— vVwhnat makes an osciliator:

* Types of oscillators
— Fixed frequency or voltage controlled oscillator
— LC resonator
— Ring Oscillator
— Crystal resonator
e Design of oscillators
— Frequency control, stability
— Amplitude limits
— Buffered output — isolation




Oscillator Requirements

Power source
Frequency-determining components
Active device to provide gain
Positive feedback

LC Oscillator f =1/2p+/LC

Hartley Crystal
Colpitts Clapp
RC Wien-Bridge

Ring



Feedback Model for oscillators

) X AW
o > Al

Xg = X; + X ..
Barkhausen criteria
X, 4 A(jw)%o (jo)=1
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Barkhausen’s criteria is necessary but not sufficient.
If the phase shift around the loop is equal to 360° at zero
frequency and the loop gain is sufficient, the circuit latches

up rather than oscillate.

To stabilize the frequency, a frequency-selective network is
added and is named as resonator.

Automatic level control needed to stabilize magnitude



General amplitude control

Cwutput
Oscillator .
F I
| Feak
Adjustment Detector
of G,

4
Lesired
Peak Value

One thought is to detect oscillator amplitude, and then adjust
Gm so that it equals a desired value

By using feedback, we can precisely achieve GmRp =1
e|Ssues
eComplex, requires power, and adds noise



Leveraging Amplifier Nonlinearity as Feedback
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 Practical trans-conductance amplifiers have
saturating characteristics

— Harmonics created, but filtered out by resonator

— Our Iinterest is Iin the relationship between the input and the
fundamental of the output

* As input amplitude Is increased
— Effective gain from input to fundamental of output drops

— Amplitude feedback occurs! (GmRp = 1 in steady-state)
5




Negative-Resistance Model

Equivalent Circuit

Z.(s) Z.(s)
<« >
Active
Circuit 5 5 Resonator
< >
Oscillation:

ya
AN

Re[Z, (s)] + ReZ, (s)] = 0




Resonator with series resisters

 Perform equivalent parallel conversion

i
C.—= L

- R$ == L
REC% HE-_ l

Warning: in practice, RLC networks can have secondary (or more)

resonant frequencies, which cause undesirable behavior
eEquivalent parallel network masks this problem in hand analysis

-Simulation Will reveal the problem




LC Oscillators

LC tank circuit as a resonator to control frequency.
High Q resonator provides good stability, low phase noise

Frequency adjusted by voltage using varactor diodes in the
resonator.

For oscillation to begin, open loop gain A@ = 1.

Buffer
amp

resonator

Bias Circuit




Tuned Amplifier

The impedance of the resonator peaks (= Rp) and the
phase is 0° at w, . The susceptances of the L and C
cancel at resonance.



PMOS Oscillator Model

2
Y=L+GO+SC+ L = = +sC + = :RPLCS tLs+R,
R, st R sL R.LS

Open loop transfer function:
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> 7
At resonance:
PVou % + G. G.R.Ls
" LCs® =-1 m—_—m P =G, R,
— Y LS
1 1

Two poles at: S» - +
P 2R.C ~ JLC
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Closed loop root locus as G, changes

Jw S-plane

e \..mu ng G,Ryg

Open Loop
Resonator
Foles and Zero

Fa
L

L

Locus of
Closed Loop
Fole Locations

>

Root locus plot allows us to view closed loop pole locations
as a function of open loop poles/zero and open loop gain
(GmRp)

As gain (GmRp) increases, closed loop poles move into
right half S-plane

11



GmRp=<1
W -
Y S-plane Closed Loop Step Response

* |

Open Loop A
Resonator

Foles and Zero

D—e 0

Locus of V
Closed Loop H
) - Fole Locations




>
Open Loop
Resonator
Foles and Zero

+— GpRp> 1

Locus of
Closed Loop
Fole Locations

Closed Loop Step Response

1|




Open Loop
Resonator
Foles and Zero

Locus of
Closed Loop
Fole Locations

e Closed loop poles end up on jw axis




Connect two In series and add feedback
J— %L Rp C %L %RP
% \ -

180° @ o, 180° @ o,

If (9,,Rp)? = 1, this circuit will oscillate. It can only oscillate at w0, because only
at that frequency will we have a total phase shift of 0°.

The oscillations will begin when the noise inherent in the transistors is amplified
around the loop. The strength of the oscillations will build exponentially with
time. The small signal analysis doesn’t provide a limit to this growth. The
amplitude will reach a limit either by voltage or current. 15
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Cross-coupled Oscillator: Redrawn

180° @ 180° @

This representation emphasizes the differential topology. The
two outputs are 180 degrees out of phase. This can be very

useful for many applications — driving a Gilbert cell mixer, for
example.

17



Cross-coupled pair with bias

RFI]D

Vour >‘< Vour

OK

|, provides oscillation amplitude control
But it adds noise.
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A popular LC oscillator

Ls L

.II"'II-'.:IL.1.

C, = r"."11 ) }_X_{ ME

v, ™

e Simple topology

lII"III-'.:IL.1.

Include loss
in inductors and
capacitors

:I:"I

=

[
I———————-.r

Differential implementation (good for feeding differential circuits)
Good phase noise performance can be achieved



Voltage Controlled Oscillators (LC)

H'f-:unt O—e

¢ Vou
M }—X—{ M, _A
Cmr% 1 o 7"-{:'-.rar

W

|hias C‘,

1=
-t

« Variable capacitor (varactor) controls oscillation

frequency
 Much fixec

py adjusting V¢
capacitance cannot be removed

* Fixed cap

owers frequency tuning range
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Voltage to Frequency Mapping

 Model VCO in a small signal manner
e Assume linear relationship in small signal

* Deviations in frequency proportional to control
voltage variation
Df = KvVin 21



Voltage to phase

 Phase Is Iintegration of frequency variation

_ 2PK WV,

Frequency Domain

VCO Model

I|:-I-]I-:-L.I[
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The MOS Varactor

Vio Cyar
V4 V_o x
— Cox 4
WiL - N* - /_
e ]
V- DEDIEII-DI‘I / J, V.-V
Region VT

e Consists of a MOS transistor with drain and source connected
together

* Abrupt shift in capacitance as inversion channel forms

« Advantage
— Easily integrated in CMOS

 Disadvantage
— Q is relatively low in the transition region
— Note that large signal is applied to varactor
— Transition region will be swept across each VCO cycle -



Increasing Q of MOS Varactor

to VCO i Cyar
Ll " — o1
O
i = .
1L 1L L S ; — gw Coarse |
T © T %€ T 4C E M 100 Coentrol
T WL | & | —_— — 101 !
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o : E ._______/,'-‘)
o . e :
MSB 1"-"r-'asntn:nl E 1|"'Ir|:-;:.'-|‘|1m|
Coarse Control Fine Control Fine Control

 High Q metal caps are switched in to provide coarse
tuning

 Low Q MOQOS varactor used to obtain fine tuning

e See Hegazi et. al., “A Filtering Technigue to Lower
LC Oscillator Phase Noise”, JSSC, Dec 2001, pp
1921-1930 24



Hartley Oscillator

Uses a tapped inductor
Not popular for IC implementations

R fa
—AMA—1—AWW\
ICy
g £
T € =C / Output
Cy
1l
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COLPITTS

o Similar to Hartley oscillator
e Tapped ground Iin capacitor circuit

Wy
€ = \m‘
/

L-=Lﬂ§ 1 T - Output

— £ ©
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Colpitts Oscillator

Gain

Open-loop for analysis

Feedback
P

A= V21 =g, R, at w,
b=v1l'/v2 = C1/(C1l+C2)
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Colpitts with gain and phase control

R¢ can help reduce the phase shift by making r, +
Re >> wC2. This will also reduce the loop gain.
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 Modified Colpitts oscillator

CLAPP OSCILLATOR

 Modification done to improve stability

iy
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CRYSTAL OSCILLATOR

e Uses crystal for

frequency-
determining W
component (parallel) %

 Uses crystal in Ii h
feedback path to ' =
frequency R,
determining . %
components (series) l Hjl

e Very stable circuit Ry %



RC OSCILLATOR

Generates a sine wave

Uses phase shift of RC network for required
circuit phase shift

Uses three RC segments
Low stability f =1/2pRC/6

C; Co Cs
I I I i
I I I
ICy
Ry Ro R, + Chiikpit
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Single ended

Require odd number
of stages

Each stage provides
180/n phase shift

Gain = 1 by saturation

Ring Oscillator

Period of oscillation:

A

T'=1ntp




“Twisted Ring” Differential Ring Oscillator

e Common mode rejection of substrate coupled noise
e Easy to control the delay

e Can use an odd or even number of stages

e quadrature or polyphase signals

Popular delay cell: Maneatis delay cell

Maneatis et. al., “Precise Delay Generation Using Coupled Oscillators”, JISSC, Dec
1993 (look at pp 127- 128 for delay cell description)

All ring oscillators have large noise as compared to LC oscillators®?



vm—éE e iy

Good power supply rejection







WIEN-BRIDGE

e Uses two RC networks

Aoy o con_r;_ect?d to th(let
! ositive terminal to
g B L$ I Form a frequency
—AA — owa  Selective feedback
9 network
Ry == G = e Causes Oscillations
to Occur
I  Amplifies the signal

with the two negative

feedback resistors

e Simple, Stable, Popular
» Uses resistor and capacitor 36






Open-loop Analysis

0

Operational amplifier gain
gmk 1
Vi(s) Ro -
G= =1+ — 219} =R+
Vs(s) Rq i s 21
rRF C 1
]l Wy 1= R X
0k 1 S XC
Zy5) = - A=
Bl
o(s) =V 1(s) x e | R+
(0)
Z 1(s) + Z o(s) 72 (= T, 5 %(
0
s>R>C

V o(S) = GxV (s) X
SZXRZXC2+ 3XSXR xC+ 1 38



Open-loop Analysis

Simplifying and substituting jw for s
j xW XR xC xG

T(jw) ) 2 2 2
(1- w xR xC ) + 3 X Xw XR xC
In order to have a phase shift of zero,
1 - W2><R2><C2= 0
This happensat w=1/RC When w = 1/RC, T(jw) simplifies to:
G
T\jw) = —
(iw) = =

If G = 3, sustained oscillations
If G < 3, oscillations attenuate
If G > 3, oscillations amplify 39
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Making the Oscillations Steady

e Add a diode
network to keep
circuit around G

=3
e If G =3, diodes
are off

o

Ra k]
-4
(g
0z
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10k

R0

12k
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n 10k




Results of Diode Network

 With the use of diodes, the non-ideal op-
amp can produce steady oscillations.

qg\ A Y\ AN A NEVANIFA N A AN A N AY
\ L AR AN I\ o \] | Ay M TR [ AN \
3 L 71\ g [P\ U7 N0 v 7 ] T [\
1V Wi \j‘ \ A AV BV R VA AVA RV SN VAR AV 7 &/ \
Os 0. 2ns 0.4ns 0.6ms . 8ns 1.0ms
o V(D2: 2)
Ti me
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— Tuning Range — need to cover all frequency channels

— Noise — impacts receiver blocking and sensitivity
performance

— Power — want low power dissipation
— Isolation — want to minimize noise pathways into VCO
— Sensitivity to process/temp variations — need to make it
manufacturable in high volume
e High speed data link
— Required noise performance is often less stringent




— Phase noise
 Measure of spectral density of clock frequency
« Units: dBc/Hz (decibels below the carrier per Hz)
* a Analog people care about this

— Timing Jitter
 Measurement of clock transition edge to reference




Phase Noise and Timing Jitter

* Ring oscillators—a general purpose building block in many
areas of integrated circuit design

— Clock and Data Recovery

— On-Chip Clock Distribution

— Frequency Synthesis

— Data Conversion: Pulse Width and Phase Modulation

oD D D

5-Stage Ring Oscillator

e Timing jitter and phase noise analysis is important

 Real Design Considerations: frequency, power, timing jitter
a The approach of supply and body bias voltage scaling 45



Timing Jitter and Phase Noise in Ring Oscillator

 Modified linear model of a five stage ring oscillator

=50

o T P ™

 Two dominant types of noise in a ring oscillator
— transistor thermal noise
— power supply noise

* Noise effect modeling: current or charge injected
Into the load capacitance at each stage

Noise b —29 _ —pv b DF b Jitter!
Cnode

46



Noise in Oscillators

V

0,ideal = ’A‘COS'((D t +§D)
/T' Vi
o practlcal fjg 9)

perlodlc function
with period=2n
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Phase Noise

A
Power 1
dBc \f ~4 (random walk FM)
\é f -2 (random walk phase or white FM)
: Dw
L >ll<«]Hz
W Freq)

Ltotal{DW} =10xog gPSideband (:)Vo h DW’]'HZ)CI
e

CHC

carrier
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— Phase noise is inversely proportional to power
dissipation

— The higher the Q of the tank, the lower the phase
noise




