Hidden Complexities of PLLs Are Revealed

by John G. Maneatis

In order to achieve the timing goals needed in
their ASIC designs, many enginea's dedde to
include phase-locked loops (PLLS). Phase-
locked loops have a number of desirable
properties that include the aility to multiply
clock frequencies, corred clock duty cycles,
and cancd out clock distribution delays.
These properties alow designers to use
inexpensive, low-frequency crystals as their
off-chip clock source and subsequently to
multiply the frequencies on-chip to produce
any number of higher-frequency interna
clock signals. They also allow designers to
control setup and hdd-time windows and
clock-to-output delays at the dhip interfaceby
aligning the windows to the elges of the
chip's clock source

While seemingly simple in structure and
function, PLLs are filled with hidden
complexity that can give even the best circuit
designers troubde. The design o PLLsS in
modern ASIC processes is bemming
increasingly difficult due to the limited
suppy-voltage headroom over the thresholds
of core thin-oxide devices. The use of such
devices is often required to med the
operating frequency targets and to maintain
supdy voltage flexibility. However, the
reduced suppy-voltage headroom  will
adversely affed the PLL noise performance
ASIC designers must be aware of poatential
performance pit falls for PLL designs, how to
properly charaderize the performance of
PLLs, and hav to deted these isaues in
performance results that can affea chip
timing budgets. With this understanding,
they will be better able to successully deade
uponwhich PLL to employ and hav to best
integrate them into their chip designs.
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Structure and Operation

To truly appredate the performance issues
within a PLL, orne must first understand its
structure and how it works. The high-level
structure of a PLL, shown in Fig. 1, is
seamingly straightforward. It is compaosed of
a phase detedor, charge pump, loop filter,
and vdtage-controlled oscillator (VCO).
Immediately after the PLL circuit is adivated,
it is in an "unlocked" state & the divided
VCO output frequency is unrelated to that of
the reference However, the negative
feedbadk in the loop adjusts the VCO output
frequency by integrating the phase aror
between the rising clock edges of the periodic
reference inpu and the divided VCO output.
The integrated phase aror causes the divided
VCO output frequency to approacd that of the
reference  As the PLL reades "lock”, the
phase eror deteded by the phase detedor
approadies zero becaise the divided VCO
output frequency and phase dign with that of
the reference  Since the phase detedor only
compares against the divided VCO output,
the PLL output will be N times higher in
frequency than the reference and feadlbadk
inpus, thus allowing the PLL to perform
frequency multiplication. In addition, if the
clock distribution is added to the feedbadk
path, the PLL will align the distributed clock
signal to the reference effedively eiminating
the dock distribution celay.

In order for the PLL to work properly as a
closed loop control system, the behavior of
eat block must be caefully established. The
overall behavior of the PLL can be described
in terms of its bandwidth and damping facdor.
The bandwidth refleds the rate & which the
PLL responds to changes in the reference



frequency. The damping fador charaderizes
the stability of the PLL. Low damping
fadors (1) cause the PLL output frequency to
ring when the reference frequency changes,
(2) cause the PLL to amplify phase noise on
the reference signal, and (3) may cause the
PLL to be unstable. High damping fadors
cause the PLL to initialy respondrapidly but
later dowly to a dange in reference
frequency or phase, which can be undesirable.

Noise | ssues

The blocks within a PLL can be comprised of
varying amounts of analog and dgita
circuitry, even to the etreme of being
completely digital. However, whether
composed of digital or analog circuitry, PLLS
perform the analog functions of generating
and aigning the phase of clock signals. Like
analog blocks, they are susceptible to analog
isues such as noise, which is commongace
and uravoidable in the harsh mixed-signal
environment of today's ASICs. If aPLL does
not respond well to ndse, it can introduce
time-varying off sets in the phase of the output
clock from itsided value.

These time-varying off sets in the output clock
phase ae @mmmonly referred to as jitter.
Jitter can have disastrous effeds on interna
timing paths by causing setup-time violations
and on df-chip interfaces by causing setup
and hdd-time violations which lead to deta
transmisson errors. Whil e other performance
iswues like instability, inadequate frequency
range, locking problems, and static phase
offset can also affed PLL designs, ouput
jitter is one of the most significant issues and
one of the most difficult to adequately
addressin thedesign of aPLL.

Consider, for example, the measured ouput
jitter histogram in Fig. 2. It shows the traces
of many PLL output clock edges triggered
from edges on the reference inpu and a
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histogram with the number of output edges as
a function d their center voltage aossng
time. Most of the alge samples occur very
close to the reference while afew outlying
edges occur far to either side of the canter
pe&k. These outlying edges must be within
the jitter tolerance of the interface These few
edges are typicdly caused by infrequent data-
dependent noise events with fast rise times.

In general, ouput jitter for PLLs can be
caused by bath jitter in the reference signa
and by a number of noise sources. The noise
sources include thermal noise, flicker noise,
and supdy and substrate noise. Thermal
noise is generated by eledron scatering in
the devices within the PLL and can be
significant at low bias currents. Flicker noise
is generated by mobile darge in the gate
oxides of devices within the PLL and can be
significant for low loop kandwidths. Suppy
and substrate noise is generated by on-chip
sources external to the PLL, including chip
output drivers and functional blocks siuch as
adders and multipliers, and by off-chip
sources. Thisnoise can be very significant in
digital ICs.

The suppy and substrate noise generated by
the on-chip and df-chip sources is highly
data dependent and can have awide range of
frequency comporents that include low
frequencies. Substrate noise tends naot to have
as large low-frequency comporents as is
possble for supdy noise since no significant
"DC" drops develop bketween the substrate
and the supply voltages. Under worst-case
condtions, PLLs may experience supdy and
substrate noise levels as large & 10 percent
and 5 percent of the nomina suppy voltage,
respedively.

The adual level of substrate noise depends on
the nature of the substrate used by the IC
process To reducetherisk of latch-up, many
IC processes use lightly doped epitaxy on the



same-type heavily doped substrate. These
substrates tend to transmit substrate noise
aaosslarge distances on the chip which make
the noise difficult to eliminate through guard
rings and additi onal substrate taps.

Suppdy and substrate noise dfed a PLL by
causing frequency shifts in the VCO output
which lead to phese shifts that acawmulate for
many cycles until the noise pulses subside or
the PLL can corred the frequency error at a
rate limited by its loop kandwidth. Because
the phase aror can acawmulate over many
cycles, the worst case output jitter will
usually be caised by a low-frequency square
wave noise signal. If aPLL is underdamped,
noise frequencies nea the loop tkandwidth
can be even more significant. In addition, a
PLL can amplify reference inpu jitter at
frequencies nea the loop tandwidth,
espeddly if it is underdamped.

Output Jitter Types

Output jitter can be measured in a number of
ways. It can be measured relative to (1)
absolute time, (2) ancther signal, or (3) the
output clock itself. The first is commonly
referred to as absolute jitter or long-term
jitter. The secondis commonly referred to as
tradking jitter or inpu-to-output jitter when
the other signa is the reference signal. If the
reference signal is perfedly periodic such that
it has no jitter, long-term jitter and trading
jitter for the output signal are equivalent. The
third is commonly referred to as period jitter
or cycle-to-cycle jitter. Cycle-to-cycle jitter
can be measured as the time-varying
deviations in the period o single dock cycles
or in the width o severa clock cycles
referred to as cycle-to-Nth-cycle jitter.

Output jitter can aso be reported as either
RMS or pe&k-to-ped jitter. RMS jitter is
interesting only to applicaions that degrade
gracdully when presented with a small
number of edges with large time
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displacenents well beyond the RMS
spedficaion. Such applicaions can include
video and audio signal generation. Pe&k-to-
pe&k jitter is interesting to applications that
canat tolerate ay edges with time
displacenents beyond some @solute level.
The ped&-to-pek jitter spedficaion is
typicdly the only useful spedficaion for
jitter in synchronows digital systems snce
most setup a hdd-time falures are
caastrophic to the operation d a cip.

The significance of a particular measurement
of jitter also depends on the gplicdion for
the PLL. Cycleto-cycle jitter is usualy
important in al PLL applicaions. Tradking
jitter is important in applicaions where the
PLL output clock is used to driive or sample
data to o from ancother clock domain,
typicdly in interface pplicaions. Long-term
jitter is ometimes important in applications
invalving clock multiplicaion.

Because the phase eror in PLLs acaumulates
over many cycles, the trading jitter for PLLs
that results from suppdy and substrate noise
can be several times larger than the o/cle-to-
cycle jitter. However, due to the added jitter
from on-chip clock distribution retworks,
which typicdly have poa suppgy and
substrate noise regjedion, the observable
difference may be lessthan afador of two for
well designed PLLs. Cycle-to-cyclejitter can
also be increased in frequency multiplying
PLLs by periodic disturbances in the period
of the first one or two ouput cycles at the
beginning of eat reference gcle.  This
disturbance is caused by systematic residual
error from the phase detedor.

Measuring Jitter

Measuring jitter corredly can be difficult and
challenging. Given that PLL s must operate in
a noisy mixed-signa environment, it is
important to measure them within an



equivaent noise ewironment. Measuring
PLLs in a quiet, low-noise environment can
yield optimistic and misleading jitter results.
Also, when artificial noise is applied to the
PLL's analog supdies, cae must be taken to
cgpture the worst case noise frequency
content. For long-term jitter and trading
jitter, this worst case noise signal is a square
wave & or below the loop handwidth
frequency, which is usually abou a fador of
20 bkelow the minimum PLL operating
frequency. For cycle-to-cycle jitter, the worst
case hoise signal is a square wave with edge
transition times lessthan a PLL output clock
period and a frequency that is less than the
reference frequency. The frequency of this
noise signal can be éowve theloop kandwidth.

Fig. 3 shows an example of a board setup and
optional chip setup for charaderizing PLLs
with added ndse. An externa pulse
generator coudes low-frequency square-wave
noise into ether just AVDD (the pasitive
analog PLL supgdy) for supdy noise tests or
bath AVDD and AV SS (the negative analog
PLL suppy) for substrate noise tests. The
application d noise mmmon to bah AVDD
and AVSS with resped to VSS which
dominates the diip substrate potential, is
equivalent to applying noise to just the
substrate. These board feaures can be alded
through re-work to any board, including
prodwtion bards, as long as the PLL
suppies are acceshble. Only surfacemourt
comporents shoud be used in the suppy-
noise couping network. Before performing
any jitter measurements, the noise on the
suppies $oud be daraderized. While the
PLL will impose aditional high frequency
noise on the supgies, this addtional noise
shoud be ignored sinceit is correlated to the
PLL output.

If the dhip is being designed as a test chip,

additional multiplexers can be alded around
the PLL as down in the figure to fadlit ate
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the measurement of trading jitter and duy
cyclee. The two paralel paths make avy
added jitter outside of the PLL common to
both signals, allowing only the jitter from the
PLL to be dharaderized. The multiplexers
alow the delay through eat ouput path to
be independently charaderized hy alowing
the reference inpu to be bypassed dredly to
the output. The seledively inverting
multi plexers allow the duty cycle of the PLL
output to be measured withou being distorted
by the off-chip drivers.

Cycle-to-cycle jitter can be measured by
triggering an oscilloscope from the PLL
output, and olserving the movement in time
of the next edge of the same type one gycle
later. Tradking jitter and long-term jitter can
be measured by triggering an oscill oscope
from the PLL reference inpu and olserving
the movement in time of the first PLL output
edge. When the reference inpu and PLL
output signals are both diven df-chip
through a similar path to the oscill oscope,
undesired jitter in the dock ouput path,
which is urrelated to the PLL, can be
cancded ou. Both measurements soud be
performed with a relatively noise-free
reference dock.

Careful review of jitter measurements
performed uncer red or simulated nadse
condtions is criticd for the proper evaluation
of proposed PLL designs. Jitter results are
often measured improperly or obtained under
noise-free ondtions which can be very
midleading. If a PLL has inadequate noise
rgedion, chip timing budyets will be
excealed, which will cause the dhip to fail in
unwsual and seemingly randam ways that are
difficult to dagnose ad redify. Such
faillures may nat surface until late in system
bring-up a even in manufaduring and may
lead to additional costly silicon fabricaion
runs and schedule delays. With a good
understanding of the noise sengitivity issues



that can compromise PLL jitter performance
designers can make informed dedsions onthe
best PLL designto useintheir ASIC designs.

Figure Captions:
(Figuresnot available at thistime)

Fig. 1 A PLL, compaosed of a phase detedor,
charge pump, loop filter, and vdtage-
controlled oscill ator (VCO), can be used to
cancd-out clock distribution delays.

(Title: Chip Clock Distribution and
Generationwith aPLL)

Fig. 2 This measured ouput jitter histogram
shows outlying edges that are typicdly
caused by infrequent data-dependent noise
events with fast rise times.

(Title: Sample Measured Output Jitter
Histogram)

Fig. 3 Simple danges to the power supdy
network on a test board make it possble to
charaderize the resporse of a PLL to suppy
and substrate noise. Optional changes on
chip isolate the tradking jitter and duy cycle
of the PLL from distortions in the output
channel.

(Title: Board and Chip Setup for Jitter
Charaderization)
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