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Abstract-Phase-locked loops (PLL) in RF and mixed signal VLSI system in the presence of all the relevant noise sources. Section IlI
circuits experience supply noise which translates to a timing jittergives a statistical modeling of the power supply noise. Section IV
In this paper an analysis of the timing jitter due to the noise on theelates the VCO noise to the power supply statistical properties.
power supply rails is presented. Stochastic models of the powefhen section V formulates the effect VCO noise source on the out-
supply noise in VLSI circuits for different values of on-chip decou- put phase of the PLL. In section VI the PLL jitter analysis applies
pling capacitances are presented first. This is followed by calculaen a PLL circuit. Finally section VII concludes our analysis.

tion of the phase noise of the voltage-controlled oscillator (VCO) in

terms of the statistical properties of supply noise. Finally the timing [l. SYSTEM MODELING FOR PLL NOISE ANALYSIS

jitter of PLL is predicted in response to the VCO phase noise. AThe functional block for a phase-lock loop along with various ran-
PLL circuit has been designed in 0 BEMOS process, and our dom noise sources is shown in Fig. 1. In general all the loop com-
mathematical model was applied to determine the timing jitter.ponents may contribute to the output noise and accumulated jitter.
Experimental results prove the accuracy of the predicted model. n()  Phase Detector Npp(t) Ne(t)  Low-pass Filter

I. INTRODUCTION % " % % o o
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PLLs are ubiquitous in RF and mixed signal circuits. They are uti- ofpol.) L™ viel = L veol

lized as on-chip clock frequency generators to synthesize the higher Input
internal frequency from the external lower frequency. In data com-
munications and disk drive read channels PLL, systems are also

used as clock recovery systems. In all of the above applications, the
random temporal variation of the phase, or jitter, is a critical perfor- ~ n ) | Frequency- [ ry=— - — - - . vCOo
mance parameter. Excessively large jitter consumes some of the N
clock budget and it can cause error propagation as well as intercomL“saninw
munication errors between chips. The PLL circuit operates from th a
same supply busses that provide the required voltage to other buil

ing blocks of the chip, thus it is subject to supply noise. The effect of noise on the phase detector performance has been

The power supply noise is the switching noise on the power supstudied in [8] and in any case phase detectors are not a major source
ply line which consists of the resistii&® drop due to wire resis- 0f noise in a PLL. The passive low pass filter introduces thermal
tances and inductiveal -noise due to the chip-package wiréind shot noise. The timing jitter due to these device noise sources

inductance. In today’s deep submicron design with smaller featyrdurns out to be significantly less than that due to substrate and sup-

size, faster switching speeds, the on-chip inductance is also becorfly N0ises [7]. As a result, timing jitter is mainly associated with

ing significant inductive component. There have been several workg’vor:g?ggg?rt‘;g?r'];i tsources:

on power-supply noise analysis[1],[2],[3],[4]. The power supply ~ : '

noise may drive the VCO of the PLL away from its correct fre- - Phase noise of the VCO.

quency, causing the unwanted random uncertainty in frequency. In The loop frequency bandwidth of the system determines which
the meantime, the supply noise affects the performance of the phasmise source has more impact on the timing jitter of the output. A
detector and the loop filterc, Fig. 1.). In most clock synthesis narrow loop-bandwidth reduces the impact of the phase noise at the
applications, a VCO is locked to a very low jitter reference inputinput on the jitter. Previously more attention has been paid to under-
signal generated by a crystal. With a careful design of PLL buildingstanding the effect of the input noise source compared to the VCO
blocks, the noise contribution of phase detector, the frequencphase noise. Furthermore for both clock synthesizers and high per-
divider, and the loop filter can be reduced to a tolerable level. Thdormance clock recovery systems an accurate analysis of the output
dominant noise is thus the phase noise of the VCO. Recently theriter due to the internal VCO phase noise is important. In this
have been some works on characterizing the phase noise in electpaper, we focus on the VCO phase noise injection into the PLL
cal oscillators [5], [6]. Paper [7] attempts to analyze the timing jitter closed loop system.

of oscillators due to the power supply and substrate noise. The
oscillator subject to supply noise is considered as a VCO with dif-
ferent control voltages and therefore the jitter effect is viewed asg5inqthe synthesized excess phase and the input phase is as fol-
frequency-modulated sinusoidal waveform. This paper, howeverlbws.

suffers from one drawback. The VCO system is treated as a deter-

oS . . o[dP] _ [ _ o] _ ~m
ministic system in the presence of noise. L [&} =L [& } L [dt} GL™[fpp(®)] (1)

The goal of the present paper is to predict the timing jitter of awhere ® is the closed-loop phase erréy, s the input reference
PLL using a more accurate model for the phase-lock loop in termghase G is the closed loop gain constant,,(®)  represents the
of the jitter in the VCO resulting from the power supply noise. We phase detector function,(t)  is the phase noise source of the VCO.
focus on the charge-pump PLL due to its widespread application in

today’s frequency synthesizers and clock generators for micropro- I1l. POWER SUPPLY NOISE ANALYSIS
cessors. Section Il briefly explains the block diagram of the PLL
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ig. 1. The functional block diagram of PLL in the presence of all the relevant sources.
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Let’s consider the general case of a PLL shown in Fig. 1. with the
nth-order low-pass filterL(PF) in place, the differential equation

A power supply distribution model must include the chip-package-
This research was funded in part by SRC under contract no. 98-DJ-606. interface power distribution model, the on-chip power bus model,




and an equivalent circuit to represent the switching activities in vardecoupling capacitors cannot completely smooth out the spikes
ious functional blocks. The package-level model is mainly domi-from the supply and ground line completely, then the supply noise
nated by the large chip-package interface inductance, the on-chipan be expressed as a train of narrow triangular waveforms with
power bus model is dominated by the wire resistance. The noiseandom amplitude which are apart from one another by half the
introduced by simultaneous switching of the output drivers can belock period. For the realistic case of different propagation delays,
very large since driving large external capacitances generates largee supply noise is best modeled as a train of trapezoidal wave-
current surges. Fig. 2.a. depicts the HSPICE simulation oPifi®  forms. The pulse width is a random process and is a depends on the
bounce due to simultaneous switching of five off-chip drivers with-number of switching circuits at a single clock period. The pulse
out using the decoupling capacitor. Fig. 2.b shows the supply noiseidth is still small that the power supply noise can be modeled as
in the presence of an on-chip decoupling capacitor of 10pF acrosan impulse train with a uniformly-distributed random shiftar,].

each output buffer. The device model parameter is taken from ©
TSMC 0.25 single-poly, five-metal process technology provided  v.(t) = s(t—2) wheres(t) = Z Vi malN]8(t—nT/2)
by MOSIS which use8SIM3v3 MOS model. The main effect of nTe

the on-chip decoupling capacitor is that it forces the same fluc-
tuations to appear on both the on-chip power and ground wire

If the decoupling capacitor is made much larger than th ) )
switched capacitances, then the on-chip switching noise can J8M having amplitude, {Vy, manl}

A is a uniformly-distributed random variable in the interval
0.t]. t, is the rise-time of the clock signad(t) is a periodic wave-

as a Gaussian random

effectively eliminated. Adding the decoupling capacitor, how- S€éduence where each sample has the maximum correlation with
ever, is less efficient for most off-chip drivers [3]. Therefore the
circuit will always experience the bounce effect on the powe
and ground busses.

itself and the correlation with the adjacent samples decays very fast
[as the time difference between adjacent samples becomes larger.
Hence the amplitude can be modeled as a white noise process. We
will refer to this as the impulsive supply noise model. It is easily

proved thats(t) is indeed a wide-sense cyclostationary protess
The mean of the process is:

N0 = 3 E{Vanalnl}sF -0 @

n=—wo

and the autocorrelation function:

_ R nT| rmo
Ry(ty, 1) = Z Z Ry In-r8th-SBd-5H  (3)

E{.} in Eq. (2) represents the expected value of the random pro-
cess. Our aim is to determine the statistical properties of the shifted
process. It can be proved [9], that the shifted process
vh(t) = s(t—A) is a wide-sense stationary process with mean and

Fig. 2. The power-supply noise for five identical output drivers switching simulta- autocorrelation as:
neously. (a) Decoupling capacitor: 2pF (b) Decoupling capacitor: 100pF. '
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When a large decoupling capacitor is present in the circuit then
the supply noise is modeled as a sinusoidal waveform with the ran-
dom maximum amplitude (c.f. Fig. 2.b.).

Vo(t) = Vi madNTs) sin(w,t + 6) ndz (5)

C,

Chip?’Gnﬂ =
Fig. 3. The circuit schematic for power-supply noise caused by internal and I/O
buffer switching. whereT, = 21/ w,, andV, n,cagain is a white noise sequence and

Fig. 3. shows a circuit model for power supply noise caused bythe random variabledb is uniform in the interval rangef and
switching in the internal circuitry and the output drivers. The peakindependent oV, .. We will refer to this as the sinusoidal supply
amplitude of the supply noise is a function of the number of switch-noise model. The oscillation frequency depends on the equivalent
ing circuits switching simultaneously and the switching activities of switched capacitance;,, ., . the decoupling capacitpr, , and the
the internal circuitry which itself depends on the nature and statissupply and ground inductances, L, ,and calculated as:
tics of the input signals. Power supply noise can thus be modeled as
a stochastic process with independent random variables which can fo = v/ 2m/(Ly + Lg)(Ca + Cued) (6)
in turn be modeled as a Gaussian stochastic process [9]. If one
could assume that the switching noise waveforms propagate to the
supply lines of the PLL with the same propagation delay regardless 1. recall that a cyclostationary process is a process whose statistical proper-

of the distance of the switching gates from the PLL and since the ties are invariant to a shift of origin by integral multiples of the period (in
our casel/2).




It is easily proved tha,(t) is a stationary process possessing thenoise. Consequently the phase noise of the VCO is obtained for

following first and second-order statistics: both supply noise models as shown next:
_ ) Ef\2 2 2 g?
n, =0 © R(T) = E{Va madnl} "v;a*[n]} cos(w,T) (7) S, (w) = 5.‘1%95\,N((,o) = Elg_oD-—————-v';'max for impulsive supply noise(9)
W W r
IV. VCO JITTER ANALYSIS _ mKZeo
A voltage-controlled oscillator subject to the supply noise generatess“’"(w) T oW (B(@+ ;) +8(W=n)) for sinusoidal supply noise(10)

waveforms with different frequencies. Therefore even in the lockTaking the inverse Fourier transform gives the autocorrelation as
condition, the noisy VCO can generate frequencies which are diffollows:

ferent from the input signal frequency. From a system perspective o2 |

the supply noise is. considered as an additive noise source Which Ry (1) = —K\Z/coﬂ—\—/m— for impulsive supply nois&l1)
directly affects the input control voltage. To understand the noise t

effect of VCO on the PLL loop operation, consider a five stage fully 2 g2

differentiallring oscillator-based VQO shown in Fig. 4. [10]. The SR, (D) = %(V—C;’Dﬂ%cos(mnr) for sinusoidal supply noise(12)
small fractions next to each transistor shows the gate aspect ratio » t 0

. e timing jitter of the is the standard deviation of the timing
(W/D The timing jitter of the VCO is the standard deviation of the timi
| uncertainty [5], i.e.:

+ n +
Replica i o’ = —————g————z(R%(O) —-R, (1)) for sinusoidal supply noise (13)
Biasing - > ¥ (an-clo.ck) )
Hence the timing jitter for the VCO becomes:
0, 2 S
@) | /:\Fsingle stage of the ring oscillatoin_ f = ———K—%Q—— E}‘p—\ﬁl—tr—ﬂii—g for impulsive supply noise(14)
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‘ 200331 | 2003 2003 F0 felock
20/0.3 60/0.3 I I, = : 7 St
o T TP et ] [ V. PLLJITTER ANALYSIS
N, ™ : Il 80,3 Due to their desirable features (e.g. not exhibiting any false lock,
v b) T having a fast acquisition-time, and retaining a zero-phase offset in
To the bandgap circuit the lock condition), charge-pump PLLs have found widespread use

Fig. 4. The VCO based on differential ring oscillator with the voltage controlled frequency synthesizer applications where the signal-to-noise
resistor and replica biasing. (a) System block diagram (b) Circuit implementation. . 4 .
ratios are high. The output voltage of the sequential phase-fre-

This circuit has a good current-frequency linearity[10]. The rep-duency detector (PFD) can be expressed as a linear function of the
lica biasing always biases the PMOS transistors such that the volfhase difference. For the single supply PLL, a DC offset equal is
age swing across each of them is fixed. Under these circumstancedded to the phase-to-voltage mapping function. The output voltage
the VCO frequency is a linear function of the bias current source off the PFD acts like a control voltage for the switched current
each delay section [10]. Using the deep submicron BSIM3 MOSSources of the charge pump circuit. Finally the transfer function of

model for the transistors, the VCO frequency can be expressed i€ second-order PLL having a simple RC circuit as the LPF is eas-
terms of the input control voltage as follows: ily obtained. For the related formulations and derivations see [11].

This familiar formula is presented in Eq. (16) as a reference.

f(t) = kWO saiCox (v -V, -V ) (8 > 1 CpS
2NCequef(kvvusatcoxrDS"' 1)* "contrel Ttn " TDS sa ®) Heui(s) = o~ = K ~ 2 (16)
. . . . Vi Kero 1+ RpCips+(MCpS")/ (KucoKprn)
The positive-slope, linedr-f characteristic obtained from Eq. (8)
where KWUs4Cox

is justified by the actuaV/-f characteristic of the ring-oscillator of
Fig.5. Comparison is provided in Fig. 5. between the actual wave-

form and the simulated one. K. = Clene 1 |
x 107 VCO voltage—frequency charateristics PD ] 21T Dlleff Cox(W/ L) (VDD - V1h)|:|

Looking at the PLL transfer function reveals that the low fre-
guency component of the phase noise of VCO is attenuated by the
closed loop system while the high frequency component of the out-
put follows the variations of the phase noise in VCO. The system of
Bold: Measured | Fig. 1. is linear and the spectral density of the output due to the

K =
veo NCquref(kWUsatCoerS+ 1)
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A Dotted: Eq. (8) | VCO phase noise is thus obtained using the transfer function of the
system.
il Sy, (@) = [Hpu(@)]*S,, (@) 17)
b : *Eontrol voltage (volts) = For a second-order PLL the characteristic polynomial is at least a
Fig. 5. The voltage-frequency characteristic of the VCO 4th-order polynomial ofo . To simplify the derivations and obtain a

. ) insightful closed-form expression, we assume that the loop filter

In light of Eq. (8), the autocorrelation of the excess frequencyhas a narrow bandwidth. Under this assumption which is valid in
variation is a linear function of the autocorrelation of the supply most PLL designs, the PLL loop transfer function shows a domi-
nant pole. The effect of the dominant pole decays very fast with



time, and hence the PLL loop transfer function is represented by itsvhere the VCO phase noise is dominant. This shows the validity of

non-dominant pole. The power spectrum of output phase is:

_ 1/ (RKpep) 2 18
(@) = oMy Rekory)| (18)

The autocorrelation function is:
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our VCO phase noise formulations.
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The timing jitter of the PLL is obtained as follows: L — — — — — — — J|_| 5pF
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Fig. 7. The expermient setup for measuring the jitter.

Table 1: Comparison between the simulation and the

measured results

2

ok Oy

itter, (1) = JD oo, Phnall 103 - cogwn)
Q(,OnM r n "'Sp2

for sinusoidal supply noise(22) Frequency Simulated jitter measured
S,2 in equations (19) and (20) refers to the non-dominant pole of the offset [dB/Hz] [dB/Hz]
PLL which equals to: (kHz)
s = _RKveoKeror 5.3 022 934
= Ooom 0 9.1 -96.4 -97.5
15.7 -100.3 -103
VI. CIRCUIT DESIGN AND SIMULATION 32.3 -109.3 1112
A complete PLL clock generator circuit whose structure is similar, 40 -110 -111.4
to the circuit proposed in [10] was designed in @3BMOS tech- 64 -112.4 -114.3
nology. The PLL operates with a lock range from 10MHz up to 80 -115.6 -116.2
250MHz. The phase frequency detector is a conventional sequentigt 100 119.7 1218
phase-frequency detector. The VCO circuit schematic is shown ir

Fig. 4. The required reference for the replica biasing circuit is pro- VIl. CONCLUSION

vided by a bandgap reference depicted in Fig. 5. This circuit generrpig naner presented a mathematical model for calculating the
ates a fixed 0.8V and this voltage has 0.9% variation t0 ayqyer supply noise induced timing jitter in PLLs. The model relies
temperature variation from 28 up to 145 . It also has verygp, the stochastic representation of the supply noise and its effect on
robust to supply variation (1% variation for a supply variation from e jitter of the VCO and finally the timing jitter of the PLL. Exper-
2.3V to 3.8V. The out put voltage of this bandgap circuit is: iments results demonstrate the accuracy of the analytical predic-
R, tions compared to the measured results.

Ry
wherev . , S the built-in voltage of the diode and has negative volt-
age coefficient of -2mV/C . Clearly the output reference voltage
can be freely changed from the conventional reference voltage (R’,
1.25V by the ratidR/R,[12].

R
Vref,bg = ref,0+ﬁzVT|n(N)H
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