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Introduct'ion

In an increasing number of microv',ave appl icat ions such as satel l i te
cormunications dnO toa.tn radar, the syitem design legyires signal sources
w'i th the lowest pott iUie pnase noi le. 

-The 
intenl of th' is papef is to.give

an overview of.bni ia.r i t ions toi  t tre design and test of low phase noise
sources. First,  .o*on defini t ions and specif icat ions of frequency
i i iUi i i ty are sf 'own ana iefated io-eacn other. Then design principles of
i iw-pr,ai !  noise i tnpri i iers, osci i iuiors and phase noise characterist ics
of  d iv iders . " .  ioue.ed as-wel l  as the i r  in tegrat ion in to  cruc ia l  b locks
of iynthesized signa] sources, phuse lock loops, and reference mult ipl ica-
l ion. Finai ly,  mEthods of measuring phase noise are compared'
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Termi nol og.y
r : l

v(t)  = Vrcos lentot  + AO(t lJ represents a s ignal  wi th a l inear ly growing

phase component Zrfot  and a randomly f luctuat ing term A0(t) ,  phase noise.

Recal l  that  r ( t )  = J dq{t)  Therefore,  we can talk in terms of
2n dt

phase f luctuat ions or in terms of  f requency f iuctuat ions to descr ibe one

and the  same s igna l .

Some convent ional  terms for character iz ing f requency stabi l i ty  in the t ime

domain  a re :  ( see  F ig .  1a )
-  Long te rm s tab i l i t y ,  descr ib ing  s low changes o f  f requency  l i ke  ag ing .
-  Short  term stabi l i ty ,  cover ing f requency noise and f luctuat ions wi t fp

random per iods shorter than some minutes.

al Time Domain

la f ( z ) l
l r  I

F ig .  l a

Short Term
Stability

shows the fract ional

over sample t ime t .

I hour

Long Term
stability

f requency deviat ion plot ted

1 sec I min
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Likewise, in the f requency domain,  terms l ike Random hlalk,  Fl icker and White

phase Noise descr ibe the s lope of  spectral  densi ty.  Fig.  1b plots the spectral

densi ty distr ibut ion of  phase f luctr . rat ion.  The Four jer  Frequency (here labeled

fr)  may also be cal led s ideband Frequency, 0f fset  Frequencyn Modulat ion Frequency

or Baseband Frequency.

bl Frequency Domain

f 4Random Walk FM

aoz(fm)

Fourier FrequencY
(Sideband Frequency)
(Offset Frequencyl
tModulation Frequency)

*
fm

F ig . ' l b

f -2 Random Wdk Phase (White FMI
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Def in i t ion  o f  J  ( f * )

The most common characterization of phase noise of sources in the frequency

domain is the RF power spectrum, probably because this is what one observes

on a  spec t rum ana lyzer  when AM no ise  is  ins ign i f i can t  (F ig .  2 ) -

The d isp lay  is  symmet r ica l .  Tak ing  jus t  one s ide  and look ing  a t  s ideband no ise

in a lHz bandwidth leads to the def in i t ion of  scr ipt4 ( f r ) :

Scr ipt  4( f*)  is  def ined as the rat io of  the s ingle s ideband power of  phase

noise in a lHz bandwidth fm Hertz away from the carrier frequency to the total

s ignal  power.

F ig .  ?

F ig .3
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How Does Phase Mod@

The previous def in i t ion of  &is pr imari ly appl ied to random noise.  To relate

&to random or s inusoidal  phase modulat ion,  a s ignal  wi th s inusoidal  f requency

modulat ion is considered f i rst  and converted to phase modulat ion.

f  = fo+  A fpeakses ta f r t
f

0= J2z f ( t )  d t

Q= 2ttfo t + 
*r," 

2n t^t

O= Znlot+Ad peak sin 2z f,,.'t

v (t| = V, cos (22 fot *o 
fPgtk 

sin 2rf.t)
'm

Bessel  a ' lgebra y ie lds the s ingle s ideband to carr ier  rat io.  For a smal l

modu la t ion  index ,  Aqpeak <  <1 ,  the  fo l low ' ing  approx imat ion  ho lds :

afpeak

fm

+ =,, fS-+Y=!oop".r

(b\r= + asz peak
\u'1 4

or in logar i thmic form:

t., \z
1 

's-sb 
|  = -6dB +20 log

\ t t

\s l

F ig .4

AS peak
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For random

JZ Aorms

4 (fr) =

tuat ions,
andwidth.

A$peak is replaced with an equivalent

s^o (tr)fo, =

phase f luc

for a lHz b

ftg;,,= +({z ro"rJ'=, Ao2rms

0r inversely,  the Spectral  Densi tyof  Phase Noise expressed by 4 :

SAO (f*) = A02rms = 2 J. (fr)

3dB + A(fr) l  
aa.

Spectral  Densi t .v of  Frequenc.v Fluctuat ions,  Related to Srt . , l  and rC

Stabi l i ty  measurements wi th f requency discr iminators give the Spectral

Dens i ty  o f  F requency  F luc tua t ions .

Saf (fm) = Af2r*,

To relate the spectra ' l  densi ty of  f requency f luctuat ions to the spectral

densi ty of  phase no' ise we recal l  that

r . |Ao(t)
Af( t )= 6 

=oa

Transformed into the frequency domain:

Af(fr) = f, A0 (fm)

s^f(fm) = Af2.*r(fr)  = f*2 s4(r*) =2fZ
m .{ (fr)



NBS proposes to standardize the

f luctuat ions.  The instantaneous

carrier frequency fo.

v(t) = +(!.tt o

-7 -

spectral density of fractional frequency

frequency deviat ion is normal ized to the

sy(fm)
I

= 6
$ c' o

s^f(fm)
rZm=TJ 1*,rr, = '#.€,(r,n)

Character iz ing f ract ional  f requency f luctuat ions al lows better comparison

between sources with di f ferent carr ier  f requencies'

Residual FM Related to .C[fr)

Residual FM is another conmon way to specify the frequency stabil ity of

s ignal  generators.  Residual  FM is the total  rms frequency deviat ion wi th in

a specified bandwidth. conmonly used bandwidths are 50Hz to 3kHz, 300H2 to

3kHz,  20Hz to  l5kHz.

-
r r res= 6I- l  r ( rm) r .o2drt

a-

The table below correlates Af" . ,  and {  ( f r )

JOtkHz=-100d8c .

for speci f ic  s loPes of  I  ( f*)  anA

Residual FM efr", [HzlSlope of J (fm)

2OHz to 15 kHz300 Hz to 3 kHz50 Hz to 3 kHz

r5.0

4.74

1.73

1 .15

1 .9

.94

.73

.68

1 .y

.95

.77

.90

0dB

-3 dB

-6 dB

-9 dB

-100

-100

-100

-100
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*For any J @ t kxz different to -100 dBc multiply

100 - l l@ lkHz /dBc l
afr", of the table by antilog

The table does not take into account any microphonic or spurious sidebands.

Example:

.C @ 1 kHz = -88 dBc, Slope -9 dB

For bandwidth 20 Hz to 15 kHz:

100 -88
= 4.6 HzAfres = 1.15 Hz x anti log

Al lan  Var iance Re la ted  to4( f * )

For  many app l ica t ions ,  l i ke  h igh  s tab i ' l i t y  c rys ta l  osc i l la to rs  o r  dopp ler  radar

systems, i t  is  more relevant to descr ibe f requency stabi l i ty  in the t ime domain.

The character izat ion is based on the sample var iance of  f ract ional  f requency

f luctuat ions.  Averaging di f ferences of  consecut ive sample pairs wi th no dead-

t ime inbetween y ie lds  the  A l lan  Var iance,  o rz t r ) ,  wh ich  is  the  proposed

standard measure of  f requency stabi l i ty .

of,rr) -#1) F1.'1- V1)2
M-1
\
L

K=1

Tn ts the average fractiona'l frequency difference of the k-th sample measured

over sample t ime t .

Conversions from frequency to t ime domain data and vice versa are possible

but tedious. The power spectrum l-(fr) needs to be approximated by integer

s lopes  o f  0 ,  -1 ,  -2 ,  -3 ,  -4 .  Then convers ion  fo rmulas  (see Tab le  be low)  can

be app l ied .  A  good descr ip t ion  o f  th is  p rocedure  is  g iven  in  [Z ]  ana [S ] .



-9-

Convercion Table

Stope oto! lrl
, -

orlrl = J ( f )= Slope of "C(f)

WHITE PHASE

FLICKER PHASE

WHITE FREO. - I

FL ICKER FREO.

RANDOM WALK
FREO.

t - measurement time,

11 12

lo

v = A folfo, fo ='carrier, I = sideband frequency'

(3r t , t ' ro tz .sost )2
f 6

(o, trt " 
ro fz.sosl)2

Z.1u  +  l n  $6 r  I

(o, trt" 1t2 to)2 12

o.:or (o, trt to)2 t-3

(to.zzet o, l ' l  ' '1t2 'o)t  'o

fh = rmeasurement system bandwidth

./rJfr4,-r
2.565 {o

-  r .9 f - l

2.565 fo

ff i  t-1t2
fo

-
1.665 \,/x (fl fr

' o

- 2

- 3

3.63
+ l

lr le have covered the most frequently

inter-related them. Next we take a

ampl  i f ie rs  and osc i l la to rs .

used measures of Phase
look at  the generat ion

noise and have

of  phase no ise in

r ttt t (z.teo * /n1rn 't)
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Phase No' ise Caused by Add' i t ive Noise

Let us examine how phase noise is added

to  a  s igna l  pass ing  th rough an  amp ' l i f ie r

w i th  no ise  f i gu re  F .

The power spectrum of wh'ite noise added

to the s ignal  can be thought of  as the

sum of lHz bands each of  which has the

ava i lab le  power  o f  FkT.  Each band is

now replaced by a discrete s ignal

Vn .r ,  of  equi  va' lent  avai  l  abl  e power:

vn '*' = tF 
bl

a)

The phasor  d ' iagran  in  F i9 .

the phase Perturbat ion A0

bY Vn rr, .

For  smal l  A0 ,

AC\- ' 'peak ' l

A0- =
I rms

5c reveal s

Peak '  
caused

,FkT 
-

= \lGu

l  Hz  fo+ f -

-  vnrmsl
v, uu 

"*,
I

fi

At fo- fm another noise s ignal  of  equal

magni tude b.u t wi th random phase re'l ati on

to the noise s ignal  at  fo+fm causes the

same phase f luc tua t ion  o f  the  s igna1.

Both A0"r, add powervtise and result in

c )

f o - f ' n

a)o

P,,,-F

Vnrms l=

a@ - ,

v

a total
A0rms total = F ig .5

Vou r-anE
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The spectral  densi ty of  phase noise is therefore:

S0,. ,  =ao'"rr= $*u

FKT
E-'sav4,= i

Using avai lable s ignal  and noise power assumed a matched input.  But the same

signal- to-noise rat io and therefore the same phase noise resul ts wi th mismatched

input,  assuming F remains unchanged.

Example :  A  s igna l  o f  OdBm pass ing  th rough an  ampl i f ie r  w i th  SdB no ise  f igure

should have a spectral  densi ty of  phase noise of

SaO = -174dBm + 5dB - 0dBm = -169dB

This theoret ical  f loor can be observed on' ly at  some of fset .  l r { i th a pract ical

t rans is to r  ampl i f ie r ,  SO,  shows a  f l i cker  charac ter is t i c  wh ich  is  empi r i ca l l y

described by the corner frequency fc. For Fourier frequencies below f., SAO

increases with f r -1.

f .  is  very device-dependent and can range from lkHz to lMHz. I t  is  caused by

low frequency device noise modulat ing the phase of  the passing signal  by

modu'lating the transconductance and the inp.ut and output impedances of the

ampl i f ier .  Upconversion of  the low frequency device noise has the same cause'

the non- l inear parameters of  the device.  The ef fect  of  th is mult ip ' l icat ive

process can be reduced by:

1.  Negat ive feedback at  low frequency.

?.  Some negat ive feedback at  RF frequency to stabi l ize the t ransconductance.

3.  Designing the RF ampl i f ier  for  low noise f igure also at  low frequency.
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Actual Phase Noise

so=ff (.*)

+1 , , '
Fis. 6

SIO inc lud ing  the  empi r i ca l  mod j f i ca t ion  due to  low f requency  dev ice  no ise

is  mode led  in  F ig .  6  and w i l l  be  used as  the  phase no jse  s t imu lus  in  the

fo l ' low ing  mode l  o f  a  feedback  osc i l la to r .

Leeson 's  Mode l  o f  Phase No ise  in  0sc i l la to rs

Leeson,s  mode l  o f  a  feedback  osc i l la to r  descr ibes  phase no ise  in  f ree  runn ' ing

osc i l la to rs  [e ] .  I t  cons is ts  o f  an  ampl i f ie r  w i th  no ise  f igure  F  and a

f i l ter ,  e.g.  a resonator in the feedback loop. Ref.  [e l  Aescr ibes a more

general  model.

fc
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Ad(on, )  
L (< ' r t )  =

t*  i . rn2oroad

F ig .7

Fig.  7 shows how this model. t ransfers into a phase

theory states that the transfer function of a phase

through a bandpass equals the t ransfer funct ion of

pass ing  th rough an  equ iva len t  lowpass .

feedback loop. Transmission

modulated RF signal  Passing

the  modu la t ing  s igna l

A tank ci rcui t  as a bandpass resul ts in the fo l lowing lowpass transfer

funct i  on:

L(r,rr) =
t * t t'r*zQload

,o

u)^
w'ith -f i representing the half bandwidth of the resonator.

zel oad

physical ly interpreted, the phase modulat ion is t ransferred unattenuated

through the resonator up to rates equal to half of its bandwidth. As the

modulat ion rate increases further,  the resonator at tenuates the passing phase

modulat ion wi th 6dB Per octave.

Output

sao (fm) J (fm)
A O ( o * )

quivalent
Lowpass for
Resonator



Its power trans

sr(f,r.,) =

-14 -

The closed loop response of  the phase feedback loop due to a st imulus
ao(om) is

ao(.^,m) = (1 + 
l;;fu) ao (c^,,n)

fer  funct ion equal  s

h . q (.g )' l x s6s (rm)
L t^2'  2oroad' J 

-"

Phase Transfer Function Phase rbation
\

Pertu

.crt,"r =* 
[.,.# (+-,.,)'],o"

o  -  Fk r_  (1  +  
t " ,

Dao= ; -  + .' s  av  'm

Th is  equa t i on  desc r ibes  phase  no i se  a t  t he  ou tpu t  o f  t he  amp ' l i f i e r .  I t

i l l us t ra tes  how Sor ,  t he  phase  pe r tu rba t i on  a t  t he  i npu t  o f  t he  amp l i f i e r '  i s

enhanced by the posi t ive phase feedback wi th in  the hal f  bandwidth of  the
4

resonator, ;gavl  oad
Depending on the relat ion of  the corner f requency of  f l icker noise,  f . ,  in

SO, to the hal f  bandwidth of  the resonator,  two character ist ic phase noise

distr ibut ions resul t  f rom mult ip ly ing the t ransfer funct ion wi th the perturba-

t ion .  They  are  dep ic ted  in  F ig .  8 .
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High O Oscillator

to  ar^
20 b

Low O Oscillator

ej'9 -. r
20 ' 

'c

Resulting Phase Noise

.C (fm) "C (fml

5-
20

5
2()

Resulting Phase Noise

F ig .8
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Opt imiza t ion  o f  Phase No ise  in  Osc i l la to rs

Let us expand Leeson's equat ion to expose the

osc i l la to r  wh ich  are  re levant  to  phase no ise

within the hal f  bandwidth of  the resonator:

var ious Parameters of  an actual

opt imizat ion.  t , {e focus on J,  ( t t )

fo
for f. (

n  - 1&( fm) -  
2

2otoad

/ \2
1  l -o  \  FkT

; '\zo*t P,"u( . * )

Typical Oscillator

o@2=

/
A O

FKT

G
\

(1  + ftr
/

P,,,

Rr",

F ig .  9

Qload can be exPressed as:

-oWe -oW"- - Reactive Power
otoad = 

ffi, 
= F;;. p;F%is 

- 
Totil dissipated power

where W. is the reactive energy go'ing between L and C

w"= trru' Pr.,=*
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This equat ion is part icular ly s igni f icant because i t  encompasses most of  the

causes  o f  phase no ise  in  osc i l la to rs .  M jn imiza t ion  o f  phase no ise  d ic ta tes

the  fo l low ing  des ign  ru les :

.  Maximize the unloaded Q

. l, laximize the reactive energy by means of a high RF voltage V across the

resonator and a high capaci tance C. The l imi ts are set  by breakdown

vol tages of  the act ive device and varactorand bythe forward bias condi t ion

of the varactor.

.  L imit ing should occur wi thout degradat ion of  Q. A two-stage amp' l i f ier '

€.9. ,  isolates the l imi t ing port  f rom the resonator.  Forward bias of

the varactor due to high RF vo' l tage should be avoided.

.  Choose an  ac t ive  dev ice  w i th  low no ise  f igure  F .  F  i s  the  no ise  f igure  in

the actual impedance environment the device sees.

In many appl icat ions i t  is  preferable to deal  wi th equivalent noise vol tage

and noise cument s ince they are independent of  the source impedance. In

the example of  Figure 9,  the ampl i f ier  input is coupled into the resonator.

Therefore the source impedance changes drast lcal ly as a funct ion of  the

offset frequency.

.  Minimize phase perturbat ion given by the rat io of  addi t ive noise to the lowest

s igna l  leve l .  In  the  swi tched reac tance osc i l la to r ,  F igure  l5 '  the  h igh  input

impedance of the two-stage FET amplif ier allows the input power to be

neglected. FkT can be replaced with the rat io of  noise vol tage to
P, u,

s ignal  vol tage at

J{-r}=} tr"
to2

2* m
.3*lt

. owe/
( . * )

Input Power over
Reactive Power



.  Obv ious ly ,  the  l im i ted  s igna l  vo l tage ,  VSL '

.  Choose an  ac t ive  dev ice  w i th  low f l i cker  no ise '

.  Minimize the ef fect  of  f l icker noise which modulates t ransconductancer input

and output impedances of the active device by low frequency feedback and

proper bias.  The ef fect  of  modulated input and output impedance can further

be  min imjzed by  max imiz ing  the  s tab le  tank  c i rcu i t  capac i tance as  was

previously advocated for a di f ferent reason.

.  Minimize the signal  power taken out wi thout going below the l imi ts set  by

add i t i ve  no ise .

Couple the s ignal  power of  the

drop of  phase noise beYond the

resonator so that there is a cont inuing

These des ign  pr inc ip les  were  app l ied  in  the  310 to  640MHz VCO of  F igure  15 .

As an example let  us calcul 'ate the phase nojse performance of  th is VCO at

500MHz and at  l00KHz of fset .

The input po|er of  the two-stage FET_.ampl ' i f ier ,can be

neglected. The phase perturbat ion f ,q ( f  *  F )  is  replaced by the noise

vol tage to s igna' l  rat io at  the 
'  s av m

' input of  the 2nd stage, the l imi t ' ing port '

For a 2N5397 Vn = 6nV (accounts for  both FET's)

vsL= I

C = 23pF

V =  lOV

Qunl = 200

P = 4ml,ls lg

fo = SooMHz

{. o,ookHz = +(Tlgl'z (t#T(rh- 'z

l ,  G100kHz=- l44dBc

rhe r imit ins port(FJ'
shou ld  be  max imal .

-18-

hal f  bandwidth of  the resonator.

The actual  osci l ' lator measured - l42dBc.
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Fig. '10 shows the phase noise performance of  some free-running osci l lators

designed with low phase noise as a pr imary goal .  0f  course, the curves cannot

be compared directly with each other since they not only differ in RF frequencies

but also have qui te di f ferent obiect ives in terms of  tunabi l i ty '
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6
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a
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!tg
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Phase Noise Character is t ics  o f  Div iders

Before analyzing the phase noise performance of  phase locked sources, let

us consider phase noise introduced by f requency div jders.  As the next

paragraph w' i1 l  point  out ,  they may be the l imi t ing component in a phase

lock  1oop.  They  a lso  p lay  a  key  ro le  in  d i rec t  f requency  syn thes is .

Phase noise at  the input of  the div ider appears at  the div ider output reduced

by N.  In  the  res idua l  phase no ise  measurement  o f  F ig .  l l  th is  inpu t  (source)

noise contr ibut ion cancels and on' ly phase noise generated by the div ider is

measured.  Phase no ise  da ta  re fe r  to  the  d iv ided-down s igna l .  A  phase no ise

f loor of  -150 to- l60dBc is typical  for  ECL devices.  The considerably lower

f loor  o f  TTL d iv iders  i s  measureab le  on ly  i f  care  is  taken to  avo id  sampl ing

effects.

Examples of  Phase Noise Introduced b.v Div iders

- lm

-t t0

-160

-t70

6
I
a
: -r20

.g

a
C'
g -130

.!
oz

E -rao
B
!
c
2g
! -r50
E
g

l/,

ECL l(x) MHz + t0 l9tlH90l

ECL rlEo MHr + tl (1lc05l

Ot{r.t

F ig .  l l
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Noise Considerat ions for  Phase-L

Phae
Detector

Integrator
Filter

Shaper
Pret-une Attenuator

F ig .  l 2

Fig.  1? shows a typical  phase-1ock loop (PLL) -  typical  wi th the except ion of

the at tenuator at  the osci ' l lator tuning port .  This at tenuator is iust i f ied

in  the  fo l low ing  des ign  ru les .  The ob iec t ive  is  to  min imize  AQoua due to

any noise input.  The fol lowing design rules emerge when we look at  respect ive
transfer funct ions:
'  Minimize phase noise of  the f ree running VCO

Adout 1
adfi = r@

eo. , (s)  ' is  the open looP gain:

Go;(s) = K, A(s) K, K.(s) *r ft 3
fm

Fis. 13

Phase noi  se

Th is  leads

of the free running

to the next rul.e.

osci l lator is reduced by the loop gain '

Vn det
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Maximize  bandwid th  and open- loop ga in .  The bandwid th  j s  l im i ted  by  a

number of  constraints.  By comparing phase noise of  the f ree-running VCO

with phase noise contr ibut ions f rom the reference source, the div ider

output,  andt lephase detector,  the bandwidth is determined.

Al l  3 phase noise sources have the same transfer funct ion:
aoo*- 

=
a|ret r * tGol(s)

Maximizing the loop bandwidth makes sense on' ly as long as reference
no ise  (o r  d ' i v ider  no ise ,  o r  phase de tec tor  no ise)  mu l t ip ' l i ed  by  N does  no t  exceed

the phase noise of  the f ree-running VC0.

0 ther  cons idera t ions ,  such as  the  f i l te r ing  o f  the  re fe rence s igna l  o r

spur ious  on  the  re fe rence s igna l  and loop s tab i l i t y '  can

determine the choice of  the bandwidth.

Avo id  d iv iders  i f  poss ib ' le .  As  no ted  above,  they  cause mul t ip l i ca t ion

by N of  the reference, phase detector,  and div ider output phase noise.

Minimize integrator,  shaper and at tenuator noise.  The choice of  impedance

leve ls  and pre tune f i l te r ing  migh t  be  cons t ra ined by  swi tch ing  speed

consi  derat i  ons .

Maximize phase detector gain K*.

Any noise input fo l lowing the phase detector
'l

is reduced by , .
t \  ,

0

ojoul_
Vn int

Min imize  the  sens i t i v i t y ,  Ko

phase  no ise  due  to  Vnr ,  V

VC0.  G iven a

is  p ropor t iona l

chosen bandwidth,

to Ko.

1= -
K^

N

r r - - II  '  
Gog(s)

fuH'rv], ot
.  and  Vna-

the

nt

Ko

H=',;fu
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.  Employ  an  a t tenuator  and min imize  Ku(s) .  Aga in ,  g iven  a  chosen bandwid th '

noise inputs preceding the at tenuator are reduced by Ku(s).  This holds

a lso  fo r  no ise  ou ts ide  the  loop bandwid th .  For  example ,  phase no ise  ou ts ide

the loop bandwidth caused bY Vn, amounts to:

1
Adout = K"(s)  K, Kol  un,na

The a t tenuator  i s  usua l ly  a  lead- lag  ne twork .

The fo l low ing  equat ion  sums up a l l  the  phase no ise  cont r ibu t ions .

aolu,(s) = 
(;;r' [420,"1t,t 

* a2o6;,r,1

- ir(th I Iv2" o",t'r * V2n;n1(s) + frz v2n,{s} *nLr'd' u,?.,,1

The grouping of  the equat ion emphasizes the ef fect  of  reference and div ider

no ise ,  phase de tec tor  ga in  and osc i ' l l a to r  no ise  and sens i t i v i t y .
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Actual  Resul ts Achieved in a Low Noise Reference Loop

In the fol lowing example of  a phase lock loop (Pt-L),  ef for ts were made to

employ  a l l  the  l i s ted  des ign  ru les .

As the frequency reference loop of the HP 8662A Synthesized Signal Generator

(F ig .  14 ) ,  the  loop 's  func t ion  i s  to  f i l t e r  the  h igh  spur ious  con ten t  o f  a

320-640MHz reference source. The reference source is direct ly synthesized

from mult jp les of  lOMHz, steps in 2OtlHz steps, and contains -40dBc spur ious

s igna ls .  The loop reduces  spur ious  s igna ls  to  - l00dBc and,  as  an  add i t iona l

func t ions ,  p rov ides  lQMHz s teps  and swj tches  in  less  than 5OUsec '

10 or 20 MHz Switched Rerctance Osc.

310 to 620 MHz in 10 MHz steps

10 or 20 MHz
Spurious -100 dBc

320-640 MHz in 20 MHz stePs
Spurious -40 dBc

1O MHz X-Oscillator

F ig . l4

The 310-620MHz VCQ of the locp, also used in a second loop as a 320-640MHz

VCo,  has  a  nove l  sw i tched reac tance resonator  (F ig .  15) .  I t  cons is ts  o f  5

inductor arrays switched in a binary fashion. They provide 32 frequency

steps. For a cont inuous frequency coverage, the varactor has to cover only

lOMHz intervals.  Compared to a convent ional  VCO w' i th a varactor cover ing

the ent i re 3. |0 to 620l" lHz range, th is switched scheme resul ts in drast ica' l ' ly

reduced osc i  I  la to r  sens i t i v i t y .
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The nature of  the resonator also al lows very high signal  levels ( t t0Vp.uk),

h igh  Q (150-250) ,  fas t  sw i tch ing ,  and prec ise  pre tun ing '

310-640 MHz Switched Reactance Oscillator

F ig .  t5

Frsqwncy InPut
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l0kHz,  no ise  o f  the
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no ise  f loor  o f  - l43dBc as  c lose  in  as  l0kHz '  Wi th in

reference sect ion is dominant.
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Reference Mult iPl  icat ion

Synthesized sources use a reference osci l lator -  typical ly a 5 or ' lQMHz

X-osci l lator wi th excel lent  short  and long term stabi l i ty '  To arr ive at

low phase noise s ignals in the RF and microwave range the most crucial

factor is how the reference signal  is  mult ip l ied into the RF range'

Fig.  17 compares 3 methods of  obtaining a low phase noise 640MHz signal

start ing wi th a lOMHz crystal  osci l lator '

Sc*reme C
640 MHz

160 MHz
X-Osc.

Sdpme A

10 MHz X'O:c.

F ig .17

640 MHz
+
lx6al Or Sampler
H

@ 
to MHz X-osc.

640 MHz

160 MHz X'Filter
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-90

- 110

10 Hz 10 kHz lfi) kHz

Method A resu l ts  in  s t ra igh t  mu l t ip l i ca t ion  o f  the  re fe rence phase no ise .

Mul t ip ' l i ca t ion  can be  done by  doub l ing  s ix  t imes or  mu l t ip ly ing  w i th  a  h igher

order mult ip l1er or samp' ler .  Reference osci l lator noise is increased by 36d8.

Method B is also stra ' ight  mult ip l icat ion,  but at  appropr iate f requency levels

(40 and l60MHz),  narrour band crystal  f i l ters are used to reduce sideband noise.

Method C employs a l60MHz crystal  osci l lator to achieve a low phase noise

f loor .  I t  i s  locked to  the  loMHz c rys ta l  osc i l la to r .  As  prev ' ious ly  d iscussed,

the bandwidth of  the loop' is determined by comparing the phase noise of  the

free-running l60MHz crystal  osci l lator wi th noise of  the reference osci l lator

and d iv ider  no ise  mul t ip l ied  by  16 .  As  p lo t  C  ind ica tes ,  d iv ider  no ise

dominates  in  th is  case,  resu l t ing  in  h igher  c lose- in  no ise  w i th  scheme C

than with any of  the other schemes.
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The Hp 8662A Synthesized Signal  Generator uses method B. Potent ia l  problems

of th is approach are:

.  Add i t i ve  no ise  in  the  f i rs t  s tages  o f  mu l t ip l i ca t ion .

.  Low frequency device noise and power supply noise,  causing phase

modu la t ion  in  ampl i f ie rs ,  most  sens i t i ve  aga in  in  the  f i rs t  s tages

o f  mu l t ip l i ca t ion .

.  Doub ler  no ise .

.  Crys ta l  f i l te r  no ise .

. l ' , l i  crophoni c noi se i nduci ng phase noi se ' in crystal f i  I ters.

overal' l  Phase Noise Performance of a S.vnthesized Signal Generator Slstem

So far,  c i rcui ts and modules have been opt imized for low phase noise.  They

form the bui ld ing blocks for  synthesizers.  The part icular examples used

ear l ier  are part  of  the new HP 8662A Synthesized Signal  Generator.  The graph

of  F ig .  l9  be low shows the  dyp ica l  res idua l  s ing le  s ideband phase no ise  o f

the system. Below l0kHz, phase noise of  the reference sect ion dominates.

From l0 to 500 kHz the reference loop and sum loop determine the phase

noise performance. Farther out the sum loop osci l lator is the dominant

phase noise source.

The 8662A system is compared with an older synthesizer design of  s igni f icant ly

different structure, the 8660C/86602A. It covers the Same frequency range'

but was not designed with low phase noise as a pr imary object ive.  The HP 86408

cavi ty- tuned generator is a ' lso included, showing excel lent  phase noise perfor-

mance at  20kHz of fset  and farther out.  0f  course, i t  cannot compete c lose- in

with synthesized generators.

fht#*"Elo
310-G20 MHe/
l0 MHa O#

H-:3-ts\tu-
1f20 rilHr/
I Hr SoF

l0ltlHe
X-Orc.

2?5-3.S5 GHr/
100 MHz Stpr

396{.05 GHt/
t l|lSF

866248660C/86602A

F ig . l9
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The overal l  resul t  of  the preceding design considerat ions is a synthesizer

with not only except ional  c lose- in noise performance'  but  a lso very low phase

noise at  far ther-out of fset  f requencies where t rad' i t ional ly cavi ty osci l lators

were far super ior .  wi th a switching speedof 500usec (RF sett l ing) the HP8662A

also combines the usual ' ly  conf l ic t ing requirements of  low phase noise wi th

high frequency agi l  i tY.

TYPICAL
RECEIVER
CHANNEL
SPACING

1fi) kHz
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Measurement of Phase Noise

The emphasis on low phase noise sources in th is paper also guides the

select ion of  test  methods. Phase noise measurement techniques wi l l  be

compared on the basis of  minimum phase noise 4 measureable.

Heterod.vne Frequenc.v Measurement Technique

In the t ime domain,  f requency stabi l i ty  is  measured with per iod counters.

Given a stable reference Source, the resolut ion is great]y enhanced by

heterodyni ng.

. af tgz t, af
Resolution: -1: = -

,o fo fo

fD

T

A r

= minimum fractional frequency difference

= difference frequencY
I

= sample time, minimum 7 = 
l;

= least digit of Period count

F ig .  2 l

! rotn I
M I x E R  I  p l s s  I A M P L I F I E R

I  FTLTER I

CALCULATOR
OFFSET

REFERENCE
OSCILLATOR
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14i th comput ing counters oy can be obtained convenient ly.  Desktop computer-

based systems l ike the HP 5390A Frequency Stabi l i ty  Analyzer,  convert  t ime

domain data into spectral  densi t ies.  The system noise f loor is given by:

4system = -173 + loe 
# Ie.rH.]

For example: 0 f* = lHz with fo = l0Hz the system can measure down to
-153dBc. Compared with other methods this technique loses ' i ts  advantage
quickly above Four ier  f requencies greater than l00Hz.

Phase Noise Measurement wi th Spectrum Analyzer

RF spectrum analyzers measure the spectral  densi ty J direct ly,  provided

that the phase noise of  the source under test  is  s igni f icant ly above i ts

AM noi  se.

By down convert ing wi th a c lean reference source, AM noise of  the source

under test  can be suppressed i f  i t  is  used as the high level  L0 dr ive for

the  mixer .

Limitat ions of  th is direct  method are phase noise of  the spectrum analyzer

L0, dynamic range and resolut ion.

An RF spec t rum ana lyzer  r r i tha  YIG osc i l la to r  as  L0  can measure  4  @ t00kHz

down to approximately - l20dBc. Spectrum analyzers wi th synthesized L0

al lor  phasenoise measurements c loser in.

Source
Under Test

Source
Under Test

Spectrum
Analyzer

F ig .  ?2 F ig .23



l,
l .

-33-

Phase Noise Measurement wi th Frequencv Discr iminator

The spectral density of frequency fluctuations SOr(f*) of the source under

test  is  obtained when the signal  is  appl ied to a f requency discr iminator

ei ther direct ' ly  or  in a heterodyne fashion.

1
Afr.s = 

lG AVrms

1
s61(f',,) = 

# 
,our*.)2 {t Ht)

AVn r-s

F ig .24

Source
Under Test

Spectrum
Analyzer

f1

F ' i9 .25

Avtmt
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I  ( t r )  is  calculated from S6t

Assuming a noise f loor of  the

system noise to" 4(r*)  is

t1
c (r,'r) = i f,z 

sar (tm)

discriminator represented by oVn.,n, , the

K12 + 
(avn r,.,,r)2(1 Hz)1

Jsyste, (fm) = 
f

I t  indicates the basic drawback of  the use of  the f requency discr iminator

method in  de termin ing  phase no jse  4( f r )  o f  a  source .  The sys tem's  no ise

f loor r ises wi th f r -z towards tow oi t i6ts.  This assumes a whi te spectrum

of  AVn.

Using the 8901A modulat ion analyzer (  A f . . ,  = .5Hz),  for  example,  as the

frequency discr iminator,  I .system @ lkHz wi l l  be - l05dBc'

Delav Line and Mixer as Frequenc.v Discr iminator

A mixer operat ing as a phase detector and a delay l ine have the combined

effect  of  a f requency d jscr im' inator y ' ie ld ing again Sat( t r ) '

AVn. t s

AVr,nt

Source
Under Test

Attenuator
Wave AnalYzer

Spectrum AnalYzer

RF Spectrum
Analyzer

Power
Splitter
or Coupler

sa/f6)Fig.27

F ig .  26
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Both inputs to the mixer have to be in quadrature to assure maxlmum

phase sens i t iv i ty .

The output voltage AV of the mixer is proportional to the frequency

deviation Af of the source' to the phase detector constant k$ and has a

periodic ("f ) a.o.na.nce on fmrd.

AV = KrA*
16 = Defay Time

k, = Phase Detector Constant

= Vbeat, peak for sinusoidal beat signal

,in fStd\
Av=K*toftpxAo

7-

1
for f ,  . .7

^ '  AVr-sA'rms' 
ryd

.  (AVrmr)2 { t  l t . )
!i41rr.r= 

1ffi2

The sensi t iv i ty of  the system can again be evaluated by replacing AV*,

caused by frequency fluctuations of the source with AVn.,,, representing

mixer  no ise  p lus  no ise  o f  the  fo l low ing  ampl i f ie r '

" tr , = 1 {avn ,,.,,,r}2 (1 Hz)
& s y s t e m t ' m ' -  2  r o _ t / v 2 - . 2 r  2enlz koz rdz !m2

tJ i th whi te mixer (+ ampl i f ier)  noise t t re system sensi t iv i ty decreases with

f^ '2.  Fl icker character ist ic of  the mixer noise causes the noise f loor to

rise with fr-3 towards low offsets.

r - l  f  l
Reference [oJ, LzJ explores this method extensive' ly.  4system @ lkHz can

be as low as - l l5dBc.

1 1 (au'rd1tt 
":lJ( fm)=-  so1( f r )  =f  f f i* 

so1(r ')  =f 
W
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Phase Noise Measurement with Two SoUrge!and Phase Detector

Avn rtt

Attenuator AVr.,

Wave Analyzer
Spectrum AnalYzer
Digital AnalYzer

F ig .  27

The most direct  and also most sensi t ive method to measure the spectral

densi ty of  phase noise s^o ( fm) requires 2 sources -  one or both of  them

may be the device(s) under test  -  and a double balanced mixer used as a phase

detector.  The RF and L0 input to the mixer should be in phase quadrature

indicated by 0 Vpg at the IF port. Good quadrature assures maximum phase

sensi t iv i ty k0 and minimum AM sensi t iv ' i ty .  ln l i th a l inear ' ly  operat ' ing mixero

k0 equals the peak vol tage of  the s inusoidal  beat s ignal  produced when both

sources are frequency offset.

F
t--t
t-

t
L

sao(fm)
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When both s ignals are set  in quadrature,  the vol tage AV at  the IF port  is

proport ional  to the f luctuat ing phase di f ference between the two signals '

1
A0 rms=6

Sor(fn') =

Vr',

avrms)z(1 Hz) -  t  (avr, ' , r )2( t t tz)

2 VB2r.,

kd = Phase detector constant

= Vg Peak for sinusoidal beat signal

vg2p""L

I (f,,,) = S6p(fn,l =
( Avrms)2 (1 Hz)

VB2r*
1
4

1
2

The calibration of the wave analyzer or spectrum analyzer can be read from

the above equations. For a plot off(f*) the 0 dB reference level is to be

set 6dB above the level of the beat signal. The -6dB offset has to be corrected

by +l.odB for a wave analyzer and by +2.5d8 for a spectrum analyzer with log

amplifier and average detector. In addition, noisebandwidth corrections may have tobeapplied'

Since the phase noise of  both sources is measured in th is system, the phase 
I

noise perfonnance of one of them needs to be known for definite data on the 
lf

other source. Frequently it is sufficient to know that the actual phase li

noise of the dominant source can not deviate more than 3dB from the measured

data.  I f  3 unknown sources are avai lable,  3 measurements wi th 3 di f ferent r '

source combinat ions y ie ld suf f ic ient  data to calculate accurately each
.

indiv idual  performance.

Fig.  27 indicates a naffow band phase lock loop which maintains phase Quadrature.*
ld

for sources which are not sufficiently phase stable over the period of the 
i;:-,

measurement.  The two isolat ion ampl i f iers should prevent in iect ion lock' ing of

the sources. . '
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Residual  phase noise measurements test  one or two devices I ike amp' l i f iers,

d iv iders  (F ig .  l l ) ,  syn thes izers  (F ig .  29) ,  d r iven  by  one comnon source .

Since this source is not phase noise f ree, i t  is  important to know the

degree of  cancel lat ion as funct ion of  Four ier  f requency'

The noise f loor of  the system is establ jshed by the equivalent noise

vol tage AVn at  the mixer output.  I t  represents mixer noise as wel l  as the

equ iva len t  no ise  vo l tage o f  the  fo l low ing  ampl i f ie r .

.  1 (aVn ,n,r12 (1 Hz)
* tytt"tt 'm'- 4 VB2r*

Noise f loors c lose to - l80dBc can be achieved with a high level  mixer

and low noise port  ampl i f ier .  The noise f loor increases with f r - l  due to

the f l icker character ist ic of  lvn.  System noise f loor of  - l66dBc @ lkHz

have been real ized.

In nreasur ing low phase noise sources a number of  potent ia l  problems have

to be understood to avoid erroneous data:

.  I f  two sources are phase locked to maintain phase quadrature,  i t  has to

be insured that the lock bandwidth is s igni f icant ly lower than the lowest

Four ier  f requency of  interest .

. Even with no apparent phase feedback, 2 sources can be phase locked

- in jec t ion  locked-  resu l t ing  in  suppressed c lose- in  phase no ise .

.  AM noise of  the RF signal  can come through i f  the quadrature set t ing is

not maintained suff ic ient ly.

.  Deviat ion f rom the quadrature set t ing w' i l l  a lso lower the ef fect ive

phase detector constant.

.  Non- l inear operat ion of  the mixer resul ts in a cal ibrat ion ef for .

.  A non-sinusoidal  RF signal  causes k0 to deviate f rom vB peak .

.  The ampl i f ier  or  spectrum ana' lyzer input can be saturated dur ing cal ibrat ion

or  by  h igh  spur ious  s igna ls  l i ke  l ine  f requency  mul t ip les .
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closely spaced spur ious such as mult ip les of  60Hz may give the appearance

of cont inuous phase noise when insuff ic ient  resolut ion and averaging

is used on the sPectrum analYzer.

Impedance interfaces should remain unchanged going from cal ibrat ion to

measurement.

In res.idual measurement systems phase no'ise of the corffnon source might

be insuff ic ient ly cancel led due to improper ly high delay t ime di f ferences

between the two branches.

Noise from power supp'l ies for devices under test or the narrow band

phase lock loop can be a dOminant contr ibutor of  phase noise.

Per ipheral  instrumentat ion l ike the osci l loscope, analyzer '  counter '

DVl4, can i nj ect no'i se.

Mic rophon ic  no ise  migh t 'exc i te  s ign i f i can t  phase no ise  in  dev ices .

Switched in
Source Under Tect for Calibration

l-** r*l
r - -J

1O MHz Reference
{Reridual Noise Tast}

Reference Source

Desktop ComPuter
Automatic Calibration
Automatic Qradrature Setting

High Lwd
Mixer

Fig .  28
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F ig .29

Despi te al l  of  these hazards,  automat ic test  systems have been deve' loped and

opera tedsuccess fu . | l y . | -Re t .6 ]F ig .23showsasys temwhichmeasures

automat ical ly the residual  phase noise of  the 8662A Synthesizer.  I t  is  a

residual  test  s ince both instruments use one comnon lOMHz reference x-

osci l lator.  Quadrature set t ing is convenient ly control ied by probing the

beat s ignal  wi th a digi ta l  vol tmeter and stopping the phase advance of  one

synthesizer when the beat s i9na1 vol tage is suf f ic ient ly c lose to 0 '

The two plots of Fig. 29 were done with the 3044A Automatic spectrum Analyzer

cover ing loHz to l3MHz. The tgst  system also measures spur ious s igna' ls '

They appear rather broad on this chart due to a l imited number of data points

per decade. Again, the older 8660C/86602A Synthesized signa'l Generator is

compared with the new 8662A.
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Glossary of Symbols

A(sl
B
FKTB
fo
t-
t
f{t,
af(t)
afpsak
Afre,
Go1(s!
K" (sl

Ko
Ks
Ko
tltnl

P3
PrsB
P. 

",ount
3
56g(fn'l

\ (rml
sae(fml
sao(fml
t
v(tl
VsL
Vn rt,
v. r,
we
v (tl
ae(t l
or2l.'l
t

aoltl
A0peak

Transfer function of amplifier
Bandwidth
Available noise power in bandwidth B
Carrier frequency
Corner frequency of flicker noise
Fourier frequency (sideband-, offset-, modulation, baseband-
frequency)
Instantaneous frequency
Instantaneous f requency f luctuation
Peak deviation of sinusoidal frequency modulation

Residual FM

Open loop egin of phase lock loop

Transfer function of attenuator

Gain constant of voltage tunable oscillator

Straper constant
Phase detector gain

Singte sideband phase noise to total signal power in a 1 Hz
bandwidth
Signal power

Povrcr of single sideband

Available signal power

Ouality factor of unloaded resonator

Complex frequency
Spectral density of frequency fluctuations

Spectral density of fractional frequency fluctuations

Spectral density of phase perturbation

Spectral density of phase noise

Time yariable
Instantaneous voltage
Peak amplitude of sinusoidal signal at I imiting port

Equivalent noise voltage (1 Hz bandwidth)

Available signaf voltage

Maximum energy stored in capacitor
Instantaneous fractional frequency offset from nominal frequency
Instantaneous fluctuation of phase perturbance

Allan variance

Sample time
Instantaneous phase f luctuation
Peak deviation of sinusoidal phase modulation, also modulation
index
Angular frequency
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