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The Barkhausen criterion

Vout = A(Joo) V.

V:=F(jo) Vout
= F(jo) A(jo) V.,
Vi .
v = Alio) F(jo)
Oscillation if V. = 0 or if %t = |A(jo)| [F(jo)| 2 1.0

VS Positive FB !
{—t} = @, + O = 0°
VS
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Ref. Barkhausen, Hirzel, Leipzig, 1935



Split analysis

C—
Yres +

Z

circuit Y

Z

resonator

Z
Zcirc res _ 0

Z. .2

res “circ

Oscillation if Re (Z
Im (Z

ciretZ,oc) = 0 sets the minimum gain !

ciretZ,es) = 0 sets the frequency !
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Crystal as resonator

1.66

_l_d Jn_ f, = ' f,in MHz ifd in mm
-t €q €
quartz b Co,=A Od r g = 4.5
1 1
R ® 2 — fS =
Ls Cs Rs (seriesy 5 L c, 27\ Cq
s Og = Qo =
C CS(DS > RsCs
p (package, parallel)
1 L 1
Q=—"\/— RS =
Rs Cs Q Cs(x)s
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Crystal parameters

Ls Cs Rs Xtal : f. =10.000 MHz
Q=10°
C.=0.03 pF
Cp Cp =~ 6 pF (=200 C,)
1 1
L, og = L. = 8.4 mH R, = =530
C.oq Q C o
f L C. R, C, Q
100.0 kHz 52 H 49 fF 400 Q 8 pF 0.8 10°
1.000 MHz 2H 6 fF 24 Q) 3.4 pF 5.3 10°
10.00 MHz 10 mH 26 fF 50 8.5 pF 1.2 10°
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Series and parallel resonance

1
f = L
L C R ' 27 V LC
_mm_"_:\M,._
A A R
2l cap.  Ind. <]
R
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Crystal impedance

s?L .C .+ sR.C + 1

%s(8) = L.C.C R.C.C
s (Cs+C,) (s? Css_:cpp+s Css+stp+ 1)
1Z (s)l 1
1
T SR — Cps
» f
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Crystal impedance at resonance

1Z| fs =1.998 MHz
C,=12.2fF
L,= 0.52 H
| | _ | C,=4.27 pF
100 Q 1 | Rs= 824
®(Z)| 100° - T 90° induct.
- - | | Crystal operates in
o | | . inductive region
if circuit is capacitive !
-100° -90° Ca'pac-J L |

1.97 1.98 1.99 2.00 2.01 2.02 MHz
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Series and parallel resonance

- 2 2
J OO 1 1 ,1 1
Zs(0) = _jC > 32 W2 = 0,2 = —(—+—)
olp 0 -0, L, Cg L C, Cg
1 series parallel
Z =R_+joL_.+
S((D) S j(D S j(DCs
| (O 9 F lling fact
Z (0) =R+ (—- ) requency pulling factor
(DSCS (Ds ® () M (Ds
p —
7 R +i 2p g
~R_+
s(®) sT) oC

Ref. Vittoz, JSSC June 88, 774-783
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Series or parallel resonance ?

f, = 89.000 kHz Fo C,
p, = 0.25 % S
=1+—
2Cp
f =88.850 kHz
P, =0.125% -
| ) | fo~ fs
f, = 88.700 kHz Pp =
: 1 f , f
87.6 88.0 88.4 gg.8 89.2 89.6 90.0 kHZ
ps =0 C
fm_ fs Cs f =0.25%
= =— =0.125 %
Pm™ "¢~ " 4c, ° P
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Single-transistor X-tal oscillator

Santos : 1-pin X=G
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Single-transistor X-tal oscillator analysis

C3=C,+Cpg

LS
CS
Rq C,
ZS
. 2p
Barkhausen: Z_+Z_.=0 Z.=R; +]
. oCg
Re (Z.) = -Rq yields g,
2p
Im(Z;) =- yields f or p
oCg Ref. Vittoz, JSSC June 88, 774-783
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Complex plane for 3-pt oscillator : Design crit.

1
CqCp
Cq+C,

Small p:

Large C, ,

(D(C3 +

)

1 Large circle:
®Cjy Small C,
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Complex plane for 3-pt oscillator : Example

Ci=C,=3pF
-6 kO C;=0.5pF
; 20 MHz 80 Q
i C.
| C,C
oCg 2(C, + 122
Immax C,+C,
~3mS g =12 kQ
ImA ~ RsC1C2(°s2
=~ 11 uS
gmp=450ms Bl — 9m=* Im,=-16kQ "
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Amplitude of oscillation

lds

las  las  lpsa las |
Vgs= —_—= — — — Nonlinear (Bessel)
9mA Ipsa Ima DSA More spiked for
higher C, , !
2.2 Yes-Vr 2
T 2
kT _
Vgs = Vgs -Vt or 2n ? in wi
Large !
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Start-up of oscillation

Tmin OCCUrs at 9., = 9max

LS
Tonin = Re (Z,) is half circle @
min Re (ZS) + RS 1 1 |
Re (ZS) — 2 (DSC3 if C3<<C1
R, << Re (Z,)
2C3; 400 _
Tmin ~ = since C; =200 C
0sCs g
oralso 71.,,2QR{C,
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Power dissipation

In MOST :  gj\p = ©.°RsC4C; = Ry(Cy5)?

~ Ves -V o
Ipsa=Oma —88_ T =2pA > 6 W

2
V
|I'| X'tal . IC - Z |Vgs| C1(D ~ IVGS - VTl C1(D
R, I R
P, = 7 = |VGs - V1l (C06)?
= |Vgs - V1l? ImA ~ 0.2 uW

2
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Design procedure for X-tal oscillators - 1

X-tal : f; f, Ry C,(or f, Q C¢ C,) (Q=1/0,CyR)

1. Take: C3>C, but as small as possible
1 C, 1 Cg c cC, G,
Pulling factor p = — == = L= T
g P= C.+ C,C, 2 C, 2 2

> ¢,+C,
CS
If p< E it is a series oscillator (best !)
If p> P it is a parallel oscillator (not stable !)

Choose C, large (> C3), subject to power dissipation !
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Design procedure for X-tal oscillators - 2

®

—C.C))

2. Calculate g5 = R.C, %02 (=
mA s¥YL s CsQ

and take ImsStart ~ 10 ImA

3. Choose Vg - V1, which gives the amplitude V¢

Im(Ves - Vr) W
and current lpg = > and r

and power P = (Vgg-V7)? 97"‘

4. Verify that biasing Rg > 1/ (R.C20.2)
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Single-transistor X-tal oscillator

—=_Pierce Colpitts : 1-pin X=D Santos : 1-pin X=G
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Pierce X-tal oscillator

| P1, 1l P3
P |l - I
&3 ouT
[ R R
Ampl. —{ l
control — N1 N2 :

32kHz 1.2V 78 nA
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Colpitts X-tal oscillator

Crystal grounded : single-pin : X=D
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Santos X-tal oscillator

5 (AGC)

Crystal grounded : single-pin : X=G

Ref. Santos, JSSC April 84, 228-236 Ref. Redman-White, JSSC Feb.90, 282-288
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Practical Pierce X-tal oscillator

M5
C2

C,=05fF

C,=0.6 pF

C,=C,=2.8pF

2 MHz

M4
M6 =100 MQ

ImA =2 1S
Ipsa = 80 nA
Ips= 350 nA
Vgs = 300 mV

Ref. Vittoz, JSSC June 88, 774-783

M3
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Full schematic

Amplitude Output  voltage Output
Oscillator | regulator | requlator I amplifier
{Ei | INEREN
1] JC2 17 _jCn 51 06} S (% (8 JdC
T i T T T I:HZT T«zs;]_l-‘r{ﬁn H [Hn E_Hl) T
Q11 C6 I -L I?T[] - l M2
B | 1] [
| L M22 il ilp M2 M.
”’S:lj M7 T?:],_I Lfﬂ M39 E | : L’ E
| ST J__r“‘[f'ﬁ " —|I:M33 a;g -EL..- - N
“h l o T T
| || — l
lol ' |
mog} 1 :}} {- JIHH?O th_.]k = qaz
| F«ﬂz } M3 ML, M6 _ | Yg <0

Ref. Vittoz, JSSC June 88, 774-783
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Single-pin oscillator with crystal to Gate

é}" £ L

py)
%
|

[

|

[

| |
@)
C
-
NI,

- [ m1 | a U

= |
gﬂ It TQ : |
f.=9.9956 MHz C_=24.3fF p=0.8 103

f,=10.012MHz C,=7.4 pF C,=C, =50 pF

L=10.4 mH gmA=350 uS

R=720Q(?)  1pga =90 pA (Vgg-Vr=0.5V)
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Single-pin oscillator - 1

d, = R (Cswo)z Positive FB dominant

DC unstable ! at crystal frequency !

Ref. van den Homberg, JSSC July 99, 956-961
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Single-pin oscillator - 2

Vdd

z

e el al | e o .
] oo [ |

CLOCK XTRL

L J
92[;
L
fz 1

o
A T o ad e | L]

10 MHz, 3.3V, 0.35 mA

2

Ll

Ref. van den Homberg, JSSC July 99, 956-961
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X-tal oscillators with CMOS inverters

>

Large current peaks !
O Bad PSRR !!
L
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Pierce X-tal oscillator

VouT

't ] 1%
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Colpitts X-tal oscillator

Crystal grounded : single-pin : X=D
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Santos X-tal oscillator

Crystal grounded : single-pin : X=G

Buffered output Ref. Santos, JSSC April 84, 228-236
Ref. Redman-White, JSSC Feb.90, 282-288
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98 GHz VCO in SiGe Bipolar technology

GND s
E_.'I
|
TUNE %Hﬁ i Gzﬂ——{
6.t
o VEE
Colpitts

12mAat -5V
-97 dBc/Hz at 1 MHz

| Ref. Prendl BCTM Toulouse 03
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Positive feedback circuits - 1

VouT

Ref. Nordholt, CAS 90, 175-182
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Positive feedback circuits - 2

600 Q 200

Buffered ouput !

O

- Ref. Nordholt, CAS 90, 175-182
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Positive feedback circuits

-3

C N 51 pE‘
50 Q[] \i Tl
—‘4 SO nH
N |~
Vs N
|~
Tll\l T3 T2
l 500 Q 500 R |’
400 uA
H l@ 400 Q 1 K
Level
k |/ shift
l400 MA
R R R R

Ima =8 mS
100 MHz

Ref. Nordholt, CAS 90, 175-182
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Voltage Controlled Oscillator

1
Og = \/?D

Ima = RL(Cpog)?

dvout2 {Aw} =

4 og
4KTR, (1 + =) (— )2 df
3 Ao

Ref. Craninckx, ACD Kluwer 96, 383-400 ; JSSC May 97, 736-744
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Differential crystal Oscillator

VouT VouT
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Relaxation Oscillator

Ref. Grebene, JSSC, Aug.69, 110-122; Gray, Meyer, Wiley, 1984.
Willy Sansen 10-05 2245



RC Oscillators : 3 x 60°=180°
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Wien Oscillator : 3 x Gain required

1+ 27 s + 12 s?

1
3 1+3cs+12s?

t=RC
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Voltage-controlled X-tal oscillator

N

+
Alju Vour

+ AC 7_ Res| Rt H
R2

)

—_ Wien bridge : R, =2 R;

Resonator 457 kHz
Tuning * 5 kHz

Ref. Huang, JSSC June 88, 784-793
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Variable capacitance £ AC

Vx I, Ve
G,,, block * AC
IR \
1 25
R4C4 block Len @ £AG,
: 1 with 1,

Ref. Huang JSSC June 88, 784-793
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Gm block to generate = AGyy,

VNL

o WTIT

MT9 |——— v,, ‘—I MT10
|
MT3 | MT4 MT1 MT2 ]——°
| 1 v MT12
MT1 _{ ' ‘ H '__QF "
121 T . Iy

=

S

,b=0...180 pA G, =B [(2p1,)"? - (2B1,)1?]
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R4Cq block as differentiator

Voo
MD1A I | Hore |[Morc

IL | l
H J]E-mn nnzsj}i——h .

—” MOL Cq=4pF
Ve R4 = 40 kQ

Ref. Huang JSSC June 88, 784-793
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Appendix: Polar diagrams

Willy Sansen
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Amplitude, phase, Real & Imaginary

Im ¢
| | = \/Re2+Im2
ey <
9(9) = =2
Re =] | cos (¢)
Im =] | sin (¢)
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Polar diagram of RC network - 1

@

—

Im
R
0 == 00 I >Re
1
Co
=0
1
Im Z=R+—
» Re
N W=
~
~
N
(D—
o=0 \\ RC
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Polar diagram of RC network - 2

Im %
Z C
- 0 R
_I K » Re
~ W=
R N
N 1
SN —
o= —
T o=0 RN RC
Im %
1
LZ=R+— 0 \R
CJ(D '\\ (&
O R 1
\\ o C R=x
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Polar diagram of RC network - 3
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Polar diagram of RC network - 4

®= Rc
Ref. Sansen, JSSC Dec.72, 492-498
Willy Sansen 10-05 2260

=
1+ RCjw



Polar diagram of RC network - 5

1 R '©C4C, IR = w
+
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Circuit input impedance Zc

gm + 2 j(DC1

c C
] 1.
JoCsz (9 *+ C_ JoCy)
3

For g,=0 Z,= 2/0Cy

For g, = Z..= 1/0C;
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Complex plane for 3-point oscillator
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Calculation of g

3
Forsmall g, ;[ 9,0 = Rq (Cof 05)? Coif = C1 (1+ - )
1
~ C1
Ci
Maximum negative resistance is 1/ 20C3 at g,,max = C. 0C,4
3
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