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General considerations

The Barkhausen Criteria
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= Most oscillators can be viewed as positive feedback systems with H (w) being the
feed forward gain and G (w) the transfer function of the feedback circuit which is
usually a frequency selective network (resonator)

= QOscillations occur at w, if the loop gain H (wq) G (wy) is exactly equal to unity,
leading to the Barkhausen criteria

|H(wo) - G(wo)| = 1and arg(H(wo) - G(wo)) =0
= The feedback network is usually frequency dependent and hence determines the

oscillation frequency

= The Barkhausen criteria allows to derive the oscillation frequency, but does not
say anything about the oscillation amplitude

= The latter is determined by the circuit nonlinearities
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Outline

=  (General considerations

= The 3-points oscillator (or single transistor oscillator)

= The cross-coupled pair oscillator
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The 3-points oscillator

The 3-Points Oscillator — Barkhausen Criteria

Colpitts 1>
Z;

Z; ¥ Clapp -
N Z3 Z3
\ - * 1 ° * 1
\\ GmVin Gm'vin
Vin Zin Zout ZZ 4 1 Vout Vin V4 ,2 Z ,1 Vout
\
[ [] 2> L : . . . .
v Feedback
Open the twork ,
loop here networ Zy =211 Zip
2 Pierce Z iy transistor input impedance Zy=Zy | Zpyt

Z ot transistor output impedance

Many basic (single transistor) oscillators can be described by the generic 3-points
oscillator

The transistor parasitic can be embedded into the impedances Z,, (like for example the
transistor input and output impedances are included in Z; and Z, defining Z; and Z)

Opening the loop at the gate allows to calculate the loop gain
Vout _ _szizé —Glm

Vin Z\ 42,425 Y/ (1+Y/Z3) +7,
The loop gain has to be equal to unity to satisfy the Barkhausen criteria
GnZiZy,+Z1+Z,+Z3=00rG,, +Y{(1+Y/Z;)+Y, =0

G-H=
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The 3-points oscillator

The 3-Points Oscillator — Basic Oscillators

Ls Ls Ls 2 ?|3
—] = C, I|—-0——||: = C, — == C, — E Lo
Ci== Ci== Ci== L4 E
L J L
Pierce Colpitts Clapp Hartley

= |n the case all the components of the feedback network are reactive Z;, = jX,,
(k = 1,2,3), neglecting the input impedance Z,, but accounting for the output
impedance Z,,; = 1/G 4
X1+ Xy + X3 + j[(Gp, + Gas) X1 X5 + GasXoX3] = 0
Xy = Age - Xy and X3 = —(Age + 1) - Xy with Age = =

ds

= Since Az, > 0, Z, should be of the same type of reactance than Z,, whereas Z
should be of opposite sign leading to the following four basic single transistor
oscillators depending on which node is the ground node
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The 3-points oscillator

The 3-Points Oscillator — Critical Transconductance

L Y
Barkhausen criteria: G, + ¥/ (1+Y3,23)+Y; =0
r% with: Y=Y = joC, Y3 =Gy + joC, = joCy Zy=r+ joL
|: == C> 5
L G, —orCiC, =0
Cr== Leadsto: { ™ 12
: C,+Cy—w*LC,C, =0

= The resonant frequency is then given by

1 C,C
Wy = with Cpp, = —1-2
' LG, 27+,
= The critical transconductance required to maintain the oscillation is given by
(Cl +C2)7” _ Ct)o(Cl +C2)

Or

with @, =2k
r

G, ... =0grC,Cy =

mcrit
where Q; is the unloaded Q of the inductor
= The larger the loss r (the smaller the Q;), the larger the required G.,,, it

" Gcri¢ @ISO Increases with frequency w, and capacitances C; and C,
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The 3-points oscillator

The 3-Points Oscillator — Oscillation Conditions
= Oscillations are maintained for 4
G -G -G+G) /\/\/\/\/\/\A/\
e T
= Qscillations vanish if

A

o865 | pp
3 LA

= QOscillations amplitude increase if A
o (Cp +C A /\
>G 0( 1 2)

mcrit — \//\/\/\/\/\ >
Or V\/\/V\/\/\/

G

m
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The 3-points oscillator

Accounting for Loss in Output Conductance

If the output conductance is accounted for, the Barkhausen criteria becomes

G, + Gy —°C(GyeL+7Cy) =0

C+Cy+G (Gdsr —szcz) =0

= The oscillation frequency is then slightly modified by the presence of the output

conductance
@ = ———  with Cpy [ ﬁ and Ch [ &
1/LC’eq Cl +C2 1+GdSr

= The critical transconductance is then given by

S =Gy + (G +6) with o= C} _Gl+Gwr) G

Or or o ¢ G

Gmcrit = aGdS +(1+a)

12

= The critical transconductance has to be larger by a - G, compared to the case
where G4, is negligible
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The 3-points oscillator

Negative Resistance Analysis Method

= |n a linear analysis, any oscillator can be viewed as a resonant circuit (X,,, and
X ) in series with a negative resistance —R_. that compensates for the loss R,

= The impedance seen at the input of the circuit Z. should hence have a negative
real part —R, and a negative imaginary part —X_

Z,(0)=R, + jX,,

Xm _Xc Zc (a)> Gm) = _Rc (Ct), Gm) - ]Xc ((0)
R ’ R, Such that their sum is equal to zero:
|_> : {—Re{Zc}ch(a),Gm):r
I Z,(0)+Z.(0,G,)=0 —
Z; —-Im{Z.} =X (0) = X,,(®)

= Can be applied to the Pierce oscillator

Ls /
r;m . Ze(@)=" vl
o——¢ [ = C =C
ZC C1 _L L 2 C1 2
L L
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The 3-points oscillator

Negative Resistance Analysis Method

= The corresponding small-signal circuit is given by

o e :K:_Gm+ja)(C1+C2):_ Gy, 1
o :l * < ‘ 1 0)2C1C2 (()2C1C2 jCl)Clz
GV =R G
v C T = R =— -
1
o— H . = C12 @ C1C2
—> °
V1 Xc = 1 W|th C12 = C1C2
a)C12 Cl + C2

= The oscillation frequency is then given by the condition on the imaginary part

1
-Im{Z.}=X,=X,, — Lza)L - wy=

wCyy VLG,

= The critical transconductance to insure oscillation is given by setting R, = r

G

mcrit

(G +Cy) =20 (G + )
602C1C2

r
L Or

which corresponds to the result obtained earlier using the Barkhausen criteria

=r = Gy =r-0°CCy =
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The 3-points oscillator

Negative Resistance Analysis Method

= The same analysis can be conducted accounting for capacitance C; embedding
the parasitic capacitances of the inductor and the transistor

;m F’CST I 1 vlc:l; » zCS I
T | e _TJ

C

Y
Il
If
[+]

Ry 2
, G, + jo(C+Cy) C1C2
c~ " ) c,C
w (C1C2 +C1C3 +C2C3)—]C()GmC3 C12 =7C 1 é
R S)
= \Which leads to
G, GG,

R = 2 2 2
(GmC3) + (C1C2 +C1C3 +C2C3)

 GrC3+0” (€ +Cy)(C1Cy + CiCs + Gy Cy)
a)[(GmC3 ) +@% (C,Cy + C,C3 + C,Cs )2}
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The 3-points oscillator

Impedance Locus

_ 1 = When plotted in the complex plane for a
20C5(1+C3/Cyp) N given frequency (usually the resonance
\ R -t frequency w,), versus the parameter
| | » Re

AN 0(C;+Cr2)  describes a half-circle
_600L

= The impedance —Z,,, = —r — jwL of
the lossy inductor can be plotted versus
w and describes a vertical line at —r

Gin=Gmert~ =0 1 G, the circuit impedance Z.(G,,)

_ 1+2C5/Cyy
20C5(1+C4/Cyy)

Gm=Grmopt —>@ ————=——=—-—- - The condition Z. = —Z,,, corresponds
to the intersections of the circle and the

vertical line (points A and B)

= |t can be shown that only point A
corresponds to a stable point

Gm=Gmunstable7', T aCy = By definition, at point A we have:
Zmrjol o L
G, =G, ; and o=aw,
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The 3-points oscillator

Impedance Locus

Gceric ANd w( can be found by solving

—Re{Z .} =R.(0,G,,)=r
~Im{Z,} = X .(0) =L

R, reaches a minimum (max in absolute value) given by

Rc,max = ! for Gm = Gmopt = G)LCI + Cz +%j with C12 =

200, (1 + 53) 3
12

Ifr > R max there are no intersections and no oscillations can take place

GG,
Cl + C2

The condition for a solution to exist is hence given by
1
2(0C3 {1 +Cj3]
Ci2
If C; and/or C, decrease, point A moves downwards and w, increases

rs Rc,max =

If C; = 0 the circle becomes a horizontal line independent of G,,,
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The 3-points oscillator

G.,..rit fOr Given wg and Q,

= |nthe case the oscillation frequency w, and the quality factor of the inductor Q;

are set, G.,,.ri+ can be found from

2 2
Xc(a)o,GmC”-t) _ QL N GmcritC3 +a)0 (Cl +C2)(C1C2 +C1C3 +C2C3) -0,
R c (600 > Gmcrit ) @ Gmcrit Cl C2
which leads to
2
2
Gmcrit ZWOC2 alQL 1— 1—( %3 j (051 +1)(1+C¥1 +ﬂ] where o ZQ a3 Zg
2033 a0r, o ) &)
= The solution obviously only exists if
2&3 al
Or >—- (g +1)| 1+ +—
) a3
= An approximate solution can be found for Q; > 1
L
o o W, C : c,C
Grerit = 00Cr ———(aq +1)| 1+ 0o+ |==2(C+Cy )| 14— | with Cjp =—1—2
mcrit 0~2 2,0, ( 1 )( 1 053J , ( 1 2)( C12 12 Cl —|-C2
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The 3-points oscillator

Approximation of G,,,.-i;

Im
A
-r
| » R
o Gn=0—] B
approximation > @& - ———-———-—--———= — —
. L ol a)(C3 +C12)
0
/ A
Gm=Gmcrit
MW=Oq

= As shown above, the oscillation frequency depends on r and therefore on the
quality factor Q; of the inductor which is not desirable since it may vary
significantly

= When losses are small (r small) or Q; becomes large, the vertical line gets closer
to the imaginary axis and the sensitivity of w, to Q; becomes small

= |n this condition, the oscillation frequency can be approximated by setting G,,, = 0
in X.(w, G,,) = X,,(w) and solving for w leads to

|
\/L(C3 +C1)
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The 3-points oscillator

Minimum Value of G,,,.,-;;

8

2

o +1

Gmcril'r' LE( 1 )
o)

Gmgrit' T Q

0.0 0.4 0.8 1.2 1.6 2.0
OL,] = C1 /C2

= As shown above, G, qi¢ IS minimum for a; = 1 (C; = C,)

2
1{ 2 @
L L
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The 3-points oscillator

Sinusoidal Control Voltage

= For G,, > G,,.it, the oscillation will start and amplitude will grow, generating
harmonic components due to the nonlinearity of the active element

= The above analysis was linear assuming small-signal operation. It did not give any
information about the oscillation amplitude. This can only be obtained from a
nonlinear analysis which is not always possible to achieve in an analytical form

Voo = |f the quality factor of the resonator is
é’b assumed large (typically Q; > 10), the
current going through the LC tank is filtered
, _L 1T from its harmonics and generates a voltage at
) Cs== the gate that can be considered as quasi-

t— =C:|Vou sinusoidal
le Ci== V()= Vo + A-cos(wyt)

_ - where V, is the dc gate voltage when there

are no oscillations (A = 0)
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The 3-points oscillator

Nonlinear Analysis of the Pierce Oscillator (weak inv.)

Voo = |n the case of the Pierce oscillator the gate voltage
I . !
é can therefore be assumed to be sinusoidal
? ? * ° VG (t) = VGO +A4- COS(G)Of)
LE ¢, rIp(t) S , , , ,
r = |f the transistor is biased in weak inversion, the drain
_L [ ==C:|Vow  currentis then given by
Vel C Ve (1) Vio+A-cos(ayt)
R d In()=1Ipg-e""T =Ipg-e "7
- =1, .ex-cos(a)ot)
A=AV, =-AV
G out Voo Veo=Vro y
: U U
W|th [Oleo-en r :]Spec°€ T and XD nUT

= Notice that it is essentially capacitance C5 that couples harmonic components
directly to the gate. Therefore the assumption of the gate voltage being quasi-
sinusoidal only holds if C5 is much smaller than Cy,
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The 3-points oscillator

Nonlinear Analysis of the Pierce Oscillator (WI)

= Function e**€s(@ot) can be developed in a Fourier series given by

+00

¥ | po(x)+2- D 1 g, (x) - cos(nat)

n=1

where 154 (x) and Iz, (x) are the modified Bessel functions of the first kind of
order 0 and n

= The drain current is then given by

+00
Ip(t) =1y @) =1, +2],. D g, (x)- cos(nayt)

n=1
where 1. is the average current (dc current) given by
Lge =1y -1 o(x)

= Notice that in the case of the 3-points oscillators, the dc current I;. is set by a
constant bias current I,,, whereas I, is the quiescent current defined as the
current that flows when there are no oscillations (or their amplitude is zero x = 0)
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The 3-points oscillator

Quiescent Current I, and Voltage V¢

10° g

Ig0(X)

Lje =1yl go(x)

105—

0 1 l 1 l 1 l 1 l 1
1
O0 2 4 6 8 10

x=A/ (nUT)
= The average of e*¢25(@ob) is given by 1z, (x) which increases exponentially
= For the 3-points oscillators, the dc current I ;. is maintained constant and equal to I,

= The current I, and hence the gate bias voltage V, need therefore to decrease in order
to compensate for the increase in Iz (x) and maintain the dc current equal to I,

= There is therefore a relation between the oscillation amplitude and the dc bias which will
be derived later
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The 3-points oscillator

Drain Current Waveforms

12

—
o
T
X
1l
I

I4(t) = Ip(t) / Ispec

= The above plot shows the drain current normalized to I, for several oscillation
amplitudes and accounting for the dependence of I, and 1. (I) on x

400

i (00220 = ()OO = () 421 (6)- 31 () -cos(neyt)
spec n=l
with i () 20 = and 7, ()0 —L =i (x)- 1 po ()
0 dc 0 B0
Ispec 21 Bl (x) spec
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The 3-points oscillator

Drain Current Harmonics

12 _ = 100 ¢ —
0 o € F peakouent T T
o - - - 3rd-h i o i R Sl
08')_ 3 rd-harmonic < 10 . ist-harmonic .~ /-,-,.:,’./.
Z 6 & S
— = L dc current
\6 4 % 1 BrmTsiimime = ’/ Y L
[ 7238 AR AN U A '8_ L7 \
— . n - / ,
Nl 0 L 01k , 7 ,~_ 2nd-harmonic
0 S - ’ ;s \
-2 = % K 3rd-harmonic
O i 4 .
b0 0.5 1.0 15 20 0'010_1 : ""'éhé'; : ""'é'é;lo I
fot x=A/(nUy)
: Ib (x) . : : [0 X
DC current:  ige(x) U =i (x)-1go(x) with ig(x)0] =7
spec Ispec 2 Bl (x)
Ip 2
: . n . : . X
ai-harmonic: iy [~ = 2ig(x) -1 g, (x)  With igp) = gy (x) = x
[Spec 2|Bl (x)
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Harmonics, dc and peak current
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The 3-points oscillator

Harmonics for Large Amplitudes

100 g > 1200
- 7 - - —— 1st-harmonic
peak current e e 1000 | x =100 ﬂ —— 2nd-harmonic
: 1 = 3 —— 3rd-harmonic
10 ¢ 1st-harmon|c\/' _ 2;\< S 800 r
B ’/__.,.;",/-') dc current —~ 600f
i D V2 R N—"
/s 7 o
' —  400F
[ . \ [
sif A namon g mf |l
- 7/ /' . — S 4
2 3rd-harmonic 0
- 7 S e DSl L S Sl TSL TN
001 v 1 v anaal 1 Lol 1 L1111 _200 | | |
T T T 0.0 05 1.0 15 2.0
x = A /(n Ur) fy t

= |tis interesting to note that for large values of x, all harmonics tend to the same
value, since

X
e

|Bn(x);ﬁ

IBn ()C)
| 51(x)

for xUO1 — i;,y=2ip(x) 15,(x)=x- ~x for x[1
d(n) 0 Bn




The 3-points oscillator

Equivalent Impedance for the Fundamental Component

= The active element is usually nonlinear and generates harmonic components in
the drain current

= The latter are filtered out by the resonator even though the current across it can be
strongly distorted

= The energy exchange between the active element and the resonator occurs
therefore mostly at the fundamental frequency

= The active circuit can therefore be replaced by the impedance for the fundamental
defined as

v
Ze(y=—7—
Lay
where 11y is the complex current at the fundamental frequency which depends on
the amplitude of the sinusoidal voltage V
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The 3-points oscillator

Transconductance for the Fundamental Component

= At low frequency the variation of the fundamental component of the drain current
Alp 1y (t) and of the gate voltage AV (t) are in-phase

= The small-signal transconductance can be replaced by the transconductance for
the fundamental G, 1y given by

Alpay 20l (x) _ Iy 215 (x)

G\ = where x[]
m) =y y nUy  x nU;
= The transconductance for the fundamental can be rewritten by introducing the dc
current I,
1 / 2l pi(x 2l p(x
Iy=Iy-1po(x) = Iy=—L— — G,q=—1 s ) =Gy, - 51 )
| 5o (%) nUr x-1g9(x) x-lgo(x)
where G,,, = I,/ (nU7) is the small-signal transconductance set by the bias
current I,
G - dac _ 1
" nUT I’ZUT
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The 3-points oscillator

Transconductance for the Fundamental Component

1.0

0.9

0.8 Gy _ 21 51(x)
& 8'; G,  x-lpo(x)
< 05 with G, =—2
E 04 nUrp
O o3 4

0.2 and x[]

01F nUT

0.0 ] ] ] ] ] ] ] ]

0 1 2 3 4 5 6 7 8 9 10
x=A/(nUT)
= The above plot shows the transconductance for the fundamental normalized to the

small-signal transconductance versus the normalized oscillation amplitude

= The amplitude will stabilize for G, (1) = Gmeric Which is the condition that finally
determines the oscillation amplitude
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The 3-points oscillator

Bias Current versus Amplitude

= Inweak inversion the condition Gy, (1) = Geric translates into

G yerit L , 21 g1 (%) :]bcritmin N I, :x'lBO(x)
mcri U
nUr x-1po(x) nUr Lpritmin -~ 21 31(x)

Iycritmin = NUT - G erie 1S the minimum current (reached in WI) to achieve
6Gmm-t forx =0

Gy =

= Sinceforx > 1

x
) IBn(x)E\/ZE for x0 1
% = we have
:Q Ip  _xlpo®) X o0
= Lpcrimin -~ 2lp1(x) 2
= Or
]bglbcritmin'zn;l]T =Gm2m’ - A
for AL nUyp

x=A/ (n UT)
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The 3-points oscillator

DC Gate Voltage Bias Shift

= |n case the bias current is set to the quiescent current I, = Iy, by definition of I,

the oscillation amplitude is zero (x = 0)
@ Veo—Vro

nUr _J ., nUp
— Tspec

x=0 — Ib:]()'IBO(x:O):]O:]DO'e e

= For I}, > I, oscillations will start to grow until the condition G, 1y = Gmerit 1S
reached, at which the oscillations will stabilize with an amplitude set by
Ib /Ibcritmin

= As shown in the previous plot, the dc drain current would increase wrt x, but it is

actually constant and set to I, by the current source. Since the current cannot

grow when the oscillations are growing, the dc gate voltage has to adjust so that
Igc = I

= V.o and I, therefore decrease compared to the condition Vo = Ve and Iy =
Iy, = Ipcritmin fOrwhichx = 0

= The quiescent voltage V, and the quiescent current I, are therefore indirectly
also functions of the oscillation amplitude and hence of the I}, /I, .-;; ratio

E P .- I © C. Enz | 2024 Fundamentals of Analog & Mixed Signal VLSI Design Slide 28 N ol .Y :]




The 3-points oscillator

DC Gate Voltage Bias Shift

= For a given bias current I, and minimum critical bias current Iy, .-jtmin, the
relation between the quiescent current I, and the oscillation amplitude x can be
found from the oscillation condition
Iy _Io-lpo®™) _x-lpo®™) Ly _  x
Lperitmin Lperitmin 21 B1 (x) Lperitmin 21 Bl (%)

Gm(l) =Gperit

= Introducing the definition of the quiescent current I, we get
VGO_VTO VGO_VTO

10 _ ]Spec e nUyp 5 e nUr :Ibcritmin_ X

Locritmin -~ Lberitmin 1 spec 21 B1 (x)

= We see that for a given I, .,-;+min @nd bias current I, as the amplitude grows, at
the same time the overdrive voltage decreases according to

Voo —Vro _ ln( 1y ]:m[Ibcritmin j_ln(lel(x)J _ Véeritmin —Vro AVg(x)

h UT spec 1 spec X L UT h UT
v ’ AV,
0 Vaerie=Vro =&/ (x)
n UT n UT

where Vi .-itmin 1S the gate voltage for a bias current I, = I .itmin, 1.€. X = 0
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The 3-points oscillator

DC Gate Bias Voltage Shift

5
-
-
c c >
= £ <
> 1= ®
= 9 =
> = S
! ~ C
) = =
O
2
-15 ] ] ]
0.0 0.5 1.0 1.5 2.0

fio t

x = A/(n Ug)

= As mentioned earlier, the gate bias has to decrease when the oscillations are
growing to maintain the dc drain current equal to the bias current

Ve —Vro _Veo(X)—Vro
I’ZUT I’ZUT

with G0 =V =]H(MJ_IH(2|BI(x)j with A6 ™) ln(lel(x)j

nU X
I’ZUT Ispec X T

Voo —Vro _ Vaeritmin =Vro AV (%)
nUT l’lUT nUT

+x-cos(ay - 1)
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The 3-points oscillator

Amplitude and Gate Voltage Bias Shift vs Bias Current

5

4
>

c
= <
53 ®
(@] ~~
= =
P S

o 1 2 3 4 65 6 7 8 9 10
x=A/ (nUT)

= For a given resonator and hence a given I, .,-itmin, this plot shows the bias
current I, that is required for achieving a given amplitude A and the resulting gate
bias shift decrease

Iy _xlpo(®) 4 AVGZIH(ZIBI(x)j
Ibcritmin 21 Bl (x) nUT X
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The 3-points oscillator

Example — The Pierce Oscillator

T Wy = 1 = L= 3 !
LE ¢, JUG+Cpy) oy (C3+Cp)
.
’_|[ —— C2 Vout }”:%L=106Q
vel Ci== L
\ Grori 2 20(C+Cy)| 1453 | =384
= or Cpo V

0 — 1GHZ,QL — 10,61 =C2 — 1pF,C3 — 1pF

=16.9nH

= Since the inductance Q; is not very high, the above approximation is not very

accurate. The exact solution is then given by

2
G manCy AL 1= o[ 2% | (1) 1y + 2L || =44
mcrit 0~2 1 1
20(3 alQL a3 V

= The inductance value is then found from

— Xc (600 ’ Gmcrit )

L

@

= Thisleadsto L = 17.256 nH andr = 10.8 Q)
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The 3-points oscillator

Pierce Oscillator Example — Bias Current in Wi
= |f we assume that the transistor operates in weak inversion (with n = 1.3), the
critical current is given by
Lperitmin = Gmerie MU 2132 u4
= Setting the oscillation amplitude to A = 100 mV, we get

A 3 = )C'IB()()C)

X = =
nUr 21 g1 (x)

=187 = Iy =1y, -1.87=247.7uA
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The 3-points oscillator

Pierce Oscillator Example in WI - Transient Simulations

[ww] uauno uieiq

40 m8 m11
] time=99.94nsec time=99.37nsec
] TRAN.D=0.201 TRAN.G2=0.236
400— Valley Valley
~ N m9 m12
£ 35— ind Delta=-510.0p ind Delta=98.74n
2 ] dep Delta=237.8m dep Delta=223.8m
2 . Peak, Delta Mode ON| |Peak, Delta Mode ON
E 300— 450 o m13
< E i ma
250 400_:
] S
200 [ ' E. 350
0 10 20 30 40 50 60 70 80 90 100 % 7]
Time [ns] % N
g 300—_
< ]
= Transient simulations performed with an ideal 250
exponential transconductor ]
=  The amplitude is slightly larger than 100mV (119 200980 AP A o
mV). This comes from the fact that Q;, is not that ' o '
large generating harmonics which is in contradiction Time [ns]
with the assumption of a sinusoidal gate voltage m13
_ time=99.83nsec
= The above theory is based on the fundamental TRAN.XEMOS1.P3.pinCurrent.i=978.4u
component only assuming a large Q and hence that Peak
the harmonics are negligible
EPFI: © C. Enz | 2024 Fundamentals of Analog & Mixed Signal VLSI Design
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The 3-points oscillator

Pierce Oscillator Example in WI — HB Simulations

m1 m7

time=87.35psec time=1.506nsec

ts(HB.D)=0.201 ts(HB.G2)=0.236

Min Valley 10

m2 m6 0—a

ind Delta=486.7p ind Delta=-536.6p i

dep Delta=237.9m dep Delta=187.9m 10—

Max, Delta Mode ON 10 Peak, Delta Mode ON .
m -20—

. 450 m2

-30— b

Amplitude [dBm]

40—

-50—

—60{{{{{{{{{{{{[{{{{{{{{

0 1 2 3 4 5

Amplitude [V]

Frequency [GHZz]

|
[v]usuino uieiqg

] i = Harmonic balance SS simulations

Nt Nt S S L A S performed with an ideal exponential
0.0 0.2 04 0.6 0.8Tim1e.0[ns] . . . . . transconductor
10 = Consistent with transient simulations
time=969.2psec . . .
ts(HB XEMOS1.P3.pinCurrent.i)=978.3u = The amplitude is slightly larger than
Max 100mV (119 mV)

E P .- I © C. Enz | 2024 Fundamentals of Analog & Mixed Signal VLSI Design Slide 35 PN ol .\ :]



The 3-points oscillator

Pierce Oscillator in Strong Inversion

= The same analysis can be carried out assuming the transistor is operating in
strong inversion

= |t can be handled analytically as long as the oscillation amplitude A is assumed to
be smaller than the overdrive voltage V. — Vi in order for the current to remain
positive avoiding any current clipping

= |n this case the gate voltage and the drain current are given by

. Voo Ve (t) =V + A-cos(wyt)
b 5 )
spec ' UT spec o UT
4 v 3 ® o
! 2
LE c,== :%.(V o+ x-cos(apt))” for x<vgg
r
_I_ ||: = C, Vout with Ispec [] 2nﬂU%, Vor0 0 @, 0 A
L 4 l P v
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The 3-points oscillator

Pierce Oscillator in Strong Inversion

= Normalizing and developing the quadratic function leads to

2

Ip@® _1.
D - (

spec

2

: (v;o +2v450 - x-cos(@pt) +x~ - cos? (a)Ot))

SN

ig(t)= Vo + X cos(a)ot))

2

2Y v oox
:i{ §10+xz]+ gtg -cos(a)ot)+);-cos(2a)0t)

Vo

idc

= The normalized dc current for x < v, is given by

2
I L, 1., x*) x* Iy (vao
i ) —== =—|vio+— |=ig+— with iy ——=|—=—
de = 1 I 4 [ g™y 707 g 077

spec spec spec

la(1)

= Where i, is the dc current for zero amplitude

2 2 2
o _[ Va0 - Vo =Vro Vgt0

ip L = with Iy ] =100 =100

0 ]Spec ( 5 ] 0 D | x=0 spec ( ' UT spec
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The 3-points oscillator

Bias Voltage and Current

50 140 §
i =] ---- Analytical
o — :
—~ === 120~ Numerical
l_ 40 /, ‘4’
2 Rgemsso T —{ g 100
c Vgtcrit = _— = Q
~ 30 —_— g—‘/’ - 7
~ //’,f' —_
/.a — 7/ ’’’’ —~
l_ _/ ,/"4 //— —-Q
> 20 RSP
: 20 == "
O gt -
v/ﬂ 10 ---- Analytical
V1.5 Vgterit B —l Nulmeri?al L. 5'lbcrit

0 5 101520253035404550
2. 0in .
x=A/(nU7) beit x = A/ (nU7)
= The required normalized bias overdrive voltage v, (normalized bias current i;, or

inversion factor) for a given critical overdrive voltage v, (critical current
Ipcrit) @SSUMING X < Vgicrie IS given by

2 2 2
Vo=V X 1 Vot , X

Vo U ¢ 10 \/ étcrzt +— or il e = pepit T
nUrp 2 1 2 8

spec
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The 3-points oscillator

Transconductance for the Fundamental

= The fundamental component for x < v is given by

_ Vgt0
ID(D = Ispec 5 -x for x< Vgto

= The transconductance for the fundamental component is then given by

G _ ]D(l) _ ]Spec .VgtO = ]spec .VgtO Spec ; for x<v
mDT g T 4 2 WUy 2 Uy VO 810

= From the dc constraint, we get the relation between i, and v, which should both
decrease with the amplitude x

2 2
. Vgt Vg0 X2 . x2 . : x2 2 x2
iy =| | =| 5| to =ty > Q=5 O Vo =4[Vg— 7
2 2 8 8

8

= The transconductance for the fundamental then becomes

2
B [spec r _x2 B Ispec ‘ Vﬁ _xz B [spec l ) x2
Gy = b = = 1%
(O s aU; \\2) 8 aUup 2V 2
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The 3-points oscillator

Transconductance for the Fundamental

The small-signal transconductance is given by

2
Mopee Vot _Twpee oy 0 V610 gng g o[ Vet
m b gt b
I’ZUT 2 l’lUT nUT 2

The transconductance for the fundamental normalized to the small-signal
transconductance is then given by

2 2
G 2
G I R PO L O B X<V
Gm 8lb 2 Vgt 2 VG_VTO

The critical condition is then given by

2 2
G Ispec l 2 X zlspec .Vgtcrit N v2 X

t
mcri I’ZUT 2 gt 2 nUT 2 gt 2 gtCl’lt

Gm(1y =

2
Ispec. . X _Ispec. . . X

Iy, — Iperit —> by ——— = Ipe
" UT b 3 n UT bcerit b 3 bcerit

Since there is no current clipping and no bias shift, it is not surprising to find that

2 X2 . . . X2

Vaterit =Vgt0 =4[Vt _7 and  ipe =iy =1p _§
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The 3-points oscillator

Transconductance for the Fundamental

1.0

: 1.0, :
09} | - !
08l E—» clipping 0.8 i
E 07 I I\\ E B I \T
O o06f N O 06 A | |
\/\ 05 — : \\\ \/\ | i \\ Vgt - 10 \\ 20I \\\ 30
E o04f A T o04f A N
Q) 03} i \“ @) i i \\\ i \\\ i \\\
0.2} i \ 02| AR
01 S L |
OO | | | | I | I | | 00 11111111|1111l1111|111111111'1111111111111111111
00 02 04 06 08 10 1.2 14 16 1.8 2.0 0 10 20 30 40 50
x/vgt=Al(Va-Vo) x=A/(nU7)
2 2
Gl 1[ x 1 A
= l——| — | =4/1-= for x<vg,
Gm 2 Vgt 2 VG — VTO
. |Z A
with v, [ IO and xO
I’ZUT

I: P I- I © C. Enz | 2024 Fundamentals of Analog & Mixed Signal VLSI Design Slide 41 m



The 3-points oscillator

Pierce Oscillator Example - Bias in Si

= |f we assume the transistor operates in strong inversion (with n = 1.3)
and choose the operating overdrive voltage as V; — V¢, = 300 mV and the
oscillation amplitude as A = 200 mV, we can then calculate the normalized

amplitude as ,
_ \%
Vgr "6 =110 _g 15 z‘bulb{gt] =208 x4 =608
U nU
nur spec T

= The critical overdrive and critical current can then be calculated as

/ 2 - 2
[ 2 X : Vatcrit &
Vaterit = 2\iperis = Vot _7 =8.045 or iy :( gzcrl j =1 —g =16.18

= The specific current is then obtained as
]spec _ 2nUT 'Gmcrit _ nUT .' Gmcrit —329 /JA N IB _ Ib 5
Vgtcrit \berit 2n (VG a VTO)
= The critical current and the required bias current are given by

2
v
=532.875 ud Iy =10 iy =g (it] =685.125 uA
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The 3-points oscillator

Pierce Oscillator Example in S| - Transient Simulations

1.0

0.9—

0.8—

0.7—

Amplitude [V]

0.6—

0.5—

o

0.4
0

50 100 150 200 250 300

Time [ns]

Transient simulations performed with an ideal
quadratic transconductor

The amplitude at the drain (235 mV) and at the
gate (220 mV) are slightly higher than 200mV

The above theory is based on the fundamental
component only assuming a large Q and hence
that the harmonics are negligible

Amplitude [mV]

m8
time=299.4nsec
TRAN.D=477.8m
Valley

m4
time=298.8nsec
TRAN.G2=523.3m
Valley

m9
ind Delta=-510.0p
dep Delta=470.0m

m11
ind Delta=298.2n
dep Delta=439.8m

Peak, Delta Mode ON Peak, Delta Mode ON
1.0 5 20
m —
7 mi1 i
0.9 -
= _—1.5 o
0.8 i o
L 5
N (o)
c
0.7 1.0 3
D
- B =
| - E}
0.6 - 3
- 0.5
0.5 i
) ~_ \\_// B
04 T T T T T T T T T | T T T T T T T T T 00
298 299 300

Time [ns]

m3
time=299.3nsec

Peak

TRAN.XQMOSFET1.P3.pinCurrent.i=1.628m
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The 3-points oscillator

Pierce Oscillator Example in SI — HB Simulations

m1 m7
time=91.64psec time=1.504nsec
ts(HB.D)=0.478 ts(HB.G2)=0.523
Min Valley 10
m2 m6 ’
ind Delta=495.7p ind Delta=-508.2p ]
dep Delta=470.0m dep Delta=394.2m — 10
Max, Delta Mode ON Waveforms Peak, Delta Mode ON é
1.0 20 ) 207
0.9—_ E :—% o
. —15 7
E 0.8— i g_ -50i
£ o 1o S B S S S A A A A S
E 0.6—_ E é Frequency [GHz]
. —0.5
0.5— i
] s Y - = Harmonic balance SS simulations
00 02 04 05 08 10 12 14 16 18 20 performed with an ideal quadratic
- Time [ns] transconductor
m . :
e e 1 P.pinCuTent 120,002 = The amplitude at the gate is exactly
. . .pI1 1)=U. H
Peak s 200mV, whereas the amplitude at the

drain is slightly larger (235mV)
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The 3-points oscillator

Design Procedure (Strong Inversion)

= From the Q of the tank and the capacitances, deduce the required G,,,-ri¢
= Choose an appropriate critical overdrive voltage Vicrir — Vro (normalized form vg;cpi¢) or

critical inversion factor iy iy = (vgtcn-t / 2)2 which correspond to the average overdrive
and bias current at the operating point

= We can now find the specific current according to

27’ZUTG I’ZUT -G

] mcrit mcrit

spec —
Vaterit v lbcri t

= Calculate the desired normalized amplitude x = A/(nU;)

= For the chosen normalized critical overdrive voltage (or inversion factor) and normalized
amplitude, deduce the normalized overdrive voltage or bias current from

2 2 2
Ve =Vro 2 X oo Iy (Ve ) x
Vot U nUT \/ gtcrzt+ 9 or 1, U 7 - ) _lbcrit+8

spec

= The bias current I, required for the desired amplitude is then given by

2
v
— s 8t
Iy = [Spec Iy = Ispec ()
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The 3-points oscillator

Design Procedure (from Weak to Strong Inversion)

= From the Q of the tank and the capacitances, deduce the required G, cr-i¢
= Choose an appropriate inversion factor iy .,
= (Calculate the minimum critical bias current I, critmin

]bcritmin — n'UT 'Gmcrit

= Calculate the corresponding specific current

I _ Ibcritmin
spec - -
\ herit (1 — exp[—\/ Uberit :|)
= (Calculate the desired normalized amplitude x = A/ (nU)

= For the chosen inversion factor i, ..;+ and normalized amplitude x, deduce the normalized
bias current I, /I, .r-itmin from the abacus (next slide)

= Deduce the actual bias current

1y,

[b — [bcritmin '1
beritmin
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The 3-points oscillator

Bias Current from Weak to Strong Inversion

20

Ipcrit=2956

128—

Ib / Ibcritmin

weak inv.

x = A/(n Uy)
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The 3-points oscillator

Bias Shift from Weak to Strong Inversion

20

N SSsssss==ssssesesecn

(Veo - Vro)/(n Ut)

weak inv.

x = A /(n Ur)
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The 3-points oscillator

The Colpitts Oscillator — Circuit Impedance

L "4 C3 —_— C2
r C1 GmS'A VS

——
Z AVs
7 - _ Gms+ja)(cl+c2)
© 0 (GG + GG+ CyCy) — joG, G

= Analysis almost identical to the Pierce except that G,,, is replaced with G,

Gms Cl C2

R = 2 2
(GpsC3)™ + @~ (C1Cy + CC3 + CrC3)

GGy + 0 (G + G ) (GG + 1G5+ CyCy)
a)[(Gmng, ) +@% (C,Cy + C,C3 + C,Cy )2}
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The 3-points oscillator

The Colpitts Oscillator — Critical Transconductance

= For G,,s K (wy/C3)(C,C, + C;C3 + C,C3), R, and X simplify to

/
o—

_ _ R GmsCICZ X 1
_ C C
Vl C _L % _Lc = Re COZ (C1C2 + C1C3 + C2C3 )2 a)Ceq
3 =0 =
Gt XGrsAVs
"AVs G +C

12

12

1

L-C,

= The oscillation frequency is approximated by &, =

= And the critical (source) transconductance is given by

2
2
Gnserir = @09Co 40, 1=, 1= % (al + 1) 1+ +ﬂ
2&3 alQL (0%

2 2
;la—lz |- 1_(2&3(0{14‘1)} ;l(al—kl) =a)0 (C1+C2)[1+&]
r 203 01 roaqQr 0f Ci2

where ¢ U 51 o3 [ S
C, )
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The 3-points oscillator

Nonlinear Analysis of the Collpits Oscillator (weak inv.)

Vout

Vop ® Inthe case of the Collpits oscillator the source

voltage can be assumed to be sinusoidal
Vg(t)=Vgo—A-cos(ayt)

= |f the transistor is biased in weak inversion, the drain

current is then given by

nU nU
Ip(t)=Ipg-e ~°T =Ipg-e !
A-cos(wyt)
=1Iy-e Ur =1, .ex-cos(a)ot)
Voo—1Vso Vaoo=Vro—1Vso
: nU nU
W|th 10DID0'€ r =1Spec-e r
A
and x[J —
Ur

= Same analysis than the Pierce oscillator and hence the results and normalized
plots of the Pierce oscillator also apply to the Colpitts oscillator
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The 3-points oscillator

Example — The Colpitts Oscillator

Vi
> fy=1GHz,Q, =10,C; = C, = 1 pF,C3 = 1 pF
o Wy = 1 = L=z— ! =16.9nH
\/L(C3 +C12) a (C3 +C12)
Vou = “SL ~10.60
L
v
G serit ;%(c1 +C2)(1+g_3J :3.8’"7A
L 12

= Since the inductance Q; is not very high, the above approximation is not very
accurate. The exact solution is then given by

2
Gserie = @9 40 1=, 1= 20; (051 +1) 1+ -|-ﬂ =4m—A
26{3 alQL (04! V

= The inductance value is then found from

_ Xc (0)0 ’ Gmscrit)

L

@
= Thisleadsto L = 17.256 nH andr = 10.8 ()
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The 3-points oscillator

Colpitts Oscillator Example in WI - Transient Simulations

Drain and source voltages [V]

Time [ns]

Transient simulations performed with an ideal
exponential transconductor

The amplitude at the source is almost exactly
100 mV (104 mV), whereas the amplitude at the
drain is slightly larger (211 mV)

The above theory is based on the fundamental
component only assuming a large Q and hence
that the harmonics are negligible

Source and drain voltages [V]

m4
time=49.16nsec
TRAN.S=447.5m
Valley

m3

ind Delta=-500.0p
dep Delta=208.4m
Peak, Delta Mode ON

m12
time=49.20nsec
TRAN.D=1.583
Valley

m11

ind Delta=470.0p
dep Delta=422.8m
Peak, Delta Mode ON

2.2

. m11 :
2.0 m;3 -
1.8 \ N N

_ / \ m\12 »
1.6— I \ C
14—} \\ ,I | -
1.2 i II \ ! \\ L
ol | | C
1.0-] II ‘ ! \\ -
- \ | B
0.8 /I \ / \\ B
o \\ m3 /I \ L
0.6— m4 \ B
04 ] T T T \I I I I I I/ | T T T I\ I I I -

48 49 50

Time [ns]
m13

time=48.16nsec
TRAN.XEMOS1.P4.pinCurrent.i=404.1u
Peak

© C. Enz | 2024
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The 3-points oscillator

Colpitts Oscillator Example in WI - HB Simulations

m8
time=1.505nsec
ts(HB.S)=0.447

m5
time=537.8psec
ts(HB.D)=1.583

Valley Min 10
m7 m6 T 0
ind Delta=-508.6p ind Delta=-529.4p S
dep Delta=208.4m dep Delta=422.8m ‘e 10
Peak, Delta Mode ON Max, Delta Mode ON £ o]
2.2 500 g
2.0_IT||6 m‘“IO E _;15 -30—
_ 2\ —400 £ 40
e s A ST
= I \\ | \\ 300 5 T
g 147 I I - 2 60 N L L B
= 12 I’ \ ’I \ :_200 g 0 1 2 3 4 5
E o] | \\ | \\ B = Frequency [GHz]
- | | B = .
05 [ - [ "~ ™ Harmonic balance steady-state (HB-SS)
06 Lo [ g\ ' simulations performed with an ideal
P = o G = = o S quadratic transconductor
00 02 04 06 08 10 12 14 16 18 20 = The HB simulations are consistent with
Time [ns] the transient simulations presented in
m10 the previous slide
e | onsec = The amplitude at th is almost
ts(HB.I_Probe1.i)=404.1u plitude at the Source IS aimos
Peak exactly 100 mV (104 mV), whereas the
amplitude at the drain is slightly larger
(211 mV)
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The 3-points oscillator

Colpitts Oscillator in Strong Inversion

= Similar analysis than for the Pierce oscillator. In this case we have

Ve(t)=Vgy— A-cos(wyt)

Vpo—Vs (f)j2

207

Ip()= ]spec (

2
_7 .(VPO_VSO_AOCOS((OOZ‘))
spec 2UT

I 2
=== -(vpso—xocos(a)ot)) for x<v

4
S EN
C+Cy

ps0

A:AVSZ

out

= The results and plots obtained for the Pierce oscillator in strong inversion can be
used for the Colpitts oscillator accounting for the different normalization given by

Voo =V, Ve = Vg —nV, A
VpSOD P0—¥so _YGo~¥ro—" SO, »0 2L
UT I’ZUT UT
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The 3-points oscillator

Colpitts Oscillator in Strong Inversion

= Normalizing and developing the quadratic function leads to

Ip(t) _

spec

2

2 1/, 2
(Vpso —X- cos(a)ot)) =1 (Vpso —2v g0 - X -cos(@pt) +x” - cos (a)ot))

ig(t) = 411

2

1| » x? Vps0 "X X
— . +— | = -cos(wnt) + — - cos(2ant
s [ 50 2} 5 (@pt) + 5=+ cos2ant)

g —i;0
ige M

= The normalized dc current for x < v, is given by

2
, ]d ]b 1 2 x2 : X2 . : ]() VY ps0
iy, | ——= =—vig+t— |=ip+— with iy ——=| —
dc 7 7 4 [ psO 7 0 3 0 I 5

spec spec spec

= The normalized fundamental component for x < v, is given by

Ipay Vpso'X
/ = 5 for X<V 60

spec
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The 3-points oscillator

Transconductance for the Fundamental (Colpitts)

= The fundamental component for x < v, is given by

VpSO

[D(l) Spec 5 -x for x< vaO

= The transconductance for the fundamental component is given by

A A 2 Ur
= From the dc constraint we get

2 2
. | Vps ] | VpsO x2 . x2 . x2 |2 x2
Iy = 7 = 5 +§—lo+? —> lo—lb—g or VpSO_ va_7

1 1
Gm(l)— D(l) Spec psO'x_ spec pSO Spec \/E for

= The transconductance for the fundamental then becomes

2
G [Spec. . X _[Spec 1 2 X

pu— l —_ o « — o v —_—
ms(1) UT b 3 UT 7 ps 2
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The 3-points oscillator

Transconductance for the Fundamental (Colpitts)

= The small-signal source transconductance is given by

2
I V I Vo —V. V
G =_spec Tps _Tspec [ with v 0P 'S and i, =| -2
" U, 20 Up VP P Uy N

= The transconductance for the fundamental normalized to the small-signal
transconductance is then given by

2 2
G 2
ms) _ X ol x =\/1—1( 4 ) for x<v,
G, 8y, 2 Vs 2\Vp—=Vy

= The critical condition is then given by

1

2 ] 2

1 2 X spec scrit 2 X
Gos) = Guserit. = —o— =4[V pec Tp N Y LIV
ms(1) mscrit ps pscrit
Uy 2 2 U, 2 2
2 2
Ispec. . ¢ ]Spec . . ¢

or in terms of currents Iy — Iy —> I ——=1p
UT b 3 UT berit b 3 berit
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The 3-points oscillator

Transconductance for the Fundamental (Colpitts)

1.0 : 1.0 :
0.9} i o :
— ClIppIin I
0.8 PR 0.8 ;
g 07_ :\\ g :\ ?\ :}\
O o6 - O o6 A n :
~ 05 Y ~ L\ vps=10 N 20 N 30
—~ V.o | \ = i ro\ ! \ | AN
Z [ \ Z I [ \ [ \
Z 04r A Zoar L
O 03 i ; O - o i Vo \
0.2F i ‘\‘ 0.2 i “1 i \‘\ i \\\
0.1F i ‘: - R | ".
OO | | | | I | H | | . 11111111|111111111|111111111|111111111|111111111
00 02 04 06 08 10 1.2 14 16 1.8 2.0 0 10 20 30 40 50
X/ Vps =A T (Vp-Vg) x=A/Ut
2 2
G X2 I{ x 1 n-A
ms) - -2 1= = J1-= for x<v,
Gms Slb 2 Vps 2 VG - VTO —n- VS
: Vp—=Ve¢ Vo—=Vpg—n-V A
with v, 0L —5=-6¢ 10 S and x0 -
UT n-UT UT
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The 3-points oscillator

Bias Voltage and Current (Colpitts)

50 140
40 = 120
// _-"
= [~-"7° T 7T ai il o> N B Pt o 100
D = / ”””” / o)
: 30 Vpscrit jg_’_/ ] ) ?;_ ,{/4 _%
< - // fffff =~
> [ T | s
' 20 e m
o 20 ,f”‘
?/ [ /// ;Q
10—
i 10
0 111 L1 11 L1 11 L1 11 L1 11 L1 11 L1 11 L1 11 L1 11 L1 11 O 1 1 1
0 5 10 15 20 25 30 35 40 45 50 0 10 20 30 40
x=A/Ug x=A/Ug

= The required bias overdrive voltage v, (bias current i;,) for a given critical
saturation voltage vy, (Critical current iy, .;r) assuming x < v, is given by

2

2
Vp—Vs Vo—Vpo—-nVs |2  x° L (ves) . x
VpSD U > =-C nlO] S:\/Vpscrit+2 or lbD]b = :lbcrit+8
T T

spec

E P - I © C. Enz | 2024 Fundamentals of Analog & Mixed Signal VLSI Design Slide 60 N ol .Y :]



The 3-points oscillator

Colpitts Oscillator Example - Bias in S|

= |f we assume the transistor operates in strong inversion (with n = 1.3)
and choose the operating saturation voltage as I/, — Vg = 300 mV and the
output oscillation amplitude as AV,,,,; = 200 mV corresponding to an amplitude
of the source voltage of A = AV = 100 mV, we can then calculate the
normalized amplitude as

Vp =V 1y A

=11.6 i J—"-=33.6 x[—=3.86
UT Ispec UT
= The critical overdrive and critical current can then be calculated as

2 2
X

2 X : :
V pscrit = vps—7=11.27 or lbcrit:lb_§:31°7

vaD

= The specific current is then obtained as

22U - : . .
[Spec _ UT Gmscrzt _ UT Gmscrzt —18.5 1 A

V pscrit \ herit

= The critical current and the required bias current are given by

Lepip =1 spec Iherit sp
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The 3-points oscillator

Colpitts Oscillator Example in Sl - Transient Simulations

Drain and source voltages [V]
5
|

—llll

0.0 I I
0 50 100

[
150

[ [ [ [ [ [ |
200 250 300 350 400 450 500

Time [ns]

= Transient simulations performed with an ideal
quadratic transconductor

= The amplitude at the source (99mV) and at the
drain (199mV) are almost exactly 100mV and

200mV

= The above theory is based on the fundamental
component only assuming a large Q and hence
that the harmonics are negligible

Drain and source voltages [V]

m3 m10
time=499.3nsec time=499.3nsec
TRAN.D=1.595 TRAN.S=104.2m
Valley Valley
m4 m11
ind Delta=-500.0p ind Delta=-500.0p
dep Delta=398.7m dep Delta=198.2m
Peak, Delta Mode ON Peak, Delta Mode ON
2.0 n14 2.0
] m12 m3 -
1'5_: // \\ / \\ 15 O
1 7 \ / \ I
_ / \ / \ L >
/ \ / \ L 2
10—/ \ \ —1.0 3
/ \ \ -3
14/ \ \ C —
1/ \ / \ -3
i \ / \ Z
0.5— N / N 05
7 m11/ \ /T
] m10 -
00 ] T T T T T T T T T | T T T T T T T T _ 00
498 499 500
Time [ns]
m12

time=498.3nsec

Peak

TRAN.XQMOSFET1.P4.pinCurrent.i=1.618m

CPT[ o e
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The 3-points oscillator

Colpitts Oscillator Example in SI - HB Simulations

m8 mb5
time=1.499nsec time=1.520nsec
ts(HB.S)=0.104 ts(HB.D)=1.594
Valley Min
m7 m6
ind Delta=-501.1p ind Delta=-505.2p
dep Delta=199.9m dep Delta=402.2m
Peak, Delta Mode ON Max, Delta Mode ON
m6
2.0 13 T i 1.8
> ] _—1.6
3; 15 1.4
8 § L
Tg i —1.2
- ] L
S 1.0 —1.0
g !
'g i _—0.8
= i
c 05— —0.6
o ] m7 B
Q i m8 0.4
0.0 — 1 T 1 T ] T T T T T T T ] T T T 0.2
00 02 04 06 08 10 12 14 16 18 20
Time [ns]
m13

Peak

time=501.1psec
ts(HB.l_Probe1.i)=1.624m

[vw] wauno uieiqg

-20—

-30—

Amplitude [dBm]

-40—

-50—

-60|||||||||||||‘|’||||‘|’||||

0 1 2 3 4

Frequency [GHZz]

5

= Harmonic balance SS simulations
performed with an ideal quadratic

transconductor

= The amplitude at the gate is exactly
200mV, whereas the amplitude at the

drain is slightly larger (235mV)
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The 3-points oscillator

Nonlinear Effects

Im{Z1)} [kQ]

-18

Sweep of the bias current I,
for different amplitudes I;,,

| |
N
o
o
T
> e
-7
7.7
///// -
R -
nNS -7
/// b /,,
408
7 //
d

8 6 4 -2 0
ReiZq) k]

O

é le C3
Is(t) .

I,(t)=1;, 'COS(C‘)O t)

;s Vin

C
n

C

1

and ZC(]) =

—

7\

mn

Plot of the input impedance Z ;1)
evaluated for the fundamental component
versus the bias current I;, swept from 1 A
to 1.7 mA for different current amplitudes
I;, (1WA, 50uA, 100uA, 200uA and 500uA)

For small amplitudes (I;;, = 1 uA), we get
the circle obtained from the linear analysis,
but for large amplitudes, the locus starts to
deviate from the circle obtained for small

amplitude due to nonlinear effects

Vin()
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The 3-points oscillator

Nonlinear Effects
Sweep of the input current I},
for different bias current I, = Plot of the input impedance Z;;, 1)
0= ! ! ! evaluated for the fundamental component
5 versus the current amplitude I;,, swept
from 1A to 1mA for different bias currents
4 I, (20uA, 100uA, 200pA, 500uA and 1mA)
6 = The locus always starts on the circle
= ) obtained for small amplitude with a
=. g direction tangent to the circle and then
= deviates from it due to nonlinear effects
L\f -10 = The actual operating point can be quite far
£ from the one obtained with the linear

N
N

analysis

N
~

= There may eventually be no operating
point when the bias current becomes too
large, even though the small-signal
analysis would show an intersection

N
o
|

-18

8 -6 4 -2 0
Re{Ze1)r [kQ)]
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The 3-points oscillator

Unstable Point at Very Large Bias Current

0.0 0.5 1.0 15 2.0 25 3.0
852.0 852.0
851.9 851.9
> 851.8 | 851.8
’% 851.7 ’ \ M\nnﬂ MUI\VI\VAV VA\]AVAVA\/AVAVAVAVVVV AVVVVAAAAAANAAAAAAAAAA 851.7
SN PRLLEEA =10 Mz
851.5 ! Cq=Ca=10pF 851.5
' C3=1pF (ag=0.1) '
851.4 L=422uH 851.4
Q_ =10 (r =265 Q)
950 Gmerit = 150.9 pANV || 950
S‘ 900 » :ccrit2=03-9AUA 900
=20m
§ 850 MMMMMMI\l\l\!\l\l\l\/\/\/\/\ MANVAAAAAAA AAAAA - 850
5 W
> 800 B 800
750 750
20 20
— 10 I 10
<
% 0 MﬂMMMMM[\/\/\(\I\M\I\AAAAM AAAAAAAAAAA 0
= LA
-10 ! -10
-20 -20
0.0 0.5 1.0 15 2.0 25 3.0
Time [us]

o =1
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Outline

= (eneral considerations
= The 3-points oscillator

= The cross-coupled pair oscillator
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The cross-coupled pair oscillator

The Cross-coupled Pair Oscillator — Principle

= A balanced LO signal is most often required

= (Can be generated by the cross-coupled pair oscillator shown below

o Lo e
ZC% b%q %ZC 6V %—? G:AVS —%G v, —ﬁ— 3

f [F we o L
I | ~Ginl2

L G
AVg=——m
AV5s <—<>AV1 Gms + Yb/2 2
L/2 I,

. AVI +AV2

= |f fully balanced operation is assumed AV =-AV, = % — AVg=0
= And hence
I.
Y= ==y joC
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The cross-coupled pair oscillator

Critical G,,,

= The circuit impedance Z_ is then given by

1 1 - G, /2 ) jwC
Y =G, 2+joC (G, 2) +(0C) (G,/2) +(aC)
= And hence
=—Re — Gm/2 — _Im _ aoC
R G ey T G ey

= Solving for G,,,ci+ and wy results in

X ; C 200C
< (Cf)o ’ Gmcrzt) = QL — el = QL - Gmcrit = .
R c (a)O > Gmcrit) Gmcrit /2 QL
C()LC . 1
X (@0, Geri) =0l = @y = T with oy ¢ = Tic
2
Or
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The cross-coupled pair oscillator

Circuit Impedance

Gm=Gmopt >
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The cross-coupled pair oscillator

Large-signal Analysis (weak inversion)

= The differential current in Wl is given by

o foz Al oy =Ipy —1py =—1Ip - tanh) =% =L
2nUT

= The output waveform for a sinusoidal differential voltage

I Is then given by
AV, (t) = A-cos(awyt)
= A, (1) = 0]”; O _ —tanh(x-cos(myt)) with x= 2”1121]7

= The output waveform is periodic and can be developed in a Fourier series

Ny (0= Mo ® S 4 ) costnant) = 3 ay(x)-cos(np)
b n n
n oldd n oldd
with a,(x)= % j tanh (x - cos(@)) - cos(ng)-dg

-7
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The cross-coupled pair oscillator

Large-signal Analysis (weak inversion)

= We are mostly interested in the fundamental component given by
T
a;(x) = L j tanh (x - cos(¢))-cos(@)-dg
4 —7T
= Unfortunately there is no analytical solution for this integral
= For x « 1, it can nevertheless be approximated by

21 p1(x)
| go(x) +1 g (x)

a;(x) =

= For large signal amplitudes, the output waveform becomes a square wave and
hence for x > 1 we have

al(x);% for x[J 1
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The cross-coupled pair oscillator

Transconductance for the Fundamental

= The transconductance for the fundamental component is then given by
o _Iboy a1l _ L a®_. a®
m(l) - - - ) — Yy
A A 2nUr  x X
1p
ZI’ZUT

with G, =
= QOrin normalized form

Oy _ ay(x) _ 21 51 (%)
G x o x(lgo()+15(0)
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The cross-coupled pair oscillator

Transconductance for the Fundamental

1.4 1.0 v )
Qii—F-------mmemmeee oo e s caa | \ nX
T 1oL 0.9 \
e e 0.8 |
10/ | \ e 07 \
numerica ' numerical
0.8 approximation 9 0.61- N\
(6_ : 05 — \\\ N

06 B \é/ 04 — \\\\\ .

0.4 © osf
0.2 / TR

0.2 A T eran
01F approximation =3

0.0 | | | | | | | | | 0.0 | . . . | | | | |

o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
X X
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