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sensitivity anal yses.

Phase Noi se
In 3 t-Rae Rados

Part 4 of this series on short-range radi o

wl |

show how the signal

sour ce design

plays an inportant role in the ultinate
perfornance of a short-range radi o sys-

p r e v e n t

transmtted i nformation frombei ng
accuratel y recei ved.

Gsci |l ator phase noi se nay be
intuitively defined as the noi se
attached to and spread around the
carrier that is neasured in the
frequency domain. In this sense,
it issimlar to
i nt ended nodu-
lationand, if bed

scillator phase noi se is often associ ated wth recei ver (Rx)
But in the design of a short-range
radi o system especially those enpl oying integrated | ow Q
vol tage-control | ed-oscillator (M3D nethods,
phase noise can limt the effectiveness of a nodul ation
schene to transnit informati on. Too nuch phase noi se can
raise the effective bit-error rate (BER of the systemand

excessi ve

i ssues of | ow power VO3
isas follows. The i nduced
si deband-to-carri er
ratio, a peak-voltage nag-
ni tude-based ratio, is devel oped
fromsnal | -si gnal frequency- nod-
ulation (V) theory and is pro-

vi ded by:

[SEE EQ 31 BELOW

wher e:

(Sideband mag/Carrier mag)(f) = [Vy()Ko| /2f  (3D)

enough, inter- A
feres wth
desi red nodul a-
tion. It is gener-
al ly neasured on
a per Hertz of
frequency basi s
at some of f set
fromthe carri -
er and expressed
indecibelsrela-
tivetothetota
carrier power.

Power (dB)

30-dB decade
due to flicker

20-dB decade
due to "gained
up" thermal

Flat thermal gained up
by gain and noise
figure of active device

! >

Exam nati on of

1
Fo/2Q Fo

the nost i npor -

tant phase-noise 6. This plot shows basic 3O phase-noi se charact eri sti cs.
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Vo(f) =the peak val ue of a sinu-
soi dal baseband nodul ating vol t -
age at frequency f onthe steer-
ing input to the V3O and:

Ko = the gain of the M3 (in
Hz/ V.

The i nduced si debands occur on
both sides of the carrier. This
equationis typically usedto pre-
dict discrete spurs such as syn-
t hesi zer si debands (usi ng Fouri er
series to obtain sinusoids), but it
i s alsouseful for broadband noi se
sources. A snall transformation
i's needed to appl y to these sources.
Since Vy(f) is a peak val ue and
noi se sources woul d typically be
expressed in root nean square

(RW), it ispossibletowite the
sideband to carrier power ratio
based on RVE noi se vol tage, V,(f),
as:

[SEE EQ 32 BELOW

The si deband-to-carrier power
ratioof Eg. 32isthe contribution
of tuning input noiseto the genera
phase noi se L(f) that wll be defined
shortly. Taking 10log[ S w |l
provi de the contribution to phase
noi se fromthis source in units of
deci bel s above the carrier per
Hertz. An exanpl e of the effect of
Ey. 32 is the phase-noi se effect of
the flicker noi se of an operational

(Sideband pur Carrier pur) (f) = {[Va(f)o] / (2} (32

anplifier that isusedinaloopfil -
ter or buffer driving a Ma@Q This
sel dom nent i oned unpl easant f act
isactually one of the prinary rea-
sons behind the nodern preva-
I ence of the current-punp PLL.
The current punp i s off nore than
99 percent of the tine, greatly
reducing its flicker noise and often
| eavi ng t he doninant noi se source
inthe VAQinput as theresistor in
the passive loop filter. The phase-
noi se contribution fromlarge resis-
torsin series wth the tune line,
or theresistor intheloop filter,
can al so be cal culated from K.
32. Another place it cones in
extrenely handy is the induced
phase noi se from power supply
and ground. Even when t he power

Table 6: Integrated PLL transmtter phase-noise-limted signal -to-noise ratio

COMMENT

100 50
100

100 20
50
100 10

20
25

100 10

20

1 6.5

1 14.9
1 20.7
1 28.5
1 37.7
4 7.7

4 11.0
4 18.4
4 23

4 32

10 13.1
10 18.3
10 25.6
30 18.2
30 20.9
30 31.0
1 17.7
1 26.1
4 12.7
4 23.1
10 11.8
10 19.3
10 21. 4
30 18.5
30 23.3

B QWS process, rel axation (no
resonator) VOO

M ni mum accept abl e SNR = 20 dB

B OMC5 process, LC MO w th
integrated i nductor

Need 12 kHz for 20 dB
Bi OVC5 process, LC MOO wi th heavily
| oaded external chip i nductor
Need 5.4 kHz for 20 dB
B QM5 process, LCMOwth lightly

| oaded external air-core inductor
Need 1.5 kHz for 20 dB

QMD5 process, relaxation (no resonator)
VCO
Need 64 kHz for 20 dB

OMXS process, LC VOO with
integrated i nduct or
Need 41 kHz for 20 dB

QM35 process, LC VOO with external
chi p i nduct or

Need 23 kHz for 20 dB

QMDB process, LC MO w th external
air-core inductor
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supply is linearly regul ated and
supposedl y quiet, it has flicker
noi se that can dom nat e t he phase-
noi se profile. To calculate this
noi se, one uses Ej. 32 where K,
becones Ky, the frequency change
per volt of power-supply change.
This termis usual ly only a decade
or so down fromK,, and can eas-
ily domnate. Many a desi gner has
done a good job on the standard
phase- noi se control issues and
has t hen been unpl easant|y surpri sed
by a power - noi se- don nat ed phase
noi se up to several tens of deci -
bel s worse than predi cted.

The oscillator design itself is
i nherent|y phase noi sy even when
the tune and power |ines are suf -
ficiently quiet. Arelatively accu-
rate expression for oscillator

s,(f) = [(fOIZQ)Z(GFkT/PO) £

phase noi se (derived fromforns
provided inrefs. 6 and 7) fromfac-
torswthinthe oscillator is given

by Eg. 33:

[ SEE EQ 33 BELOWY
wher e:

S,, = the doubl e-si ded spectral
density of phase fluctuation (in
rad?/ Hz),

fo=oscillator carrier or oper -
aing
f requency,

f =the offset frequency from
the carrier at whi ch phase noi se
is neasured in a 1- Hz bandw dt h,

fc = the flicker-noi se corner
frequency of the oscillator active
devi ce, the frequency where flick-
er noi se (1/f noise) on the out put
of thedeviceis equal tothether-

+|(f,/2Q)(GFKT/Ry) /2

nal floor noltipliedby gainandnoise
factor,

Q= loaded Qof the resonator,

G = oscillator active-device
gai n i n conpr essi on,

F = oscillator active-device
noi se factor (not in decibels) in
conpressi on, typically higher than
the unconpr essed noi se factor,

kKT = Boltznman s constant and
absol ute tenperature, and

Po = the output power of the
oscillator s active device.

The termS, shal | be nonentarily
related to what is commonly
referred to as phase noise. This
equation is basically Leeson s
phase-noi se nodel wth a flick-
er-noi se corner added, and wth
power on the output side of the
anplifier to nore clearly show

+[(GRkTIR) 1, 1 1] +[(GFKT 1 R))] (33)

e Bhter NO xx at www. mw f. com
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L(f) = [(fOIZQ)Z(GFkTIZPO)fc/fa

[(GFKTI2R,) /1] + (GFKT/2R,)

the effect of active-device gain G

The sormewhat noni ntuitive term
spectral density of phase fluc-
tuation nay be, using a small
angl e approxi mation, interpret-
ed as the noi se spectral -density
ratio relative to carrier power
comonl y known as phase noi se.
Phase noi se i s soneti nes provid-
ed as
L(Fo) = 10l0g(Sy/2) in units of
deci bel s above the carrier per
Hertz. Snce linear and deci bel
units can be considered here, it
night be w se to nmake nore cl ear
definitions:

L(f) = ()12
L(dB)(f) = 20l0g[S,(f) /9 (35)

(34)

(36)

The factor of 1/2 cones from
the convention that phase noi se
as a power-spectral density is
real and observed on one side,
whi | e t he phase-fl uctuati on spec-
tral density has doubl e the power
inthat it represents the phase
fluctuation in a 1-Hz bandw dt h
on both sides of the carrier.

A typical VOO free-running
phase noi se shape i s shown i n Fg
6 whereit wll be noted there are
only three nmain regions despite
the fact that Eg. 33 has four terns.
The 1/f termhas been left out
since the 1/f? termdoninates it
in nost cases. For bipolar tran-
sistors, the flicker corner can be
from bel ow 100 Hz to several
kil ohertz. For conpl enentary

+ {(fO/ZQ)Z(GFkTIZPO) +{(Vou(F)Ko) /ﬁ]2 + [(vnz(f)Kop) /ﬁ]zﬁl [ f 2] +

net al - oxi de sem conduct or (QOMD5),
the flicker corner is typically
fromseveral tens of kilohertz to
1 M or slightly nore. The 1/f?
risein phase noise begins a the res-
onator hal f-bandwi dth, or fo/2Q
For the typical Qval ues and cen-
ter frequencies of R-oscillators,
this is well-beyond the 1/f cor -
ner, sothe terml/f never catch-
es up. However, for lowfre-
quency, high-Q oscillators such
as crystal oscillators, the 1/f
termcan be noticed, particul ar -
ly for QB wth its high flicker
noi se.

Eguation 33 may be extended to
include the effects of the tuning and
power - suppl y noi se by addi ng t he
appropriate forns of By 32 to K.

e Bnter NO 406 at www. mw f. com
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33. Thisis arequirenent for the
high-gain VO3 typical of inte-
grated short-range radi os. Doi ng
this and converting to phase noi se
inwatts (noi se) per watt (carri -
er) per Hertz through Eg. 34 yi el ds

E. 36:

[ SEE EQ 36 ABOVE]
wher e:

V,1 = RVB spectral - noi se den-
sity on the tune line,

M CROMAVES & RF MARCH 2002

V,» = RVB spect ral - noi se den-
sity on the power |ine,

Ko =MXgain (in H/V), and

Kop = the power - suppl y-pul | i ng
susceptibility of the M3O(in H/V).

Thi s equation al | ows qui ck vi su-
alization of the design nethods
used to mni mze oscil | at or phase-
noi se noi se. These are to nmaxi nmze
| caded Q naxi m ze out put power
(si mul taneous vol tage and cur -
rent conpression in the active
device wll extract the nost power
fromthe avail abl e budget), mn-
imze flicker factor (bipolar is
superior to FETS), ninimze | oop
gain (3to 6 dBover |oop | osses),
m ni m ze conpressed noi se fig-
ure (m ni mum conpr essi on hel ps
for this), mnimze M3 gain and
input noi se, and mnimze pulling
frequency susceptibility and noi se
on the supply.

Paranmeter V., is primarily
resistive thernal noi se and active
device flicker noise. If an opanp
drives a MO input, its flicker
noise is likely to domnate the
phase noi se, especially for |ow
power CMOS opanps. For cur-
rent - punp- based PLLs, the flick-
er noise wll belowsince the pul se
width of the current punps wll
approach zero (unl ess the VQOi s
directly FSK nodul at ed, when the
phase detector wll encode this
nodul ati on when the | oop attenpts
to hold the V3O exactly on fre-
quency). Thus, for current-punp
PLLs, V,,may be prinarily ther-
mal noise. Aven the typically
snmall current punp val ues, and
typically wde |oop bandw dth in
short-range radi os, this resistor
istypicaly much larger than that
used inthe loop filter of a design
such as a cel | ul ar-t el ephone syn-
thesi zer. Wth the high MGOgai n typ-
ical of short-range radios, its
thernal noiseis often quite notice-
able. It is calculated using the
standard equati on:

Vy(rms) = (4kTR)®®  (37)




The common practice of fol -
| ow ng a second-order oop filter
(two capacitors, one resistor,
whi ch nakes a third-order | oop)
wth a second RC stage (resul ting
in a fourth-order |oop) nust be
viewed wth caution in short-range
radios. To avoid | oading the | oop
filter wth this last stage, this
second resistor is nornal |y nade
5 to 10 tines larger than the
danpi ng resistor and thus it has
that much nore thernmal noi se.
Eguations 36 and 37 in concert
w th the cl osed-| oop phase-noi se
anal ysi s descri bed bel ow shoul d be
used to check if this additional
resistor and even the standard
| oop resistor are acceptabl e.

FreseNise Adyss

The earlier statenent that the
w deband PLL coul d cover noise
problens in the VGO wW Il now be
proved and anal yzed. FromEy. 32
it isclear that phase noi se nay be
referredtotheinput asandsevdt -
age in a way anal ogous to how
noise inanplifiers can be referred
totheir input. If the oscillator is
i nagi ned as noi sel ess and al | phase
noi se i s i nduced by an i nagi nary
RVB VOO open-| oop noi se vol t -
age, Vnvo, ON the MO tune input,
and noting that tota sideband to car -
rier pover ratiois the sane as L(f),
then BEg. 32 may be sol ved for Vo
as:

Voo = { f[2L(f)]°‘5/Ko} (38)

This is the input-referenced
open-| oop VA0 noi se, where L(f)
is given by Eg. 36. However, the
open-1 oop i nput - r ef er enced noi se
wll be nodified by the cl osed-
loop action of the PLL. The PLL
wll reduce the noise wthinthe | oop
bandw dth in the attenpt to keep
the phase error equal to zero. It
nay be shown by basi c anal ysi s of
Fg 4 (inPart 3) that the effect
of the |l oop on the open-100p i nput -
referenced VOO phase noise is
exactly equal to multiplying by

the nagnitude of Hxs). That is, the
i njected noi se V,,, that nodel s
free-runni ng phase noi se i s nod-
ified by the loop to be the RVB
cl osed- 1 oop noi se vol t age quanti -
ty Vn residing directly on the

tune voltage, and this voltage is
found by:
Vive = Vino[He(8) (39)
Thi s function can be used inthe
standard second-order nornal -
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dB power

Open-loop 30-dB 50
decade due to
flicker ~70
20dB/ decode -90
due to "gained N
up" thermal X
é—llo
Flat thermal gained up by |
Closed-lo_op gain and noise figure of &
phase naise active device §-130
P 5
(2]
[
T -150
Natural fo -170
frequency
-190
7. This plot shows typical w deband PLL M3O phase noi se. The
integral of the area between the open- and cl osed-1oop phase 1 10

noi se i s the noi se power renoved by the loop filter.

ized formgiven earlier, or for
hi gh accuracy in higher-order
loops, it can be cal cul ated based
onthe full set of intended and par -
asitic polesintheloop.

Next, the question of crystal-
oscillator phase noise andits effect
w !l be addressed. A though a crys-
tal oscillator exhibits high Qand
inherently | ow phase noise, its
phase noi se i s nuch worse i n QM5
high flicker processes, andisit then
mul tiplied by divider value N
through the cl osed-1 oop action of
the PLL. Wile the crystal refer -
ence for a cellular telephone is
typically awell-optinized bi pol ar
devi ce consum ng about 2 mA the
crystal oscillator for a short-
range transmtter typically con-
sumes 200 pAandis ofteninple-
mented wth a QB digital gate
active device that has typicd ly high-
er noise figure and much hi gher
flicker noi se than a bipolar tran-
sistor. Referring to Ey. 36, the
increase in phase noise for this
short-range ref erence (conpared
to acellul ar-tel ephone ref erence)
would typically be on the order
of 20 to 40 dB. Thi s conbi nati on
of factorsis suchthat effect of the
phase noi se of the crystal oscil -
lator onthetota cl osed-1oop phase

100 1 x 103

1x105 1x1071x 109

Offset frequency—Hz

noiseis definte-

Iy not negligible 8 Thispotisanexanple of the phase noise for a crysta oscil -

for short-range laa.

FSK  systens.

Anal ysi s of the transfer functions
of the closed-l1oop PLL wll show

that :

anc = an(KoxN/MKO)|H(S)| (40)

wher e:

Ve = the cl osed-1 cop RVE noi se
that appears on the M3Oi nput (not
the MCXO input) as a result of
crystal -oscill ator phase noi se,

V. = crystal -oscillator noise
referred to the crystal -oscil | ator
steering input (a VCXO,

Kox = the crystal -oscillator
tune slope (in H/V),

M= the value of any divider
bet ween the crystal oscillator and
the phase detector, and

H's) =the phase-transfer func-
tion

The met hod of representing
crystal - oscillator phase noi se as
referred to a tune input is useful
because many references are
VCXGs to all ow exact frequency
trim whichis then susceptible to
noi se on the tune line fromther -
nal, flicker, and power-supply
noi se sources that shoul d be taken
into account. The effect of supply

noi se on the crystal oscillator is
taken into account just as it was
for the VOQ though K, and Ko, for
the crystal wll be nuch | ower
than t he correspondi ng t une sl opes
for the VA If the crystal oscil -
lator is not a MOXQ then an arbi -
trary val ue for K,, can be assuned
for the purpose of this calcul a-
tion

The total noise fromthe VOQ
Viue, and the crystal oscillator
referred to the input of the VGOfrom
these rns referred to VOO i nput
vol tages in the cl osed-1oop state
is

0.5
Vi = (V3 +Vike) (4D

Toget thetota resulting cl osed

| oop phase noi se, Vi isthenaplied
back through Eg. 32 to get

Le( ) = {[Vue(1)Ko] W21} * (42)

The effect of the cl osed | oop on
PLL noise is especially dranatic
for a wdeband loop (Fg 7. Veéll
insidetheloop s natura frequen-
cy, the noi se i s suppressed 40 dB
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9. This plot is an exanpl e of the phase noise for a free-running

per decade (a second- or der nag-
nitude transfer function). If the
loop natural frequency is out where
the V@ phase noi se is at 20 dB per
decade, and ot her noi se sources do
not |innt |oop action, then the phase
noi se wll decline 20 dB per decade
over that frequency segnent. A
conmon occurrence i s for divider
noi se (not shown in this nodel) to
linmt this effect, typicaly sothat

the phase noi se approxi mately
flattens out at some offset well

inside the l oop bandw dth. A'so, the
| oop can only reduce noi se to the
point of the mitipliedcrystal ref-
erence noi se as given by Ej. 40,

whi ch i s why the phase noi se turns
around and starts rising again.

However, crystal oscillators have
very | ow phase noi se due to their

very high Q and so despite degra-
dations such as divider noise a
w deband PLL can provide a high
degree of phase-noi se clean up. It

is this action that allows low Q
integrated VO3 such as rel ax-
ation oscillators, usual |y runni ng
on unregul at ed supplies, to provide
adequat e performance for FSK
nodul ati on.

As an exanpl e, the nodel pre-
sent ed above has been i npl enent ed
as a Mat hCAD nodel to anal yze
the performance of atypica B C
MB transmtter inpl enentation.
The follow ng basic paraneters
apply. The crystal oscillator has
a frequency of 13.5625 M, a |l oad-
ed Q of 5000, a flicker corner
frequency of 1 kHz, an active
devi ce noi se factor of 10, gai n of
6 dB, current consunption of 250
HA  Z,, of 2000 %, and output
power of 63 pW The M@has a fre-
quency of 434 M, a Qof 1 (a
relaxation oscillator), a flicker
corner frequency of 1 kHz, an
acti ve devi ce noi se factor of 10,
conpressed gai n of 6 dB, current
consunption of 3 mA, out put
i npedance of 300 %q output power
of 1.35 nW and K, = 200 MHz/ V.
The PLL has a natural frequency
of 50 kHz, a danping factor of
1.2, current-punp current of 260
MA N=32, M=1, filter R=470
%0, and filter C=0.015 pk

The resul ting phase noi se of the
crystal oscil -
lator, the open

M CROMAVES & RF n MARCH 2002

10 100 1x103

(S/N)| phase noise bounded] = 101og( f25/A1?)

1x105 1x107 1x109

Offset frequency—Hz

10. This plot shows an exanpl e of a short-range transmitter s

I oop MOQ and the cl osed-1 oop PLL
are shown in Fgs. 8 9 and 10. For
the crystal oscillator wth its
very high Q the f3termis the
first torise above the floor. The
VCO phase- noi se curve rising
above 0 dB at very |ow of fset
freguency is not what actually
happens, as physical ly L(dB)(f)
nust flattenat O dB This error is
due to the 1-H granul arity assuned
in the phase noi se not being ade-
quate as the of fset approaches 1
Hz, which is particularly appar -
ent inthis lowQ high-flicker-
noi se case. The cl osed-| oop noi se
nodel shows the effect of the 50-
kHz-wi de | oop on the poor phase
noi se of the relaxation VOQ It
nay be noted that the phase noi se
at offsets lower than 1 kHz is
equal to the crystal-oscillator
phase noise plus 10l og\? dB, as
woul d be expected fromthe PLL mul -
tiplying the reference by N (here
N=32). This phase noise wll lint
denodul at ed FSK si gnal -t o- noi se

(44)




ratio (S\NR to approxinately 28
dB no natter howstrong the receiv-
er input S\R

Short-range radi o systens
are alnost totally ASK or FSK
nodul ation, since these nodes are
the | onest power and sinplest to
i npl enent. For ASK systens phase
noi se i s not a serious i ssue unl ess
it issobadthat it places notice-
abl e energy outside the receive
bandwi dth or fails regul atory
requirements (see Part 2 of this
article series, Qtober 2001, p.
79). But for digital FSK (becom
ing especial ly popul ar in Europe)
the phase-noi se sets an upper |int
on the signal -to-noi se ratio that
nay be achieved. It is desiredfor
thislimt to be highenough that in
practiceit is not anoticeablefac-
tor in BER which generally calls
for the this limt to be 20 dB or
nor e.

If a phase noi sy unnodul at ed
carrier is detected wth a sensi -
tive FMdenodul at or, the out put
wll display a noise referred to
as the residual frequency nodu-
lation, whichis anoisethat com
petes wth the desired FX For inte-
grated phase noise less than 1
rad?, the square of RVB residual
FM due to phase noi se over the
bandwi dth f jtof ,is given by (ref.
7):

fo
Af2 =2 f2L(f)df 43
La (f) (43)

This noise sets alimt on FK \R
for intended FSK expressed as
one-si ded RVS frequency devi a-
tionf, ,x that is given by:

[ SEE EQ 44 BELONY

The lints of integration sel ect -
ed in Ey. 43 depend on the data
rate and protocol used inthe sys-
tem and the acceptabl e BER The
cascade of baseband filtering in
the transmtter and recei ver gen-
erally sets these limts. Sone-
tines this filtering nay be pure | on

pass and extend al | the way to DG
but it is cormon for somethingin
the systemor circuit design to
force a | owfrequency hi ghpass
function such that the baseband
filteringis actual |y bandpass. For
exanmpl e, FSK PLL nodul ati on
i nposed by direct nodul ation of the
VOO with correcting integrator
to reduce distortion (see Us patent
No. 6172579) cannot nodul ate al |
the way to DC. The rf Pl C12C509
wth FKviathe crystal reference
does go al |l the way to DG but the
recei ver may not necessarily go
al theway to DC For exanpl e, the
Rx denodul ator may be hi ghpass
filtered to renove DCoffsets. R
automati c frequency control (AFQ
alsosetsalovwer limt onthe fre-
guency content of the denodul at -
ed FK out put, the effect of which
is to place one or nore hi ghpass
poles at the AFC system band-
wdth. If any of these hi ghpass
pol es are present, they suppress
phase nai se bel owthe pol es and pro-
vide a good nunber to use for f,
inEy 43. However, if the proto-
col used has noticeabl e | ow fre-
guency content, then AC coupling
in the systemabove this content
wi || degrade BER by renoving
desired energy. For exanple, at
20 kb/s using a non-return-to-
zero (NRZ) protocol an AG coupl ed
hi ghpass response w || degrade
BER the equi val ent of only about
1/10 of a dB of S\Rfor a 10-H
corner frequency, but at 50 Hz
w |l degrade BER by about 1-dB
equival ent reduction in S\NR A
Manchester format with zero DC
content woul d have | ess suscep-
tibility to highpass couplinginthe
system Arule of thunb for select -
ingf,for DG coupled systens is
toset it a0.1percent for NRZ and
1 percent for Manchester, for
whi ch accuracy shoul d be to w th-
inasnall fractionof 1dB For the
upper lint of integrationf,, seect
the lowest pole of the baseband
|l onpass filtering, typically about

one-hal f the data rate for binary
FXK

The phase-noise-limted FSK
signal to noise ratio nay now be
examned, wth highly enlighten-
ingresults for the design of inte-
grated short-range transmtters.
Incorporating Egs. 43 and 44 into
a Mat hGad nodel al | ows runni ng up
avariety of cases of process flick-
er noise, MGOQ and the ALL param
eters. Thefinal result of thisisto
gi ve the necessary PLL bandw dt h
to provide a m ni numaccept abl e
S\R The case exanined i s a data
rate of 20 kb/s, NRZ fornatted,
with a frequency deviation of 20
kHz peak-to-peak (nodul ation
i ndex = peak-to-peak devi ati or/ data
rate =1.0), with lowpass filter-
ing at 10 kHz (bandw dth-tinme
product BI = 0.5). The limts of
phase-noi se integration for this
case are chosen as 10 Hz and 10
kHz. The phase-noi se cases w |
range froma B QM5 process wth
flicker corner of 1 kHz to a QM5
process with flicker corner of
100 kHz, with VOO & rangi ng
froml (relaxation oscillator) to
30 (LCwth off-die air-core i nduc-
tor), and wth loop natural freguency
rangi ng from500 Hz to 100 kHz.

Many interpretations can be
nade fromthe results of Table 6.
Interpolating Table 6 for a 20-dB
S\R for the hypot hetical B QM5
process, relaxation oscillators
require a loop natural frequency
of 30 kHz or nore, integrated
inductor LCM33 require a | oop nat -
ural frequency of about 12 kHz
or nore, external chip-inductor-
based LC MO3s require about 5.4
kHz or more, and external air-
cor e-i nduct or - based M33s require
a loop natural frequency of about
1.5 kHz or nmore. For the hypo-
thetical OMXS process, rel ax-
ation oscillators require a | oop
natural frequency of approxi -
mately 64 kHz or nore, devices
w th on-chi p i nductors around 41
kHz, with chip inductors about 23

M CROMAVES & RF n MARCH 2002




