

CB/CC or Calculate Change
add feedback S'a2 I'g

No

Yes

Calculate
n

Y

Design
output match

Figure 46: Figure 4-168 Oscillator design flowchart.

One word ofcaution:
At these high frequencies a good maaigis necessary, meaning that where possible the lumped elements

have to be replaced by distributed elements. Here is an example:
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Figure 47: Example of the modeling details required for a 5GHz Microwave Oscillator
60.00.
I
T
40.00. | / o~
E | —'_________,_.——A
= 2000 /’
L S
2 AN
. R ——
R B ——
N
0.00 e ——— S
-20.00
0.00 2.00 4.00 6.00 8.
Vds(_lib1) V]

Figure 48: DC-IV Output Curves of the 5GHz microwave oscillator
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Figure 49: Simulated Phase Noise of the 5GHz microwave oscillator
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Figure 50: Simulated Output power in dBm of the 5GHz microwave oscillator

An example using this procedure at 4 GHz is given in Figut63%tusing an AT 41400 silicon bipolar
chip in the commotbase 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.
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Z 7 % |3) 1, =0.86125.5°
1) Sy XR = 1.2122137.7° (C=1.28 pF)
k=-0.805

2) C=2.06 pF; Sy OSC = 0.637.244.5°
C=1.28 pF; Sy OSC = 1.161£-56.5°

Figure 51: Figure 4-169 A 4-GH?z lumped resonator oscillator using AT41400.

The twoport commorbaseS-parameters were used to give

k= 90.805
§,=1.212137.7
Since a lossless capacitor at 4 GHz of 2.06 pF gigesd 6| 137.7, this input termination is used to
calculateS,,, giving S,, =0.637 44.5. This circuit will not oscillate into any passive load. Varying the
emitter capacitor about 20° on the Smith chart to 1.28 pF @yes1.16 -5.5, which will oscillate into

aload of G #.8615.5. The completed lumped elemensidm is given in Figure-470.

0.5 nH AT41400 1.9 nH 6.0 nH

50Q

1L

— 1.28 pF 0.5 nH

[—)'
I; = 0.86.5.5°

Figure 52: Figure 4-170 Completed lumped resonator oscillator (LRO).
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Figure 53: Simulated Phase noise of the 4-GHz lumped resonator oscillator

Figure 54: Simulated output power in dBm of the 4-GHz lumped resonator oscillator
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Figure 55: Collector current duty cycle of the 4-GHz lumped resonator oscillator

We now switch from the lumped design to a microstrip design that incorporates a dielectric resonator.
This oscillator circuit is given in Figure 471, where the dielectric resonator (DR) will serveftimetion

of the emitter capacitor. This element is usually coupled to th& Blicrostripline to present about 1000

W of loading (b = 20) at fo, the lowest resonant frequency of the dielectric puck, at the correct position

on the line.The loal circuit will be simplified t®0W( G ), so the oscillator must have an output

reflection coefficient of greater than 100, thus presenting a negative resistance het9veaai SOW.

The computer file for analyzing this design isean in Table 417, where the variables are the puck
resistance, thE50 Wmicrostripline length, and the base feedback inductance. The final design is given in
Figure 4172, where the 2H coils are present for the dc bias connections that need to bd tdthe
design. It is important to check the stability of this circuit with the DR removed. The iiBouV
termination will usually guarantee unconditional stability at all frequencies. The phase noise of this

oscillator is very low at 117 dBc/Hz at 14kHz frequency offset.
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!Szzl > ‘100

Figure 56: Figure 4-171 Transmission line oscillator with dielectric resonator.

S 50 Q

|
[S21 > 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 57: Figure 4-172 Equivalent circuit for dielectric resonator oscillator (DRO).

Figure 58: Table 4-17 Super-compact file for DRO design in Figure 4-172

*

* AT41400 AT 7.5V,30 mA IN DRO

* OSCILLATOR By Vendelin et a I. Microwave Journal June 1986 pp-152
BLK

TRL 1 2 Z=50 P=250MIL K=6.6

RES 2 3 R=7955.067

TRL 3 4 Z=50 P=?224.16MIL? K=6.6
IND 4 0 L=1E4NH

IND 4 5 L=.5NH

TWO 675 Q1

IND 6 0 L = 2.33843NH?

IND 7 0 L=1E4NH

0SC:2POR 1 7

END

*

FREQ
4GHZ
END

ouT

PRI OSC S
END

OPT

0oscC
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MS22 = 100 GT

END

DATA

Ql1:S

4 .8057176.14 2.5990 74.77.0316 56.54 .43022.94
END

For simple oscillators with no isolating stage, one can expect a certain amount of pulling. FigG@re 4
shows the tuning parameters as the load varies frold 3be loadC, = R +jX influences the required
input capacitanc€e and the base inductae. The numbers in the graph are the resonant portion of the

load impedance and the ra{(R determines th& line. It is obvious that such a circuit is quite interactive.

As to the model for the dielectric resonator, the validimahip is shown in Figure-474.

AT41400 - Si Bipolar Chip
Lg=0.5nH

0
Q=1, Series C
Q=0
Q=1, Series L
1 L L 1 1 ]
0.0 01 02 03 04 05 06
Lg{nH)

Figure 59: Figure 4-173 Tuning parameters for a 4-GH? oscillator versus load impedance as the
load varies from 50 H.

L

res L B = ‘i Q= i
2niLC 2Z, wl

S B

QL OU aext

where Qy = R/wl (unloaded Q)

Qo = %‘L (series resonator)
G
or

Qg = gf (parallel resonator)

Figure 60: Figure 4-174 Simple equivalent circuit for the dielectric resonator.

In Section 49 on microwave resonatorsewvill look at a more physical model.
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Finally, Table 418 describes the same DRO in the familiar Spice format. This particular Compact
Software Inc. Spice model uses transmission elements Tl and T2 and the resonant frequency of the
oscillator is determinetly both the dielectric resonator and its position relative to the transmission line.

In the equivalent circuit of the transistor, no values for a-spsgading resistor have been assumed. This
modeling is done for demonstration purposes and does ni& telan actual transistor. A more practical

circuit will follow.

Figure 61: Table 4-18 Spice format
Compact Software SUPERSPICE 1.1 08/09/95 13:38:56
File: C:\SPICBCIR\DRO.cir
Dielectric Resonator Oscillator with a BJT
Q1 12 3 Q2NXXXX
C1 2 4 100pf
L1 4 0 0.3384nh
L2 1100 1uh
L3 36 0.5nh
Ibl1 6 0 1uh
T16070Z0=50 TD=5.4378&1
cdro 7 8 .0397p
Idro 7 8 40nh
rdro 7 8 955
T28 09 0Z0=50 TD=4.876&1
R19050
C4 1 10 100pf
P1 10 0 PNR=1 ZL=50
*Biasing
R3 100 2 3.6k
R4 20 1.2k
V11000 7.5V
0 model Q2 NXXX¥5¢18VEf#P0 Bfs56 Nf=1.03
+ Ise=5f |kf=.1 Xtb=1.818 Br=>5 cjc=.75p
+ Fc=.5 Cje=.75p Mje=.6 Vje=1.01 xcjc=.5
+ Tf=14p Itf=.3 Vif=6 Xtf=4 Ptf=35)
I C V(2)=.001
TRAN 2N 500N
AC LIN 500 3GHZ 5GMZ
opt i 115 = 0
PROBE
END

O¢ O¢ O¢ O¢ O¢ O«

U Microwave Resonators

For microwave applications, one is rapidly moving away from lumped to distributed elements. In the
previous section, we looked at the case of a transmissichdsed oscillator, which by itself has a low
Q and was shown only for descriptive and desigmppses. In similar fashion, we looked at the simplified

description of a dielectric resonatoased oscillator.
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file://///WHITAKERSERVER/Users/JerryWhitaker/SPICE/CIR/DR0.cir

From a practical design point of view, most relevant applications are SAW resonators, dielectric
resonators, and YIG oscillators. These arehhee 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. Figur&7% shows this. SAW oscillators afieequently used in

synthesizers and provide a low phase noise, highly stable source, as can be seen iR1Figufiend
SAW oscillator comes as either a gmert or twaeport device.

Cm
4R, 4 4L,
— MW
L %1 =28 pF [[94 nH
] 4R, =180 Q

Cm 'ﬁ Co O—v p—o0

Cn

=1.8E -4 pF

T

Re T4 =
I- 4L, =15 mH
One-port SAW Two-port SAW

Figure 62: Figure 4-175: Appropriate capacitance to ground for the SAW resonator

-0.00 0.00

|
-1.00 # -6.00 :
=

-2.00 —-12.00
2 3
= -3.00 -18.00 8
2 el
=_ _ ")
& 4.00 24.00 2

-5.00 I T N N (S S N -30.00
306.2 306.4002
Frequency (0.020 MHz/division)

Figure 63: Figure 4-176 Frequency response of a SAW oscillator.

The SAW resonator has fairly high insertion loss, as can be seen from Fifji8e Bhe actual circuit of
a highpperformance SAW oscillator, as shown in Figur&7#, consists of a bipolar transisteith 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 4178. The actual measured phasése agrees quite well with this prediction
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Figure 64: Figure 4-177 Schematic of a SAW oscillator.
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Figure 65: Figure 4-178 Phase noise as determined by the initial start-up values and after
optimization.

Dielectric Resonators

In designing dielectric resonatbased ostiators, several methods of frequency stabilization are available
that have been proposed by various authors. Figetd94shows some recommended methods of
frequency stabilization for dielectric resonator oscillators. The dielectric resonator consitseofiigh

dielectric material coupled to a transmission line or microstrip structure.
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TrrYy

l.l.l.l.

DLQ&D?

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

Saito et al. (1979)

94 dBc/Hz (10 kHz), 6 GHz
g8
d g
Sone (1978) NEC s O

91 dBc/Hz (10 kHz), 6 GHz

s O (Optional) Khanna (1984}
90 dBc/Hz {10 kHz), 7.2 GHz
L9
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 66: Figure 4-179: Recommended methods of frequency stabilization for DROs.

Figure 4180 shows the field distribution and interaction between the microstrip andieleetric
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.

Table 419 shows the physical dimensions of tfielectric resonator in Sup€ompact/Microwave
Harmonica format.

Figure 67: Table 4-19 Physical dimensions of DR

BLK

DRM 1 2 D=6.12e3 HD-2.45e3 ER=38 HT=1.568 S=.5e3; + W=1.1e3 L = 4e3
SRD=1e4 BPF SUB;

tf2003N=1
pug: 2POR 1 3
END
DATA
SUB: MS er=2.4 h=0.3808 metl=cu 3.1756 and=0.0001
END
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A practical example of a-6Hz dielectric resonatdrased oscillator is shown in Figurel81 and its
predicted phase noise is shown in FigwE2.

For calibration purposes, it may be usefuptot the phase noise of different oscillators, including YIG
oscillators, as shown in Figurel®83, but normalized to a center frequency of 6 GHz. Another way of
plotting this is to show the phase noise of silicon bipolar transistors versus FETs atdftskHzom the
carrier, as shown in Figure¥84. This plot does not incorporate for heterojunction bipolar transistors

because they are not yet readily or commercially available.

Ground

Usually L= %E Substrate

Figure 68: Figure 4-180a DRO on microstrip as BandStop filter.

Usually L = %3

Figure 69: Figure 4-180b DRO on microstrip as BandPass filter.

A,

|_ Metal enclosure

NN \\\\\\\\
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|- (dielectric puck)

A
Y
RN NN

I
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— /

Substrate  Microstrip Spacer

Figure 70: Figure 4-180c Field distribution and interaction between the microstrip and the DRO.
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fet 1
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b oTaEe MM hd:4.0658 mm 0616059 mm
o mm hs: sdr:4.18 mm
w: 0.607883 mm
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Figure 71: Figure 4-181 Schematic of 6-GHz DRO.
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Figure 72: Figure 4-182 Predicted phase noise of the 6-GHz DRO pictured in Figure 4-181.
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Figure 73: Detailed Circuit schematic of a 6.6GHz DRO

Cyge -

Figure 74: Simulated Phase Noise of the 6.6GHz DRO
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Figure 75: Simulated output power in dBm of the 6.6GHz DRO

Figure 76: Figure 4-183 Phase noise comparison of different YIG and varactor tuned oscillators
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