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LC-Oscillator Noise Sources
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Oscillator and Phase-Noise Model
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LC-tank

« phase-modulating noise component (double-sided)
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gm-CeII Transfer Function

« small-signal gain in the presence of a large signal
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* Fourier domain — (magmtude) complex harmonic components
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Oscillation Condition

* harmonics: g,,-cell and oscillation signal

A0 4 90 AQ
VS/2 V3/2 i
-2fo -fo fo 2fo g
I —
I | |
: v 3
« convolution:
QOVS/Z QOVS/Z
f g-2V3/2 f 02 V5/2
-2Ifo 'fo | f() 2If0 >

» oscillation signal:

Vo (—f Ve (+f Vo (—f Ve (+f
Vs:[ 3(2 o)g0+ 3(2 o)go+ 5(2 o)g2+ 5(2 0)

92]RTK = (9o +9,)VsRk

- oscillation condition: small-signal loop gain:  duty cycle:
o+ 0, = GTK K=R1x9,/2 d=1/(2k)
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LC-Tank Noise Folding

* convolution: g, and g , harmonics and LC-tank noise
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LC-Tank Noise Folding

* LC-tank noise contribution:

Jovy (— fom) Govy (—fot)  Hov (Fo7) Govy (™)
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J2Vn (fo7) Qv (foF) Govy (T f7) Qv (T 1)
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LC-Tank Noise Contribution
» phase-modulating noise component:
o) :%[im(fo+A)+iN,O(—fO+A)+iN,O(—fO—A)+iN,O(fO—A)]
Iom = (9o + 92V (To +4) + (9o +9,)Vy (To — 4)
* phase-related noise power (k>>1, g=g,=0 »):
i2 (Rrx) = (9 +92)°V2 (Riy)
 LC-tank noise transfer function:
9°(Rrc) = (9o + 9,)° = Gy

* LC-tank noise factor:

F(R) = 2iF2>M (R ) _ 2(go + gz)zvi (Rrx) B ZG'IgKVi (Rrg) ~ AKTG
T AKTGy AKTGry AKTGr ~ 4KTGy
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d.,-Cell Noise Folding

* convolution: g, and g , harmonics and f, g,,-cell noise
g-2 Jo g2
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* g,,-cell noise around odd multiples of the oscillation frequency is
folded to the LC-tank noise arpund fhe oscillation frequency
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d.,-Cell Noise Contribution

» phase-modulating noise component:
oy = (9o + )V (fo +4) +(go + 9o )V (fo — ) +
+(9, +0,)Vy (3 +A)+(g, +9,)Vvy (3T, —A) +...
(922 + 921)Vn ((21=1) To + 4) + (9o, + 9oV (21 -1) Ty — 4)
 phase-related noise power (k>>1, g=g,=0 »=...):
12 (Onn) =] (9o +05)7+ (05 + 90)* +--+(Gai 5+ Ui V2 (G )

* number of g,; harmonic components:

2f, 1 1 >t
d 2f, d — 1=g./2
* number of (g,;.,+J,;) folding pairs: °
i — 2—k — k //// \\\\
2d 2 2fy/d
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d.-Cell Noise Contributions

» phase-related noise power:

. 1 205
|§M (O in) = E(gzi—z + gm)zvﬁ (O n) = %Vi (Om-in) = ngzvi (9m-n)

* g,-cell noise transfer function:
1
9°(gm i) = 2dg* = 2d (97,“)2 = ZE(kGTK)Z = kGry

* g,-cell noise factors:
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rg_Noise Contribution — Be Precise

 phase-related noise power (k>>1):

2, (13)=| 208 +497 +407 +...+4g5 , |V2 (13)

 Paseval’'s Theorem:

o0 T2/2 T
200\ _ o 2 2 |_ 2 2 4 2, Lol 4 o
g (rB)—2[90+221:‘92i‘ J_ﬁ f gv(t)dt—ijg (1=—)"dt=2g7
i= T, 12 0
* Iz Noise factor:
2i (r
F(2r,)=2—™ fs) 2,
AKTG 3
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Bias Current-Source Noise
Transfer Function

* g,-cell large-signal V-to-I transfer function
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* Fourier domain — (magnitude) complex harmonic components
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BCS Noise Contribution

BCS noise around even multiples of the oscillation frequency is
folded to the LC-tank noise around the oscillation frequency

 phase-related noise power:

IPMDIFF(IBCS) 12(| )
BCS

iF2>|v|(|Bcs)— 4 4

 BCS noise transfer function:
5 1
0 °(lges) = 2

 BCS noise factor:

2i° (lgcs)  KTg, (1+2r,0,) KT 2KGy, (1+2ke)

F(lges) = _ -
(ecs) AKTGr, AKTGry AKTGry

:—k(1+2kc) k(S +ke) = K F(21¢)+ F(2r)
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Phase-Noise Model of
Bipolar Switching LC-Oscillators

* Noise factor:

F=F(Ry)+ F(ZIC)+F(2rB)+F(IBCS)

F = 1+;+§kc+k(—+kc) 1+— (1+k)+kc(—+k)

 Phase noise:

[ LRy ) +L(21c) +£(215) + L(lges) _ AKTGF v = ng
(47Crgr 4)° Vi (47Cgr 4)° I

1 2
1+ =(Q+k)+ke(=+Kk

L= 2 2
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Phase Noise Model of

Bipolar Switching LC-Oscillators

F = 1+1+2kc+k(—+kc)
2 3

- Constant phase-noise contributions
 LC-tank noise contribution ~ 1

* g,-cell current shot noise contribution ~ %>

« Small-signal loop-gain related contributions
* g,-Cell base-resistance noise contribution ~ 0.66ck

 phase-noise contribution of the bias current source is
k-times larger then the noise contribution of the g,,-cell ~
k(¥2+ck)!
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Low/High-Performance VCO Designs

* high ss loop-gain, high quality LC-tank, BCS noise eliminated:
e.g., k>>1(=10), (:<<1(~O.01)1 ,
Lot 7811 1
k* 51010 k?
* high ss loop-gain, high quality LC-tank, BCS noise present:
e.g., k>>1(=10), c<<1(~0.01)
1 1
k(§+kc) ) E+kc 31 1

k2 K 510 k

£~

L~

* low ss loop-gain, low guality LC-tank, BCS noise present:
e.g., k~1(=2), c~1(~0.5) ias k)%

-6~ T2.°4
k 4
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Single/Double-Switch CMOS LC-VCOs
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Phase Noise Model of
CMOS LC-Oscillators

+ Noise factor (4=7p, G n=0nms)
F&s =F(R) +F(21p) +F(lacs) Fos = F(Rix )+ F(415) + F(lges)
Fs =1+ 7+ 79 cs /(4G ) Fos =1+ 7+ 709mcs / Gk

 Phase noise:
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Phase Noise Model of
CMOS LC-Oscillators

F=1+y+y0ncs /G

- Constant phase-noise contributions
 LC-tank noise contribution ~ 1

* g,,-cell drain-current thermal noise contribution ~ y

- Small-signal loop-gain related contributions (?)

* bias current source noise contribution ~ 0, -s/G (k)
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CMQOS vs. Bipolar LC-Oscillators

* noise factors (for removed BCS noise):

1 2
Fop =1+—+—kc
BIP 2 3

Femos =1+

* bipolar VCO better for the same power consumption (Vg g;p=Vs cmos)

3 2 5 R
2+ lkc<Z = kr, < —TK
2 3 3 > 8

*e.g., k=10, R«=800Q *e.g., k=10, R{=80Q
800 80
r,<—=10 O r,L<—=10
5780 ® 780
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CMOQOS vs. Bipolar LC-Oscillators

* power consumption figure of merit:

FOM =10log [L(A) {A] Veelee J

Wy

* V=18V, Vg 51p=0.4V, V55 cmos=1-2V, (Blcc gip=lce,ss.cmos)

FOM,, = FOM .y, +4.8dB

* Vce=1.8V, Vg 1p=0.4V, V; ps cmos=1.2V, (1.5lcc gip=lcc.ps-cmos)

FOM,,, = FOM s cy0s +7.80B
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Phase-Noise Model Conclusions

e Parametric Phase-Noise Model

e electrical circuit parameters (ss loop gain)
e Wworst-case phase noise (bandwidth unlimited)

e Bipolar vs. CMOS LC-Oscilllators
e bipolar ss loop-gain related contributions

® Vg,gp~K (<<Vc(), Vs emos™Vec

e bipolar capacitive tapping for larger vg,gp, but
also larger k-related noise contributions and
power consumption

A. Tasic © 2009
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Verification of the
Phase-Noise Model



VCO Noise Contributions

« £,~5.74GHz, R,,,~340Q, n~1.65, ¢~0.25, V.=2.2V

IcTk

N,
L | C-tank
cy Wee Cy noise ~ 1
— SH——
-~ —~

l+ 4Lv1
TUNE

transconductor
noise ~
n(0.5+0.66¢c*k)

< oy | bias current-source
%s (@) o noise ~ n(0.5+c+k)*k
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_qm-CeII Noise Contributions

* k=0.59,,R1¢<0.501, actualR1k=0-99m R/ (1+9mle) =Kactual

1R —e— simuilations 2 2
0,95 - —a— calculations F(er) :gnkc 25165025 k 2027 . k
U
0,85 1 :— .
08 F(2rg)
25 1 —— simulations
0757 , . —8— calculations
0,7 r r
4 6 8 -
1 .
N 0,5 1
F(l.)=—==0.87
2 0

4 6 8 9,6
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Bias Noise Contributions

7 2 Flccs)
——imulations

° —m—calculation
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3 -
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1 -

0

F(ry cs) =knkc =1.65-0.25-k? =0.41-k*

ﬂ

20 F(rgcs)

18 o

16 o

14 +

12 o

10 o

9,6
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=—®—simulation

—8—Calculation

A. Tasic © 2007

9.6

30



Suppression of Bias
Current-Source Noise
In
L C-Oscillators



Qutline

Contribution of Bias Current-Source Noise
to Phase Noise of LC-Oscillators

Techniques for Reduction of Bias Current-
Source Noise

Noise Analysis of Degenerated Bias
Current Source

Bias Noise Suppression - Design Example
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VCO Noise Contributions

N\
L LC-tank
cy Wee Cy noise ~ 1
——id R —

transconductor

QDQ)’QT\ = CB/\_@"(% Vi ) noise ~ 0.5+cek

.

< i Y] | bias current-source
Us () oo noise ~ (0.5+c<k)*k
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VCO Noise Contributions

« £,~5.74GHz, R, ,~340Q, n~1.65, ¢~0.25, V.=2.2V
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n
_ L(Ru) + L£(216) +£(20) + L{lgs) _ k(5 +nkc)

PNR 2
L(Rrc) + L(21c) + £(2T) 1+ + ke
2 3
10 4 PNR[dB]
0 -
8 -
7 - PNR=8.2dB
0 -
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2
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Bias Noise Reduction Technigues

resistive Inductive

_ | filtering?
degeneration  degeneration
Y ! LLFAIL Al AL
Vi '
L“{ ',N_< L y L B
+ e Cs
e
J:— B I‘D =
@ high supply ® large area if ® transconductor
required integrated noise always ON
@ noise injection if ® reduced output

discretrasic o 2000 Impedance
36



Capacitive Filtering

AC short
= d'=1a+d)
= 1 5
1 |< d12t,
- \ n
0 Fr21.)~ k2
g — ?
L 1/fO
®AC open
1
d=_—
i 1 2k
N d/ 2f
n
0 - - F(21c) ~—
= 1/2f,

« for k=10, d=5%, d’=52.5%, and F’>F
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Bias Current Source with
Resonant-Inductive Degeneration

kA @ Lgp matched to C at 2f,

VIN l ® I'y o5 NOISe contribution reduced
¢ e transconductance gain small at resonance
C/\m, e Series resonance

e |5 5 nNoise contribution small
e common-base like configuration (gain of 1)

e |- -5 noise contribution removed
o parallel resonance
e emitter open at resonance (l. g floats)

1D
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Circult Diagram for Noise
Transfer Functions

o5
iB,CS (V VE)ng |
rB,CS <*) p— HCS C% e s CD OUT,CS
“Q
ID

* Ic s 10 Igyt: Vg s Short, I s Open
* Ig cs tO IgyT: Vg o5 Short, I s open

* Vg s 1O Iyt Ic cs OPEN, Iz cg OPEN
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Bias Current-Source Noise
Contributions

IOUT _ m‘r cS _ f
T gm

Vi (rB,CS) e . Lo + fr cs
JOJ

serles resonance

)

- iOUT f ): gm CS 1
Iy (I5cs) Clacs b
’ Omcs T @ + Dl"'rsgm( )
Laio Lg

paraIIeI resonance
1

lout (f)=1- 9m.cs =1- =0

I lees) Om.cs +CUrB’CS JoC,y +- | 1+ 150, ( f )’
| Laip Jolgp fr cs

\parallel resonance
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BCS w/ RID vs. BCS w/o RID

* BCS noise with degeneration

) _ 2

. g, f 1 2 f

IéS,RID = 4kT éCS 0+ ( 2T'fCS )2 F; + 205 cs O cs ( . ]
0

* BCS noise without degeneration

f
icZ:s = 4kT gmz,cs 1+0( L )? = + 205 csOm.cs

» more than a factor (f; -/2f)? n0|se reductlon after RID

5 2 f,
lcs riD <lgs f—
T,CS /
« for (f+ cs/2fy)=5, a factor of 25 reduction
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VCQO Noise Contributions
after RID applied to BCS

« f,~5.74GHz, Ly,p~1.3nH, R, ,~340Q, n~1.65, ¢~0.25, V.=2.2V

% - BCS:
100% 71 p— — [ ilccs

80% -

s

60% -

40% -

20% -

0% . . —Y
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VCO w/ RID vs. VCO w/o RID

o
)

\

B

3
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Phase Noise (w/ RID vs. w/o RID)

Ret —16 dBEm
l
18 |
dB/
/Without RID
Nl | jwithRID
.mrm{: n’d %ﬁﬁ(

el (1 gl R

A T KA LA TN
Center 5.73 GHz Span 18 MHz
#Res BEW 100 kHz #VBH 18 kHz Sweepn F.88 ms (BAL pts)

* 6dB phase-noise improvement with RID
* -112dBc/Hz @1MHZz fromwd GHz @ 4.8mA&2.2V



RID Conclusions

e BCS noise >> g, -cell and LC-tank noise

e Resonant inductive degeneration
© good suppression of high frequency BCS noise

© low voltage operation
© small chip area (vs. discrete solutions)

® BCS DC noise upconversion

® large area (vs. resistive degeneration)

@® poorer noise suppression at high supplies (vs.
resistive degeneration)

A. Tasic © 2009
46



Oscillator Conclusions

Spectral Analysis of Noise in LC-Oscillators
Phase-Noise Model

» LC-tank, g,-cell, bias current source
contributions

Bipolar vs. CMOS LC-Osclllators
Oscillator Noise Reduction Methods
* Resonant-Inductive Degeneration
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Future Worries

* Low-(Supply and Swing)-Voltage Operation
* Linear and Quasi-Linear Phase-Noise Model
» Low-Performance Oscillators
* Noise-Reduction Methods
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