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Jitter in Ring Oscillators

John A. McNeill
Abstract—Jitter in ring oscillators is theoretically described, N delay stages
and predictions are experimentally verified. A design procedure A

is developed in the context of time domain measures of oscillator
jitter in a phase-locked loop (PLL). A major contribution is the
identification of a design figure of merit x, which is independent NG NG NG

of the number of stages in the ring. This figure of merit is used
to relate fundamental circuit-level noise sources (such as thermal -
and shot noise) to system-level jitter performance. The procedure

is applied to a ring oscillator composed of bipolar differential
pair delay stages. The theoretical predictions are tested on 155
and 622 MHz clock-recovery PLL’s which have been fabricated
in a dielectrically isolated, complementary bipolar process. The
measured closed-loop jitter is within 10% of the design procedure periodic output signal. The actual resonant element might be

prediction. anLC tank or a quartz crystal. Resonant circuit-based VCO'’s
Index Terms—Design methodology, jitter, noise measurement, are¢ known to have excellent jitter performance [10], [11].
oscillator noise, oscillator stability, phase jitter, phase-locked Unfortunately, the requirement of an off-chip tank or crystal
loops, phase noise, voltage controlled oscillators. defeats the purpose of integrating the PLL function. Although
integrated inductors have been reported in the GHz frequency
range [12], these generally have I@wvdue to resistive losses,

and in any case are not practical in the 100 MHz-1 GHz

D UE to their speed and ease of integration, ring oscillatofs,qency range. Analysis of noise in resonant-based VCO's
are increasingly being used as voltage controlled oscik |\ e developed in the literature [13]-[15], and design

lators (VCO'’s) in jitter sensitive applications. One example il%chniques for realizing low jitter performance are relatively

in clock recovery phase-locked loops (PLL's) for serial dalge|| ynderstood. In general, the noise analysis has been

communication [1]-[3]. Other applications that would benefﬁpproached in the frequency domain, with the higtof the

from the cost and size advantages of a fully integrated Io%c,jit resonance filtering noise into a narrow band near the
jitter VCO include disk drive clock recovery [4], [5], clock¢,qamental frequency.

frequency multiplication [6], [7], and oversampling analog-to-
digita_l converters (ADC's) [8], [9]. _ B. Multivibrator

This paper presents a framework for a theoretical un- ] o ) ] )
derstanding of fundamental limits on jitter performance in A relaxation (multivibrator) oscillator is characterized by
ring oscillator VCO's and a design methodology for cond" equwalence to one energy storage element, with a(_jdltlongl
necting system-level, closed-loop PLL jitter performance tgrf:wtry thgt senses the element_ state and contrpls its exci-
circuit-level VCO design. Section Il begins development d#tion to give a periodic output signal [16]. Fully integrated
this approach by comparing the ring oscillator to harmonflock recovery PLL’s have been d"escrlbed using mul'glwbrator
and relaxation oscillators in the context of noise analysi¥CO’S [1], [17]-[19]. In general, jitter analysis for this type
Sections Il and IV continue development in terms of tim@f oscillator has been approached in the time domain [16],
domain measures of jitter performance. Section V presentdl: [21]. The jitter performance of the multivibrator is

the key equations of the design methodology as app”gaown to_be worse than the harmorﬂc oscillator,. although
to a bipolar differential pair delay stage. Section VI giveSOMe design techniques for improving jitter are available [16],
experimental results. [22], [23]. The best jitter performance that has been achieved

by a multivibrator is larger than typically desired for fully
integrated VCO's.

Fig. 1. Typical ring oscillator schematic.

I. INTRODUCTION

Il. COMPARISON OF OSCILLATOR TYPES

C. Ring Oscillator

. ) ) ) , Fig. 1 shows the general ring oscillator investigated in this
A harmonic oscillator is characterized by an equivalence {9, 5 loop of N' delay stages with a wire inversion. The

two energy storage elements, operating in resonance, 10 giVG will oscillate with a period of 27 times the stage delay.
Manuscript received July 9, 1996; revised December 10, 1996. This wodoltage controlled ring oscillators have recently been explored

A. Harmonic Oscillator

e Suthor is with Worcester Polytechmic IstiLte, Worcester, M o16cig 21 2lternative to the multivibrator for fully integrated, lower
USA. y ' ’ Jitter clock recovery PLL's [2], [3], [7], [24]-[31]. Like the
Publisher Item Identifier S 0018-9200(97)03830-4. multivibrator, a ring oscillator is fully integrable. In addition,
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some of the empirical results show promise of excellent jitter Intuitively, (1) can be understood by considering the jitter
performance [3]. However, investigation into a theoreticalver the measurement intervalT” to be the sum of jitter
analysis of jitter has only recently begun for bipolar [30], [31¢ontributions from many individual stage delays. If these jitter
and CMOS [32], [33] ring oscillators. Perhaps one reason thatrors are independent, then the standard deviation of the sum
analysis of jitter in ring oscillators has lagged is that the rinipcreases as the square root of the number of delays being
does not fit well into either of the harmonic or multivibratosummed.

oscillator models. The number of energy storage elements

is not as explicit; in fact there are many “energy storage. Closed Loop, Self Referenced

lements” since the ring i m f multiple st . .
elements” since the ring is composed of multiple stages The open-loop and closed-loop jitter performance can be

related by measuring the “stand-alone” jitter performance of
the clock recovered under closed-loop conditions, as shown in
The design technique developed in this paper follows frofig. 2(e). When lead-lag compensation is used, the closed-loop
different methods of measuring jitter in the time domainransfer functionH (s) is that of a second-order system [35].
Following is a brief description of three relevant time domair clock recovery PLL’s, however, it is common to overdamp
measures of jitter. Note that in the closed-loop cases, ittise loop to avoid peaking in the jitter transfer function [30],
assumed that the VCO is the dominant jitter source. and the loop transfer function can be approximated as

I1l. M ETHODS OF QUANTIFYING JTTER

A. Closed-Loop, Transmit Clock Referenced H(s) = 2rfi )

For a clock recovery PLL, jitter is usually specified as the s+2nfr

standard deviatiorr, of the phase difference between thevhich is a first-order system, wheyg is the loop bandwidth.
transmitted clock and the recovered clock. This measurementthis case, the plot obar(cr) versusAZ is of the form
can be made as shown in Fig. 2(a), using an instrument sugfown in Fig. 2(f) [30], [32]. The plot shows two asymptotes
as a communications signal analyzer (CSA) [34]. The transmiihich can be understood qualitatively as follows: At short
clock TCLK is used to trigger the CSA; the recovered clocKelays, the jitter increases in proportion to the square root
RCLK is observed as the CSA input. In the presence of jittesf delay, just as in the open-loop case. This is because at
a distribution of threshold crossing times is observed as shoviifie scales shorter than the loop bandwidth time constant, the
in Fig. 2(b). The CSA records a histogram of this distribution/CO control voltage cannot change appreciably, and the VCO
the standard deviation of the distributionds. is essentially running open loop. At longer delays, the phase
Although this test is a simple indicator of PLL performancejetector and loop filter are able to sense accumulated phase
the test provides little information on improving jitter fromerror due to VCO jitter and adjust the VCO input to bring the
circuit-level noise sources if,. is not satisfactory. This test\VCO phase “back in line” with the transmit clock. At very
also requires the PLL to be operating closed-loop. VCO desi@hg delays, the jitter over the measurement interdl is
and simulation would be simplified if we could consider th@ue to theo, jitter at the beginning and end of th®7” time
VCO by itself (open loop), while being able to predict theyeriod. Since the jitter errors of clock edges separated by a

closed-loopo,. long delay are uncorrelated, the total jittervRo,..
Analysis [30] shows that the two asymptotes intersect at
B. Open Loop, Self Referenced the loop bandwidth time constant, = 1/27f.. We can use

We can also measure the jitter of the VCO on a stand-alollss to solve for the closed-loop, in terms of the open-loop
basis as shown in Fig. 2(c). With the VCO free-running at ifégure of merits
center frequencyRCLK is used as both the trigger and the i
input to the CSA. The CSA compares the phase difference Op = Ky| ——. (3)
between transitions in the clock waveform, separated by an Arfr
interval AT derived from the CSA’s internal time base. As in | fr is a free parameter, the closed-loop jitter can be

the previous case, thg CSA measures the standard deviahgiced simply by increasinfy,. However, if f;, is fixed (for
of the threshold crossing times\z(or). example, by specification as in SONET [36]), then the only

In this measurement, however, the standard deviation i to reduce closed-loop jitter is to improve the oscillator by
observed to depend on the measurement intekal Fig. 2(d) reducing the open-loop time domain figure of merit

shows a typical plot ob a7 oLy VersusAT on log—log axes.
It can be shown that, for a large class of noise processes

[30][32], the jitter increases as the square root of the mea- |V JITTER INDEPENDENCE OFRING LENGTH
surement interval The parameter. is a link between the open-loop VCO and
the closed-loop system-level jitter performance. We will see in
oaroLy(AT) ~ kVAT. (1) el JHer p

Section V that, at the circuit level, it is possible to determine

The proportionality constami is an important time domain x for a single delay stage. To complete the design path from

figure of merit which will be used in design to connect opereircuit level to system level, it is necessary to determine how

loop and closed-loop performance, as well as circuit-level attie circuit-level x is affected when a number of stages are
system-level design. combined to form a ring oscillator.
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Fig. 2. (a) Measurement technique: time domain, closed loop, and transmit clock referenced. (b) Measurement result: standard degiatiopRe LK
phase. (c) Measurement technique: time domain and open loop. (d) Measurement result: standard deviation versusAélayefifvteasurement technique:
time domain and closed loop. (f) Measurement result: standard deviation versus delaxTime

An experiment was performed in which ring oscillators o$quares-fit values fot, as well as the free-running VCO center
lengths three, four, five, seven, and nine stages were fabricatedjuencies.
in a 3-GHz fr junction-isolated Si bipolar process [31]. Fig. 4 shows that the jitter increases roughly as the square
The delay element was the gate shown in Fig. 3. The jittewvot of delay time, consistent with the model of (1). More
performance for each ring was measured using the open-laomortantly, the jitter over a given measurement interval is
technique described in Section 11I-B; the results are plottede same regardless of how many stages there are in the ring.
in Fig. 4. The experimental results in Table | show the leastable | shows that the: values are approximately the same
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R X vce This may seem counterintuitive at first: when more delay
_]_ L stages (and, seemingly, more noise sources) are added, why is
cel ;Rm ;RCZ ce the jitter unchanged? The reason can be seen by considering
the jitter accumulation process from the “point of view” of

the signal transition or “edge” that propagates around the
ring. The only delay stage that affects jitter accumulation at a
given instant is the stage that is processing the transition. All

other gates in the ring are inactive and do not contribute to
+ o———f&ﬁj—— O + jitter. Thus, from the standpoint of jitter accumulation, the key
VIN Vourt

- VeoLL +

¥ \

! g measure is the number of gate transitions, not the number of
© *IEE 1 © oscillator periods. This is why measures that normalize to the
oscillator period are not independent of the number of stages
o VBIAS b L [32].
RE V. DETERMINING x EXPRESSIONS FORITTER SOURCES
VEE

To determines at the gate level requires a detailed analysis
Fig. 3. Differential pair delay gate. of each circuit-level noise source and depends on the partic-
ular gate used as the delay element in the ring. For design
illustration, the simple delay stage shown in Fig. 3 will be

analyzed. The input voltaggy causes differential paip; /Q)-
to steer the tail currenfgg to one of the collector loads,
Look Z é o%’,' _RCl or Reo. Capacitors_C_Cl andQCQ represent wiring stray,
5o o@ R junction, and any explicit capacitances that may be present
70 o@ at the collector node. We begin the analysis by noting that
= 9 0 o@x’ the delay through the gate has two components: the delay
2, ozsa through the differential pair (fromqn to veorn), and the
E am delay through the emitter follower buffers (fromorr to
;% @ slope =1/2 vouT). To simplify the analysis and make the results easier
g éﬁ' (AT) to interpret, we will now make some assumptions regarding
E"ﬁ) the gate delay.
)i I i) The gate delay is dominated by the differential pair
g" AT delay [nsec) delay.
0% 10'00 10000 i) The differential pair delay is dominated by the RC time

constant of the load.
Fig. 4. Jitter versus delay for three-, four-, five-, seven-, and nine-stage rings.iii) The differential signal amplitude is much greater than

VT = kT/qe.
TABLE | iv) The amplitude of the noise is much smaller than the
RING EXPERIMENT RESULTS differential signal.
RING K o v) All noise sources are white and uncorrelated.

STAGES [E-08Vsec] [MHz] As has been shown in the literature [37], the switching
3 417 170.1 time of a differential _pair depends on many fa_ctors, SO some
tradeoff of accuracy is necessary to obtain a simple analytical
4 3.56 l64.1 expression. Generally, as long as assumption iii) holds, the
5 3.78 102.7 differential pair switches the tail current much faster than the

7 377 71.9 RC time constant of the collector load, and assumption ii)
9 304 568 introduces an error less than 20% of delay time. The error due

to assumption i) is usually less than 10%. Although the error
in delay time due to these assumptions is not insignificant,

regardless of the length of the ring: even as center frequer’f@? assumpt'ions“are ne\{ertheless justified_sincg the resulting
varies by a 3: 1 ratio over a range of 56—-170 MHz, the value g}e_-o_ry preo_llcts Jitter qwt_e well and_ prowdgs insights er

x changes by onl#-8%. We conclude that the ability of a ringguldlng design. _Th(_e_followm_g subsectloqs de”".e the effectw_e
to accurately measure an interval of time depends primarily Mor the most significant noise sources in the differential pair
the accuracy of its basic delay element as characterized b)gelay‘

and is essentially independent of the number of stages in the i i

ring. When we have characterized the accuracy of the defdy 1hermal Noise of Collector Load Resistors

stage in terms ok, we can predict the jitter for a ring of any For noise analysis, the circuit can be modeled as shown in
length using that stage. Fig. 5(a). Thermal noise in the collector load is represented by
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Fig. 5. (a) Noise model, (b) voltage waveformB1/Rc+ thermal noise (noise effect exaggerated), (c) tail current source noise waveforms, and (d)
differential input switching noise waveforms.

enr., ande,r.,. These sources appear directlywat; and waveform, solving (4) forZ; gives
vea, but are bandlimited by th&, Ce; and ReoCeo poles.
If the differential pair is represented by an ideal switch that

is switched at time = 0, the noise-free differential signal is e slope of the differential signal is given by taking the

Td =In (Q)Rccc. (5)

given by derivative of (4) with respect to time and evaluatingZat
giving
t) = t) — t
veoLL(t) =vea(t) — vei(t) » dvovr| _ lep ©
:IEERC |:1 -2 exp <RCCC>:| (4) dt T, CC

The solid lines in the figure represent the actual collector
with Rc1 = Reo = Re and Cecr = Ces = Ce. The waveforms, including the exaggerated effect of typical thermal
noise-free exponential waveforms are shown as dashed limesse waveformsu,(¢) and v,2(¢). By superposition, the
in Fig. 5(b). The gate dela§; is defined as the time whennoise waveforms simply “ride” on the ideal exponential. The
the differential voltagescorr, crosses zero. For the noise-fregesult is that, at the time of the ideal differential waveform
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zero crossing, there is a voltage ertar. This causes a time The analysis can be simplified by using assumption iii)
error in the threshold crossingt. Since [by assumption iv)] to idealize the differential pair as switching instantaneously.
the noise is much less than the exponential signal, then (6) d¢ég. 5(c) shows the resultingc; and vco waveforms, as
be used to relate the errofs and 6¢, as well as the standardwell as the superimposed noise waveforms andv,,». Prior
deviations of errorsr, and oy to switching, the noise current througR-; causes a noise

ov _ Ipp - voltagev,,; with standard deviation given by

oo Cc’ . 1
oy, (t £0) =ingeRc

The standard deviation of the differential voltage error is 4RCe
simply the square root of the sum of the squared (RSS) inge  [Re
individual standard deviations,; and o,». Applying the =75 Voo (11)

Johnson noise equation gives the well-known result =

os2 = /KT/Cc, so the standard deviation of the differential When switching occurs at = 0, this voltage is sampled
voltage is on C¢y. Fort > 0, v, decays exponentially with a time

constant of R-Cc, so that

[2kT ®)
Oy = A —. .
Ce oy, (t>0) = LngE \/ % e/ ReCe, (12)
Using (7) and (8) gives for the standard deviation of the ¢

time error (the jitter) For v,2, analysis shows [30] that the standard deviation
“builds up” as

. 9) ;
I%E OV, (t > 0) = LnS’E % v1-— e 2t/RcCc (13)
x for the individual gate is determined by dividing the N

standard deviation of delay by the square root of the average 12king the root sum of (12) and (13) and evaluating/at
delay in (5) gives the standard deviation of the differential voltage at the

zero crossing time as

(257

inge [Rc (14)

e T VT o
_ /2 T (10) R
V@V IZRc Using (7) and (14) gives the standard deviation of the time

uncertainty as
# has dimensions of/sec, and from (10) we see that this y

comes about by taking the square root of an energy) ( _1 'ReCo LnEE 15
divided by a power 1% Rc). The rms thermal energgl’ T3 € Ipp (13)

represents an uncertainty in the energy of the collector load'Dividing o, by the square root of the delay in (5) gives
I% R represents the dc power dissipation (energy flow) in

the collector load. The intuitive meaning of (10) is that oo 1 mEE (16)
characterizes the gate’s ability to resolve time (jitter) by an 2vIn2 Ik

e_nergy2uncertaintyl<J(T) as a fraction of the energy flow over It is interesting to consider (16) when expressionsifgfg
t|mg UEglc). _ . L are substituted for shot and thermal noise.

Since lowerx corresponds to improved jitter, (10) indicates Shot Noise: Substituting the shot noise densify gy =
that jitter improves when bias curreht g is increased. This is : :

. ; : 2q.Igg into (16) gives

similar to results that have been reported for differential dela
stages in CMOS ring oscillators [32], [33]. Equation (10) also o — 1 Qe
indicates that jitter is improved when the dc power dissipation V22 Vige'
I% R is increased. This is similar to the results of the noise

analyses for harmonic and relaxation oscillators [14], [16].

(17)

In this case, the gate’s ability to resolve time is characterized
by the smallest resolvable unit of chargg)(as a fraction of
the charge flow over timelgg).
Thermal Noise:If the tail current source is degenerated,
Noise is also present in the tail current of the differentighe output noise will be dominated by the thermal noise of
pair. This is represented by noise souiggr. In this case, the degeneration resistor [38]. Using the thermal noise density

the source is switched so the analysis is somewhat mere, . — | /akT/R in (16) gives
complicated. Whenyyy is large enough to fully switch the

differential pair, the current noise is passed to the output, but is 1 LT
bandlimited by the either thB-1C1 or Rc2Ceo pole. When RRp = vin2 \ 12 Re’ (18)
vin IS small, the differential pair is approximately balanced,

the tail current noise is a common-mode error, and its effectThis is similar to (10) in that the gate’s ability to resolve
on the differentialvcory, is reduced. time is characterized by the energy uncertainft§f’Y as a

B. Tail Current Noise




876 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 32, NO. 6, JUNE 1997

fraction of the energy flow over timd % Rg) in the element  This is similar to (17) in that the gate’s ability to resolve

that determines the current. time is characterized by charge ) divided by current {gg).
Again, in both cases an increase in bias curigns results In this case, the relative magnitude of the total equivalent
in lower , which corresponds to improved jitter. base resistance,r and the collector resistancB. impose

an additional scale factor.
C. Sampling of Input Noise by Switching of Differential Pair

There are also noise sources in series with the inputs of tRe Noise at VCO Input

differential pair, represented by an equivaleptin Fig. 5(a).  For any VCO, white noise at the VCO input will modulate
This is due to thermal noise of th@,/Q, transistor base the VCO frequency and add jitter. It can be shown [30] that
resistances [39] as well as other wideband noise sourg@site noise at the VCO input will give jitter following the

(such as emitter followers in the signal path) going bagkodel. For a white noise density of,vcoy,  is given by
to veorr, of the preceding stage of the ring. Calculating

the jitter effects of these sources is complicated by the fact 1 K,

that the gain from input to output depends on the signal Rvco = V2 w_oen(VCO) (25)
amplitude. Fig. 5(d) shows the input waveforms, the time-

dependent transconductance, and the collector voltages where K, is the VCO scale factojrad/V - se¢ andw, is the

and veo. VCO center frequency [rad/sec].
The input—output characteristic of a bipolar differential pair
is E. Other Noise Influences
iour = Igp tanh <”I_N) (19) All of the above-mention_ed sources of jitter are an inherent
2Vr part of the components in the ring. In practice, external

where tanh is the hyperbolic tangent function [39]. The incréafluences (such as power supply sensitivity) are often a
mental gain is dominant source of jitter [7], [11], [30]. The “noise floor”

diou set by the sources described above will not be realized unless
Gm = To externally caused jitter can be reduced to a sufficiently low
I a v level.
EFE IN
=Zsech [ — 20
2Vr <2VT> (20)

) ) F. Combiningx from Different Sources
where sech is the hyperbolic secant. Si he ibution f ind d
For input signals that are large compared¥is, the gain ince each: represents a contribution from an independent

to the output current is small. Thus, the input voltage noid?iS€ voltage [by assumption v)], then theof all sources
has little effect when the input signal is large. As the inpdpgether is just the RSS combination of the individuaerms
signals cross over during switching, however, the gain risd®®M (10), (16), (24), and (25).

During this time, the input voltage noise causes a noise current

which is integrated on the collector capacitors. Although the VI. |MPLICATIONS FOR DESIGN

integration is “leaky” due to the discharge path through;

and R¢2, some of the integrated noise still remains when thlg
collector voltages cross approximatély later. Assuming all

noise sources to be white, and lumped into a single sou
with densitye,,, analysis [30] shows the standard deviation g
the differential voltage at the zero crossing is

To design for a desired closed-loop jittef, the first step
to use (3) to determine the value ef Then (10), (16),
rgé), and (25) can be used in a noise budgeting process
assign contributions of each source to the totalFor
ach source, the design equations provide an explicit linkage
between system level jitter (as describeddand circuit-level
€n IpE design considerations.
ou(Ta) = 2 V3covy (1) For example, in the case of low power design, (10) and
The time uncertainty obtained by dividing by the slope is(18) seF a limit on the bgst _pos_sible jitter that can be achieved
for a given dc power dissipation. As another example, (24)
en Ce shows that for a given equivalent base resistange there is
) 3peVy (22) a link between waveform amplitudg; g R and jitter. Thus,
in the case of low supply voltage design (with little headroom
Dividing by the square root of; gives for large signal swings), we can immediately determine the
best possible jitter that could be achieved at a given signal
K= 1 en 1 . (23) amplitude.
2v31n 2 TepRcVr The expressions for different sources of jitter allow the

Substituting the noise density expressian = vakTror designer to determine which source is the major contributor

. . . . in a given design. The equations also show the temperature
(for an equivalent total base resistangg) into (23) gives dependence of jitter, which is important since it is possible

[ 1 Qe ToT (24) to compensate by making circuit parameters (such as the tail
T V3m2 Vler Re t1 I
n EE IiC currentlgg) temperature dependent as well.

g =
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SUMMARY OF DESIGN PARAMETERS, PR]E—’EA)\IE‘IITIIEED IIIDERFORMANCE AND MEASURED RESULTS
Open Loop VCO 155 MHz PLL 622 MHz PLL
Si Bipolar Si Bipolar Si Bipolar
Process Junction Isolated Dielectrically Isolated Dielectrically Isolated
f,=3GHz f,=5GHz f, =9 GHz
Re 500 1.9 kQ 500 Q
Rg 4.0kQ 9.5 kQ 2.5kQ
o1 1.65 kQ 4.80 kQ 1.29 kQ
I 280 pA 122 A 400 pA
eavco) 11 nVAHz 95 nVAHz 34 nV/VHz
f, 164.1 MHz 155.4 MHz 622 MHz
K, 44.1 MHz/V 70.2 MHz/V 240 MHZ/V
fi, - 228 kHz 330 kHz
K (predicted) 3.51E-08 Vs 5.46E-08 s 2.73E-08 Vs
o, (predicted) - 32.3 ps rms 13.4 ps rms
K (measured) 3.56E-08 s 6.05E-08 Vs 2.41E-08 s
o, (measured) - 35.0 ps rms 13.07 ps rms
X error -1.3% -9.7% +13%
G, error --- -1.8% +2.7%

The relationship between open-loog) (and closed-loop B. Open-Loop Hardware Test
(o) performance expressed in (3) is also useful in evaluationThe measured jitter of the three-, four-, five-, seven-, and

of actual devices. From an open-loop VCO measurement gfq stage ring oscillators of Section IV can be compared to
r, we can predict what the closed-loop performance should g, prediction of Section V. The design parameters for the
if limited only by the VCO jitter. Then we can compare thisring delay stage circuit are given in the “Open Loop VCO”
prediction with actual closed-loop measurements to determif§ mn of Table Il. The predicted value of is given by
if performance is being degraded by jitter coupled from othgf,pstituting the circuit parameter values into (10), (16), (24),
on-chip circuitry. and (25). Combining these in RSS fashion gixes 3.51E-08
\/S. The dashed line in Fig. 4 shows the predictedror,)
corresponding to this value of. Good agreement is seen
between this plot and the measured results.

For the four-stage ring, the circuit implementation allowed
A. Simulation variation in thelgg tail current. Table Il gives the measured

To test the results of the mathematical techniques develoﬂsauns and the predictedvalues. The results in Fig. 6 show

in Section V, the effects of the individual noise sources iﬂOOd agreement, to within 5%.

the circuit of Fig. 5(a) were simulated using transient noise )

sources and a differential pair behavioral model followin§- Closed-Loop Clock Recovery PLL Design

(19). The simulation environment allowed control over the Using the technique of Section V, voltage controlled ring

circuit conditions so that it was possible to isolate the effectscillators were designed and fabricated in 155 and 622 MHz

of individual noise sources, something that would be difficuttiock recovery PLL’s [40]. Voltage control of frequency was

if not impossible in a physical circuit. achieved by taking a linear interpolation of signals at different
For each of the noise sources, circuit parameters wesages in the ring [41]. Table Il gives process information,

varied over an order of magnitude range around design centacuit design values, predicted performance, and measured

values. The simulated results [30] showed agreement to withisults for each case. Substituting these into (10), (16), (24),

10% of the predicteds values, except when one of theand (25), and combining in RSS fashion gives the predicted

assumptions i)—v) of Section V was not met. The only regiomalue of x. Using thisx and the loop bandwidtlf; in (3)

of significant disagreement was for signals of amplited®r-. gives the predicted value of,. As can be seen from Table II,

This limitation is not encountered in practice since largehe agreement between the predicted and measured results for

signal amplitudes are used to realize lower jitter. % andg,, is quite good. Fig. 7 shows the measured closed-loop

VIl. EXPERIMENTAL RESULTS
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TABLE I
MEASURED RESULTS AND PREDICTED x VERSUS IEE
K components [E-08+/sec | K [E-08 Vsec ]
Igg Al || Kt | KRc | KrRe | KvCO || PREDICTED | MEASURED |[ERROR [%]
280 3.01 1.75 0.44 0.22 3.51 3.56 -1.3
470 233 1.04 0.26 0.22 2.56 2.57 -03
505 2.24 0.97 0.24 0.22 246 2.50 - 1.7
540 2.17 0.91 0.23 0.22 2.36 2.41 -19
570 2.11 0.86 0.22 0.22 229 2.37 -33
600 2.06 0.82 0.20 0.22 2.22 2.33 -4.5
4.0 Tek e
Detlra
O MEASURED
12.75mY
3.5 - —— PREDICTED
?
2
o 3.0 |-
<
ek
: ¢
25
S
IEE [pA] div
2.0 | | | ]
200 300 400 500 600 700

Fig. 6. « versus tail current IEE.

o, 0f 13.07 ps rms for the 622 MHz clock recovery PLL with i’n
a pseudorandom data input. 1

VIIl. CONCLUSION

This paper has developed a methodology to guide design of
low-jitter, voltage controlled ring oscillators. The key design
parameter is the time domain figure-of-meyjtwhich provides _-
the link between circuit-level design and system-level jittgr 38,
(The design technique can also be related to frequency dom T
measures [30], which is beyond the scope of this paper.) A k
insight of this approach is that jitter performance of a ringg

>

Mean 35,

RMSA 13,87

=

L) sl 03

[InRasRB N,
el

Q) LY Moo =
=

[an sl

w3 3

gate and not on the number of gates in the ring or the rmg
operating frequency. Explicit expressions were developed to
provide a simple, direct means of relating jitter performandég. 7. Measured closed-loop jitter of 622 MHz PLL.

to fundamental design parameters. Experimental results at 155
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