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in addition, if the PLL is designed and opcrqgle
correctly the PLL system will generally have ¥ far
better performance than the system it is driving. Thi

paper investigates typical jitter output responses of CP-
PLLs when subjected to selected forward path faults,
particularly relating to forward path leakage effects in
the main integration capacitor. The evaluation platform
consists of a macro level mixed signal based PLL-
Model. Degradation of the PLL outputs are evaluated
from the phase noise spectrum and jitter spectrums and
sideband spur degradation. Further evaluations and
analysis are supplied relating block level effects to jitter
and investigations are made as to the efficacy of
detection of these errors with simple measurement
techniques. The crux of the work is thus initially to
develop techniques to aid evaluation of the likely jitter
performance of a PLL system without resorting to
direct measurement techniques.
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1. Introduction

Charge-Pump  Phase-locked loops (Charge-Pump
Phase-locked loops) are currently used in a variety of

situations, including on chip clock synthesis, RF carrier
synthesis, and modulation and demodulation
applications. Due to the usefulness of the device, CP-
PLLs [1] [2] [3] [4] are now commonplace inclusions in
SOC (System on Chip) designs, and often ultimately
determine performance of other SOC blocks, such as
ADC’s, DAC’s, and fibre communications channels.
CP-PLLs are often evaluated in the design and
characterisation phase of product development in terms
of the transient response and transfer function response.
Results from these evaluations will give an indication
of the expected performance of the PLL in terms of
phase noise output (or jitter output). In addition to the
typical response measurements, direct jitter and phase

jse measurements generally accompany design

afycterisation in both the simulated and real
envggments. In the production test phase, often it is

nce. Examples of typical PLL
be found in [4][5][6]. The
“right by ign” assgmption is valid for a perfect
design with
limits, however it
faults. During the g
minimising the effect o
from external sources
suppression of the loop.
PLL noise suppression relgte noise oscillator
design, maximizing the loop bandwidth and efficient
supply decoupling methods for the whole PLL and
VCO (Voltage Controlled Oscillator). VCO’s can be
very sensitive to external coupled noise form supply
rails or via the substrate and this coupling mechanisms
can lead to direct modulation of the VCO output signal.
In many instances PLL cores situated on chip have their
own separate power supply lines and utilise techniques



such as local on chip decoupling capacitors and bond
wire LC filters in the attempt to desensitize the loop
components to externally induced noise [7][8][9][10].

Although, as mentioned, extensive characterisation is
generally used in the design and development phase of
the PLL prior to production, tests on the PLL are
sometimes radically reduced in the production test
environment. Test reduction can occur due to many
factors such as time scales, access problems, and test
integration. Some key issues are outlined in [11].

In many situations only simple frequency lock tests are
carried out on the PLL portion of a circuit, with other
complex direct jitter tests being indirectly carried out at
a higher system level. J@ the frequency lock test the
PLL systems outp W2 frequency is simply
measured a certai art-up (or after a defined
change in input b see if it is at the correct
frequency counting

performs an averaging
monitor short-term variat{gns

fact it is shown in [12] and la
many instances the PLL will sti
output frequency for output signals
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Indirect measurements are often carridd o
higher system level and will depend upon§the \gfia
system application. These may include meas

of ADC noise (where the ADC is clocked by the 4LL)
or symbol synchronisation measurements (such as ey,
diagram measurements) of a data stream that is
ultimately dependant on the PLL clock. Although these
higher level system tests must be carried out at some
point (unless the system is found to fail a-priori) they
can be time consuming, in addition, if the PLL is
operating correctly and the “right by design”
assumption is made, the PLL system can have a far
better system performance than the system it is driving.
For example jitter due to ISI (Inter Symbol
Interference) in a communication channel could mask
any jitter present from a correctly designed and error
free PLL system. If however, the PLL system is faulty
the reduced performance will propagate to the higher-
level system function performance, thus leading to
system degradation.

Typical faults in the CP-PLL may include charge pump
errors, loop filter errors, oscillator sensitivity to
coupling noise and mismatched phase frequency
detector paths. [4] [13][14][15][16]Many of these errors
can be highlighted using simple measurement
techniques [12] and it seems sensible to carry out this
type of test prior to more elaborate higher-level system
function tests. The focus of this work is thus to attempt
to rapidly isolate faulty components before investing
time in more complex and time-consuming tests. In
addition, for a PLL operating under typical noisy
conditions, the jitter induced from leakage effects

should be much greater than the expected jitter
contribution from the oscillator. Furthermore, in many
instances it is possible that measurement of CP-PLL
forward path deviation in conjunction with oscillator
power supply rejection ration tests will be adequate to
determine system performance.

The primary focus of this paper is towards jitter
relationships and phase noise spectrum degradation due
to loop filter leakage from the main loop filter
capacitor. Other forward path effects are considered
briefly. This component is initially chosen because of
potential sensitivity to process defects and its critical
function in PLL operation. In embedded applications,
the loop filter component is constructed from a very
large (approx 100 pF) MOS capacitor structure. Also,
leakage due to this component can cause analogous
affects to excessive charge pump mismatches or
forward path delay faults. However, it is expected that
the magnitude and likelilhood of performance
degradation due to typical errors in the loop filter
capacitor will generally be much greater. Effects from
forward path errors can be highlighted using simple
techniques [12] and if required, contributions due to
various effects can be decomposed using techniques
shown in [12] and also mentioned later.

It must be mentioned at this stage that various excellent
papers also exist relating to BIST (Built In Self Test),
DfT (Design for Test) techniques for evaluation of

wus PLL parameters [17][18][19][20][21][22]. In
add@ion, various papers are in existence concerning
behygs 1 modelling techniques and fault evaluation
for CP-PLL’s  [23][24][25][26][27].
ore various researchers have looked at
jons of direct on chip jitter or
ment systems [28][29][30][31]
some of which are included with the

solugmg, [17] . On chip solutions for
ents generally relate to
adaptation of conveg @otdchip techniques such as,

strobe based delay g pcitor based  linear
interpolation, vernier igf¥p

easurements [36]
and oscillator-based®” mYwsferhts to on chip
implimentations. The main probl g
is that they usually require e tuning techniques
and occupy a large die area with respect to the SUT
(System Under Test). This situation would not be as
much of an issue if the test resources could be shared
amongst several SUT blocks or measurement points. In
fact techniques suggesting multiple probe locations
with one measurement unit are under investigation in
[34]. However, it is debatable whether accurate
repeatable timing measurements of high frequency
signals will be possible in the presence of system noise
and different interconnect delays. In addition, it may be
difficult to justify inclusion of extra high frequency
interconnects into an overall system design. However,
with reducing device size, increasing on chip and on

precise timj



board system frequencies and associated problems with
physical interconnects the probable advent of new
wireless interconnect schemes [37] may make on-chip
direct jitter measurement schemes a viable alternative
for the evaluation of the master transmitting modules.

Although various papers have been mentioned relating
with respect to PLL measurement / jitter measurement
and the associated modelling issues, test techniques
outlined in [11] and [12] were initially devised to allow
desensitization of the PLL loop, to facilitate monitoring
and decomposition of key jitter contributors using very
simple techniques. Initial input stimuli sequences to
achieve decomposition were outlined in [12] along with
qualitative observations of loop filter leakage and jitter
degradation. These obggtions are also extended in

[38 My IMSTWO03 48 paper to initially relate
open loop leakagglll kely closed loop jitter or
is_the intention that the
L forward paths will

be accompanied by an offn ment of the
VCO using simplified direW t circuitry. To
assess noise immunity the VC ea nts will be

carried out in a clean and noisy eny
on chip digital circuitry active a
conjunction with deterministic noise 1nje

PLL’s. That is, instead of using direct measur¢
the PLL output, methods are sought that ease det
of the major phase noise contributors. In additig
resultant circuitry should be simple and of low area so
as to allow it to be included as part of every critical CP-
PLL based core. This comment is of particular validity
when considering the very likely advent of wireless
interconnects schemes where each clock domain would
require its own Phase locked loop based
synchronisation circuitry. In consequence it is felt that
with ever-increasing clock frequencies, component
densities and the emergence of new interconnect
proposals, that this approach may be the only viable
method for high volume production test applications.
To the authors knowledge the method of devising
simple procedures suitable for low overhead on chip
implementation that are specifically targeted with the
intention of evaluating expected jitter and phase noise
performance is a wholly new concept.

For the paper behavioural macro-level simulation
models are used for the analyses, and the models are
known to correlate well with representative physical
hardware measurements. The behavioural models were
evaluated using design parameter values such as charge
pump current and VCO gain taken from a number of
fully designed Integer N CP-PLL cores. Simulated
results were then compared to real measured results.
Typical evaluation measurements related to start-up
response, step response and observation of the output
spectrum or phase noise response.

The models allow provision for injection of random
noise and deterministic noise into various sections of
the PLL, with the prime intention of highlighting the
generally much greater effect of forward path leakage
effects.

The paper is broken down into the following sections
Section 2 explains the macro level models used and the
assumptions made for the initial experimental work. It
also identifies locations and techniques for macro level
fault injection. Typical macro level faults include loop
filter leakage, CP (Charge Pump) mismatch, oscillator
sensitivity or noise, and delay faults in the PFD (Phase
frequency detector).

Section 3 is used to explain and identify techniques
for investigation of the phase noise spectrum and jitter
spectrum. It also describes techniques used for
generation of the jitter spectrum using a SPICE
simulator and MATLAB routines.

Section 4 Initially investigates typical jitter and
phase noise output responses from the faulty PLL and
evaluates the efficacy of detection with simple open
loop leakage tests. This leads to a relation ship between
constant phase offset and open loop frequency
deviation. In addition this section relates the constant
phase offset back to the likely deviation of the loop
filter control voltage.

Section 5 provides a summary and conclusion of the
paper and gives indications as to where further work is
required.

2. acro level CP-PLL model.

Feedback Path

Figure 1
model.

Key elements of PLL macro

The key elements of the model are now described
from left to right with associated methods for fault
inclusion.

The reference signal for the PLL is currently
modelled using a conventional SPICE pulse source. For
the analyses it is assumed that a clean reference source
is available.

The PFD (Phase Frequency Detector) is modelled as
an edge sensitive type IV phase and frequency detector



and is described using VHDL primitives consisting of
two D-type flip-flops an AND gate and various inverter
delays. Each primitive in the PFD can have its
associated propagation delay (which relates to the dead
band of the PFD) changed using generic parameters
available in the VHDL language.

The charge pump sources are modelled using voltage
controlled current sources. The model has also been
evaluated using MOS switches. The model has
associated current sources Iy, and Ingy that can be used
to model the effects of noise in the charge pump
structures. However, for the particular analyses it was
assumed that any noise modulation effects could be
combined with the VCO noise modulation.

The loop filter commonents are standard SPICE
elements. C, is the dg g capacitor that removes
high frequency g om the charge pump
switching action. @ Wop filter-damping resistor.
Cint 1s the main loop filjir capgsigr.

The VCO is mod€ll C
included as part of the sifgulat¥®n
model incorporates the division r;
(included in frequency synthe@er
signal is fed to the feedback path in|

ke constructs
a®e. The VCO
PLL system

VCO also has a high frequency t real
output of the PLL that is mapped to the f@Poac t.
For the initial modelling it is assumed that t d

path low frequency section of the PLL, consis 4
PFD, CP and loop filter respectively, will be 1dengfal
whether the PLL’s final output is high or" low
frequency. That is, changing the division ratio c
change the PLL’s ouput frequency range, whilst the
VCO gain, CP gain PFD delays and loop filter
components can be adjusted to keep the loop filter
parameters approximately constant. [38]

To allow correct noise to be injected into the VCO,
various assumptions are made for selection of typical
target architecture. The primary assumptions are that
the delay cells in the oscillator will be differential
current starved elements, and the control voltage (Vu)
from the loop filter will steer the oscillation frequency
via a voltage to current conversion stage. It is also
assumed, following [39], that for this architecture the
primary source of direct oscillator induced jitter
(random or deterministic) will be due to modulation of
the tail current. The block diagram of the VCO tail
current noise model is shown in figure 2.

Original VcrrL —_I?_
Vto | + Noise E
VCO HF
vco
’ L \ VCO LF
I'to V + Noise E T E Mapped VeraL
Figure 2 Controlled Oscillator Noise

Injection model

As can be seen from figure 2 the model is
decomposed into 3 basic sections. The V to I
conversion allows a random or deterministic noise
current to be injected. The I to V section includes a
noise model resistor (that includes thermal and flicker
noise effects) and a decoupling resistor Cgy,. Which is

used to model the supply decoupling. Cg. also

effectively slew rate limits the VCO frequency change
at high input frequencies.
To assess the accuracy of the noise model a 2nA
10MHz sinusoidal noise current signal was injected into
the oscillator. This experiment was also carried out in
[39] and the phase spectrum plot in figure 3 illustrates
comparable results, with the spurs due to the 2nA noise
modulation clearly evident at a 10 MHZ offset.
The simulations carried out in subsequent sections of
aper are carried out with random noise of 2nA
amitude injected into the oscillator cell. The model

as described and simulated in the SMASH™
si environment. Further evaluations, including
e tions of pr. ation delays, have been carried out

t Technologies ADS simulation

2nA sine modulation spectrum
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Figure 3 Oscillator spectrum with 2nA
sinusoidal noise modulation

The specific parameters and derived parameters
relating to the model are provided in table 1, in addition
noise parameters and error parameters are given.



Design Comments Value
Parameters
Ref Reference 10 MHz
Frequency
Division Ratio Feedback divider 30
ratio.
Desired Output Final PLL output 300 MHz
Frequency frequency.
Ipump Charge pump 10 uA
current magnitude
PFD delay Propagation delay in 700 ps
one path
Kvco VCO gain MHz/V 200 MHz /V
Ivco VCO gain MHz/uA 2MHz / uA
Vetrl Range Tuning voltage 1to2V
range.
Ictrl Range Tuning current 100 to 200 uA
Cint 100 pF
Cg 10 pF
Rd 25 Kohm
Derived
Parameters
w, 16.496 Krps
129.949 KHz
Z 1
BL Noise bandwi¥th
(one sided)
Noise Parameters
Inosc Random noise
modulation of
oscillator
Tnpump As above for charge 2n k
pumps
Errors
Rieak Loop filter leakage 100M, 10M, 1M
resistor 100K, 10K (ohm)
Alypgn Change in charge +20%
pump current
magnitude.
APFD Delay change in
PFD +10%
Table 1 Model parameters.

Equations for derived parameters can be found in [1][2]
[3] [6]. In addition, operational details of the various
elements can be found in the same references. Any key
equations and operation details required for this paper
are provided where applicable.

The critical design parameters were estimated from a
selection of representative PLL designs constructed in
contemporary technologies.

Simulations for the model for typical evaluations
including, start-up response, step response, phase
transfer function, phase noise and jitter performance,
bare a close correlation to actual measured results.

Typical fault / error injection at the macro level is
related to CP mismatches, loop filter leakage, PFD
delay mismatches and VCO modulation leading to
output frequency modulation by these effects. The main
focus of the work at present is related to the
investigation of deterministic phase noise at the output
due to these types of faults and is principally related to
direct loop filter leakage. Experiments for this model
have been carried out with further errors in suggested

components, however, the most dominant effect
appears to occur from typical loop filter errors.

It is noted that cumulative drift of the PLL output
frequency due to any leakage or delay in the forward
path components can be mapped in the first order to
biasing of the loop filter control voltage. For further
analysis however; the following faults can be applied.

Delay faults in the PFD are introduced by adjusting
the propagation delays of the associated VHDL models.
Mismatch faults in the CP structures can be introduced
by changing the gain factors of the VCCS (voltage
controlled current source). Leakage effects in the loop
filter structures are introduced by placing resistances in
parallel with the relevant loop filter capacitor.

3. Generation and analysis of the jitter
spectrum.

This section investigates techniques for generation of
the jitter output spectrum from the PLL model. The
jitter spectrum model is used to provide a visual
indication of the induced jitter when the PLL subjected
to likely errors in the loop filter components.

The basic method for generating the jitter spectrum
from a SPICE simulation involved subtracting an
“ideal” reference signal from the PLL generated signal
to generate a TIE (Time Interval Error) output signal.

signal contains pulses whose amplitude represents
the @me difference between the respective signals. An

120z to plot the time interval error with respect to
1 eveloped for the SMASHO simulator in the
A behavioyral modelling language. Further

o taken from models created for

occurrence times are
value is then output tg
The algorithm has also been o the VHDL-
AMS language.

Applying an FFT to the discrete TIE output signal
yields the jitter output spectrum. This spectrum can be
analysed and post processed to determine and separate
random jitter and deterministic jitter [41][42]. In
general, deterministic jitter will be seen as discrete
spectral lines in the jitter output spectrum, whereas
random jitter will be observed as a “noise” floor at
some constant amplitude. For the purpose of the paper
the jitter power spectrum is produced in SMASH and
conversion to the appropriate jitter versus frequency
plot is carried out via post processing in MATLAB and
EXCEL.



For reference, figures 4 and 5 show the time interval
error plots and peak-to-peak jitter spectrum plots
respectively. These plots were taken from the closed
loop PLL model.

The result plots illustrate the PLL jitter response for
different input currents injected into the VCO. The
measurements were carried out over 15000 PLL output
cycles with the oscillator subjected to 200nA peak
amplitude sinusoidal current noise at modulation
frequencies of 100 KHz and 1 MHz.

The 200nA current value was chosen as an example in
this case to allow easier viewing of the response plots.
The responses were also plotted with 2nA-injected
noise current as mentioned in section 1. However, with
this value of noise thgachange in the PLL output
response was negligj W the deterministic spike
shown in figure 5 e in the noise floor.

TIE magnitude plot
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Figure 4 Time interval error plots for
200nA sine modulation @ 100KHz and 1MHz.

noise bandwidth. The jitter spectrum view of output
noise was found useful for qualitative observations of
deterministic degradation of the PLL output spectrum.

4. Jitter output spectrum / Phase noise
spectrum results due to loop filter
errors and simple detection of faults.

This section initially investigates the jitter output
spectrums and the phase noise spectrums of the PLL
after injection of faults into the loop filter capacitor.
The section then investigates detection of the
performance degradation using simple techniques
proposed in [12].

4.1. Principle investigations of phase noise
degradation using conventional methods

Principle faults were related to leakage of the main
integration capacitor (C, , figure 1). As mentioned in
section 1, the leakage effects were modelled by placing
a resistor in parallel with Cj,. This model is valid for
MOS transistors used in a capacitor configuration. It
was initially decided to concentrate on this element due
to various factors, the principle being related to
sensitivity to faults because of the large physical area,
the critical relationship to overall PLL operation and the
possibility of emulating other fault types with this
approach.
itial values for the leakage resistance were chosen

PLL centre
frequency

Jitter Spectrum
BW=2NHZ
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Figure 5 Jitter spectrum for 200nA sine

modulation.

It can be seen from figures 4 and 5 that the peak-to-
peak jitter magnitude of the jitter spectrum corresponds
to the peak-to-peak magnitude of the TIE plot. It is
important to note the jitter suppression of the 1MHz
sinusoidal noise is due to the filtering function of the
PLL loop filter. With reference to table 1 it can be seen
that the 1MHz signal is outside of the estimated PLL

Table 2 Le

The 100 K and 10 K vg
due to the fact that wi
frequency of the operational PLL dramatically
from the correct frequenc cse conditions the
leakage resistance is so excessive that PLL circuitry can
no longer compensate for the leakage per comparison
cycle. That is it cannot maintain the desired average
control voltage to keep the PLL output signal at the
desired average frequency. In this situation the control
voltage then settles at its minimum value. This effect
makes it difficult to compare the output results with the
ideal case, however the conditions would be easily
detected by simple evaluation techniques such as a
frequency lock test. It is important to note that this
effect is the same as that reported in [12] from
measurements carried out on physical hardware.

ances.

ofindicated as not valid
e values the centre



Plots are now shown for the full phase noise
spectrum, the one sided spectrum and the jitter
spectrum, respectively. For reasons of clarity, only the
no leakage case and the case for R = 1 MQ are
shown, however, tabulations of estimated phase offset
and jitter for the other values are provided in tables 3
and 4. The other graphs, if shown would lie between the
illustrated plots in figure 6 and 7.

The plot of figure 6 shows the full phase noise
spectrum of the PLL output over a 40 MHz bandwidth.

FFT of PLL Carrier With Loop Filter Leakage
BW =40MHz
Span =280 to 320MHz
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Figure 6 Phase spectrum plots forE

Rieak = o (lowest plot) and Rie;x =1 M Q

From figure 6 the degradation in the carrier spectru
can be clearly seen. There is also a degradation in the
reference spur of approximately 50dB at a 10 MHz
offset.

Plots of figure 7 are used to illustrate the one sided
spectrum for the PLL output over a 10 MHz bandwidth.
The plots of figure 7 were also used to estimate the

hase jitter values in table 3.

Figure 8 illustrates the jitter spectrum for the two
leakage resistance cases over a 10 MHz bandwidth.

Jitter Spectrum
BW =10 MHz
Span=0to 10 MHz
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Figure 8 Jitter Spectrum for Rigox = o ,
Ricak = 100MQ , and Rjeak = 1M Q.

In figure 8 the jitter spectrum for R, = 100 MQ, is
shown for reference.

It must be mentioned that a constant offset (or static
phase error) is evident in the jitter spectrum of figure 8.
This offset occurs for the simulations with leakage
resistance included, and occurs due to the phase that is
lost per comparison cycle. The offset is easily seen
from investigation of the TIE values and the associated
jitter spectrum; however, it is not as readily evident
from the phase noise spectrums of figure 6 and 7. The
ets were also calculated from averaging the time
al error and were also compared to measurements
een the PLLs reference and feedback signal
jes. The values are provided in table 3.

One sided spectral Plot
BW=10MHz
Span 300 to 310 MHz
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Figure 7 One sided spectral plots for
Rieak =@ and Rie.c =1 M Q

Rieak (Q) Constant offset
Measured TIE (average)
100 MQ ps 150 ps
10 MQ ng 1.5ns
1 MQ . 14.6 ns
Table 3 Peak g &
The significance o®this#istal offsgt value is that

the closed loop CP-PLL will al 0 compensate
for it per comparison cyc will lead to direct
modulation of the VCO control as shown in section 4.4.
It can also be noted from comparison of figures 7 and 8
that a rise occurs at 1 MHz from the carrier. This peak
is due to additional low frequency modulation of the
VCO by the control voltage signal. Figure 7 was used to
provide estimates of the RMS phase noise and jitter
within a 10MHz bandwidth for the respective leakage
values. From [2] the phase jitter estimate is made by
integration of

L(fm) (see figure 7)

Where L(fin) is defined as the one sided phase noise
spectrum of the signal .




Over the respective frequency range of interest. The
process and associated variations are explained in [2]
and the initial estimations were made using the
associated software supplied in [2].

For comparison, RMS jitter estimates were also taken
from the standard deviation of the of the respective TIE
data. The standard deviation was taken so as to remove
the significant constant offset jitter. Note that for
deterministic jitter sources RMS measurements are not
wholly applicable, however in this situation they serve
to provide an indication of the noise degradation over a
specific bandwidth with increasing leakage resistance
values.

Table 4 indicates estimated values for timing jitter
within a 10 MHz bangaidth. The values were also
deviation of the time
results within a similar

range.

RIeak

00

100M Q

10MQ

1MQ

Table 4 Estimated Jitter
various leakage resistors.

From the estimations in table 4 it can be seen e
maximum timing deviation is to be no more an W%
(commonly stated performance metric) of the

signal frequency that is

TJitter < ]—;’ * 01

Equation 1

Where T, is the period of the required signal

The last two conditions in table 4 will have produced
unacceptable system degradation. It is possible that in
many situations that jitter degradation for the 100 M Q
resistance case would also be classified as leading to
unacceptable system performance.

Obviously the jitter specification or phase noise
specification and the measurement bandwidth will
depend ultimately on the final system application.
However, the tabulated measurements give a useful
indication of performance degradation. Also in many
situations the constant offset will be of prime
importance.

(seconds)

4.2. Detection of faults leading to jitter
degradation using simple methods.

This subsection essentially concentrates on detection
of the faults related to loop filter leakage explained in
the previous subsection using simple techniques. These
results are then related back to approximate peak offset

jitter values. Techniques are based upon “Ramp
stimulus” techniques, which are well documented in
[12].

The basic principle of the technique is to open the
PLL loop after lock has been achieved and then apply
deterministic signals derived from the reference signal
to the inputs of the PLLs PFD.

Before proceeding, with further explanation, a brief
verbal description of the basic PLL operation will be
given. Further more detailed descriptions are provided
in [2][3].

In a locked condition the PFD serves to provide error
correction pulses that are proportional to the timing
differences between the reference clock and the
feedback clock. The pulses are then used to switch the
appropriate charge pump switches and ultimately raise
or lower the loop filter control voltage (Vcrry)
accordingly. Noting that Vergpy provides the VCO
control signal, and in turn the VCOs output signal is fed
back to the PFD input, it can be seen that in the locked
condition the PLL will maintain an average output
signal that is phase and frequency locked to the
reference signal. Furthermore, assuming that the loop
filter components are free from errors, and the oscillator
is low noise and sufficiently decoupled, the PLL will
maintain a very close average (i.e. low noise) to the
clean reference signal. In this case the “dead band” or
the limit at which the PFD can no longer detect a phase
difference, will ultimately limit the maximum peak-to-

jitter of the PLLs output signal. This assumption,
hov@#ver, is not valid if any of the forward path
ts are leaking at an excessive rate.

ope has been achieved. It was
that application of identical
PFD cotd be used to emulate the locked

orggmigwas shown the technique can
prward path of the PLL by
measuring the o cqgpncy deviation over a
number of cycles o
that it is suggested i
applied by use of 4
multiplexer. The deviation
start frequency that is m when the PLL is
operating in the locked condition. The output frequency
deviation in the emulated lock mode is proportional to
the leakage rate per PFD comparison cycle. In addition,
it gives a direct indication of the amount of leakage per
cycle when the PLL is in its fully operational locked
mode. Graphical descriptions of the initial test set-up
and a sketch of the PLL output response are shown in
figure 8.



Open loop PLL
In this set-up frequency
Identical input signals Ideally should have identical deviation per cycle should be
to PLL correction pulses at PFD primarily due to leakage of
output and Iooppgiéter node. the loop filter node. But large

CP mismatches may
contribute (see text)

a -

fout

VCTRL ‘
vco

Cg Rd
4
ce Time

Figure 8 Suggested leakage measurement set-
up

The technique shown in figure 8 and other permutations
of the technique havegalso been evaluated using
physical hardware pl

4.3. Initial measu

alysis of static
offset procedtfre i

S methods”

For the maximum offset crror
loop filter leakage plots, the
made that the deviation over

reference signal will be on averagRgs o the
sum of the leakage over 1 cycle in the Iqgfed n
addition it as assumed that C, (see figure 1 y
will have negligible affect on approximatioRg, d

the small size of C, compared to Cj, this is d

assumption and provides an initial starting poin? for
calculations. Thus, measuring the deviation ov
multiple cycles and dividing by the number of cycles
yields the approximate deviation per cycle.

of
Af Cycle = N

Equation 2

(Hz)

Cycles

Where, A f.,ci is the approximate deviation per cycle, A
fis the deviation over multiple cycles of the reference
signal and Nyees is the number of cycles the
measurement is taken over.

The relationship in equation 2 has to be expressed in
terms of time to give an indication of the maximum
phase alignment the PLL attempts to compensate for
during each comparison cycle. To accomplish this the
initial assumption is made that if the PLL can maintain
the required average frequency in the locked condition
the approximate designed values for Kvco, Ciy, Ly and
I.an can be used in estimations. Using this assumption
and further assuming that the change in voltage is
approximately linear over a small range, the
corresponding change in the loop filter voltage can be
estimated as.

A
Al/c'trl = f
Kvco
Equation 3

V)

Where: V., is the change in control voltage, and Kvco
is the VCO gain parameter.

With the estimate for V., obtained, it can be converted
to an expression in terms of expected time delay per
comparison cycle as follows.

AfeC,

AT,_ ~ int S
o Kycosie N ©

Equation 4

Where: C;,, is the expected capacitance, i is the charge

cycles

pump current, and Ny is the number of cycles of the

reference signal that Af is measured over.

Equations 2, 3 and 4 follow a similar process to those
provided in [1] for estimation of the static phase error
due to finite bias currents.

Equation 4 was used to estimate the maximum time
deviation of the PLL signal over 500 cycles of the 10
MHz reference waveform. Tabulated results for the
total frequency and voltage deviations over 500 cycles
and estimated time deviations over 1 cycle are given in
table 5.

Rieak AVerre Af ATcvele
6.26 mV 1.252 MHz 125 ps
62.7 mV 12.5 MHz 1.25 ns
490 mV 98 MHz 9.86 ns
over Vv 62.7 MHz 12.5 ns

250 cycles

Table 5 Estiflates of maximum timing

deviation.

Comparison of
in table 3 shows{a
100 MQohm and 10 M
shows a marked dg

at its lower limit. If meas t of relative leakage
was required in this situation the measurement time
could be reduced. The same measurement over 250
cycles of the reference waveform is also provided. The
results show that the method could be used to highlight
faults that would lead to unacceptable performance
degradation. It is the intention that suitable deviation
limits would be decided upon in the PLL design phase.
The methods were also carried out for CP mismatch of
20% (typical allowable deviation) in the down current
source and 20% timing delays in the PFD input paths.
In any case it is assumed that the matching will be quite
good. For the CP mismatch case the performance was




still better than the 100 MQ leakage resistance case.
For the PFD delay mismatch the performance was still
acceptable. It was initially concluded that as leakage in
the forward path could be contributed by any of the
elements, excessive errors in any particular component
could be in the first order mapped to loop filter leakage.
4.4. Initial analysis of phase noise spur

increase in terms of VCO modulation

voltage:

The time values estimates in table 5 represent the

effective time delay the closed loop CP-PLL will be

trying to compensate on each comparison cycle.

Therefore in closed gode, and for a constant

leakage or negativg P loop filter node we will
have the followin® oper; ®over 1 cycle.

1) On the rising jdge reference signal the

UP current so¥rc Sa0 d attempts to

panto the loop

inject current of d
ck '-Q curs due to

filter node.

When the delayed fee

the constant leakage on tie N\ iggegration
capacitor, at AT.q. (see . UP
current source switches off a ot p
and down current sources are off. e
loop filter node is ideally isolate d't
control voltage should remain at the voifbe

level on the main loop filter capacitor Ciy.
Because of the leakage on C the contr

2)

3)

voltage is reducing over the remaining part of

the comparison cycle.

So for example if the closed loop PLL were operating
in conditions with a 1 MQ leakage resistance in parallel
with Ci, (see table 5 also) and a reference frequency
(Fref) of 10 MHz we would have.

AT, =12.5ns

and

AT, = L _ AT, . =87.5ns
leak Fre cycle .

Equation 5

Where: AT, is the effective time leakage can occur for.

To illustrate the PLL action in the presence of leakage
simulation plots of the loop filter control voltage
deviation, the reference the feedback and current source
signals are shown in figure 9 over 3 periods of the
reference waveform.

10

veu) | T T

< iATleak }—»

FB 4‘ ATcycle }—»

Figure 9 lllustration of loop filter leakage

In figure 9, AV indicates the approximate amplitude of
the 10 MHz ripple voltage present on the loop filter
node.

The ripple voltage on the loop filter node (the VCO
control node) due to the leakage can be considered in
the first instance as a modulating signal present on a
VCO control input. That is, for first approximations the
system output can be viewed in terms of a frequency-
modulated spectrum of an open loop VCO with an
appropriate  modulation input. [2][4][43]. This
assumption works well for initial sideband spur
locations and amplitude approximations. However in a
closed loop situation the PLL still tends to reduce the

ise floor of the open loop VCO.
s, the initial problem after calculating the time
offs€tgaas to estimate the modulating voltage on the
ol line with the PLL operating in the closed

odulation was initially estimated
cyele from table 5 as a starting
llowing assumption is used.
losed loop mode the control
ily on Cint with an average
at the desired average
W d assumption as long
see table 2).

value per cycle on

operating frequency?
as the leakage effect is

Using this assumptig
Cint 1s given by.

_ fout

B Kvco
Equation 6

ave

Where: fout is the desired operating frequency, V. is
the required voltage to maintain this frequency and
Kvco is the VCO gain in MHz /' V and is given in table 1

So the required operating frequency to maintain fout at
300MHz is 1.5V.

To continue with the approximate control voltage
amplitude calculations the operation of the loop filter



node components for AT is considered in each Equation 9 represents a frequency modulated carrier
individual reference cycle. signal. The modulation factor is described [43] as
Referring to figures 1 and 9 the average voltage on the

control line will be 1.5V before Iup turns on. Also, Iny AY/S

will turn on for the time predicted from table 5. To find -,

the ripple magnitude due to Iy, the loop filter Jm

impedance is initially found in the Laplace domain and Equation 10

multiplied by the required input function. Where: Afc is the total change in the carrier frequency

and fm is the frequency of the modulating signal.
s [Rd [Cint+1

v (s)= 2P
’ s° [Rd [Cint[Cg + s [Cg + s [Cint

So in the case of the PLL with leakage the modulation
factor is approximately.

Equation 7

. . . AV K
Taking the inverse Lapgce transform of equation 7 mf :M
provides an initial est for the ripple amplitude of Fref
the VCO control he result is shown in Equation 11

equation 8.
v, =Iu{

(Cg+Cint}

X Rd@?inf@x{—(Cg+ Cint)

1

Equation 8

The value calculated from equation 8 is ad

nt
(&

approximate control line voltage.
Table 6 shows approximate estimates of the rippl
magnitude and the corresponding values for the vario
values of AT.y.. The measurements were taken over
AV (see figure 9).

1
) (Cg+ Cint)z}

Where: AV is the approximated amplitude of the ripple
voltage, Kvco is the VCO gain, and Fref is the

frequency of the PLL reference signal.

For frequency-modulated signals where the modulation
signal is a cosine wave (as in equation 9) the relative
amplitudes of the spur signals in the output spectrum
can be found using Bessel functions. Bessel functions
are usually tabulated for various values of modulation
factor [43].
The sidebands are spaced symmetrically at multiples of
the modulating frequency from the carrier. From
observation from tabulated results it can be shown that
lative amplitudes of the first two sidebands for a
modilation factor up to 0.6 can be found using the
tions [4].

Rleak ATcycle Measured Estimated
AV AV
1 MQ 12.5ns 12.3 mV 12 mV
10 MQ 1.25 ns 1.3 mV 1.247 mV
100 MQ | 125 ps 140.5 uV 125 uV m
Table 6 Loop filter ripple magnitudes. J,(mf) = .
In terms of frequency modulation the values of table 6 Equation 11
can be used to estimate the modulation factor and hence Where: Jy represents@®he | [ction value that is

find the approximate spur amplitudes of the VCO
output spectrum. This can be achieved as follows.
The VCO / PLL output signal fout can be described as.

v, =V, sin[2n L), 4 —mf cos(2n Ufm [1)]
Equation 9

Where: v. represents the modulated output signal or
fout in this case, Vc represents the amplitude of the
modulated output signal, f. is the nominal frequency of
the carrier signal, fm is the frequency of the modulating

signal and mf is the modulation factor.

11

used to scale the carrier signal a

The Bessel function provides an initial approximation
for a cosine wave-modulating signal. However,
observation of figure 9 shows that the actual
modulating signal is in the form of an approximate
ramp function. In this case the frequency-modulated
spectrum is more complex. Despite this difference the
approximation of wusing a cosine wave for the
modulating signal can provide good initial estimations
of sideband spur amplitudes and where problems may
occur.

The values from table 6 were used to initially calculate
the modulation factor using equation 11. The results



were then used to approximate the expected sideband Similar techniques to the ones explained can also be

dB amplitudes. Values are provided in Table 7. used for detection of unequal or excessive charge pump
Rleak AV mf Spur Spur 2 mismatch. Suitable sequences that would allow the
(measured) 1 estimation of AT due to charge pump mismatch are

1MQ 12.3 mV 246x107 18dBc | 42dBc¢ explained in [12]. In the leakage estimate technique
10MQ |13 mV 26x107 37dBc | 81dBc shown here the measured value includes both leakage
100 MQ | 140.5 uV 2 81x10° | 57dBc | 120dBC from the loop filter node and positive or negative biases

Table 7 Predicted spur values. due to the charge pump current mismatch. This can be
. . understood by observing figure 8. Using this
Figure 10 shows the respective frequency spectrums arrangement both charge pump current sources will
plots of the PLL output waveforms for the 1 MQ and switch on simultaneously for a finite time on the
100 MQ leakage resistance values. coincident edges of the input signals. In this situation if
one of the current sources is stronger than the other
s s s s s | current source the loop filter voltage will be biased in
; one direction in a similar manner to the loop filter

‘ leakage case. Several options exist to separate the

IMQ .
leakage W - : leakage effects due to charge pump mismatch and loop
. MM MWMW - filter leakage if this is desired. A typical method is
g™ - ki B outlined below.
‘ . e Deactivating both current sources
100MQ . .
Jeakage simultaneously will allow measurement of

. Pl : leakage from the loop filter node when it is in
WM”'W Wﬂwﬂm the high impedance state. Opening the PLL
J 1t | loop and applying single coincident edges to
300MHz spdfll the PFD inputs after lock has been achieved

can perform this operation.

Figure 10 Frequency spectrum plots f

and 100 MQ leakage resistances Subtracting the value of the frequency deviation

this method from the one depicted in figure 8 will

The measured dB spur values taken with respect to t prog)de an indication of the charge pump leakage.
carrier are provided in table 8. hi cdure is provided for example, however, in
m, ions the total deviation per cycle will be the
Rleak Carrier Spurl Spur2 m%t in®ortant factor. Further experiments were carried
1 MQ -6.064 dB 27 dBc 40 dBc out relating d 10% and 20% charge pump

10 MQ -6.046 dB 46 dBc 59 dBc mismatchesfln thesefases the close in phase noise

100 MQ -6.045 dB 69 dBc 78 dBc spectrum arf@und the carrier was degraded, however, the

Table 8 Relative spur values performance til than the leakage resistance

The values in table 8 show a reduction in the spurs with
increasing values of leakage resistance as would be 5
expected. However, the values differ from the ‘
theoretically predicted values of table 7. Differences in
values are primarily due to the approximation in the
modulation signal used. A ramp type-modulating
signal such as the one depicted in figure 9 will consist
of more harmonic components, which will effectively
spread the spectrum of the spurs and thus decrease the
strength of the main spur signal. Additionally, the
PLL’s compensation action and loop filter will still
(even though the PLL is in error) assist in suppressing
the generated spurs.

The preferred method for using the suggested open
loop leakage measurements techniques and associated
ATy estimates for spur prediction would be with the
use of corresponding behavioural models to allow
estimation of the maximum leakage that could be
tolerated for a particular application.

Conclusions r work.

The paper has preserfed vegilgation of the jitter
output spectrum of a CP-PLL is under the
influence of faults that lead inistic jitter at the
PLL output. There is obviously a strong correlation
between loop filter leakage and performance
degradation of the PLL. It is also likely that errors could
occur in the loop filter elements when considering fully
embedded CP-PLL implementations. In consequence it
seems sensible to carry out leakage tests prior to more
advanced tests.

The paper has discussed the possibility of detecting the
typical faults using simple measurement techniques and
relating them back to PLL signal output degradation.
The estimates for the per cycle offset are accurate and
have been extended to approximate the likely loop filter
ripple. It is the intention that spur increase prediction is
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to be investigated in more detail to ultimately yield [11] M.J. Burbidge, A. Lechner, A. Richardson, “Test techniques for
e embedded Charge-Pump Phase-locked loops; Problems, Current
more accurate predictions. BIST Techniques, and Alternative Suggestions.”, 7™ IEEE

It is the intention that further work be carried out into piemational Mixed Signal Test Workshop, June 13™-15%, 2001
investigation of a closed form solution of jitter related
to output frequency deviation in the emulated open loop [12] MLJ. Burbidge, J. Tijou, F. Poullet, “Investigations For Minimum

s - Invasion Digital Only Built In “Ramp” Based Test Techniques For
mode. In addition Jitter measurement of the PLLs open Charge Pump PLL’s”, Journal of Electronic Testing Theory and

loop OSCillat.Or al?d the relationship of the jitter to Cl.OSCd Applications. (JETTA) Volumel9, Issue 4, Kluwer Academic
loop operation is to be carried out. The goal is to Publishers.
attempt to enable tests for full system performance to be

carried out using simpler methods on a desensitised and (13] M. Smith, “An Improved PLL Design Method Without cn

and {”, Motorola application note AN1253, 1998.

decomposed PLL.
Other work is currently being undertaken towards [14] M. Curtin, P. O’brien, “Phase-Locked Loops for High-Frequency
evaluation of PLL output signal determination due to Receivers and Transmitters” Parts 1 to 3, Analogue Devices,

coupled noise effects and the development of Analogue Dialogue, Issues 33-3, 33-5 and 33-7, 1999.
techniques useful for higlalighting these effects.

[15] “Reduced Timing Jitter and Phase Noise in Radio-Frequency
PLLs”, Avant Electronics Journal Technical Article, March 1999.
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