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Jitter and Phase Noise in Ring Oscillators

Ali Hajimiri, Sotirios Limotyrakis, and Thomas H. Le&jember, IEEE

Abstract—A companion analysis of clock jitter and phase noise in long- and short-channel regimes of operation. Section VI

of single-ended and differential ring oscillators is presented. The describes the effect of substrate and supply noise as well as
impulse sensitivity functions are used to derive expressions for the the noise due to the tail-current source in differential struc-

jitter and phase noise of ring oscillators. The effect of the number - - S .
of stages, power dissipation, frequency of oscillation, and short- tures. Section VIl explains the design insights obtained from

channel effects on the jitter and phase noise of ring oscillators is this treatment for low jitter/phase-noise design. Section VIII
analyzed. Jitter and phase noise due to substrate and supply noisesummarizes the measurement results.

is discussed, and the effect of symmetry on the upconversion of
1/f noise is demonstrated. Several new design insights are given
for low jitter/phase-noise design. Good agreement between theory

and measurements is observed. The output of a practical oscillator can be written as

Il. PHASE NOISE

Index Terms—Design methodology, jitter, noise measurement, .
oscillator noise,_ osci_llator s_,tability, phase jitter, phase-l_ocked Vour(t) = A(t) - flwot + o(t)] (1)
loops, phase noise, ring oscillators, voltage-controlled oscillators. where the functionf is periodic in 2 and ¢() and A(%)
model fluctuations in amplitude and phase due to internal
|. INTRODUCTION and external noise sources. The amplitude fluctuations are

DUE to their integrated nature, ring oscillators have bé_ignificantly attenuated by the amplitude limiting mechanism,

come an essential building block in many digital anM\/hlch is present in any practical stable oscillator and is

communication systems. They are used as voltage-controlticularly strong in ring oscillators. Therefore, we wil

oscillators (VCO's) in applications such as clock recoverycUs On phase variations, which are not quenched by such

circuits for serial data communications [1]-[4], disk-drive rea restoring mechanism._ . . .
channels [5], [6], on-chip clock distribution [7]-[10], and As an example, consider the single-ended ring oscillator

integrated frequency synthesizers [10], [11]. Although the _ith a single current source on one of the .nodes sh(_)wn in
have not found many applications in radio frequency (RF}.9" 1. Suppose that the current source consists of an impulse
they can be used for some low-tier RF systems f current with area\g (in coulombs) occurring at time= 7.

Recently, there has been some work on modeling jitt(y1 )
and phase noise in ring oscillators. References [12] and [1%]d€: given by
develop models for the clock jitter based on time-domain Aq
treatments for MOS and bipolar differential ring oscillators, AV = Clode 2)
respectively. Reference [14] Proposes a frequency_dom%ﬂere Cuode is the effective capacitance on that node at
approach to find the phase noise based on an linear twﬁ-

. X . L : . e time of charge injection. This produces a shift in the
invariant model for differential ring oscillators with a small e . .

transition time. For smalAAV, the change in the phaggt) is
number of stages.

In this paper, we develop a parallel treatment of frequenc&}[Oportlon‘r’II to the injected charge
domain phase noise [15] and time-domain clock jitter for ring
oscillators. We apply the phase-noise model presented in [16]

to obtain general expressions for jitter and phase noise of th . . .
) ' 9 P ] P wﬁere Viwing 1S the voltage swing across the capacitor and
ring oscillators.

The next section briefly reviews the phase-noise moqﬁlgi?ﬁn :-Vc;nrm;;VSWir?o-ttri]gng:ri?ezcs)hosr::fnstsafntfjni(;tlOgr(izodti();; )
presented in [16]. In Section Ill, we apply the model to timin ying prop Y P

jitter and develop an expression for the timing jitter of oscnla% is large when a given perturbation causes a I_arge phase shift
. . : oo and small where it has a small effect [16]. Sincér) thus
tors, while Section IV provides the derivation of a closed-form e X
rfgaresents the sensitivity of every point of the waveform to a

r

expression to calculate the rms value of the impulse sensitivi . . . o )
P b turbation'(z) is called theimpulse sensitivity function

function (ISF). Section V introduces expressions for jitter ar .
phase noise in single-ended and differential ring oscillato(r:sThe time dependence of the ISF can be demonstrated by

onsidering two extreme cases. The first is when the impulse
Manuscript received April 8, 1998; revised November 2, 1998. IS '_nJeCted during a transition, _thIS WI!| re_sult ina large phas_e
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is will cause an instantaneous change in the voltage of that

A = Tlwot) =Y = Dlwot) 21 @3)

‘/swing (swing
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Fig. 1. Five-stage inverter-chain ring oscillator.
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Fig. 2. Effect of impulses injected during transition and peak.

Being interested in its phas#t), we can treat an oscillator on the foregoing argument, we obtain the following time-
as a system that converts voltages and currents to phased@pendent impulse response:
is evident from the discussion leading to (3), this system is (wor)
linear for small perturbations. It is also time variant, no matter hg(t,7) = ——u(t — 1) 4)
how small the perturbations are. macx
Unlike amplitude changes, phase shifts persist indefiniteblyhere «(¢) is a unit step.
since subsequent transitions are shifted by the same amounKnowing the response to an impulse, we can calcujtg
Thus, the phase impulse response of an oscillator is a tinie-response to any injected current using the superposition
varying step. Also note that as long as the introduced charigéegral
in the voltage due to the current impulse is small, the resultant 00
phase shift is linearly proportional to the injected charge, and P(t) = /
hence the transfer function from current to phase is linear. .
The unit impulse response of the system is defined as the - /
amount of phase shift per unit current impulse [16]. Based -

he(t, T)i(T)dr

R Dwor)

oo Gmax

i(r)dr (5)
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wherei(t) represents the noise current injected into the noi’ s

of interest. Note that the integration arises from the close ggo

loop nature of the oscillator. The single-sideband phase-no [ Oscillator ) J So

spectrum due to a white-noise current source is given by [1¢
]_‘*2

2 /Af
L fO — rms . n
{ ﬂ} 87T2 fgﬂ qgna.x

Oscilloscope

€

wherel'; IS the rms value of the ISFL_%/Af is the single- /
sideband power spectral density of the noise current sour
and f.¢ is the frequency offset from the carrier. In the cas
of multiple noise sources injecting into the same nag@¢A f
represents the total current noise due to all the sources an
given by the sum of individual noise power spectral densiti
[17]. If the noise sources on different nodes are uncorrelate
the waveform (and hence the ISF) of all the nodes are the sa
except for a phase shift, assuming identical stages. TherefGie;
the total phase noise due to &l noise sources iV times Fig. 3. Clock jitter increasing with time.
the value given by (6) (or & times for a differential ring
oscillator).

From (5), it follows that the upconversion of low-frequency
noise, such as/If noise, is governed by the dc value of the g
ISF. The corner frequency betweepf and 1/ f2 regions in
the spectrum of the phase noise is calfggrs and is related to
the 1/ f noise cornerf, ,; through the following equation [16]: ra

2 4

Jips = fryp - 1};‘1‘: (7) 0"
s slope=05 2.7

wherel' . is the dc value of the ISF. Since the height of the . e

positive and negative lobes of the ISF is determined by the . log(AT)

slope of the rising and falling edges of the output waveform,

respectively, symmetry of the rising and falling edges Cd:ﬁg 4. RMS jitter versus measurement time on a log—log plot.

reducel’y. and hence the upconversion of fLnoise.

log(caT)

o2 is the variance of the uncertainty introduced by one stage
during one transition. Noting that: is proportional toAT,

. JITTER the standard deviation of the jitter aft&¥l’ seconds is [13]
In an ideal oscillator, the spacing between transitions is oar = KVAT (8)

constant. In practice, however, the transition spacing will

be variable. This uncertainty is known as clock jitter an@herer is a proportionality constant determined by circuit
increases with measurement intenaf” (i.e., the time de- parameters.

lay between the reference and the observed transitions), adnother instructive special case that is not usually consid-
illustrated in Fig. 3. This variability accumulation (i.e., “jitterered is when the noise sources are totally correlated with one
accumulation”) occurs because any uncertainty in an earl@iother. Substrate and supply noise are examples of such noise
transition affects all the following transitions, and its effecgources. Low-frequency noise sources, such/gsnbise, can
persists indefinitely. Therefore, the timing uncertainty whe®lSo result in a correlation between induced jitter on transitions
AT seconds have elapsed is the sum of the uncertaintfé&r multiple cycles. In this case, the standard deviations rather

associated with each transition. than the variances add. Therefore, the standard deviation of the
The statistics of the timing jitter depend on the correlatioriéter after AT seconds is proportional tAT’
among the noise sources involved. The case of each transi- — (AT 9
oar =¢ ©)

tion’s being affected by independent noise sources has been
considered in [12] and [13]. The jitter introduced by each stagérere ¢ is another proportionality constant. Noise sources
is assumed to be totally independent of the jitter introducétich as thermal noise of devices are usually modeled as
by other stages, and therefore the total variance of the jittertiscorrelated, while substrate and supply-noise sources, as
given by the sum of the variances introduced at each stage. R@ll as low-frequency noise, are approximated as partially
ring oscillators with identical stages, the variance will be givedr fully correlated sources. In practice, both correlated and
by ma?, wherem is the number of transitions durinly7" and uncorrelated sources exist in a circuit, and hendega-log

LA more accurate treatment [17] shows that the ph ise d Plot of the timing jitter a7z versus the measurement delay

phase noise does not g

without bound asf. approaches zero (it becomes flat for small values o&% for an Open'|00p oscillator V‘_”” d.emonStrate regions with
foir ). However, this makes no practical difference in this discussion. slopes of 1/2 and 1, as shown in Fig. 4.



HAJIMIRI et al: JITTER AND PHASE NOISE IN RING OSCILLATORS 793

1.5

0.5

ISF

-0.5

155 50 40 60

x (Radian)

Fig. 5. ISF for ring oscillators of the same frequency with different number of stages.

In most digital applications, it is desirable farar to (%)
decrease at the same rate as the péertioeh practice, we wish |
to keep constant the ratio of the timing jitter to the period.
Therefore, in many applications, phase jitter, defined as

TAy = ZWm—T = WoOAT (20) J
T 2n X
is a more useful measure. r
An expression forra, can be obtained using (5). As shown ) , .
in Appendix A, for AT > T or AT = nI wheren is an 7
integer, the phase jitter due to a single white noise source is : =
given by 2 3 n %
— I max
)
o2y = —2(1;’;{ S AT, (11)

Using (10) and (11), the proportionality constantin (8) is Fig. 6. Approximate waveform and ISF for ring oscillator.
calculated to be

Do (12 12) T [
" Gmax?0 2 Af !

IV. CALCULATION OF THE ISF FOR RING OSCILLATORS

To calculate phase noise and jitter using (6) and (12), one
needs to know the rms value of the ISF. Although one Cay 7. Relationship between rise time and delay.
always find the ISF through simulation, we obtain a closed- ) ) I
form approximate equation for the rms value of the ISF of riniS relation should not be generalized to other points in time.
oscillators, which usually makes such simulations unnecessaMg0. the widths of the lobes of the ISF decreas@valsecomes

It is instructive to look at the actual ISF of ring oscillators tdarger, since each transition occupies a smaller fraction of the
gain insight into what constitutes a good approximation. Fig.Bgriod. Based on these observations, we approximate the ISF
shows the shape of the ISF for a group of single-ended CM®@8 triangular in shape and with symmetric rising and falling
ring oscillators. The frequency of oscillation is kept constaf@dges, as shown in Fig. 6. The case of nonsymmetric rising
(through adjustment of channel length), while the number 8fd falling edges is considered in Appendix B.
stages is varied from 3 to 15 (in odd numbers). To calculate theThe ISF has a maximum of/¥;,.., where f,,,, is the
ISF, a narrow current pulse is injected into one of the nodg¥ximum slope of the normalized wavefoghin (1). Also, the
of the oscillator, and the resulting phase shift is measuredViith of the triangles is approximately/ 2, .., and hence the
few cycles later in simulation. slopes of the sides of the triangles aré. Therefore, assuming

As can be seen, increasing the number of stages reduces@igality of rise and fall timed..,,; can be estimated as

peak value of the ISF. The reason is that the transitions of the 1 g2 4 [y

normalized waveform become faster for larggér Since the I = g/ I*(z) do = o @? d
sensitivity during the transition is inversely proportional to the 0 3 0

slope, the peak of the ISF drops. It should be noted that only — 3( 1 ) . (13)
the peak of the ISF is inversely proportional to the slope, and 37\ Shhax
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Fig. 8. RMS values of the ISF’'s for various single-ended ring oscillators versus number of stages.

On the other hand, stage delay is proportional to the rise timeEquation (16) is valid for differential ring oscillators as
. n well, since in its derivation no assumption specific to single-
ip=— (14)  ended oscillators was made. Fig. 9 shows khg, for three
mox sets of differential ring oscillators, with a varying number of
wheref, is the normalized stage delay ands a proportion- stages (4-16). The data shown with plus signs correspond to
ality constant, which is typically close to one, as can be seefcillators in which the total power dissipation and the drain
in Fig. 7. voltage swing are kept constant by scaling the tail-current
The period is &V times longer than a single stage delay sources and load resistors &5 changes. Members of the
second set of oscillators have a fixed total power dissipation

21 = 2Nip = 25\777 (15) and fixed load resistors, which result in variable swings and
max for whom data are shown with circles. The third case is
Using (13) and (15), the following approximate expression f¢hat of a fixed tail current for each stage and constant load
... is obtained: resistors, whose data are illustrated using crosses. Again, in
spite of the diverse variations of the frequency and other
o 272 1 16 circuit parameters, the /N!-> dependency ofi,,,,s and its
mms = A 38 N5 (16) independence from other circuit parameters still holds. In the

case of a differential ring oscillatot;,,; ~ 3/N*-> which

Note that the 1N!-> dependence df.., is independent of corresponds tg = 0.9, is the best fit approximation fdr.,.
the value ofy. Fig. 8 illustratesl'..,, for the ISF shown in This is shown with the solid line in Fig. 9. A similar result
Fig. 5 with plus signs oog—log axes. The solid line shows can be obtained for bipolar differential ring oscillators.
the line of I',,s &~ 4/N*->, which is obtained from (16) for  Although[',,,; decreases as the number of stages increases,
n = 0.75. To verify the generality of (16), we maintain aone should not prematurely conclude that the phase noise can
fixed channel length for all the devices in the inverters whilee reduced using a larger number of stages because the number
varying the number of stages to allow different frequencies of noise sources, as well as their magnitudes, also increases for
oscillation. Again,I'.,. is calculated, and is shown in Fig. 8a given total power dissipation and frequency of oscillation.
with circles. We also repeat the first experiment with a different In the case of asymmetric rising and falling edges, both
supply voltage (3 V as opposed to 5 V), and the result is shown,,, andLy. will change. As shown in Appendix B, the/ 2
with crosses. As can be seen, the valued'gf. are almost corner of the phase-noise spectrum is inversely proportional
identical for these three cases. to the number of stages. Therefore, théf1 corner can be

It should not be surprising that,.,; is primarily a function reduced either by making the transitions more symmetric in
of N because the effect of variations in other parametetsyms of rise and fall times or by increasing the number of
such asg,ax and device noise, have already been decouplsethges. Although the former always helps, the latter has other
from I'(z), and thus the ISF is a unitless, frequency- anidhplications on the phase noise in thgf? region, as will be
amplitude-independent function. shown in the following section.
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Fig. 9. RMS values of the ISF's for various differential ring oscillators versus number of stages.

V. EXPRESSIONS FORJTTER AND where
- PH-ASE NoOISE I-N RING OSC-ILLATORS - Wog = Wy + W, (19)
In this section, we derive expressions for the phase noise
and jitter of different types of ring oscillators. Throughougénd
this section, we assume that the symmetry criteria required to W + 11y W
minimize 'y, (and hence the upconversion of fLnoise) are Heft = W+ W, (20)

already met and that the jitter and phase noise of the oscillator ) L . e
are dominated by white noise. For CMOS transistors, the drgRd AV is the gate overdrive in the middle of transition, i.e.,

- B AV = (VWpp/2) — Vr.
current noise spectral density is given b
P yis9 y During one period, each node is charged ¢g., and

) W then discharged to zero. In aiv-stage single-ended ring
2 = 4kTvgg0 = 4kTypCox— AV (17) oscillator, the power dissipation associated with this process
Af L IS N qumax VDD fo- However, during the transitions, some extra

. . . . current, known as crowbar current, is drawn from the supply,
where g40 is the zero-bias drain source conductangeis

h bility. ¢ is th ” ; ) which does not contribute to charging and discharging the
the mobility, Cox 1S the gate-oxide capacitance per unit a.re%apacitors and goes directly from supply to ground through

w andt_L Iare tth?a.nn(terI] W'dtr: andltlength of (:h_e de_:_’;lceboth transistors. In a symmetric ring oscillator, these two
respeclively, an IS the gate vollage overdrive. ecomponents are approximately equal, and their difference will

coefficient is 2/3 for long-channel devices in the saturatio, o4 on the ratio of the rise time and stage delay. Therefore
region and typically two to three times greater for shorE-he total power dissipation is approximately given b '
channel devices [18]. Equation (17) is valid in both short- pow Issipation 1S approxi y g y

and long-channel regimes as long as an appropriate value for P = 2nNVppgmaxfo- (22)

~ is used. . .
Assumingp.,, W, = u, W, to make the waveforms symmetric

to the first order, we have

A. Single-Ended CMOS Ring Oscillators )
1 1 ~ NeHWeHCOXAV

We start with a single-ended CMOS ring oscillator with  fo = = ~ (22)
equal-length NMOS and PMOS transistors. Assuming that 2Ntp N (t +1y) 81N Liimax
Vix = |Vrp|, the maximum total channel noise from NMOSwheretp is the delay of each stage amd and ¢; are the
and PMOS devices, when both the input and output are rige and fall time, respectively, associated with the maximum
Vbn/2, is given by slope during a transition.
Assuming that the thermal noise sources of the different

2 2 W devices are uncorrelated, and assuming that the waveforms
A_f = <£> + <A—’}> = 4kT’yueﬂCoxT'AV (18) (and hence the ISF) of all the nodes are the same except for a

N N phase shift, the total phase noise due taMalhoise sources is
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N times the value given by (6). Taking only these inevitable Using (28) and (29), we obtain the same expressions for
noise sources into account, (6), (16), (18), (21), and (22) resphase noise and jitter as given by (23) and (24), except for

in the following expressions for phase noise and jitter: a new V.
8 kT Vpp f3 _E.L
I{A N/ e 23 ‘/cw,r— (30)
{ f} 377 r V::har AfQ ( ) :
. A 8 kT ~Vop (24) which results in a larger phase noise and jitter than the long-
~V 3y P Vi channel case by a factor 9AV/E.L. Again, note the absence

where Vg, IS the characteristic voltageof the device. For of any dependency on the number of stages.

long-channel mode of operation, it is defined Bg,.,, = ) . . .
AV/~. Any extra disturbance, such as substrate and supfly Differential CMOS Ring Oscillators

noise, or noise contributed by extra circuitry or asymmetry in Now consider a differential MOS ring oscillator with resis-
the waveform will result in a larger number than (23) and (24)ive load. The total power dissipation is

Note that lowering threshold voltages reduces the phase noise, Pe NIV (31)

in agreement with [12]. Therefore, the minimum achievable — ' /tall¥DD
phase noise and jitter for a single-ended CMOS ring oscillat@jhere V is the number of stages,.; is the tail bias current
assuming that all symmetry criteria are met, occurs for zegp the differential pair, and/pp is the supply voltage. The

threshold voltage frequency of oscillation can be approximated by
16y kT f2 1 1 Tiail
L{Af} > —  — - — 25 = ~ ~ - 32
{ f} 37’] P AfQ ( ) fO 2Nt]’) 277Nt1 277N(J1nax ( )
K> /167 /k_T. (26) Surprisingly, tail-current source noise in the vicinity ff
31 P does not affect the phase noise. Rather, its low-frequency noise

As can be seen, the minimum phase noise is inversely prop8s- Well as its noise in the vicinity afvenmultiples of the
tional to the power dissipation and grows quadratically witRScillation frequency affect the phase noise. Tail noise in the
the oscillation frequency. Further, note the lack of dependen@ginity of even harmonics can be significantly reduced by a
on the number of stages (for a given power dissipatidﬁ‘”ety of means, such as with a series inductor or a parallel
and oscillation frequency). Evidently, the increase in tHgdPacitor. As before, the effect of low-frequency noise can
number of noise sources (and in the maximum power dG€ minimized by exploiting symmetry. Therefore, only the
to the higher transition currents required to run at the sarfigise of the differential tran3|§tors and the .Ioad are taken mtq
frequency) essentially cancels the effect of decreaging as a_ccount. The total current noise on each single-ended node is
N increases, leading to no net dependence of phase noisédt§n by
N. This somewhat surprising result may explain the confusion Z 2z 2
that exists regarding the optimui, since there is not a strong A—’} = <A—’}> < & )
dependence on the number of stages for single-ended CMOS N Load
ring oscillators. Note that (25) and (26) establish the lower
bound and therefore should not be used to calculate the phase
noise and jitter of an arbitrary oscillator, for which (6) and . .
(12) should be used, respectively. where Ry, is the_load resistory ya; :_(Vgs — Vr)/v for a
We may carry out a similar calculation for the short-chann8fianced stage in the long-channel limit afiga; = E.L/v

case. For such devices, the drain current may be expresseﬂqa@e short-_channel regime. The phase n0|se_and jitter due
to all 2V noise sources is/¥ times the value given by (6)

Af
:4kTItail< ! L ) (33)

—
‘/char RL 1 tail

Ip= }Cox WE,AV 27) a_nd (12)_. Using (15), the (_axpres_sion for the phase noise of the
2 differential MOS ring oscillator is
whereF. is the critical electric field and is defined as the value 3 KT Ve % 2
2 T : . DD DD /o

of electric field resulting in half the carrier velocity expected Luin{Af} = 5. N P <V Rl ) . Af
from low field mobility. Combining (17) with (27), we obtain n char I tail 34
the following expression for the drain current noise of a MOS (34)
device in short channel: and is given by

i_2 ’}/ID

- = 8kT-—=. 28 ;

Af T EeL GO =S v (Yoo Voo ) g

. . . 377 r V:‘,har RLItail
The frequency of oscillation can be approximated by
1 1 Equations (34) and (35) are valid in both long- and short-

Jo

= = channel regimes of operation with the right choicelpfs,,.
2Ntp nN(t”;r tr) Note that, in contrast with the single-ended ring oscillator,
_ HenWenCox AV ) (29) a differential oscillator does exhibit a phase noise and jitter
8NN Lgmax dependency on the number of stages, with the phase noise
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degrading as the number of stages increases for a given fre- 4

guency and power dissipation. This result may be understood j%"
as a consequence of the necessary reduction in the charge j‘%’r e
swing that is required to accommodate a constant frequency €

of oscillation at a fixed power level a increases. At the
same time, increasing the number of stages at a fixed total
power dissipation demands a proportional reduction of tail-

A 4

current sources, which will reduce the swing, and hepgs, j%n

by a factor of ¥NZ. ¢ .
s

C. Bipolar Differential Ring Oscillator ¢

A similar approach allows us to derive the correspondirfdg' 10. Phasors for noise contributions from each source.
results for a bipolar differential ring oscillator. In this case,
the power dissipation is given by (31) and the oscillation '

frequency by (32). The total noise current is given by the g | + m O Sl |
sum of collector shot noise and load resistor noise & O ity O oty
a2 4kT t X 2ty A sty

2 1 1
iy = wle + 2 =Tl ) 9

w0 A )
' A

+
B ©@ o o &

whereg. is the electron chargd = Ii.:/2 is the collector
current during the transition, andy,.. = 4kT"/q.. Using these
relations, the phase noise and jitter of a bipolar ring oscillator

Sideband Power below the Carrier [dBc]

are again given by (34) and (35) with the appropriate choice = €0 )
Of V::har- X X x X X
< o 0 o 0
VI. OTHER NOISE SOURCES 80 . .
107 10° 10
Other noise sources, such as tail-current source noise in a Offset from nfy [Hz]

differential structure, or SUbS_trate E?_r‘d supply noise SOUrCERy 11. sideband power below carrier for equal sources on all five nodes
may play an important role in the jitter and phase noise af ufy + fom.

ring oscillators. The low-frequency noise of the tail-current

source affects phase noise if the symmetry criteria mentionEd : : . . _
; . - Xpanding the term in brackets in a Fourier series, we can
in Section Il are not met by each half circuit. In such case

the ISF for the tail-current source has a large dc value, Whigsnow that it is zero except at dc and multiple 0, 1.€.,

increases the upconversion of low-frequency noise to phase N & t
noise. This upconversion is particularly prominent if the tail () = . > C(nN)/ i(r) cos (nNwor)dr  (38)
device has a large/¥ noise corner. P =0 o

Substrate and supply noise are among other importaf#erec; is theith Fourier coefficient of the ISF. Equation (38)
sources of noise. There are two major differences betwegjans that for identical sources, only noise in the vicinity of
these noise sources and internal device noise. First, the POYMEEger multiples ofNw, affects the phase.
spectral density of these sources is usually nonwhite and ofterrg verify this effect, sinusoidal currents with an amplitude
demonstrates strong peaks at various frequencies. Even mgreo ;A were injected into all five nodes of the five-stage ring
important is that the substrate and supply noise on differegdcillator of Fig. 1 at different offsets from integer multiples
nodes of the ring oscillator have a very strong correlatiogf the frequency of oscillation, and the induced sidebands were
This property changes the response of the oscillator to thefgasured. The measured sideband power with respect to the
sources. carrier is plotted in Fig. 11.

To understand the effect of this correlation, let us consider as can be seen in Fig. 11, only injection at low frequency
the special case of having equal noise sources on all the noggg in the vicinity of the fifth harmonic are integrated, and
of the oscillator. If all the inverters in the oscillator are th@how a—20 dB/dec slope. The effect of injection in the vicinity
same, the ISF for different nodes will only differ in phase byt harmonics that are not integer multiples &f is much
multiples of 2r /N, as shown in Fig. 10. Therefore, the totakmaller than at the integer ones. Ideally, there should be no
phase due to all the sources is given by superposition of (3jideband induced by the injection in the vicinity of harmonics

1 Nl 9n Fhat_are not integer muItip_Ies a¥; however, as can be seen
H(t) = Z / i(r)T <on + _> dr in Fig. 11, there is some sideband power due to the amplitude
Fmax [ =4 J—o0 N response.
1 t N-1 - Low-frequency noise can also result in correlation between
= / () [Z F(wOT + T)] dr. (37) uncertainties introduced during different cycles, as its value
Gmax J—co n=0 does not change significantly over a small number of periods.
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Therefore, the uncertainties add up in amplitude rather thanThe jitter and phase noise behavior are different for dif-
power, resulting in a region with a slope of one in thg-log ferential ring oscillators. As (34) suggests, jitter and phase
plot of jitter even in the absence of external noise sourcasise increase with an increasing number of stages. Hence
such as substrate and supply noise. if the 1/ noise corner is not large, and/or proper symmetry
measures have been taken, the minimum number of stages
(three or four) should be used to give the best performance.
VII. DESIGN IMPLICATIONS This recommendation holds even if the power dissipation is

One can use (23) and (34) to compare the phase-nold @ primary issue. It is not fair to argue that burning more
performance of sing|e_ended and differential MOS ring opower ina Iarger number of stages allows the achievement of
cillators. As can be seen folV stages, the phase noiséo€tter phase noise, since dissipating the same total power in a
of the differential ring oscillator is approximateliW[1 + Smaller number of stages results in better jitter/phase noise as
Vear /(R Iiai)] times larger than the phase noise of a sing|éong as it is possible to maximize the total charge swing.
ended oscillator of equaV, P, and f,. Since the minimum  Another insight one can obtain from (34) and (35) is
N for a regu|ar ring oscillator is three, even a proper|§hat the jitter of a MOS differential ring oscillator at a
designed differential CMOS ring oscillator underperforms it@iven Vpp, P, N, and f, is smaller than that of a differential
single-ended counterpart, especially for a larger number Rjpolar ring oscillator, at least for today’s range of circuit
stages. This difference is even more pronounced if propaid process parameters. As we go to shorter channel lengths,
precautions to reduce the noise of the tail current are b€ characteristic voltage for the MOS devices given by (30)
taken. However, the differential ring oscillator may still béeécomes smaller, and thus phase noise degrades with scaling.
preferred in IC’s because of the lower sensitivity to substraképolar ring oscillators do not suffer from this problem.
and supply noise, as well as lower noise injection into other LC oscillators generally have better phase noise and jitter
circuits on the same chip. The decision to use differentigpmpared to ring oscillators for two reasons. First, a ring
versus single-ended ring oscillators should be based on beg¢illator stores a certain amount of energy in the capacitors
of these considerations. during every cycle and then dissipates all the stored energy

The common-mode sensitivity problem in a single-endetiring the same cycle, while an LC resonator dissipates only
ring oscillator can be mitigated to some extent by using twér /@ of the total energy stored during one cycle. Thus, for a
identical ring oscillators laid out close to each other th&iven power dissipation in steady state, a ring oscillator suffers
oscillate out of phase because of small coupling inverteff®m a smaller maximum charge swing... Second, in a ring
[19]. Single-ended configurations may be used in a less noRscillator, the device noise is maximum during the transitions,
environment to achieve better phase-noise performance fofich is the time where the sensitivity, and hence the ISF, is
given power dissipation. the largest [16].

As shown in Appendix B, asymmetry of the rising and
falling edges degrades phase noise and jitter by increasing
the 1/f2 corner frequency. Thus, every effort should be taken
to make the rising and falling edges symmetric. By properly The phase-noise measurements in this section were per-
adjusting the symmetry properties, one can suppress or evemmed using three different systems: an HP 8563E spectrum
eliminate low-frequency-noise upconversion [16]. As shown ianalyzer with phase-noise measurement capability, an RDL
[16], differential symmetry is insufficient, and the symmetry oNTS-1000A phase-noise measurement system, and an HP
each half circuit is important. One practical method to achie\e5500 phase-noise measurement system. The jitter measure-
this symmetry is to use more linear loads, such as resistorsmoents were performed using a Tektronix CSA 803A commu-
linearized MOS devices. This method reduces tii¢ hoise nication signal analyzer.
upconversion and substrate and supply coupling [20]. AnotherTables I-1ll summarize the phase-noise measurements. All
revealing implication, shown in Appendix A, is the reductiothe reported phase-noise values are at a 1-MHz offset from
of the 1/f3 corner frequency asV increases. Hence for athe carrier, chosen to achieve the largest dynamic range in
process with large Af noise, a larger number of stages maghe measurement. Table | shows the measurement results for
be helpful. three different inverter-chain ring oscillators. These oscillators

One question that frequently arises in the design of rirage made of the CMOS inverters shown in Fig. 12(a), with no
oscillators is the optimum number of stages for minimum jittérequency tuning mechanism. The output is taken from one
and phase noise. As seen in (23), for single-ended oscillatarsde of the ring through a few stages of tapered inverters.
the phase noise and jitter in the/ f2 region is not a strong Oscillators number 1 and 2 are fabricated in am; 5-V
function of the number of stages for single-ended CMOS rif@MOS process, and oscillator number 3 is fabricated in a 0.25-
oscillators. However, if the symmetry criteria are not wellim, 2.5-V process. The second column shows the number of
satisfied and/or the process has a larg¢ hoise, a larger stages in each of the oscillators. TH& L ratios of the NMOS
N will reduce the jitter. In general, the choice of the numbeand PMOS devices, as well as the supply voltages, the total
of stages must be made on the basis of several design critemaasured supply currents, and the frequencies of oscillation
such as 1f noise effect, the desired maximum frequency adre shown next. The phase-noise prediction using (23) and
oscillation, and the influence of external noise sources, su@), together with the measured phase noise, are shown in the
as supply and substrate noise, that may not scale With last three columns.

VIIl. EXPERIMENTAL RESULTS
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TABLE |
INVERTER-CHAIN RING OSCILLATORS
NMOS | PMOS I Pred. Pred. Meas.
Index | N W/L W/L Voo rig A (23) 6) PN
Mm/pm | pm/um dBc/Hz | dBc/Hz | dBc/Hz
1 5 3/2 52 50 |03 232MHz | -119.9 | -117.7 |-118.5
2 11 | 472 6/2 5.0 0.5 115MHz | -127.2 |-1264 |[-126.0
3 19 | 10/0.25 | 20/0.25 | 2.5 10 1.33GHz | -111.8 | -113.0 |-111.5
TABLE 1
CURRENT-STARVED INVERTER-CHAIN RING OSCILLATORS
Ninv Piny Ntail Ptail I} ¥ Pred. | Pred. | Meas.
Index | N W/L W/L W/L W/L ”‘L’Z’ o (23) 6) PN
wm/um | um/um | pm/um | pm/wm MHz | dpe/Hr | dBe/Hz | dBe/Hz
4 3 35/ 70/ 28/ 56/ 234 | 751 |-113.8 | -116.6 | -114.0
0.53 0.53 0.53 0.53
5 5 21/ 42/ 23/ 46/ 2.51 | 850 | -111.7 | -111.9 | -112.6
0.39 0.39 0.39 0.39
6 7 14/ 28/ 36.8/ 73.5/ 249 {931 |-11057-1104 | -111.7
0.36 0.36 0.36 0.36
7 9 12.6/ 25.2/ 28/ 56/ 273 | 932 |-1104 | -113.5 | -112.5
0.32 0.32 0.32 0.32
8 11 | 10.5/ 21/ 146/ 291/ 2.65 | 869 | -1109 | -110.1 | -112.2
0.32 0.32 0.32 0.32
9 15 9.1/ 18.2/ 146/ 291/ 2.8 929 |-110.0-110.7 | -112.3
0.28 0.28 0.28 0.28
10 17 | 7.4/ 12.6/ 25.2/ 50.4/ 3.8 898 | -111.2-1094 ] -112.0
0.25 0.25 0.28 0.28
11 19 | 6.3/ 12.6/ 56/ 112/ 39 959 | -110.6 | -110.1 | -110.9
0.25 0.25 0.25 0.25

As an illustrative example, we will show the details ofigreement with the measured results. The die photo of the chip
phase-noise calculations for oscillator number 3. Using (16) tontaining these oscillators is shown in Fig. 13. The slightly
calculatel',,,,5, the phase noise can be obtained from (6). Wauperior phase noise of the three-stage ring oscillator (number
calculate the noise power when the stage is halfway throudhcan be attributed to lower oscillation frequency and longer
a transition. At this point, the drain current is simulated to behannel length (and hence smaltgx
3.47 mA. AnE, of 4 x 10° V/m and a~ of 2.5 is used in Table Il summarizes the results obtained for differential
(28) to obtain a noise power ¢f/Af = 2.87x10~22 A% /Hz.  ring oscillators of various sizes and lengths with the inverter
The total capacitance on each nodelig:,; = 71.8 fF, and topology shown in Fig. 12(c), covering a large span of frequen-
henceq,.x = 179.5 fC. There is one such noise source ogies up to 5.5 GHz. All these ring oscillators are implemented
each node; therefore, the phase noisdvidimes the value in the same 0.2%m, 2.5-V process, and all the oscillators,
given by (6), which results i{1 MHz} = —113.0 dBc/Hz. except the one marked with N/A, have the tuning circuit

Table Il summarizes the data obtained for current-starvelown. The resistors are implemented using an unsilicided
ring oscillators with the cell structure shown in Fig. 12(b)polysilicon layer. The main reason to use poly resistors is to
all implemented in the same 0.2Bn, 2.5-V process. Ring reduce ¥f noise upconversion by making the waveform on
oscillators with a different number of stages were designegéch node closer to the step response of an RC network, which
with roughly constant oscillation frequency and total poweas more symmetrical. The value of these load resistors and the
dissipation. Frequency adjustment is achieved by changifg/L ratios of the differential pair are shown in Table Ill. A
the channel length, while total power dissipation control fixed 2.5-V power supply is used, resulting in different total
performed by changing device width. ThE/L ratios of the power dissipations. As before, the measured phase noise is in
inverter and the tail NMOS and PMOS devices are shovwgood agreement with the predicted phase noise using (34) and
in Table Il. The nodeNbias is kept at Vpp, while node (6). The die photo of oscillator number 26 can be found in
Phbias is at 0 V. The measured total current dissipation arfeig. 14.
the frequency of oscillation can be found in columns 7 and To illustrate further how one obtains the phase-noise pre-
8. Phase-noise calculations based on (23) and (6) are in gaactions shown in Table Ill, we elaborate on the phase-noise
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TABLE I
DIFFERENTIAL RING OSCILLATORS

Pred. | Pred. | Meas.

W/L Ry | Luit | Prox ¥ Tuning 34) ©) PN
max

Index | N pm/pm o mA | mw range

dBc/Hz | dBc/Hz | dBc/Hz
12 4 14.2/025 |2k 1 10 2.81GHz | 34% -954 | 955 952
13 4 |84/025 |1k 2 20 447GHz | 42% -95.1 | -940 |-943
14 4 116.8/0.25 { 500 |4 40 3.89GHz | 44% 985 [972 |-974
15 4 [33.6/025}1250 |8 80 5.43GHz | 25% -98.77 | -99.6 |-98.5
16 4 |84/025 |2k 1 10 2.87GHz | 37% 952 | -96.6 |-93.8
17 4 116.8/0.25 | 1k 2 20 3.39GHz | 45% -96.7 | -97.9 |-96.8
18 4 |33.6/0.25 | 500 |4 40 5.33GHz | 32% -958 | 972 [-953
19 4 |16.8/0.25 | 2k 1 10 1.75GHz | 73% -99.5 [-975 |-952
20 4 |33.6/0.25 | 1k 2 20 2.24GHz | 58% -100.3 | -100.3 | -99.0
21 4 |33.6/0.25 | 2k 1 10 1.27GHz | 67% -104.4 | -101.8 | -100.2
22 4 |67.2/025| 1k 2 20 1.19GHz | 76% -105.8 | -102.6 | -100.2
23 4 133.6/0.25 | 2k 1 10 1.53GHz | N/A -100.6 | -989 |-97.3

6

13.4/0.25 | 3k 0.67 | 10 859MHz | 58% -103.9 | -106.0 | -104.3

25 (8 [67/025 |4k 0.5 10 731MHz | 74% -104.1 | -106.3 | -106.2

26 |12 |4.2/025 |6k 033 | 10 447TMHz | 52% -106.6 | -110.4 | -109.5

-

PESOI W/Lpiai ? §

Wilpiny }

WiLp

| 1
S
W/ LNinv
Wily —| I:| I:I |_
NE' W/LNyai l Q_

@ (b) (©

Fig. 12. Inverter stages for (a) inverter-chain ring oscillators, (b) current-starved inverter-chain ring oscillators, and (c) differertsaiiltaigrs.

calculations for oscillator number 12. The noise current ddagherefore, with anp of 0.9, (34) predicts a phase noise of
to one of differential pair NMOS devices is given by (28)£{1MHz} = —95.4dBc/Hz

The total capacitance on each node in the balanced case i§iming jitter for oscillator number 12 can be measured using
Ciotal = 41.6 fF, and the simulated voltage swing is 1.208 Vthe setup shown in Fig. 15. The oscillator output is divided
therefore,q,,,.x = 50.3 fC. In the balanced case, this curreninto two equal-power outputs using a power splitter. The CSA
is half of the tail current, i.e.Jp, = 0.5 mA, and therefore 803A is not capable of showing the edge it uses to trigger,
the noise current of the NMOS device has a single-sidebaasl there is a 21-ns minimum delay between the triggering
spectral density o /Af = 4.14x 10~2* A? /Hz. The thermal transition and the first acquired sample. To be able to look
noise due to the load resistori®y/ A f = 8.28x 10~ 2¢A? /Hz; at the triggering edge and perhaps the edges before that, a
therefore, the total current noise density is givenibyAf = delay line of approximately 25 ns is inserted in the signal
4.97 x 10~2* A? /Hz. For a differential ring oscillator with path in front of the sampling head. This way, one may look
N stages, there is one such noise source on each naatethe exact edge used to trigger the signal. If the sampling
therefore, the phase noise igv2times the value given by head and the power splitter were noiseless, this edge would
(6), which results in£{1MHz} = —95.5dBc/Hz The total show no jitter. However, the power splitter and the sampling
power dissipation iSVVppli.n = 10 mW, andR;, = 2k2. head introduce noise onto the signal, which cannot be easily
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Fig. 13. Die photograph of the current-starved single-ended oscillators.

Fig. 14. Die photograph of the 12-stage differential ring oscillator.

Tek CSA 803A

Input
Trigger
D.U.T.
. Power
Oscillator Splitter ) —
Delay Line

Fig. 15. Timing jitter measurement setup using CSA803A.

The effect of this excess jitter should be subtracted from the
jitter due to the DUT. Assuming no correlation between the
jitter of the DUT and the sampling head, the equivalent jitter
due to the DUT can be estimated by

_ 2 2
OATeff = UAT,meas - UAT,min (39)

whereoar o is the effective rms timing jittelg A7 meas IS the
measured rms jitter at a delayZ” after the triggering edge,
and oa7 min IS the jitter on the triggering edge.

Fig. 16 shows the rms jitter versus the measurement delay
for oscillator number 12 onlag—logplot. The best fik for the
data shown in Fig. 16 is = 6.18 x 10~?,/s. Equations (12)
and (35) resultinc = 5.95x 107%y/s andx = 6.07x107%/s,
respectively. The region of the jitter plot with the slope of one

distinguished from the device under test (DUT)'s jitter. Thigan be attributed to the/¥ noise of the devices, as discussed
extra jitter can be directly measured by looking at the jitter ot the end of Section VI.

the triggering edge. This edge can be readily identified sinceln a separate experiment, the phase noise of oscillator
it has lower rms jitter than the transitions before and after number 7 is measured for different values &fias and
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Fig. 16. RMS jitter versus measurement interval for the four-stage, 2.8-GHz differential ring oscillator (oscillator number 12).
1.2e+6 S on the phase noise and jitter at a given total power dissipation
and frequency of oscillation was shown for single-ended and
1.0046 || differential ring oscillators using the ger_1era| expression for
_ the rms value of the ISF. The upconversion of low-frequency
I 8.0045 + 1/f was analyzed showing the effect of waveform asymmetry
g I + and the number of stages. New design insights arising from
(] . .
2 this approach were introduced, and good agreement between
©  6.0e+5 | + + .
T theory and measurements was obtained.
+
S  4.0e+5 | B
< + APPENDIX A
T RELATIONSHIP BETWEEN JTTER AND PHASE NOISE
2.0e+5 | + . , .
-|—+ The phase jitter is
. . L . . \ . 2 21 2
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 OAg = E{A¢ } - E{[¢(t + AT) - ¢(t)] } (40)
Symmetry Voltage [V] where
Fig. 17. Phase noise versus symmetry voltage for oscillator number 7. AT F(w )
-
Ap = / 0 i(r) dr. (41)
PBias. These bias voltages are chosen in such a way as 0 Gmax
to keep a constant oscillation frequency while changing onfyherefore
the ratio of rise time to fall time. The /¥3 corner of the 1 AT AT
phase noise is measured for different ratios of the pullup and U?Aqb =—— / C(wor1 ) (woT2)
pulldown currents while keeping the frequency constant. One ‘Yma% o Jo
can observe a sharp reduction in the corner frequency at the - Eli(r)i(m2)] dry drs. (42)

point of symmetry in Fig. 17. For a white-noise current source, the autocorrelation func-

IX. CONCLUSION tion is Rii(t1,t2) = (1/2)(42 /A f)6(t1 — to); therefore

An analysis of the jitter and phase noise of single-ended o2 — }E/Af AT I2(wor) dr (43)
and differential ring oscillators was presented. The general AT 9 2. Jo
noise model, based on the ISF, was applied to the case of rinﬁ. :

. o : whHich is
oscillators, resulting in a closed-form expression for the phase
noise and jitter of ring oscillators [(6), (23), (34)]. The model 1Z/Af AT>T
was used to perform a parallel analysis of jitter and phase TA6 T 572 I AT for or (44)
max AT = mT.

noise for ring oscillators. The effect of the number of stages
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Analog and digital designers prefer using phase noise and | 1(x)
timing jitter, respectively. The relationship between these two
parameters can be obtained by noting that timing jitter is the

standard deviation of the timing uncertainty : I
f'rise f’f“”
9 1 /\ : o

Tag = w_gE{[¢(t + AT) - (/)(t)]Q} ‘7—' or X
_B[#W)] | [$e+AT)] B+ AT) T |
w3 w3 w§ T g
(45)

where E[-] represents the expected value. Since the autoc@g_. 18. Approximate waveform and the ISF for asymmetric rising and

. i ; . lling edges.
relation function of¢(¢), R,(AT), is defined as
Ry(r) = E[p(6)$(t + AT)] (46) APPENDIX B
NONSYMMETRIC RISING AND FALLING EDGES
the timing jitter in (45) can be written as We approximate the ISF in this Appendix by the function
5 depicted in Fig. 18. The rms value of the ISF is
0Ap = —3[Rs(0) — Ro(AT)] Co) L
0 Ems =52 FQ(‘T) dx
. . 27 Jo
The relation between the autocorrelation and the power spec- e Vil
trum is given by the Khinchin theorem [21], i.e., :l [/ T2 da:+/ 2 da:]
T 1Jo 0
‘ — = 27 fr 1 1 3
R = [ Sune (48) (Y 2
Q rise

where Sy(f) represents the power spectrum ¢fft). There- here s/ and f.,, are the maximum slope during the rising

fore, (47) results in the following relationship between clockng falling edge, respectively, antrepresents the asymmetry

jitter and phase noise: of the waveform and is defined as
!
] oo _ Jrise
2., =— S, in? df. 49 A=0 (53)
Ro=z | Sunstema. @) 7
noting that

It may be useful to know thab,(f) can be approximated
by £{Af} for large offsets [22]. As can be seen from the n _
foregoing, the rms timing jitter has less information than the fle  fin/  fhe
phase-noise spectrum and can be calculated from phase ngise = | . )
using (49). However, unless extra information about the shap@MPining (52) and (54) results in the following:
of the phase-noise spectrum is known, the inverse is not ) or2 1 14+ A3
possible in ge'neral. o ' s < 33 N3|: a +A)3}

In the special case where the phase noise is dominated
by white noise,L{Af} and » are given by (6) and (12). which reduces to (16) in the special case 4f= 1, i.e.,
Therefore, can be expressed in terms of phase noise in tRgmmetric rising and falling edges. The dc value of the ISF,

(1+4).  (54)

1 1 N
27r=77N< ) L

(55)

1/f? region as I'4e, can be calculated from Fig. 18 in a similar manner and
is given by
’ = pNe\ira)

where £L{Af} is the phase noise measured in thg¢fi
region at an offset frequency @ f and f; is the oscillation
frequency. Therefore, based on (8), the rms cycle-to-cycle jitter 3 (1—A)?2

will be given by hup =ty gy G4y Ay

Using (7), the ¥f3 corner is given by

(57)

f —L{Af}/20 As can be seen for a constant rise-to-fall ratio, th¢*1corner
—-10 . (51) . . 4 .
fis decreases inversely with the number of stages; therefore, ring
oscillators with a smaller number of stages will have a larger
Note that for (50) and (51) to be valid, the phase nois& At 1/f2 noise corner. As a special case, if the rise and fall time
should be in the Af? region. are symmetricA = 1, and the ¥ 3 corner approaches zero.

gcre =
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