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Abstract—Phase-locked loops (PLLs) in radio-frequency (RF)
and mixed analog-digital integrated circuits experience sub-
strate coupling due to the simultaneous circuit switching and
power/ground (P/G) noise which translate to a timing jitter. In
this paper. an analysis of the PLL timing jitter due to substrate
noise resulting from P/G noise and large-signal switching is pre-
sented. A general comprehensive stochastic model of the substrate
and P/G noise sources in very large-scale integration circuits is
proposed. This is followed by calculation of the phase noise of
the constituent voltage-controlled oscillator (VCO) in terms of
the statistical properties of substrate and P/G noise. The PLL
timing jitter is then predicted in response to the VCO phase noise.
Our mathematical method is utilized to study the jitter-induced
P/G noise in a CMOS PLL, which is designed and simulated in
a 0.25-pm standard CMOS process. A comparison between the
results obtained by our mathematical model and those obtained
by HSPICE simulation prove the accuracy of the predicted model.

Index Terms—Cyclostationary noise, jitter, phase-locked loop
(PLL), phase noise, power/ground bounce, random process, ring
oscillator, substrate noise, voltage-controlled oscillator (VCO).

1. INTRODUCTION

HASE-locked loops (PLLs) are ubiquitous circuit blocks
in RF and mixed-signal integrated circuits. They are ex-
tensively utilized as on-chip clock generators to synthesize and
de-skew a higher internal frequency from the external lower fre-
quency [1]. In data communications, serial links, and disk-drive
read channels, PLL systems are also used as clock recovery sys-
tems [1]. In broadband optical communication network,they are
used as clock and data recovery (CDR) to generate the clock
and retime the data from the received electrical signal [2]-[4].
In wireless communications, they are utilized as frequency syn-
thesizers to synthesize an accurate output frequency [1]. In all
of the above applications, the random temporal variation of the
phase, or jitter, is one of the most critical performance param-
eters. Jitter represents the deviation of zero crossings of a pe-
riodic waveform from their ideal points on the time axis. The
deviation of zero crossings of the waveform synthesized by the
PLL causes the setup- and hold-time violations in digital circuits
that use the PLL as clock generator, and therefore, leads to data
transmission errors and functionality failure.
The ever-increasing demand to integrate all circuit compo-
nents on the same chip gives rise to some critical noise tolerance
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requirements for sensitive analog circuits (e.g., PLL circuits) in-
side the chip. In fact, one of the greatest challenges in the design
of a system-on-a-chip (SOC) is the need to place sensitive analog
circuits and large complex digital signal processing components
on the same die. Due to the high level of interactions between
the noisy digital blocks with the noise-sensitive analog portion
of the system through various propagation mechanisms, it is
highly possible that the large-signal switching transients of the
digital circuits corrupt the performance of the analog sub-blocks.
In an SOC, coupling from digital circuits into analog compo-
nents mostly propagates through the common substrate and
power/ground (P/G) rails. Substrate and P/G couplings degrade
the signal integrity of the PLL in mixed analog-digital integrated
circuits where thousands of digital gates may inject noise into
the substrate and global P/G wires, especially during clock tran-
sitions, introducing hundreds of millivolts of disturbance in the
substrate potential [5]-[8]. The peak amplitude and pulse-width
of substrate and P/G noise sources are multiple orders of mag-
nitude larger than those of device noise sources in high-speed
mixed analog-digital integrated circuits, thereby making sub-
strate and P/G noise sources dominate the performance of PLL
circuits. Henceforth, PLL circuits must be designed to operate
robustly in the presence of the P/G and substrate noise.

Recently, interesting approaches on characterization of the
phase noise in electrical oscillators due to device noise sources
have been proposed [9]-[11]. While [9] used a linear time-
invariant (LTT) model to describe the behavior of phase noise in
oscillators, [10] proposed a more accurate linear time-varying
(LTV) model to characterize the oscillator phase noise. [11]
studied the phase noise of oscillators by deriving a nonlinear
stochastic differential equation for phase error, and solving this
equation in the presence of random perturbations. Herzel et al.
addressed the timing jitter of oscillators due to the power supply
and substrate noise [12]. According to [12], an oscillator subject
to supply and substrate noise is modeled as a voltage-controlled
oscillator (VCO) with different control voltages, and therefore,
the jitter effect is viewed as frequency-modulated sinusoidal
waveform. The study proposed by [12], however, suffers from
an important drawback, where the oscillator circuit in the pres-
ence of inherently stochastic substrate and P/G noise sources is
treated as a deterministic system. [13] proposed a more general
model for the PLL accounting for the time-varying effects of
the PLL.

Similar to open-loop oscillators, closed-loop PLL circuits are
also susceptible to the external (environmental) noise. Environ-
mental noise sources (e.g., substrate and P/G noise) seriously
degrade the performance of a PLL circuit by inducing timing
jitter and increasing the limit cycle. As demonstrated by [14],
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the building blocks inside the PLL loop including the VCO, the
phase detector, and the frequency divider all contribute to the
random phase variations of the output signal. For instance, these
noise sources may introduce phase noise in the output signal of
the VCO within the PLL, causing unwanted random uncertain-
ties in the synthesized frequency. In the meantime, these noise
sources also affect the performance of the phase detector and
the frequency divider. With a careful design, the noise contribu-
tion of the phase detector, the frequency divider, and the loop
filter can be reduced significantly to a tolerable level. The input
signal to a PLL is also disturbed by environmental noise sources.
In most clock generation applications, however, the VCO of the
PLL clock generator is locked to a very low jitter reference input
signal generated by an external crystal oscillator. The dominant
noise inside the PLL loop is thus contributed by the VCO phase
noise.

Recently, Mansuri ef al. studied the effects of various design
parameters of the PLL on the timing jitter and derived some
design guidelines to optimize the timing jitter of the PLL [15].

In this paper, we focus on the charge-pump PLL architecture
for our analysis due to its widespread application in today’s fre-
quency synthesizers for wireless systems and clock generators
for microprocessors. The impacts of the P/G bounce and sub-
strate coupling on the PLL timing jitter are investigated. More
specifically, the goal of this paper is to predict the timing jitter
of the charge-pump PLL circuits in terms of the phase noise
of the VCO resulting from the P/G and substrate noise. This
is accomplished by using a stochastic model for the P/G noise
[16], [17]. The analytical model is verified by simulations of
a CMOS PLL circuit designed in a 0.25-pm standard CMOS
process surrounded by switching tapered buffers that emulate
the large-signal switching of digital circuits. The PLL circuit
topology is similar to the one presented in [18].

This paper is organized as follows. In Section II, the block
diagram of the PLL system in the presence of all relevant noise
sources is briefly illustrated. Section III presents a statistical
modeling of substrate noise injected by P/G fluctuations. Sec-
tion IV studies the VCO phase-noise due to substrate and P/G
noise. Section V gives the closed-form analytical model of the
PLL timing jitter in response to the VCO phase noise. In Sec-
tion VI, the simulation results of the PLL timing jitter and com-
parison with the analytical models are presented. Finally, Sec-
tion VII provides the concluding remarks.

II. SYSTEM MODELING FOR PLL NOISE ANALYSIS

The functional block diagram for a charge-pump PLL used
in an on-chip clock generation system along with the external
clock generator system is shown in Fig. 1. A comprehensive
functional description of the charge-pump PLL can be found in
many textbooks on analog/RF integrated circuits [19].

The external periodic signal which is normally generated by a
crystal circuit, comes as one input of a phase-frequency detector
(PFD). The internal clock drives the other input of PFD. The
PFD compares the leading edges of its inputs and generates two
pulsed signals, UP and DOWN. The pulsewidths of the UP and
DOWN output terminals depend on the phase deference between
the two inputs of the phase detector. The output signals of PFD
then drive a charge pump circuit followed by the loop filter. The
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Fig. 2. Functional block diagram of PLL in the presence of all the relevant
sources.

charge-pump circuit via two switches either injects, subtracts, or
leaves unchanged the charge stored across a capacitor in the loop
filter. The output voltage of the loop filter controls the frequency
of the VCO. The loop is a negative feedback loop, and if the
input frequency is in the capture range of the PLL, then after
some elapsed time called the acquisition time, the PLL is locked
to the input frequency.

An important notion regarding the PLL circuit of Fig. 1 is
that the VCO exhibits a finite power-supply rejection (PSR).
Substrate noise resulting from the P/G bounce and simultaneous
switching of digital circuits in an SOC thus induces a nonzero
timing jitter at the output signal of the VCO. More precisely,
substrate and P/G noise cause jitter accumulation due to inherent
integration taking place in the VCO. Jitter accumulation in turn
leads to synchronization failure in the whole system. The goal
of this paper is to analyze the PLL timing jitter due to substrate
and P/G noise, and propose a closed-form analytical model to
predict this jitter.

The system block diagram of a PLL along with various
random noise sources resulting from P/G and substrate noise
couplings is shown in Fig. 2. The average power-spectral
densities (PSD) of environmental noise sources, such as P/G
and substrate noise are much greater than those of device noise
sources, such as thermal noise. As a result, the PLL jitter due
to various device noise sources is negligible compared to the
jitter due to the environmental noise sources.
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Fig. 3.

In general, all constituent loop components may contribute
noise and jitter to the PLL output. The effect of noise on the
phase detector performance has been studied in [20]. The phase
detector is not, however, a major noise contributor to the PLL
phase noise and jitter. The phase detector fluctuations due to P/G
and substrate noise are largely attenuated using a differential
architecture, and also by means of the PLL loop filter [20]. As
a result, timing jitter in a PLL is mainly associated with two
important noise sources induced by P/G and substrate noise:

* noise at the input n;(¢);
* phase noise of the VCO, n4(t).

The loop bandwidth as well as the peaking of the loop fre-
quency response of the PLL determines which noise source has
the dominant impact on the PLL timing jitter. The noise at the
input propagates through the same signal path as the input signal
to the PLL. Therefore, the noise transfer function for the input
noise is identical to the signal transfer function. This means thata
narrowband lowpass filter eliminates the higher frequency com-
ponents of the input noise and reduces the impact of the input
noise source on the timing jitter. On the other hand, the PLL op-
erates as a highpass filter for the VCO noise [19], meaning that,
in contrast to the input noise, a narrow-band loop filter is not a
good choice for the VCO phase noise attenuation.

Previously, more attention was paid to understanding the ef-
fect of the input noise source on the PLL performance [1], which
is also easier to characterize than the impact of the VCO phase
noise induced by substrate and P/G noise on the PLL jitter.
Furthermore, for both clock synthesizers and high performance
clock recovery systems, an accurate analysis of the output jitter
due to the internal VCO phase noise is important.

Considering the general case of having an nth-order loop
filter, the characteristic nonlinear differential equation of a PLL
is as follows:

o) [QW(fvco - fo)

— MK,
Kvco } [Kpp feD

2 1d
z <fvco+— ”¢)dt’ (1)

D, (8) — —
(*) M 27 dt’
t

where fj and fyco are the VCO center and output frequencies,
respectively. ®,,, is the input reference phase, fpp(®) repre-
sents the phase detector function, and n4(#) represents the phase
noise of the VCO.

Cross-sectional view of a static CMOS inverter along with chip-package interface parasitics.

III. SUBSTRATE AND P/G NOISE CHARACTERIZATION

Substrate noise and P/G bounce are predominant environ-
mental noise sources in mixed analog-digital integrated cir-
cuits [6], [21]. Since a dominating component of the substrate
noise injection is due to the leakage of the voltage bounce on
the supply/return path, an accurate circuit model for substrate
noise must incorporate the circuit model for the noisy supply
and ground rails, a phenomenon that was not considered in
previous researches. Reference [21] considered the contribu-
tion of supply noise injection on the substrate noise ignoring
the noise caused by the large-signal switching transients in the
digital circuit. On the other hand, [22] focused on the substrate
coupling induced by the large-signal switching transients of
the circuit, neglecting the P/G bounce. An accurate analytical
study of substrate noise should include both the direct coupling
as well as the coupling due to fluctuations on the power and
ground rails.

In this section, an efficient model for substrate noise due to di-
rect coupling of switching circuits as well as fluctuations on the
P/G rails coupling is developed. The proposed analytical model
will contain the statistical nature of the switching activity of dig-
ital circuits. The model is germane to epi-type heavily doped
substrate used in mixed-signal circuits. Note that this model is
less accurate compared to 3D models proposed in [23]. How-
ever, the advantage of the proposed model is that it can appro-
priately be incorporated in the PLL analytical models developed
in this paper.

In a CMOS mixed analog-digital integrated circuit, the sub-
strate is normally composed of a lightly doped epitaxial layer
grown on a heavily doped substrate in order to minimize the
transistor latch-up [5]. In an epi-type substrate technology, the
injected lateral current from the source of a digital circuit (e.g., a
CMOS inverter) flows through the heavily doped substrate ma-
terial because of its low resistivity compared to the inter-layer
silicon or epitaxial layer [5]. The bulk can thus be modeled
as a single electrical node for any given technology (see [5]).
Shown in Fig. 3 is the cross sectional view of a static CMOS
inverter along with all electrical parasitics resulting from inter-
actions between semiconductor materials with different doping
concentrations. Fig. 3 also includes the electrical parasitics of
the P/G wires and the chip-package interface. According to this
figure, the chip’s pin parasitics are represented by an RLC cir-
cuit (Rpp, Lpp, Cpp) for the power supply pin, and an RLC
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circuit (Rgp, Lap, Cayp) for the ground pin. The parasitics in-
troduced by bondwires and die pads are also modeled as an RLC
circuit (Rpy, Lpy, Cpy) for the power supply connection, and
an RLC circuit (R¢gy, Ly, Cey) for the ground connection. Cur-
rents flowing through the bondwires and pin-to-die interface ex-
hibit large slew-rates during output transitions, hence the supply
voltage waveform seen by the on-chip circuitry experiences a
large amount of switching noise.

Fig. 4(a) depicts the circuit schematic being utilized to gen-
erate the substrate noise injection in an epitaxial CMOS tech-
nology.

The circuit is comprised of 40 1-pF capacitors each driven by
6-stage CMOS tapered buffers in 0.25-pm CMOS technology.
To reduce the simultaneous switching noise, every ten tapered
buffers are connected to a single ground and supply pin. Elec-
trical parasitics seen in regard to a single inverter are included
in the circuit to accurately model the substrate and P/G wires.
More precisely, in Fig. 4(a), Zvnonk, Zann ek = 1,---,4)
are P/G impedances modeling the chip-package interface para-
sitics including the chip bondwires and package traces. These
impedances are highly inductive, as also depicted in Fig. 3 for a
single inverter. Zsyp ; (¢ € [1, n]) represents the equivalent sub-
strate impedance consisting of the substrate bias resistance and
inductance, respectively. Zy ; is the equivalent impedance from
the chip ground to the heavily doped substrate including the
wiring capacitance and junction capacitance of NMOS device.
7 p; is the equivalent impedance from the chip power supply to
the heavily doped substrate including the nwell junction capac-
itance and the nwell physical resistance. Z7, ; is the equivalent
load impedance including the gate capacitance of the following
fan-out stages. Cp is the on-chip bypass! (decoupling) capacitor
used to reduce the P/G bounce. Since the substrate is tightly cou-
pled to the return path by distributed surface substrate contacts,
the voltage bounce arising from logic switching, especially on
the ground path, appears as substrate noise. Fig. 4(b) shows the
substrate noise for a complete one-cycle simultaneous switching

! Another terminology for bypass capacitor is decoupling capacitor, which is
more commonly used by circuit designers. Fundamentally, a bypass component
is a shunt component. Decoupling is the isolation of two circuits on a common
line. It is accomplished by inserting a filter in series with the line. Therefore, a
decoupling element must be a series element.

14 16 18 20

®)

(a) Circuit consisting of multistage tapered buffers for substrate noise injection. (b) Substrate noise waveform.

of the buffers. The underdamped oscillatory behavior of sub-
strate coupling injected by the P/G bounce is due to the highly
inductive behavior of the bondwires and on-chip interconnects
at high frequencies.

Substrate noise resulting from fluctuations on the on-chip
power supply lines and ground wires due to signal switching
of output buffers can have excessively large values when mul-
tiple output drivers switch simultaneously, as also considered
in Fig. 4(a). Power and ground fluctuations are out of phase,
therefore, the P/G noise is, in fact, the algebraic summation of
ringings on the power and ground rails. The P/G bounce is the
main source of substrate noise, which causes logic and timing
failure in the circuits. To reduce the P/G bounce, which is a
high frequency waveform, on-chip bypass capacitors have to
be placed in close proximity of output buffers, as also shown
in Fig. 4(a). In practice, bypass capacitors can be placed at
any location that is free after floorplanning. On-chip bypass ca-
pacitors across output buffers make the supply fluctuations in
phase with the ground fluctuations, and remove high frequency
components from supply and ground variations. In the time do-
main, an on-chip bypass capacitor smooths out the variations
on power supply and ground wires that would have otherwise
been spike-like waveforms. In the frequency domain, it shrinks
the spectral bandwidth of the variations. Reference [6] provides
a comprehensive study of the effect of on-chip bypass capaci-
tors and the mathematical relationship between the peak value
of the P/G noise and required capacitance value to reduce the
P/G noise.

In order to characterize the statistics of substrate coupling due
to the circuit switching and P/G noise, an observation is made
that is based on actual experimental measurements carried out in
[5]. In a lightly doped epitaxial layer grown on a heavily doped
substrate, if the analog and digital circuits are separated by at
least four times the thickness of the epitaxial layer, the resistance
between the substrate contacts will be independent of their sepa-
rations [5]. Therefore, the spacing between the switching blocks
causes solely a random phase shift on the noise fluctuations. On
the other hand, the peak amplitudes of damped oscillations for
each noise waveform veun, v (¢) and vs,n, p(¢), [cf. Fig. 4(b)] are
a function of switching activities of digital circuits and are thus
represented by discrete-time random processes.
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The above observations help us derive a mathematically
robust and efficient stochastic model for substrate noise, as
follows:

[#]
/Usub(t) = Z Asub7N[n]Usub7N(t —nT — /\n)
£) .
+ n:z_oo Asub,P[n]/Usub,P <t nT 2 ’Yn) - (2)

Substrate noise is comprised of two additive terms. The first
term is due to the low-to-high signal transition, and the second
one is due to the high-to-low signal transition, as depicted in
Fig. 5.

Agun,N(p) 18 a discrete-time random process that accounts
for the number of adjacent switching circuits switching simul-
taneously. )\, and -, are a set of uniformly distributed inde-
pendent random variables in the interval [0, 7'] (7" is the clock
cycle-time). Their presence in the noise expression is because
the digital circuits switch randomly across the chip. The random
switching of the digital circuits located at different locations
across the chip are directly translated to random signal prop-
agation delays toward the sensitive analog terminals inside the
chip. The analysis can easily be extended to a more general sce-
nario in which there are multiple synthesized frequencies across
the chip.

To obtain the PSD of substrate noise vs,n(%), the following
Theorem is used.

Theorem 1 ([24, p. 374]): Consider the following wide-
sense cyclo-stationary stochastic process:

x(t) = Z AlnJv(t — nT)

n=—o<

where A[n] is a discrete-time random-process. The shifted
process z(t), given below

o

Z Alnlu(t — nT = Xp)

n=—o<

2(t) =
is a wide-sense stationary process, whose PSD is

5200) = 75a(e=) V). @
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Fig. 6. Substrate noise modeled as stochastic impulse train.

1\

Using Theorem 1 and (3) the PSD of substrate noise vgup ()
is obtained as follows:

1 .
Sua) = o [S () Ve ¥ ()

+SAsub,P (6jw) |Vvsub7P(W)|2i| . @

Applying (4) on a special example for substrate noise proves
useful in forthcoming discussions. This example includes the
case in which the ringing duration of substrate noise is small
compared to the duty cycle of the synthesized signal of the PLL.
In this case, the substrate noise is accurately modeled as impulse
train with normally distributed random area and a uniformly
distributed random time-shift to account for the switching ac-
tivity and random signal propagation delay, respectively. Con-
sequently, the noise expression in (2) is simplified to a stochastic
impulse train specified by (5), and depicted in Fig. 6

[#]
/Usub,impulse(t) == Z Asub7N[7l]6(t —nT — An)
] T
+ _Z_ Agun,p[n]6 <t —nT — 5 ’Yn) . )
The PSD of substrate noise for this particular example simplifies
to

1 . .
Ssub,impulse(w) = T [SAsub,N (ejw) + SAsub,P (6]w)] . (6)

The above analytical model is used in Sections IV and V to
derive the VCO phase noise and the PLL timing jitter.

IV. VCO PHASE-NOISE ANALYSIS

As described in Section II, the VCO (and in particular, the
ring VCO) is the most noise-sensitive circuit among other sub-
blocks in a PLL circuit. The reason is that the ring VCO is
a closed-loop oscillator where corrupted zero-crossings of the
oscillations due to substrate and supply noise are recirculated
in the loop. Moreover, fast jitter components generated by the
VCO are not suppressed by the PLL (the PLL operates as a high-
pass filter to the VCO noise input). On the other hand, the jitter
coming from the input terminal does not have much of an ef-
fect because firstly, in a PLL-based clock generator the input
is coming from a very low-jitter source, and secondly, the PLL
loop filter eliminates the in-band components of the input jitter.

The VCO phase noise analysis is carried out by studying a
simple conventional differential delay stage commonly used in
aring VCO. To understand the substrate noise effect on the VCO
operation, consider a four stage fully differential ring oscillator-
based VCO shown in Fig. 7 [18].

The VCO incorporates a replica biasing circuitry that always
biases the delay element such that the output voltage swing of
each differential delay stage is fixed and independent of supply
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variation. Shown in Fig. 8 is the circuit topology of a differential
delay stage being incorporated in the implementation of Fig. 7.
The capacitor pair C'p has been employed to neutralize the feed-
forward transition provided by C¢ p of the MOS devices. Each
MOS transistor of the differential source-coupled pair experi-
ences a large-signal gate voltage and therefore, it experiences
multiple transitions in its region of operation. Moreover, the
Ip — Vg relationship of a MOS transistor is nonlinear for both
triode and saturation regions. All these phenomena cause the
VCO frequency to be a nonlinear function of the supply and
input control voltages. This nonlinear relationship is also de-
pendent on the circuit topology being adopted for a delay stage,
however, as will be seen later in this section, the general rela-
tionship between the excess VCO frequency and substrate noise
remains approximately the same. In most of today’s differential
ring oscillator architectures the VCO gain is controlled by the
tail current which makes it possible to have a wider tuning range
and a pseudo-linear frequency-voltage relationship.

The noise propagated through the substrate due to the P/G
bounce and large-signal switching appears as a common-mode
signal for the differential pair transistors, thus does not affect the
delay and dynamic operation of the differential pair (cf. Fig. 9).
On the other hand, substrate noise affects Isg through both the
control path and the direct coupling to the tail current’s tran-
sistor, as shown in Fig. 9. The former component is attenuated
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by using a differential control input while the latter being almost
intact. Using the BSIM3v3 MOS model, the tail current /sg is:

ISS :W/USa.tCOX(VGS + VTH - VDS,sat) (7)

Vbs,sat =(1 — £)(Vas — Vrn) ®)
1 1

Eeat Eeat L
1+ E 1+ (Vas—Vrn)

K

Direct coupling
Coupling through control path

1
ISS = stat C(ox(‘/cont +Ucont,sub — Utr,sub — VTH - VDS,sat) .
(10)

In (7), Vbs,sat 1s the drain—source voltage at which the ve-
locity saturation occurs, and v4,; is the saturated drift velocity.
In (8), x measures the degree of velocity saturation (with E the
longitudinal electric field). Fs,; is the electric field when the ve-
locity saturation comes into play.

Since the velocity-saturated drain—source voltage, Vpg sat, is
also a nonlinear function of the gate-source voltage, the tail cur-
rent becomes a nonlinear function of substrate noise which in-
troduces harmonic distortion at the VCO output.

To quantify the VCO phase noise, and, subsequently, the PLL
jitter induced by substrate noise, we first obtain the VCO phase
noise in response to substrate noise variations. For the ultimate
design criteria of having a small coupling from the substrate ma-
terial and P/G rails to the PLL circuit we can simplify (10) and
derive the autocorrelation function of excess frequency varia-
tion in terms of the autocorrelation of substrate noise. Starting
with (10), the current variations of the tail current due to sub-
strate noise is equal to

AISS,noise = W/Usat C(ox"'qu/Usub

Vsub < (chont - VTH)
—~ LEsat /4;2
a (V::ont - VTH)

where vg,1, accounts for the total contributions of coupled noise
on the control input line and coupled noise through the sub-
strate bulk. The assumption in (11) is readily satisfied by placing
on-chip bypass capacitors across the large current drivers.

Note that each delay stage inside the ring VCO is driven by
a similar delay stage, and is driving another similar delay stage.
The large-signal input applied to the differential pair causes
the bias points of differential pair transistors to vary periodi-
cally. The output differential current is a nonlinear function of
the instantaneous input voltage and the tail current. Differential
operation reduces the noise to a great extent. Nonetheless, the
large-signal operation of a ring VCO influences the overall VCO
sensitivity to substrate noise. This leads to another phenomenon,
that is, the tail current’s fluctuation induced by substrate noise
results in a differential additive voltage noise at the differential
output node of each differential delay stage. The following anal-
ysis proves this observation.

The output current of the differential delay stage in Fig. 8 is
a function of the instantaneous differential input voltage V;; =
V;1—V;2 to the delay stage and the current at the output of the tail
current Alsgs noise + I'ss, with Iss being the noise-free current:

I, =Ip1 — Ips = F(Vig, Iss + Alss noise).  (12)

assuming

where K

Y



HEYDARI: ANALYSIS OF PLL JITTER

Vin (t)

wolD Iss |~V

t

wi(t) [ o=cl - - =t <4 - - -4 -~ ---- o: The amplitude of w;(?)

H

Fig. 10.

wo(t) and wq(t) waveforms.

Aly=Ip1=Ip;

AISS,noixe

Fig. 11.

Differential delay stage modeled as a mixer.

Assuming Algs noise <€ Igg, the first-order Taylor series ex-
pansion leads to the following expression [25]:

OF (Via, Iss)
(Iss + Alss noise)

I, = F(Vig, Iss) + 5 Al noise  (13)

or

Io = wO(t) + wy (t)AISSmoise (14)
where wo(t) and wq (¢) are two periodic waveforms running at
the VCO frequency fvco, as also depicted in Fig. 10.

From the tail current’s fluctuations perspective, the differen-
tial pair is thus modeled as a mixer as depicted in Fig. 11.

The nonlinear operation of the differential pair is modeled
using an instantaneous current gain wy(¢), which is a periodic
function of time, as shown in Fig. 11. The instantaneous current
gain, wy (1), is expressed in terms of the instantaneous transcon-
ductances of switching devices, MN1 and MN2

_ 9mi() = gma(t)

W) = O T g (D)

15)

where g,,1(¢) and g,,2(¢) represent the instantaneous small-
signal transconductances of MN1 and MN2. To account for the
short-channel effects, the instantaneous transconductance g,,, of
a transistor in terms of its dc bias current Ip¢ is derived using
BSIM equations

M —+ LEsat

_ 2o
gm VGS - V’T‘H + LEsat

-~ Vas— Vo

(16)

The output differential current resulting from the tail cur-
rent’s fluctuations flows through the load generating differential
voltage at the output. The overall differential voltage of the kth
stage thus becomes

M)’ll,f(t) - VREP : ng()jo(t)
Vop — VREF

— | ———————— ) Alss noise (k) (4 17
<ISS+AISS7noise) 55 L () ( )

where 5&%0 is the noise-free VCO signal with unit amplitude

associated with the kth stage. Also, wgk) is the instantaneous
current gain of the kth stage. The output voltage of each differ-
ential pair will be the large-signal input to the following delay
stage controlling the switching action of the switching pair. The
modulating noise on the input signal to each delay stage has
a negligible contribution to the differential output of the stage
compared to the coupled noise from the tail current. The reason
is that the differential transconductance is nonzero only in a
small transition region around the zero-crossing points of the
input differential voltage, where the switching devices are in
the saturation region [26]. In this small transitional interval, the
input signal variation attains its maximum rate of change, there-
fore, the modulating substrate noise from the previous stage will
have a negligible effect. A significant differential component of
noise and fluctuations for each delay stage of the ring VCO is
due to the variations of the tail current of that stage induced
by the substrate noise. These observations are verified using an
HSPICE simulation of a 4-stage differential ring VCO circuit,
where each stage delay stage is shown in Fig. 8. Fig. 12(a) and
(b) compares the differential output waveforms of the first and
the third delay stages in Fig. 7 with and without substrate noise.
As observed in Fig. 12(a) and (b), modulating fluctuation on the
differential output signal of each stage are mainly dominated by
the noise of that stage. Shown in Fig. 12(c) is a comparison be-
tween the spectrum of the differential output of the third stage
with and without substrate noise. Two important phenomena are
observed. First, the phase noise of the VCO output is signifi-
cantly increased. Secondly, a noise-induced frequency shift in
the center frequency is taking place, affecting the accuracy of
the PLL that incorporates this VCO.

Proved by both the analytical study equation (17) and sim-
ulations, the tail current’s fluctuations induced by substrate
noise thus appears as an additive noise at the differential output
voltage of each delay stage.

To predict the VCO phase noise induced by substrate noise,
the VCO frequency is first calculated. Fig. 13 shows the kth
stage in a chain of N stage differential ring-VCO along with the
capacitors that contribute to the delay calculation.

The common node sg4: shown in Fig. 13 experiences a
double-frequency variation compared to the voltage variations
at the gate terminals of switch-pair transistors [19]. The input
capacitance seen at the gate terminal of the (k + 1)* stage is
therefore expected to be slightly smaller than the gate-source
capacitance Cgs r41. Ignoring the channel length modula-
tion in MOS devices, and assuming the gate terminals of the
(k + 1) stage to have fully differential voltages, the cur-
rent-voltage relationship at each gate terminal of the (k + 1)t
stage is expressed as follows:

Css,kt1 Vink+1,i
Igit1: = | Caskyt + 2 + 5 LA 5
\/2Vvin,max - ‘/;n7k+17i
AVin k1,
X—"2 3 =1,2 (18
7 ,2 (18)

where Vip max = JO.SISS/(unCOX(W/L)). Equation (18)
states that the large-signal input impedance of the differen-
tial pair can be defined using a nonlinear voltage-dependent
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substrate noise.

capacitance. The value of this input capacitance is a function
of the input voltage, thereby varying with time. Assuming a
sinusoidal input with the amplitude of V}, max, the time average
of this capacitance is calculated as follows:

4
Cem 1 =Cas k41 + T

T
T
y / Css k+1 Vinkt1,i gt
2
0 \/2‘/1121,max - ‘/;%17k+17i
C
>~ Cas kgt — % In(3 + 2v/2) (19)

where In(z) represents the natural logarithm of x. Using (19),
the 50% delay of the kth stage under a step input is calculated
as follows:

tar = 0.69F, (Cop.k + Cett k1 + Cext) (20)
where R, ;. is the output resistance of the kth stage, and Coy; is

an external capacitance added to achieve the desired VCO center
frequency. Since PMOS transistors are biased to be in the triode

2g

©

(a) Differential output voltage of the first stage. (b) Differential output of the second stage. (c) Output spectrum of the third stage with and without

region, R, is approximately equal to the PMOS output re-
sistance. Assuming identically matched delay stages, the VCO
output frequency is given as follows:

fvco
_ 1
- ncNRoPCL
1
" neNR,p(Cpp + Cas — 0.28Css + Coxt)
_ Iss
" neN(Vbp — Vaer)(Cps + Cas — 0.28Css + Cext)

2n

where n. is the constant coefficient, which in the case of the
delay stage of Fig. 8 is 1.38.

Both Cpg and Csg are nonlinear functions of substrate noise,
thereby making fyco to be a nonlinear function of substrate
noise. Nonetheless. this nonlinear dependence has a negligible
contribution to the phase noise. This is proved by deriving an
upper bound for the load capacitance 7, in the presence of
substrate noise. To arrive at such upperbound, we calculate the
first-order truncation of Taylor series expansion of the overall
nonlinear junction capacitance, Cppg — 0.28C'sg, with respect
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to the substrate noise. Using this approach, an upperbound for
the load capacitance is

C - C _Cex sub
CL<CLO|:1+‘< o — Cas ,t>mv1

Cro B

where Cp is the total load capacitance with a zero-valued sub-
strate noise, mn is the junction coefficient (0.3 < m < 0.45),
and ¢p is the build-in potential. The second additive term is
very small compared to unity for given sub-micron technology,
which justifies our assumption of ignoring the effect of substrate
noise on junction capacitances.

Having obtained the current variation of the tail current due
to substrate noise, the excess VCO frequency in terms of the
substrate voltage is readily calculated, i.e.,

} (22)

Af _ statcoxﬁ'/A
VO [ neNCL(Vop — Vier)
= K\’Co,noisevsuh (t)

Vsub (t)

(23)

where vg,5(t) is characterized by (2). Substrate noise therefore
modulates the current gain w1 (¢) of the differential delay stage,
thereby making the VCO excess frequency to be a cyclo-sta-
tionary process. Hence, the VCO excess frequency becomes
Afvco = Kveo noisetsun(t). The general form of (17) holds
true for any arbitrary differential stage, while K+v/co noise varies
with the circuit topology.

The time-average of autocorrelation function of the VCO ex-
cess frequency, R, .. (7), is a stationary process [24], and can
be derived as

Rfvco (T) = <E {AfVCO(t)AfVCO(t + T)}>t

= K%'COmoiseRS“h(T) (24)

where (-); represents the time-average operator. Rg.,(7) rep-
resents the autocorrelation of substrate noise vsup(¢) wWhose
Fourier transform is the noise PSD, S,,(w). The time-average
autocorrelation of the VCO excess frequency variation is a
linear function of the autocorrelation of the P/G noise. The
time-average PSD of the VCO excess phase is referred to as the

i
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The kth and (k 4 1)°* stages of a differential ring VCO along with the parasitic capacitances.

phase noise. Consequently, the phase noise of the VCO induced

by substrate noise is obtained using the following equation:

Sq’vco(w)
= F{R<1>vco( )}
T
=FQE T2/ / A fveco(t)A fvco(tz)dtdts
t—T t4+r-—-T

K2 -
— VCO,noise Ssub( ) (25)

w2
where F(-)denotes Fourier transformation. Sg,,(w) is the PSD
of substrate noise given by (4) [or (6) in the simplified case of
having impulsive noise]. The simplified linear relationship be-
tween substrate noise and the incremental current variation of
the tail current allows one to consider the effect of substrate
noise as an additive noise in the closed-loop PLL system, how-
ever with a different VCO gain, K+v'co noise- This will be inves-
tigated in Section V.

As mentioned in Section I, the focus of this paper is on the
phase-noise analysis due to substrate and P/G noise. Among
other practical issues contributing to the VCO and PLL phase
noise, the device mismatch is perhaps the most important com-
ponent. The analysis undertaken in this section assume that all
devices are identically matched. In practice, small inaccuracies
in manufacturing process introduce device mismatches. Mis-
matches cause three major effects on the performance of the
circuits, and in particular the delay stages within a ring-VCO
[19]: 1) dc offset; 2) finite even-order distortion; 3) lower
common-mode rejection. Details about each of these effects can
be found in [19]. In [27], we have established an analogy between
the offset and device noise. In the noise analysis of integrated cir-
cuits, the effect of all noise sources in the circuit are referred back
to the input, and is represented by input referred noise sources
[19]. The input-referred noise sources indicate how much the
input signal is corrupted by the circuit’s noise. Similar to the
device noise analysis, the offset voltage for each delay stage is
referred back to the input of that stage and is represented by a
voltage source, Vos in. The same analysis proposed in [28] can
then be applied to analyze the VCO phase noise due to the offset.
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Due to their desirable features (e.g., not exhibiting any false
lock, having a fast acquisition-time, and retaining a zero-phase
offset in the lock condition), charge-pump PLLs, shown in
Fig. 1, have found widespread use in frequency synthesis and
timing recovery applications. The output voltage of the sequen-
tial PFD can be expressed as a linear function of the phase
difference. The output voltage of the PFD acts like a control
voltage for the switched current sources of the charge pump
circuit. Finally, the transfer function of the second-order PLL
incorporating a simple RC circuit as the LPF is easily obtained.
For the related formulations and derivations see [19].

A general noise analysis of the PLL must be carried out using
the nonlinear stochastic modeling of the PLL and by solving the
Fokker—Plank characteristic stochastic differential equations. In
a robust PLL circuit with a larger than required lock-range, the
VCO phase noise induced by substrate and P/G noise gener-
ates the timing jitter at the PLL output without unlocking the
PLL loop. Therefore, the PLL timing jitter in response to the
VCO phase noise is obtained under the locked condition. The
closed-loop PLL system is a linear feedback system under the
locked condition and the PSD of the output is related to the spec-
tral density of the VCO phase variations by the squared magni-
tude of the closed-loop transfer function

Sty (W) = [Hprn(w)|” Seyeo (W)
2
1
= ) Sq’vco(w) (26)

1+ Hyp(w) (%’ffiﬁf

where Hpp(w) is the loop filter, Ipp is the constant current
source in the charge-pump circuit, Ky co is the VCO gain, and
M represents the frequency division factor, as also shown in
Fig. 1. Sy, (w) is the PSD of the excess phase induced by
substrate noise.

The PLL phase noise and timing jitter due to substrate noise
are derived using (6), (25), and (26). For a second-order PLL
circuit incorporating the first-order series RC circuit (Rp —Cp)
as the loop-filter, and depending on the PLL circuit parameters,
the closed-form expressions can be in one of the two possible
following forms (the critically damped response is derived as a
special case of the underdamped response):

2
KVCO,noise

Soppy (w) = A2,
PLL b p2 — p?

P% P1
X — Overd d (27
<w2+p§ w2+p12) verdamped (27)
S’<T>Pm. (CU) = A2 K%'Co,noise

sub

2
wf —“
<w2 + |P1|2)

where A2, represents the total average noise power of substrate
noise. In practice, the number of adjacent switching circuits is
uncorrelated to the number of adjacent switching circuits in an-
other location inside the chip. Therefore, the random amplitude
of the noise spikes in (2), Aqyp, N(P)» can be modeled as white
noise process, which simplifies the noise calculation.

Underdamped (28)
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Fig. 14. Definition of the accumulated jitter.

Moreover, p and ps are the closed-loop poles of the second-
order charge-pump PLL circuit [roots of Laplace transform of
the denominator in (26)]. The closed-loop poles of the PLL cir-
cuit will appear as a complex conjugate pair (i.e., p1 = p3) if
the output phase exhibits an underdamped transient response.
The poles lie on the negative real axis for an overdamped tran-
sient response (i.e., p1, p2 € ™, p» > p1). Equations (27) and
(28) state that the random variations in the zero-crossing time in-
stants of the PLL output signal have a 1/f? characteristic, there-
fore the error will have a spectrum that appears as a skirt on the
spectral line of the fundamental frequency component.

In general, the timing jitter of the PLL is defined as [10], [14]

P0(AT) = s (R, 0) = Ry, (AT)]
where AT is the delay from the reference edge, fj is the syn-
thesized output frequency of the PLL circuit, and Ro,,, (AT)
represents the autocorrelation of the PLL excess phase. This def-
inition is in accordance to the procedure taken during the actual
measurements of the PLL timing jitter, where the synthesized
PLL signal is used as both the trigger and the input to digital
oscilloscope or a communications signal analyzer. The oscillo-
scope compares the phase difference between the phase transi-
tions in the clock waveform, separated by an interval A7 from
the reference edge (cf. Fig. 14). The oscilloscope, in fact, mea-
sures the variance of the zero-crossings.

The timing jitter is thus equal to

A2 2

Azuh KVCOmoise
Ar2f5 \ p5—pi

X [pz (1 — 6_p2|AT|)

—p1 (1 — e*pllATl)} Overdamped (30)

A2 K2 .
2 sub VCO,noise
AT) = .
T T

X [1= (1 = |p:[|[ATY])

Xe*lplllATl]

(29)

UZ@(AT) =

Underdamped. (31)

VI. SIMULATION RESULTS

A complete PLL clock generator circuit similar to the one
proposed in [18] was designed in a 0.25-pm standard CMOS
process. The PLL operates with a lock range from 50 MHz up
to 500 MHz. a charge-pump PLL circuit is .

To experimentally emulate the switching of digital circuits
and to generate the substrate noise caused by logic switching,
40 tapered inverters driving 1 pF capacitors were placed around
the PLL clock circuit [cf. Fig. 4(a)]. To account for the random-
ness of the switching activity of digital circuits, the input signals
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Fig. 15. (a) P/G noise due to simultaneous switching of the output buffers.
ground lines.

VCO Phase Noise Due to Substrate Noise vs. Frequenc
5
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Fig. 16. Comparison between the phase noise of the designed VCO obtained
using simulation and the one using (25).

to the tapered buffers were generated by a pseudo-random gen-
erator with a Gaussian distribution. The circuit was laid out in a
low epi process. Post-layout simulations were carried out to ac-
count for the metal and interconnect parasitics. Fig. 15(a) shows
simulated P/G noise resulting from the simultaneous switching
of tapered buffers. Fig. 15(b) depicts substrate noise injected by
the signal fluctuations on the power-supply and ground lines.

To carry out the phase and jitter simulation and verify the an-
alytical models developed in this paper, the average energy of
substrate noise per cycle and the time at which substrate noise
reaches its maximum were calculated. The noise information
was then used to calculate the VCO phase noise and the PLL
jitter using the proposed analytical models. Results of the cal-
culation were compared with those obtained by the direct use of
HSPICE simulation of the PLL circuit.

(b) Effective substrate noise injected by the fluctuations of power-supply and

VCO Phase Noise Due to Devie Noise vs. Frequency
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Fig. 17.  VCO phase noise due to the device noise and device mismatch.

First, the noise spectra of the composing VCO circuit in
the presence of substrate noise injection was obtained. Fig. 16
indicates the phase noise (in dBc/Hz) of the designed ring
VCO calculated, once using the simulation; and then using
(25). A comparison between the simulation and (25) reveals
that the model accurately follows the simulation results over
the frequency offset range of [10 kHz, 1 MHz]. Substrate and
P/G noise constituted the major contributing components to
the VCO phase noise. This was verified by simulating the
VCO phase noise while all the surrounding buffers being quiet.
Therefore, device mismatch and intrinsic device noise sources
were the only noise sources that contributed to the VCO phase
noise. Fig. 17 shows the result of this simulation. Comparing
Fig. 16 with Fig. 17, the VCO phase noise due to the P/G and
substrate noise is approximately 40 dB larger than that due to
the device mismatch and device noise sources.
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The second experiment involves the phase noise of the PLL
circuit for two cases of an underdamped response and having an
overdamped response. The overdamped and underdamped cases
were achieved by varying the damping ratio of the loop transfer
function using two different values for the resistor of the loop
filter.

Fig. 18(a) depicts the PLL phase noise versus frequency for
the underdamped response. The phase noise was simulated
under three different substrate noise couplings with different
average powers. The proposed analytical model closely follows
the simulation results over the frequency offset range and for
different noise average power.

Fig. 18(b) demonstrates the PLL phase noise versus fre-
quency for the overdamped response and under the three
different substrate coupling waveforms with different average
power. Once again, the analytical model accurately predicts the
phase noise variations with respect to the frequency.

In the next simulation experiment, we simulated the PLL’s
jitter with respect to the delay from the reference edge, and com-
pared the simulation result with the proposed analytical models.
Performance comparison was made under three different sub-

strate noise couplings. The jitter variance of the designed PLL
circuit was calculated for two cases of an underdamped response
and an overdamped response.

Fig. 19(a) shows the average power of the jitter (in V?) versus
delay for the underdamped response. The analytical model ac-
curately follows the overshoot in the jitter profile that is pre-
dicted by simulation results for all three different substrate noise
powers.

Fig. 19(b) shows the average power of the PLL jitter (in V?)
versus delay for the overdamped response. Once again, the ana-
lytical model is accurately predicting the phase noise variations
with respect to the delay from the reference edge. As expected,
the underdamped system shows a larger accumulated jitter.

VII. CONCLUSION

In this paper, an analysis of the PLL timing jitter due to sub-
strate resulting from P/G noise and large-signal switching was
presented. A general comprehensive stochastic model of the
substrate and P/G noise sources in VLSI circuits was proposed.
This was followed by calculation of the phase noise of the con-
stituent VCO in terms of the statistical properties of substrate



HEYDARI: ANALYSIS OF PLL JITTER

and P/G noise. The PLL timing jitter was then predicted in re-
sponse to the VCO phase noise. Our mathematical method was
utilized to study the jitter-induced substrate and P/G noise in a
CMOS PLL. A comparison between the results obtained by our
mathematical model and those obtained by HSPICE simulation
verified the accuracy of the predicted model.
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