Basic Principles of Sinusoidal Oscillators

® Linear oscillator

¢ Linear region of circuit: linear oscillation

¢ Nonlinear region of circuit: amplitudes stabilization
@ Barkhausen criterion

+ -
X 0—> Amplifier A Xo
_|_
X; | Frequency-selective

network ,B

¢ Loop gain L(s) = B(s)A(s)

¢ Characteristic equation 1-L(s) =0

¢ Oscillation criterion L(jog) = A(jog) B(jog) = 1

¢ At o, the phase of the loop should be zero and the
magnitude of the loop gain should be unity
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Basic Principles of Sinusoidal Oscillators (Cont.)

¢ Freguency-phase relation

01

» Oscillation frequency o, is determined by ®(wg)=0"(or 360)

» A steep phase response results in a small Ao, for a
given change in phase A¢
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Nonlinear Amplitude Control

® To sustain oscillation: BA = 1
a. Overdesign for BA variations
b. Oscillation will grow in amplitude
Poles are in the right half of the s-plane
c. Nonlinear network reduces BA to 1 when the desired
amplitude is reached.
Poles will be pulled to jm-axis
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OPAMP-RC Oscillator Circuits

@ Wien-bridge oscillator

1+R2

L(s):{uRZ} 5 _ R,

Ri1Z,+Z, 3.5cr+ 1
SCR

For phase =0, ®,RC =

®,RC v,

_1
RC

L(s):1:»ﬁ=2

1

= 0,
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Phase-Shift Oscillator

e Without amplitude stabilization

@
@
@

%D

------- phase shift of the RC network is 180 degrees.
—>Total phase shift around the loop is 0 or 360
degrees.
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Quadrature Oscillator

e OP,: inverting integrator ; OP,: noninverting integrator

® Equivalent circuit at the input of OP,

1 vy, (1)
i (Vo1~v)/2R ERi - = v)=f ot
ov -1 Vould)
Vo1 2 :>V02(t)__j
2R 2R=—=C
L EEE S V0(8) = = Vo)
R e Tererenes PSR- 02 SCR
2R
C 2R v
[l —'WW—'—-OX | &
X R . - /2
—O—av—a—]. 2R \Y;
OPl }ﬂg ®
s ——oV R,

o1 C = Nominally 2R)
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Quadrature Oscillator (Cont.)

------ Break the loop at X, loop gain

L(s):VOZ(S):- 1 1 1
V.(s) sCR sCR s°C'R’
. 1
L(jo) =
(Jo) CR? 1

—> oscillation frequency ©®, = ——

RC
------ V, Is the integral of V,
— 90" phase difference between V_ , and V,
— “quadrature” oscillator
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Reading Assignment: Active-Filter Tuned Oscillator

® Block diagram

|
— ! S
|
‘fo vy
e B v /\/
V > Oy Q) >
v t
sz t
PSD +V PSD
A » > | A
v Vi
I ? N
f, 3f, 5f, Frequency f, Frequency

¢ High-distortion v,
¢ High-Q bandpass = low-distortion v,
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Reading Assignment: Active-Filter Tuned Oscillator (Cont.)

® Practical implementation

V, o—¢ i
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A General Form of LC-Tuned Oscillator Configuration

@ Many oscillator circuits fall into a general form shown

below
R
i

O

3
& + 2
1 } 1 Vo
S - 23
= Z, + 1
Vis Vi * _ °_+ Z,
/\(— + 2 _AvV13V >
I :O V13 Zl _13 1
I al
- N
-/ 7
L
ZL

® Z,, 7, Zj capacitive or inductive
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A General Form of LC-Tuned Osclillator Configuration (Cont.)

—AyV, 27 . Z: + R
o = VVi13 L=>V13=_VOL 0
Z. + R AvZ;
Zl V13 _szlzz

V3= L 0 S TR (T 4 2, + 20) + 2,2+ Zs)
It Z, = jXq1, Z; = jX3, Z3 = jX3
X = wL for inductance X = —ﬁ for capacitance
T — AyX1X;
jRo(X1 + X3 + X3) — X5 (X; +X3)

for oscillation, T = 120°
— Xl + X2 + X3 — 0

AyX1X, —AyX,
=T = =
—X5 (X1 + X3) X1 + X3
Ay X
- Avk
X,
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A General Form of LC-Tuned Oscillator Configuration (Cont.)

e With oscillation
IT| =1and «T =0, 360, 720, ... degree.
lLe.T=1 (X:wLorX:-w—lc)
= X; & X, must have the same sign If A, IS positive
= Xy & X,arelL, X;=-(X;+X,)isC
or X; & X, are C, Xg=-(X; +X,)IsL
@ Transistor oscillators
1.Collpitts oscillator
- X; & X, are Cs, X5iIsL
2.Hartley oscillator
- X, & X, are Ls, X;1sC
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LC-Tuned Oscillators

® Two commonly used configurations
¢ Colpitts (feedback is achieved by using a capacitive

divider)
Vb ? I Equivalent small
C signal model
2
R Ci==
L R C
3L
@
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LC-Tuned Oscillators (Cont.)

¢ Hartley (feedback is achieved by using an inductive

divider)
Voo Equivalent small
signal model
Lo
R L,
C=—=
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LC-Tuned Oscillators (Cont.)

e Colpitts oscillator
¢ Equivalent circuit

SCa Vi L Ve =(1+s%LCy)V,
$ ° { C
sCZan +
C,= V: 8mVn R =C,
1 1 1

¢ C (C, for a FET) can be considered to be a part of C,
¢ R =loss of inductor + load resistance of oscillator +
output resistance of transistor
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LC-Tuned Oscillators (Cont.)
Ve = (1 +sC, -sL)V,

1
sC, V.. + g, Vo + (ﬁ + sc1> (1 + s2LC,)V, = 0

LC 1
SSLC1C2 + Sz <T2> + S(Cl + Cz) + <gm + —

R>=O>s=jw

1 w?LC
(gm + TR 2) + j[w(C; + C;) — w3LC;C,] =0

¢ Both the real and imaginary parts must be zero
¢ Osclillation frequency

1

C.C, )
\/L (C1 + C,

(L)0=
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LC-Tuned Oscillators (Cont.)

¢ Gain

C C
g R = c_i (Actually, g, ,R > C—i)

¢ Oscillation amplitude

1.LC tuned oscillators are known as self — limiting
oscillators. (As oscillations grown in amplitude,
transistor gain is reduced below its small-signal
value)

2.0utput voltage signal will be a sinusoid of high
purity because of the filtering action of the LC tuned
circuit
e® Hartley oscillator can be similarly analyzed
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Crystal Oscillators

@ Symbol of crystal
&
1
I

e® Circuit model of crystal
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Crystal Oscillators (Cont.)

® Reactance of a crystal assuming r = 0. Crystal is high—-Q

) 1
1 1 > LC
Z(s) = = >
sCp + L 7 sCs 32+(CP +Cs)
sL+— LCsCs
sC.
Crystal 4
2 1 reactance
Wg =
LC,
Let- . .
, 1(1 1 inductive
W, =—| —+
\ L{C, C, 0 ®p
®
: 1 [0 - >
= Z(J(D): —J oC, [(02 _ng capacitive
If C, >>C,, then o, = o
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Crystal Oscillators (Cont.)

® The crystal reactance is inductive over the narrow
frequency band between wg and w,

e Colpitts crystal oscillator

¢ Configuration ¢ Equivalent circuit
-$ L 9 - Cp
L
C, 7 vYyYm
Ci== I__
e D crystal . y O l
crysta @ Ro=C
1 Cs < Cp, Cq, Cy
_ 1
= Wy =~ \/TCS ~ Wp = Wg
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Crystal Oscillators (Cont.)

® Pierce oscillator (one example of Colpitts oscillator)
¢ Almost all digital clock oscillators are Pierce oscillators
¢ Derived from Colpitts oscillator
- Inverter with feedback resistor as an inverting amplifier
Replacement of the CE amplifier

V0:V|

o]
L]
......
"y

1
crystal

Clj; T

DC operation point

> \/,
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® Multivibrators
(3 types) -

Multivibrators

r bistable: two stable states
monostable: one stable state

® Bistable

( astable: no stable state

& Has two stable states

& Can be obtal
positive-feed

ned by connecting an amplifier in a
back loop having a loop gain greater than

unity. i.e. BA>1 where B=R,/(R;+R,)
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Inverting Bistable Multivibrators

¢ Bistable circuit with clockwise hysteresis

A VO
><—>—1>— Ly
A Y
>V
I
VTL/I\ 0 Y VTH
L_"" < <& >&

& Clockwise hysteresis (or inverting hysteresis)
L, ‘ positive saturation voltage of OPAMP
L_ : negative saturation voltage of OPAMP

— VTH - BL+ - Rl I‘+
R, +R,

=V, =BL_= R, L_
R, +R,

- Hysteresis width =V, - Vo,
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Noninverting Bistable Multivibrators

e Counter-clockwise hysteresis

e Configuration Y
A O
|_+----+ <1< A><—
VI
VTL+ 0 1\VTH
1 ><—> D L
RZ R1
V, =V, +V,
R, +R, R, +R,

For Vg = |_+, vV, =0, V, :VTL :>VTL :_L+[%j
2

Forve=L_, v, =0, v, = Vg, = Vg, :_L£%]

2
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Noninverting Bistable Multivibrators (Cont.)

@ Comparator characteristics with counter-clockwise hysteresis

& Can reject interference

Input o—>—o Output

Hysteresis
buffer

: Multiple
:  zero
: Crossings i

A

Output —:I_ >t
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Generation of Square Waveforms Using Astable
Multivibrators

@ Can be done by connecting an inverting bistable multivibrator
with a RC circuit in a feedback loop.

Yo
><—> > L+
Vl + Y V2
—O0— | :VI —O0—
VTL+ O YVTH
V'I'I—| — BL+ L <€ <€ >& L+ |—|
t

|
I
O
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Generation of Square Waveforms Using Astable

Multivibrators (Cont.)

Vo), T, T,

<> <>

1 1 |1 Timeconstant = RC

> {
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Generation of Square Waveforms Using Astable
Multivibrators (Cont.)

® During T, .
V. (t)=L,—(L, -pL_)e " wherer=RC, [3_R R
it V. (T,)=BL. = T, Inl_BS:B/ L.)

® During T,

V_(t)=L_—(L_-BL,)e ™"

It V.(T,)=BL_ = T,=r7 Inl_B:(LI:+B/L)

T=T+T, = 27|n1+g( ,=-L_isassumed)
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Generation of Triangular Waveforms Using Astable
Multivibrators

c °V1 ‘VA\—v t
|l l 4o
1 I —><
. [ 1
O A AA — V1 v V2 —
-o—{ v 0 Vv > Y —O——0 — >
+ TL+ + TH V2 t
>l 1.
Bistable
Viy Slope = —* Vay
«T,—>leT,> RC T ><T,>
V. I |__|_ __
> t 0 >t
\ B
e Slope = L. L.
RC < T >
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Generation of Triangular Waveforms Using Astable
Multivibrators (Cont.)

e During T,

1 Tl. —L,Ty : L
VTL_VTH :—Ef lcdt: RC ;WheFEIC:i
0

Vo — V1L
L,

:T1=RC

® During T,
Similarly

Vg — V
= T, = RC———

_L_

® Period T =T+T,

® To obtain symmetrical waveforms
T,=T,=>L,=L_
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Monostable Multivibrators

® Monostable multivibrator using NOR gates

in Trigger
+Vpp YV
R t
In |
V VDD
NoR © * 'NOR

) =D
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Monostable Multivibrators (Cont.)

C C
|¢ Vi
+CC- R 1 4 +\;c R i
N
Qu-oly, v Q Ly, "

vc(0)=0 | Ve(Ty) = _-VT

) Vor = Vo -
1 :

t
V., =V, (1—e" %) Vy =Vpp +V5e 7
T4
V, (T) =V =V, (1 —e ko)

Voo ~RCIn2 = 0.693RC

= T, =RClIn

DD_VT

where V; = %; V; is NOR gate threshold voltage
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Monostable Multivibrators (Cont.)

® Monostable multivibrator with catching diode

+Vop
D
|
c Y
NOR NOR
Vy 5.6V forward resistance of diode

/ /

+—Time constant =R.C

0 T,
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Astable Multivibrator Using NOR(or Inverter) Gates

Vol
Vx > VO1 Voz VDD‘ ‘ |
P
T

O T, 27
;R V02 ' '
e
o
11

® Transient behavior
(1)0<t<T,
() v,V >0 when t=0

(v,:0->V,, whent=0

-t
(ii)V, =(Vop +V; )R

-t
(iV)Vc =V -V, ="Vpp +(VDD +V; )ere
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Astable Multivibrator Using NOR(or Inverter) Gates (Cont.)

(2)T, <t<(T,+T,)
(1) v,,;:0—->V,, whent=T,
() v_,:V,, >0 when t=T,

(t‘T1)

(ii)v,_ =V, -(V,,+V,)e F°

M GEY)
(iV)Vc =V, -V =V, =Vpp '(VDD +V; e ~¢
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Astable Multivibrator Using NOR(or Inverter) Gates (Cont.)

e® Oscillation frequency
Vx (Tl):VT

Tl
= (Vpp+tV;)e Re=V;

Voo tVr

— T,=RClIn

T

If V.= Voo . then T.=RCIn3 and T,=RCIn3
T 2 1 2

1 0.455

oscillation frequency f;= ~
2RCIn3 RC
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Astable Multivibrator Using NOR(or Inverter) Gates (Cont.)

¢ With catching diode, which can be on-chip and also
needed for ESD protection

V,
X_>° T >‘¥' T,=T,=RCIn2
1 0721

VDD R fO = I~
Ve 2RCIn2 RC

. V
V., =22
(V- >

(iR, =R,
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Reading Assignment: The 555 IC Timer

® Used as a monostable multivibrator

R S Qn+ If—r ZEV..
vV o' o Q, LTy
T ccC 0| 1 1 v, ZEVCC
. 11o]o R
R 1% Comparator 1 TH1INA VezTVee =R, =1
b Thréashold » y v (s
Vc__C VC VTH P R Q o° V. >V
T = R, _ T
Trigger | Vot—1* S Q 0 >
\c/ P v C (t).i
t Ré Comparator 2 VAR I
O Q _ 2VCC%VCC(1 — e_t;"RC)
::' >
| Y "
Vo ()
_i_ Discharge transistor vit)
0 T,
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Reading Assignment: The 555 IC Timer (Cont.)
¢ For0 <t <T,

b
Ve (t) = Voo —[Vee =V (0)]e ¢ (V(0) = Veegay 0)

oV
¢ Fort=T, V¢ (1)) =Vq, = 3CC
=T, =RcInYee = Ve® _peing (v, (0)~0)
Vee
3
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Reading Assignment: The 555 IC Timer (Cont.)

® Used as an astable multivibrator Vv
1 (RatRe)C 9 °°
VCC 1-F---- 555 timer chip
vz e | [ R .$ Comparator1
3 resho 13
e N W >_ v
3 > :E VC V _ OO
0= Tyl ¢ R,% RT:%: R Q
=T R V- S Q
( 2V B o -
VC > < =S=0,R=1 Trigger ¢
3 C Vt R 2Comparator2
V. <Ye oy 5=1,R=0 I N
3 : Q, )
V 2V i
© <V, < 5 S=R=0 1 T
" 3 3 . |
T, =R.CIn2 T, -T, =(R, + R;)CIn2 _i_ Discharge transistor

: : 1 1
® Oscillation frequency f=—-=
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Sine-wave shaper

Peak rectifier
Crystal oscillators

Appendix

Nonlinear amplitude control

Precision rectifier circuits
Precision full-wave rectifiers
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Nonlinear Amplitude Control

® Limiter circuit for amplitude control
¢ Linear region

R
VARSI
0 (Rl) I
VA:VRRBR +VORRZR R
+ + 1
2 R 3 2 . 3 \/Ic AN/ N\
VARV S V.
R,+R; R,+R;
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Nonlinear Amplitude Control (Cont.)

¢ Nonlinear region

R, R,

V |y .y =L = forV,=-V,; L + V=V,=-V
O‘VA——VD - A D R2+R3 R2+R3 A D
:)L:m(—v R3 —VD)Z—V&—VD(].-F&);
R, R,+R, R, R,
. R4 R4
similarly, Vy|y, .y, = L, =V_*+Vp (1+ %)
B D R5 R5
YA
/ ) I—+
Slope:_m _ Rt
1 1
0
L Slope — (Rf ” R3)
- 1
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Nonlinear Amplitude Control (Cont.)

® Wien-bridge oscillator with a limiter

+15V
D, R, =3k
P a
20.3k
¢ NN
10k |V,
N
— 10k
- 16: F
n S .
16nFE  $10kO 2R, =1k
- - D2
¢ b
§R6 _a
—-15V
Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP14-4 3% % %, Electronics(3), 2025



Nonlinear Amplitude Control (Cont.)

® Wien-bridge oscillator with a limiter (Cont.)

oV,
14
S50kQ b ! 10kQ |a
AN\ ® ANNN—————
| P
= — Pl
+
16nF
7 ” 2 AAA
10k

16nF= j;lom
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Nonlinear Amplitude Control (Cont.)

® Phase-shift oscillator

\10()kv 50k} V+
R; Rl
¢ >
Dl
16nF 16nF nF R,
® ) ¢ Vo
X ’ o
10k R 10k
RS
R4
V
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Sine-Wave Shaper

@ Shape a triangular waveform into a sinusoid
@ Extensively used in function generators

® Note: linear oscillators are fhot cost-effective for low
Vo 4 frequency application
! not easy to time over
I M
| L wide frequency ranges
0 v O T t
T
|
|

>
<

a
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Sine-Wave Shaper (Cont.)

e Nonlinear-amplification method
¢ For various input values, their corresponding output
values can be calculated
- Transfer curve can be obtained and is similar to

+ Ve
R
— Vg + ¢
(Sine wave)
v Q. )
(Triangula r wave) R —
- VEE
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Sine-Wave Shaper (Cont.)

® Breakpoint method
¢ Piecewise linear transfer curve
¢ Low-valued R is assumed - V; and V, are constant

Vi<V, <V =V, =V,

V, <V, <V, =D, ison (voltage drop V,)
I:\)5

R +R,

V,<V,=D,ison=IlmitV, toV, +V,

=V, =V, +V, +(V,, -V, - V,)
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Sine-Wave Shaper (Cont.)

N
out
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Precision Rectifier Circuits

® Precision half-wave rectifier --- “superdiode”

"Superdiode" Vo ¢
|———————— 1
\/i o—1 + |
I 1V
! = L0 1
| |
| | Vo 1
I_ ________ _I R 0 g \/I
e® An alternate circuit )
o VO“
R
D 2
1
1
0 V,
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Precision Rectifier Circuits (Cont.)

¢ Application : Measure AC voltages

AMA' C
|
11
R4
r—A N9
D1 R3
Pl—¢—w—se >
A Vg,
—on 1

> where V is the peak
amplitude of an input
sinusoid
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Precision Rectifier Circuits (Cont.)

1 , .
If C << Wy , Wi, IS the lowest expected
frequency of the input sine wave
P RZ R4
=V =-
> 1 R, R,
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Precision Full-Wave Rectifiers

D AI /\
Ao—e HA S :/\/ \ _

0
~
O
-

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP14-14 §% % %, Electronics(3), 2025



Precision Full-Wave Rectifiers (Cont.)

~ D,
\/i o C VO \
Vo \/
& o)
>V,
N D, P
Al
px -
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Peak Rectifier

e With load
Super diode
|- - - -=-=-=-=-=-==7 |
o— l
| + |
T | > , ’ o)
VI I P | +
T : 1C —— RL Vo
— I _
- e e e e e e - o —— —
e Buffered R
AN
|
D1 A2 —O0
D' ® + +
Vo
C== o
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