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Abstract-CMOS Phase-locked loops (PLL) are ubiquitous in one drawback; the VCO system is treated as a deterministic sys-
RF and mixed-signal integrated circuits. PLLs are very sensitivelem in the presence of noise. In paper [7] a stochastic model of
to noise fluctuations on the power and ground rails. In this paperthe P/G noise for different values of the on-chip decoupling
a ?eneral comprehensive stochastic model of the power/groundapacitance is proposed. Paper [7]\,_however, does not consider
(P/G) noise in VLSI circuits is presented. This is followed by cal-the more general case of having multiple clock frequencies inside
culation of the phase noise of the voltage-controlled oscillatorthe chip.

(VCO) in terms of the statistical properties of supply noise. The | this paper we focus on the charge-pump PLL due to its
PLL timing jitter is predicted in response to the VCO phaseyjdespread use in today’s frequency synthesizers and clock gen-

clock generator with a lock range of 100MHz-400MHz is paper are as flo||o\5)\,s: ' ibutions of the present

described. Our mathematical method is utilized to study the jit- o L )
ter-induced P/G noise in this PLL. A comparison between thel. Predicting the timing jitter of a PLL in terms of the phase
results obtained by our mathematical model and those obtained noise of the VCO resulting from the power supply noise.
by dH|SPICE simulation prove the accuracy of the predicted This is accomplished by using a stochastic model for the P/
model. G noise.
2. Designing a low power, 2.5V, 0.p3CMOS PLL clock gen-

1. INTRODUCTION erator with a lock range of 100MHz-400MHz and compar-
Phase-locked loops (PLLs) are essential wherever a local eventis ing our mathematical model of jitter induced P/G noise with
synchronized with a periodic external event. They are utilized as ~ HSPICE simulation and actual measurement.
on-chip clock frequency generators to synthesize a low skew and The outline of the paper is as follows. In secti a block dia-
higher internal frequency clock from an external lower frequencyyram of the PLL system in the presence of all relevant noise
signal. In data communications and disk drive read channe %ources is briefly described. Section 3 gives a statistical modeling
PLL systems are also used as clock recovery systems. In all §Jf the P/G noise. Section 4 relates the VCO noise to the statistical
the above applications, the random temporal variation of theyroperties of the P/G noise. Section 5 formulates the effect of the
phase, or jitter, is a critical performance parameter. In recentco noise source on the output phase of the PLL. Section 6
years the trend toward increasing clock frequency has made thesscribes the design of various PLL components. In section 7 the
design of low jitter PLLs even more critical due to the hUQG:?'ming jitter and other PLL specifications are measured and pre-

impact of on-chip noise sources (e.g., power/ground noise an i ;
substrate noise) on the PLL timing jitter. The increasing deman ented. Finally, section 8 concludes our paper.

to integrate all circuit components on the same chip gives rise to 2. SYSTEM MODELING FOR PLL NOISE ANALYSIS
some critical noise tolerance requirements for a PLL. The powerll_ . . .
ground (P/G) bounce along with the lower supply levels in mod- Ihe system block diagram of a PLL along with various random
ern VLS| circuits, make the design of lowjitter PLLs a challeng- NOise sources is shown in Fig. 1. In general all the loop compo-
ing task. Excessively large jitter consumes some of the clock'€nts may contribute to the output noise and accumulated jitter.
budget and can cause error in the communication links inside and The effect of noise on phase detector performance has been
between chips. studied in [8]. Phase detectors are not, however, a major source
The P/G noise consists of the resisti® drop due to wire 0f noise in a PLL [8]. The passive low-pass filter introduces ther-
resistances and inductivé  -noise due to the chip-package wirf@al and shot noise. The timing jitter due to these device noise
inductance [1][2][3][4]. In today’s deep submicron designs with SOUrces turns out to be significantly less than that due to substrate
smaller feature sizes and faster switching speeds, the inducti@?d P/G noises [7]. As a result, timing jitter is mainly associated
component of the on-chip interconnect impedance becomes con¥lith two important noise sources:
Barable taR, and the on-chip power-bus inductance can no longer . nojse at the input
e ignored. The power supply noise may drive the voltage-con- . hhase noise of the VCO
trolled oscillator (VCO) of the PLL away from its correct fre- - . .
guency, causing the unwanted random uncertainty in frequency The loop frequency bandwidth of the system determines which
and even making the PLL lose its lock. In the meantime, the supf0ise source has a higher impact on the timing jitter of the out-
ply noise affects the performance of the phase detector and tHit: A narrow loop-bandwidth reduces the impact of the input
loop filter. With a careful design of PLL building blocks, the Noise source on the jitter. Previously, more attention has been

noise contributions of the phase detector, the frequency dividepaid to understanding the effect of input noise on PLL perfor-
and the |Oop filter can be reduced to a tolerable level. mance. Furthermore, for both clock SynthESIZers and hlgh perfor—

. . . mance clock recovery systems, an accurate analysis of the output
The dominant noise sources are thus the VCO phase noise a i . isa is i i
the input signal noise. Recently there have been some works Haér due to the internal VCO phase noise is important. In this

characterizing the phase noise in electrical oscillators [5]. Pap |0g2% \Ilg)%goscysieonq the VCO phase noise injection into the PLL
[6] attempts to analyze the timing jitter of oscillators due to the )

power supply and substrate noise. The oscillator that is subjected 3. POWER/GROUND NOISE

to the P/G noise is considered a VCO with different control volt- . .

ages, and therefore the jitter effect is viewed as a frequency-mod- Due to the high slew-rates of currents flowing through the pad-
ulated sinusoidal waveform. This paper, however, suffers fronPin and pin-package interfaces of the chip packages during the
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output transitions, the supply and ground lines seen by the on- N

chip circuitry experience sw%ching noise. Moreover, due to the  v,(t, k) = Zvrf’r%a)(kT(’))sin(o()rG)t + 9(2) kOz 1)
logic switching of logic circuits inside the chip and abrupt =

changes in the currents flowing through the supply and ground In the above equatiowy(t,K) is the effective P/G noise, which

wires, the on-chip P/G interconnects experience fluctuations as 4, oscillator ; 1 T
' LS UL A y waveform at intervals of lengifn). T() is the
well. A power supply distribution mOder”St thus include a 501 period of each block. Each term in the summation of Eq. (1)

hip-package-interf. wer distribution model, an on-chi ; ; : ;
; ovr\)/eeaguggr?] odtgl agr?d p:ﬂ eeql?ivsatl et;:{[ 8ircuit0?oe ,regresoentc th%s a wide-sense stationary process having two independent ran-

switching activities in various (functional) blocks. The fluctua- dom variables (") (k7)) andf) 0 is the natural fre-

tions on the power and rails can have excessively large valueguency of the oscillations in theth block. It is a deterministic

when multiple output drivers switch simultaneously. value which is calculated in terms of the on-chip decoupling
For convenience, in this paper, we introduce a new term for th&aPacitance, chip-package interface parasitics, and parasitic com-

fluctuations on the P/G lines. TheffectiveP/G noise is the alge- Ponents of the on-chip P/G interconnects.

braic summation of ringings on the power and ground rails. In To determine the statistical properties of the effective P/G

fact, the effective P/G noise is the main source of logic and tim-noise, we first note tha(t) is a linear combination dfl random

ing failure in the circuits. To reduce the effective P/G bounce,processes that are mutually uncorrelated:

which is a high frequency waveform, the decoupling capacitors N

have to be placed in close proximity to where the switching is v (t,K) = v(’)(t, K)

taking place. In practice, designers place the decoupling capaci- n ,Zl "

lrs et any location that is free after the chip planning. An O 1Ls easily proved tha the stalistcs uft) are the summa:

occur on global power and ?round rails. However, it removes’ o, t?(f thﬁ. shteglstm?hoff tI?e .'”d'])('dt‘al ac,tanna(;y %rocetss:[ges,

high frequency components from the variations and makes thg (t, k), which have the following first and second-order statis-

frequency of the oscillations the same as the local clock frequen=->

cies. In the time domain, it smooths out the variations on the ny=0 (2.a)

|oower and ground wires that would have otherwise been spike- N E(W)z (k7))

ike waveforms. In the frequency domain, the on-chip decoupling R, (1,0) = R, (1) = Z 2 cos(uggr ) (2.b)
r

capacitor shrinks the spectrum of the variations. Paper [9], pro- =1 ()
vides a comprehensive study of the effect of on-chip decoupling In the above equatiof(.) represents the expected value of the

capacitors and the mathematical relationship between the pe m et
vaﬁje of the P/G noise and capacitance vaIueP P %ndom process(trr) |s(r)the_ CIOCk. rise-time of t.hm block.

Fig. 2 shows the effective P/G noise in the presence of an onkemember that;'s, (kT is a wide-sense stationary process;
cr;]ip glecouplingd clapacitor of 100pF ?(crosfs eac&/tlnutput buffetherefore its variance is independenkof
The device model parameters are taken fromTSMC 0.25
(CM025) single-poly, five-metal CMOS process technology pro- 4. VCO JITTER ANALYSIS
vided by MOSIS which uses th&SIM3v3 MOS model. A VCO that is subjected to P/G noise generates waveforms with
Although adding decoupling capacitors largely reduces thdlifferent frequencies. Therefore even in the lock condition, the
spikes on the power and ground rails, it cannot totally eliminatenoisy VCO can generate frequencies that are different from the
the variations from the rails. Therefore the circuit experiencesnput signal frequency. From a system perspective, the effective
some degree of bounce effect on the power and ground line®/G noise is considered an additive noise source that directly
This bounce influences the VLSI circuit performance, especiallyaffects the input control voltage. To understand the noise effect of
in noise sensitive blocks such as on-chip PLL clock generators.a VCO on the PLL loop operation, consider a four-stage fully-

Another problem that needs to be addressed is that differerflifferential ring-oscillator-based VCO shown in Fig. 6 [11].

blocks may operate at different frequencies across the chip. Thg€tails of the circuit design of the delay cell are given in section

effective P/G noise would thus contain several pseudo-periodi€-°-

components in different frequencies. This situation is depicted in The VCO circuit in Fig. 6 has a good current-frequency linear-

Fig. 3. ity as spown in Fig. 7|.. Und?r these cfir%umstancles,lthe VCOh’s
The time-domain waveform for the effective P/G bounce in the€XCESS frequency is a linear function of the control voltage to the

presence of decoupling capacitors is an oscillatory waveformYCO. Using the deep submicrdSIM3v3 MOS model for the

The maximum amplitude of these oscillations is a function of thefransistors and ignaring the negligible effect of the channel

number of circuits switching simultaneously and the switching!€ngth modulation [12] (shown below):

activities of the internal circuitry, which itself depends on the

nature and statistics of the input signals. KWU4,Cox(Ves—Vin =Vbs sa) Vs> Vps sat
Since the switching blocks are located at different distances |_ = E v

from the PLL clock generator, P/G fluctuations from each D 1 Cox (W/ L)E{GS_Vth _.bshy

switching block will have a different propagation delay to the %19 X 2 Ubs

location of the PLL P/G connections. To account for different Vps<Vpg sat

propagation delays, we consider the phase shift of the oscillatio herepeftis the effective mobility considering the short channel

to be a random process. As a consequence, the effective P/ At ; ; in. )
noise is modeled as an additive combinationNofincorrelated ects (mobility degaradation)/ps,s(is the drain-source volt

stochastic processes. Each stochastic process represents @9€ at which the velocity saturation occurs and is defined as:
effective P/G noise resulting from the switching of circuits within Vos sar= (1-K)(Vos —Vn)

the same block. Each stochastic process contains two indepen-, s ) . ) .
dent random variables representing the amplitude and the phages a measure of the velocity saturation degree (E&ithe longi-
shift of the fluctuation. The random amplitude is modeled as dudinal electric field) and is defined as:

wide-sense stationary Gaussian stochastic process [10], whereas 1 _ 1

the random phase shift is modeled as a uniformly distributed ran- Eeat LEsat

dom process. The random amplitude is a discrete-time random 1+—= 1+(T'TV—5

process, because the circuit switchings occur at different and dis- o GS ™ 'th . .
tinguishable points in time. Mathematically speaking, the P/GEsatis the electric field when the velocity saturation comes into
noise can be expressed as follows: play. Each delay stage of the VCO contains a cross-coupled

K =




PMOS pair as an active load for the NMOS differential pair as For a second-order PLL the characteristic polynomial is at
also shown in the detailed circuit structure of Fig. 6. Thereforeleast a fourth-order polynomial o . To simplify the derivations

the output differential voltage of each stage swings very rapidlyand obtain a closed-form exgression, we assume that the loop fil-
As aresult, the transient time is very small. Herads evaluated ter has a narrow bandwidth. Under this assumption, which is

in the vicinity of the full-range gate overdrivéss = Vo). valid in most PLL designs, the PLL loop transfer function con-
The VCO frequency may be expressed in terms of the inputains a low-frequency dominant pole. The effect of the dominant
control voltage as follows: f)ole is approximately canceled out by the zero of the passive
KWU._...C ow-pass filter in the loop, and hence the PLL loop transfer func-

fycolt) = ﬁ(\{:ontrol_‘\[{hp‘ —\bs sat) 3) tion is represented by its non-dominant pole. The power spec-
eqVDD trum of the output phase is:
whereCeq is the equivalent capacitance seen at the output node _ 1 /(R pKpep) \
of each delay element in the VCO. This capacitance includes the Sy, (@) = T+(joM) /(R oKu K )‘
gate capacitances of the input NMOS transistors of the next delay h lation f LP’*vCO"PFD
stages and the drain capacitances of the MOS transistors of the ! N€ autocorrelation function is:
current stage. We define the VCO gain as

2
8, (®) ®

NO 4 27"
_KWUsatCox R, (1)= [ Kveo DE(\AmaX(kT ) 1 ECOQOS” 1) (9)
Kvco=som— o )2, 2 G Nz, 2 G
2NCoVpp PARIRGEY t Q2+l O

In light of Eqg. (3), the autocorrelation of the excess frequencyThe timing jitter of the PLL is obtained by:
variation is a linear function of the autocorrelation of the effec-

tive P/G noise. The inverse Fourier transform of the autocorrela- N (12 7(r) 0 O
tion function of a stochastic process is the power spectrum; (r)= Z OKveo E(Munax(kT) ) 1 %1_008((3)”)
density of that process. The power spectrum density of the excesd & E;S)ZMZ ¢ o 2, 552 G
phase is referred to as tiphase noiseConsequently, the phase ue o *e O
noise of the VCO can be obtained for the P/G noise model using (20)
the following equation: Sp2 in equations (9) and (10) refers to the non-dominant pole of
N 2 2 0 (0 the PLL which is equal to:
Ko E(M2 (KT a
sy(@=y TeoBMIIT D)5+ )+ 5(0-d2) () _ ReKyeoKeron

. = . r . . . sz - M O
Taking the inverse Fourier transform gives the autocorrelation

as follows: 6. ALL CIRCUIT COMPONENTS

. (5) A complete PLL clock generator circuit is designed in u25

o= o EOUEIT)E
Re, _er %g)z (" B G CMOS technology. The PLL operates with a lock range from

LTl . _ 100MHz up to 400MHz.
The timing jitter of the VCO is the standard deviation of the P
timing uncertainty [5], that is directly proportional to the autocor- g 1. Phase-Frequency Detector

{f(l:act)'qirt‘t ferctlon. Consequently, Eq. (5) allows us to obtain the The digital phase-frequency detector (PFD) generates a signal
jitter. that conveys the relative phase and frequency error information.
5. BLL JITTER ANALYSIS Basically, the PFD is implemented as a finite state machine. Cur-
heir desirable f hibiti fal rently, most clock recovery circuits use a PFD. The drawback of
Due. 19, et destable features (.9, ot XIiNg any felSome conventionsl PFDs i a dead-zone i the phase characteis:
offset in the lock congmon), charge-pump PLLs have foundH C:iévr;/r(;(li)le?negeé?/f:mﬁc%&(gg%’gg }Sgggﬁlg& S;%r;ar\us)\.,vﬁoinsgi\g/e
widespread use in frequency synthesizer applications where t a, which is similar to the one proposed in [3] The PFD consists
signa-to-noise ratios are high. The output voltage of the phase&; two half-transparent registers, shown in Fig' 4.b, and a NAND
frequency detector (PFD) acts like a control voltage for the ate. It is triaaered by the nedative edae of the inout sianals
switched current sources of the charge pump circuit. Finally, th - ggered by gat Y = Input signas.
transfer function of the second-order PLL, which uses a Slmﬁ| ven though the input signals are in-phase, the glitches caused by
RC circuit as the low-pass filter, is easily obtained. For thethe reset path always exist. So, extra filters are added in the PFD
related formulations and derivations see [13]. This familiar for-path to remove the effect of the glitches.
mula is presented in Eq. (6) as a representative transfer function

of the PLL: 6.2. Charge Pump Circuit
How() = Doy _ 1 CpS (©) Fig. 5 shows the circuit diagram for the designed charge pump
plS) = T T ¢ 2 circuit. The charge pump circuit has a differential architecture. A
" Pro 1+ RpCops + (MCipS)/(KvooKero) differential charge pump circuit reduces the ripple on the output
where Kooz RISTENN 1 g control voltage due to the mismatches between magnitudes, dura-
PFD~ [ O : P :
21 Mt Co(W/ L) (Vpp = Vi) tions, or absolute timings of the pairs M1-M2 and M7-M8. To

In the above equatioM is the frequency division factoR p ~ achieve better matching, the critical components were resized,
and CLp are the circuit elements for the PLL low-pass filter as@nd the layout of the charge pump was designed to be symmetri-
also shown in Fig. 1lchp is the current provided by the current Cal- In this circuit schematic the transistor pairs M1-M2 and M7-
sources of the charge pump circuit shown in Fig. 5. Examining!8 operate as voltage-controlled switches while the transistor
the PLL transfer function reveals that the low frequency compoPairs M3-M4 and M5-M6 operate as current sources, which is the
nent of the phase noise of the VCO is attenuated by the close@pposite form in a conventional charge pump circuit. Thus the
loop system while the high frequency component of the outpuwell-known problem of charge-injection and clock feedthrough
follows the variations of the ﬁhase noise in the VCO. The systenof the output is alleviated. Transistors MN1, MN2, MP1, and
of Fig. 1 is linear, and thus the spectral density of the output dudMP2 will remove the charges from the nodes pnodel, pnode2,
to the VCO phase noise is obtained using the transfer function afinodel, nnode2, when UP and DOWN are deactivated, thus
the system. causing a large reduction in the static phase offset. Due to the

S, (W) = ‘HPLL(w)‘st () (7 observation in [14], the leakage from nodes pnodel and pnode2
° " are larger than those from nodes nnodel and nnode2. This mis-



match in leakage can be compensated by making the gate aspect

ratios of MN1 and MN2 16 - 2 times larger than those of MP1 p
and MP2. ) ' A J_ MA J_
_ > Dynamic PFD CDh';fgS_”;ﬂp Cy Gp
6.3. Voltage-Controlled Oscillator > T P
. o . YVY
The VCO circuit is very crucial to the total performance of the t
PLL because the sensitivity of a VCO to coupling noise sources
directly contributes to the timing jitter of the PLL. Therefore M e VCO
much effort should be given to designing a VCO with a high €
power-supply rejection ratio (PSRR). A popular way of realizing c Ce éXt | orive ‘
a digital output VCO is by using ring oscillators. e1 L e s External LK #n(D)
A four-stage fully-differential VCO is used in the PLL. Fig. 6 7-Jj- - Cos

shows the circuit structure of the delay stage along with the volt+; ; : .
age to current converter. The delay stage consists of six transis-9- 1.The functlonagE;ostélfr?cl)?gerasr&?rt:?e PLL with the VCO

tors. To have a high differential-gain and guaranteed differential
operation, a cross-coupled PMOS pair is used as the active load
of the differential delay stage.

Maintaining the 50% duty cycle is important in clock genera- | Rower supply noise of five switching arivers (cdecap  100mr)
tion applicaion. We adopt the conventional approach in whic o . .
this goal is achieved by running the VCO at twice the clock fre- foF
guency and then dividing the VCO output by 2. a2 ;

7. SMULATION RESULTS Sl

The experimental setup is shown in Fig. 8. The five inverters ari =
connected to the same voltage and ground lines as the PLL. Tt &
drivers switch simultaneously, and the jitter of the PLL due to the ~
P/G is measured. Table 1 shows a comparison of the simulate

phase noise levels of the PLL with the measured results. Corr

pared to the measurements, the results are very close in the fr ...
qguency range where the VCO phase noise is dominant. Thi  ccom
shows the validity of our VCO phase noise formulations. acom

uuuuuu

In the next experiment the 2.5V power supply is modulated by o 3 > L
a 300mV peak-to-peak, 300MHz band-limited Gaussian noise :
The PLL circuit shows a 110ps peak-to-peak jitter.

Time (T (TIvD

8. CONCLUSION Fig. 2. The effective P/G noise for five identical output drivers
This paper presented a mathematical model for calculating the P/ switching smultaneous:);;e(geln(g)o pF decoupling capacitor is

G noise-induced timing jitter in PLLs. The model relies on the
stochastic representation of the effective P/G noise and its effect

on the jitter of the VCO and finally the timing jitter of the PLL.
Experimental results demonstrate the accuracy of the analytic4l 4; AL
predictions compared to the measured results. A low-power PL
circuit was designed next. The PLL design favors a four-stag i i
low-power differential ring oscillator. The peak-to-peak jitter is Local Local
110ps under the modulated Gaussian noise with a 300mV peak-| PLL PLL [ Block 1 PLL Block N
to-peak amplitude at 300MHz frequency. | L b (=11
)
Table 1: Comparison between the simulated and the measured ap |
results 1 ﬁr
Frequency offset Analytical Measured Fig. 3. A simplified schematic of the on-chip global and local
(kHZ) [dB/HZ] [dB/HZ] clock generators
53 -68.1 -68.4 Vb
9.1 -75.3 -76.5 o—{CIK M5 V6
15.7 -83.8 -84.2 Q oUP
RESET M4
32.3 -88.2 -88.7 RESET MEI Q
40 -93.3 -94.1
64 -98.4 -99.1 r "
80 -101.6 -102.3 RESET kM1 1
100 1117 -113.2 ¢ °DOWN  o——
o——CLK
(a) (b)

Fig. 4. The dynamic phase-frequency detector. (a) The PFD cir-
cuit. (b) The circuit realization of the half-transparent register
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Fig. 5. The charge pump circuit
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