Message from the Author

| first became familiar with PLLs by
working for National Semiconductor as an
applications engineer. While supporting
customers, | noticed that there were many repeat
. questions. Instead of creating the same response
over and over, it made more sense to create a
document, worksheet, or program to address
these recurring questions in greater detail and
just re-send the file. From all of these
- documents, worksheets, and programs, this book
was born.

" Many questions concerning PLLs can be

answered through a greater understanding of the
problem and the mathematics involved. By
approaching  problems in a rigorous
mathematical way one gains a greater level of
understanding, a greater level of satisfaction, and
the ability to apply the concepts learned to other
problems.

Many of the formulas that are commonly
used for PLL design and simulation contain
gross approximations with  no or little
justification of how they were derived. Others
are rigorously derived, but from outdated textbooks that make assumptions not true of the PLL
systems today. It is therefore no surprise that there are so many rules of thumb to be born which
yield unreliable results. Another fault of these formulas is that many of them have not been
compared to measured data to ensure that they account for all relevant factors.

There is also the other approach, not trusting formulas enough and trusting only measured
results. The fault with this is that many great insights are lost and it is difficult to learn and
grow in PLL knowledge this way. Furthermore, by knowing what a result should theoretically
be, it makes it easier to spot and diagnose problems with a PLL circuit. This book takes a unique
approach to PLL design by combining rigorous mathematical derivations for formulas with
actual measured data. When there is agreement between these two, then one can feel much more
confident with the results.
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I What’s All of thisPLL Stuff?

1/N
Fout
@— 17R}—{Kf @__
XTAL Laap VCO
—_ Filter
Charge Pump/Phase-Frequency

Detector ( PFD) T

Figurel The Basic PLL

Basic PLL Operation and Terminology

This section describes basic PLL (Phased Locked Loop) operation and introduces
terminology that will be used throughout this book. The PLL starts with a stable crystal
reference frequency (XTAL). This frequency is divided by R to a lower frequency, which is
called the comparison frequency (Fcomp). Thisis one of the inputs to the phase detector. The
phase-frequency detector outputs a current that has an average DC value proportional to the
phase error between the comparison frequency and the output frequency, after it is divided by the
N divider. The constant of proportionality is called Kf . Note that this constant turns out to be
the magnitude of the current that the charge pump can source or sink. Although it is technicaly
correct to divide this term by 2p, it is unnecessary since it is canceled out by another factor of
2p which comes from the VCO gain for al of the equations in this book. So technically, the
units of Kf are expressed in mA/(2p radians).

If one takes this average DC current value from the phase detector and multipliesit by the
impedance of the loop filter (Z(s)), then the input voltage to the VCO (Voltage Controlled
Oscillator) can be found. The VCO is a voltage to frequency converter and has a proportionality
constant of Kvco. Note that the loop filter is a low pass filter, often implemented with discrete
components. This loop filter is application specific, and much of this book is devoted to the loop
filter. This tuning voltage adjusts the output phase of the VCO, such that its phase, when divided
by N, is equa to the phase of the comparison frequency. Since phase is the integra of
frequency, this implies that the frequencies will aso be matched, and the output frequency will
be given by:

Fout :% - XTAL
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This applies only when the PLL is in the locked state; this does not apply during the time
when the PLL is acquiring a new frequency. For a given application, R is typically fixed, and
the N vaue can easily be changed. [f one assumes that N and R must be an integer, then this
implies that the PLL can only generate frequencies that are a multiple of Fcomp. For this
reason, many people think that Fcomp and the channel spacing are the same. Although this is
often the case, this is not necessarily true. For a fractional N PLL, N is not restricted to an
integer, and therefore the comparison frequency can be chosen to be much larger than the
channel spacing. There are aso less common cases where the comparison frequency is chosen
smaller than the channel spacing to overcome restrictions on the allowable values of N, due to
the prescaler. In generd, it is preferable to have the comparison frequency as high as possible
for optimum performance.

Note that the term PLL technicaly refers to the entire system shown in Figure 1;
however, sometimes it is meant to refer to the entire system except for the crystal and VCO.
Thisis due to the fact that these components are difficult to integrate on a PLL synthesizer chip.

The transfer function from the output of the R counter to the output of the VCO
determines a lot of the critica performance characteristics of the PLL. The closed loop
bandwidth of this closed loop system is referred to as the loop bandwidth (wc), which is an
important parameter for both the design of the loop filter and the performance of the PLL.
Another parameter, phase margin (f) refers to 180 degrees minus the phase of the open loop
phase transfer function from the output of the R counter to the output of the VCO. The phase
margin is evaluated at the frequency that is equal to the loop bandwidth. This parameter has less
of an impact on performance than the loop bandwidth, but still does have a significant impact
and is a measure of the stability of the system.

The PLL asa Frequency Synthesizer

The PLL has been around for many decades. Some of its earlier applications included
keeping power generators in phase and synchronizing to the sync pulsein a TV Set. Still other
applications include recovering a clock from asynchronous data and demodulating an FM
modulated signal. However, the focus of this book is the use of a PLL as a frequency
synthesizer.

In this type of application, the PLL is used to generate a set of discrete frequencies. A
good example of thisis FM radio. In FM radio, the valid stations range from 88 to 108 MHz,
and are spaced 0.1 MHz apart. The PLL generates a frequency that is 10.7 MHz less than the
desired channel, since the received signa is mixed with the PLL signa to aways generate an IF
(Intermediate Frequency) of 10.7 MHz. Therefore, the PLL generates frequencies ranging from
77.3 MHz to 97.3 MHz. The channel spacing would be equal to the comparison frequency,
which would is 100 KHz.

A fixed crystal frequency of 10 MHz can be divided by an R value of 100 to yield a
comparison frequency of 100 KHz. Then the N value ranging from 773 to 973 is programmed
into the PLL. If the user islistening to a station at 99.3 MHz and decides to change the channel
to 103.4 MHz, then the R value remains at 100, but the N value changes from 886 to 927. The
performance of the radio will be impacted by the spectral purity of the PLL signal produced and
also thetime it takes for the PLL to switch frequencies.

The loop filter has a large impact on how long it takes for the PLL to switch frequencies
and aso on how spectrally pure the PLL signal produced is. For this reason, loop filter design is
the central focus of this book.
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I The Charge Pump PLL with a Passive Loop Filter

Why this Book Focuses on Charge Pump PLLs

This book is focused primarily on the charge pump PLL, since vast mgority of PLLS
available in the market today are of this type. The charge pump PLL offers many advantages
over the classical voltage phase detector PLL including an infinite pull-in range and zero steady
state phase error. Furthermore, there is already a considerable amount of literature that discusses
features that are specific only to the voltage phase detector in great depth. By not focusing on
the classical voltage phase detector, there is more time to focus on other features of the PLL.
The charge pump PLL allows the use of a passive filter while still retaining the benefits of an
active filter with the voltage phase detector. Passive filters are generally recommended, because
they have the advantages of lower cost and no active devices to add noise. The exception to this
case is when the VCO tuning voltage needs to be higher than the charge pump can supply —in
this case, an active filter is necessary.

The Classical Voltage Phase Detector

In the past, active filters have been emphasized for severa reasons that are explained in
depth in Floyd Gardner’s classical book, Phaselock Techniques. Many of these concepts till
apply to the charge pump PLL, while many others, such as the steady state phase error are quite
outdated. The XOR gate and the mixer are both discussed as practical ways to implement a
phase detector. In Gardner’s book, the following classica active loop filter topology is
presented.

R2 C2

AN |
>

R1

Voltage

Detector

To VCO

Figurel Classical Active Loop Filter Topology for a Voltage Phase Detector

The Modern Phase Frequency Detector with Charge Pump and its Advantages

The phase frequency detector with charge pump combination offers severa advantages
over the voltage charge pump and has all but replaced it. The phase-frequency detector and
charge pump are usually integrated on the PLL chip. Using this approach completely eliminates
the issues of steady state phase error and hold in range. The PLL with this combination can be
compared to its predecessor as is done in Figure 2. Note that the circuit shown below with the
box drawn around it integrates the functionality of the op-amp. It is necessary to divide the
phase detector voltage gain (in Figure 1) by R1 in order convert the voltage gain to a current
gan.
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Figure2 Passive Loop Filter with Charge Pump

The capacitor C1 is added, because it reduces the spur levels significantly. Also, the
components R3 and C3 can be added in order to further reduce the reference spur levels. Note
that this passive filter has the op-amp functionality included. Instead of the phase detector
delivering a voltage proportional to the phase error, the charge pump delivers a current with
average vaue proportional to the phase error. This current is actualy a constant amplitude with
variable duty cycle. It is usualy sufficient to model this current as an analog current with the
average value proportiona to the phase error. This is called the continuous time approximation
and is used in most of the chapters in this book.

8 PLL Performance, Simulation, and Design O 2001, Second Edition



iii. ThePLL asViewed from a System Level

Introduction

This chapter discusses, on a very rudimentary level, how a PLL could be used in atypical
wireless application. It also briefly discusses the impact of phase noise, reference spurs, and lock
time on system level performance.

Typical Wireless Receiver Application

LNA A

> |7_9§| psp[—] D/A
&

Preselection

Filter Q
VCO
I VCO
PLL |
PLL

Figurel Typical PLL Receiver Application

General Receiver Description

In the above diagram, there are several different channels being received at the
antenna, each one with a unique frequency. The first PLL in the receiver chain is tuned so that
the output from the mixer is a constant frequency. The signal is then easier to filter and deal with
since it is a fixed frequency from this point onwards, and because it is also lower in frequency.
The second PLL is used to strip the information from the signal. Other than the obvious
parameters of a PLL such as cost, size, and current consumption, there are three other parameters
that are application specific. These parameters are phase noise, reference spurs, and lock time
and are greatly influenced by the loop filter components. For this reason, these performance
parameters are not typically specified in a datasheet, unless the exact application, components,
and design parameters are known.

Phase Noise, Reference Spurs, and Lock Time as They Relateto This System

Phase noise refers to noise generated by the PLL. It can increase the bit error rates and
the signal to noise ratio of the system. Reference spurs are unwanted noise sidebands that can
occur at multiples of the comparison frequency , and can be trandated by a mixer to the desired
signa frequency. They can mask or degrade the desired signal. Lock time is the time that it
takes for the PLL to change frequencies. It is dependent on the size of the frequency change and
what frequency error is considered acceptable. When the PLL is switching frequencies, no data
can be transmitted, so lock time of the PLL must lock fast enough as to not ow the data rate.
Phase noise, reference spurs, and lock time are discussed in great depth in the rest of this book.
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For the receiver shown in Figure 1, the first PLL that is closest to the antenna s typicaly
the most challenging from a design perspective, due to the fact that it is higher frequency and is
tunable. Since this PLL is tunable, there is typically a more difficult lock time requirement,
which in turn makes it more challenging to meet spur requirements as well. In addition to this,
the requirements on this PLL are aso typically more strict because the undesired channels are
not yet filtered out from the antenna.

The second PLL has less stringent requirements, because it is lower frequency and also it
is often not tunable. This makes lock time requirements easier to meet. There is also a trade off
between lower spur levels and faster lock times for any PLL. So if the lock time requirements
are relaxed, then the reference spur requirements are also easier to meet. Note also that since the
signa path coming to the second PLL has aready been filtered, the lock time and spur
requirements are often less difficult to meet.

Conclusion

The PLL is a basic building block that can be used in just about any application where a
frequency needs to be synthesized. It is the application that puts restrictions on phase noise,
reference spurs, and lock time. These three performance parameters are greatly influenced by
many factors including the VCO, loop filter, and N divider value.
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1. Reference Spursand their Causes

Introduction

In PLL frequency synthesis, reference sidebands and spurious outputs are an issue in
design. There are severa types of these spurious outputs with many different causes. However,
by far, the most common type of spur is the reference spur. These spurs appear at multiples of
the comparison frequency.

This chapter investigates the causes and behaviors of these reference spurs. In generdl,
spurs are caused by either leakage or mismatch of the charge pump. Depending on the cause of
the reference spurs, the spurs may behave differently when the comparison frequency or loop
filter is changed. This chapter will discuss how to determine which is the dominant cause for a
given application. In order to discuss spur levels, the fundamental concept of spur gain will be
introduced. A clear understanding of spur gain is the starting point to understanding how
reference spurs will vary from one filter to another. After this concept is developed, leakage and
mismatch dominated spurs will be discussed, and then these results will be combined.

MKR 203 kHz
REF -23.0 dBm ATTEN 10 dB 58.4 dB

10 dB/

SAMPLE

MARKER }
03 kHz {

-58.4 dB

o LA

CENTER 2.04000 GHz SPAN1.50 MHz
RESBW 10 KkHz VBW 30 KkHz SWP45.0 msec

Figurel Typical Reference Sour Plot

The Definition of Spur Gain

Conceptudly, if a given current noise of a fixed frequency is injected into the loop filter,
then the power of the frequency noise that this induces at the VCO would be a start to defining
the spur gain. However, an additional factor of 1/sisincluded in the transfer function to smplify
the arithmetic later. Note that since this is a frequency change, it is necessary to multiply the
transfer function by a factor of sto convert from phase to frequency. This factor of 1/sisleft in,
because it turns out that it is reintroduced because of other factors. Furthermore it makes the
concept of spur gain a dimensionless quantity. Now since the power of the reference spur is
sought, it is necessary to square thisgain, and it is finally expressed in decibels for convenience.
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Figure2 Typical Third Order Loop Filter

. . 0
Spur Gain( Fspur ) =20- Iog‘a‘13Kf Z(s) KVCO| N
g] S s=j-Fspur-2-p ﬂ

So spur gain is the product of the VCO gain, charge pump gain, and loop filter impedance
evaluated at a frequency equal to the offset frequency of the spur of interest, Fspur. In most
cases, Fspur will be assumed to be the comparison frequency, Fcomp, but it could also be other
frequencies, such as multiples of the comparison frequency, or fractions of the comparison
frequency (in the case of afractional N PLL).

Aside from spur gain, there are other factors that contribute to spur levels, depending on
whether the spurs are leakage dominated or mismatch dominated. The avid reader might wonder
why the open loop transfer function is used, as opposed to the closed loop transfer function. In
the case of |eakage-dominated spurs, this would make sense, since it is the behavior the charge
pump in the off state that causes the spurs. If the charge pump is off, it therefore makes sense to
use the open loop transfer function. In the case of a mismatch-dominated spur, it may not be so
obvious which transfer function to use. Since the open loop transfer function approximates the
closed loop transfer function very well at the reference spurs frequencies, it makes most sense to
use the open loop transfer function for the sake of consistency and ssmplicity.

L eakage Dominated Spurs

At lower comparison frequencies, leakage effects are the dominant cause of reference
spurs.  When the PLL isin the locked condition, the charge pump will generate short aternating
pulses of current with long periods in between in which the charge pump is tri-stated.

Sourcing

. Current
Tri-State hild

(High Impedance) —l

»l

<

& »
« >

Period = 1/Fcomp

<>
Sinking Current

Figure3 Output of the Charge Pump When the PLL isin the Locked Condition
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When the charge pump is in the tri-state state, it is ideally high impedance. However,
there will be some parasitic leakage through the charge pump, VCO, and loop filter capacitors.
Of these leakage sources, the charge pump tends to be the dominant one. This causes FM
modulation on the VCO tuning line, which in turn results in spurs. This is described in greater
detail in the appendix.

To predict the reference spur levels based on leakage, use the following genera rule:

L eakage Spur = Basel_eakageSpur + 20 - Iog?%fage %+ Spur Gain

(%]

The leakage due to the PLL charge pump is temperature dependent and is often given
guaranteed ratings as well as typical ratings and graphs in performance. The leakage of the
charge pump increases with temperature, so spurs caused by leakage of the charge pump tend to
increase when the PLL is heated.

Various leakage currents were induced at various comparison frequencies, and the results
were measured on the bench. The loop filter was not changed during any of these measurements.
These results imply the fundamental constant for |eakage-dominated spurs:

Basel eakageSpur = 16.0dBc

Note that this constant is universal and not part specific and should apply to any
integer PLL. It can also not be stressed enough that it is impossible to directly measure the
Basel eakageSpur — this number is extrapolated from other numbers.

lleax | 20@ | Fcomp | Filter Spur Levels Spur Gain Implied
Log BaselLeakage

(nA) | (leak | (KH2) (dBc) (dB) Spur
/Kf) (dbc)
(dB) 1St 2nu 3ru 1St 2nu 3ru 1St 2nu 3ru

200 | -86.0 50 A -28.3 | -40.5 | -47.3 | 41.7 | 29.7 | 22.7 | 16.0 | 15.8 | 16.0
100 | -92.0 50 A -33.8 | -45.7 | -52.7 | 41.7 | 29.7 | 22.7 | 16.5 | 16.6 | 16.6
100 | -80.0 100 B -243 | -405 | -515 | 38.8 | 219 | 11.6 | 16.9 | 17.6 | 16.9
100 | -80.0 200 B -435 | -615 | -72.0 | 219 | 42 | -6.3 | 146 | 143 | 143
500 | -46.0 400 C -32.7 X X -2.4 X X 1157 X X
200 | -54.0 400 C -40.5 X X -2.4 X X 1159] X X
Average Base Leakage spur 159 | 16.1 | 16.0
Filter | Kf Kvco C1 C2 C3 R2 R3 Output Frequency
(mA) | (MHz/V) | (nF) | (nF) | (PF) | (KW) | (KW) (MHz)
A 4.0 17 5.6 33 0 4.7 0 900
B 1.0 43 0.47 | 3.3 920 12 39 1960
C 0.1 48 1 4.7 0 18 0 870
Tablel Sour Level vs. Leakage Currents and Comparison Fregquency

Note that the Basel eakageSpur index applies to the primary reference spurs as well as
higher harmonics of this spur. Appendix B shows a theoretical calculation that is within 4 db of
the measured results above. It is recommended that the measured value be used, since the
theoretical derivation contains ssmplifying assumptions and may not account for all factors.
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Pulse Related Spurs

In classical PLL literature, it is customary to model the reference spurs based entirely on
leakage currents. For older PLLs, where the leakage currents were in the mA range, this made
reasonable estimates for reference spurs and their behavior. However, modern PLLs typically
have leakage currents of 1 nA or less, and therefore other factors tend to dominate the spurs,
except at low comparison frequencies.

Recall that the charge pump comes on for very short periods of time and then is off
during most of the time. It is the length of time that these short charge pump corrections are
made that determines the pulse related spur. In other words, if leakage is not the dominant
factor, then it is this time that the charge pump is on that determines the spur levels. There are
severa factors that influence this correction pulse width which include: charge pump
mismatches, unequal transistor turn on times, dead-zone elimination circuitry, and inaccuracies
in the fractional calibration circuitry. Below is an explanation of how these factors can influence
the pulse width.

Mismatch of the charge pump refers to when the sink and source currents of the charge
pump are not properly matched. The higher degree of the mismatch, the wider the correction
pulse of the phase detector becomes. The unequal transistor turn on times refer to when the
PMOS device that sources the current is not matched to the NMOS device that sinks the current.
Since the PMOS process is slower, this typicaly makes it so that the lowest spur levels actualy
do not occur at 0% mismatch, but closer to about 4% mismatch. The dead zone elimination
circuitry is added to keep the PLL out of the dead zone of the phase detector. Around zero phase
error, real world issues of gate delays become a factor. To avoid this problem, circuitry can be
added to ensure that the charge pump comes on for a minimum amount of time, which in turn
impacts spur levels. Inaccuracies in the fractional calibration circuitry can aso cause the
fractional spurs to appear. All of these above sources increase the width of the charge pump
correction pulse, so al of these effects contribute to the pulse spur.

For pulse related spur issues, it isimportant to be aware of the mismatch properties and to
base the design around several different parts to get an idea of the full variations. Mismatch
properties of parts can vary from date code to date code, so it is important to consider that in the
design process. Also, in designs where an op-amp is used in the loop filter, it is best to use all of
the tuning range of the PLL or to center the op-amp around half of the charge pump supply
voltage or dlightly higher. Due to this variation of spur level over tuning voltage to the VCO, the
way that spurs are characterized in this chapter are by the worst case spur when the VCO tuning
voltage is varied from 0.5 volts to 0.5 volts below the charge pump supply. The variation can
also be mentioned, since this shows how much the spur varies, but ultimately, the worst case
spur should be the figure of merit. To predict reference spurs caused by the pulsing action of the
charge pump, the following rule applies.

. ad-spur O
Pulse Spur =BasePulseSpur + Spur Gain+40 - Iogg 15:2“ x
Z g

The reader may be surprised to see that the above formula has the additional Fspur term
added. This was first discovered by making observations with a modulation domain analyzer,
which displays frequency versus time. In the case of the leakage-dominated spur, the VCO
frequency was assumed to be modulated in a sinusoidal manner, which was confirmed with
observations on the bench. However, this was not the case for the pulse-dominated spur. For
these, frequency spikes occur a regular intervals of time corresponding to when the charge pump
turns on. The pulse-dominated spurs were measured and their magnitude could be directly
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correlated to the magnitude of these frequency spikes. This correlation was independent of the
comparison frequency. Therefore, using the modulation index concept does not work for pulse
dominated spurs and introduces an error equal to 20elog(Fspur). However, the pulse spur
differs from the leakage spur not by this factor but by 40elog(Fspur). The additiona factor of
20elo0g(Fspur) comes because it is more proper to model the charge pump noise as a train of
pulse functions, not a sinusoidal function. Recall to recover the time domain response of a pulse
function applied to a system, this is smply the inverse Laplace transform. In a similar way that
the inverse Laplace transform of 1/sis just 1, and not involving any factors of 1/w, likewise in
this situation, a factor of 1/w islost for this reason, thus accounting for the additional factor of
40elog(Fspur). In the case of the LMX2350/52/54, these are the 1/16" fractional spurs and have
an additiona dependence on the output frequency. Thisis due to the nature of the fractional spur
compensation.

Fout N Fspur | Kf Kvco C1 C2 | C3 | R2 | R3 | Spur | Spur | BasePulse
Gain Spur
MHz
MHz KHz | mA N nF | nF | pF | KW | KW | dBc dB dBc
This data was all taken from an LMX2330 PLL. The VCO was near the high end of the rail.
1895 | 18950 100 4 43.2 22 | 10 0 6.8 0 -51.7 46 -297.7
1895 | 18950 100 4 432 | 139 | 66 0 2.7 0 -69.7 30 -299.7
1895 | 18950 100 4 432 | 056 | 2.7 0 15 0 -41.0 58 -299.0
1895 | 18950 100 4 43.2 15 | 6.8 0 5.6 0 -50.0 | 49.2 -299.2
1895 | 18950 100 4 43.2 15 | 68 100 | 56 | 39 | -59.8 | 405 -300.3
1895 | 6064 | 3125 4 43.2 47 | 20 0 1.8 0 -60.2 | 19.6 -299.6
1895 | 6064 | 3125. 4 43.2 18 | 56 0 15 0 -51.1 | 277 -298.6
This data was taken from an LMX2326 PLL with Vtune = 0.29 V and Vcc =3V
231 1155 200 1 12 0.47 | 3.3 0 12 0 -74.1 | 23.0 -309.1
881.6 | 4408 200 1 18 0.47 | 3.3 0 12 0 -70.1 | 27.6 -309.7
881.6 | 1146 770 1 18 0.47 | 3.3 0 12 0 -70.1 4.9 -308.8
1885 | 9425 200 1 50 0.47 | 3.3 0 12 0 -59.7 | 35.6 -308.6
1885 | 4343 434 1 12 0.47 | 3.3 0 12 0 -58.7 | 22.2 -307.7
Table2 Demonstration of the Consistency of the BasePul seSpur

The first severa rows in Table 2 demonstrate many different filters at the same output
frequency. The last severa rows use the same filter, but emphasize the difference in changing
the N value and comparison frequency. For the last severa rows, the charge pump voltage was
kept at 0.29 volts to maintain consistent mismatch properties of the charge pump and to aso
make spurs that were easy to measure. For this reason, this table is a valuable tool to show how
spur levels vary. However, it is not a good source of information for worst case BasePulseSpur,
since the tuning voltage was within 0.5 V of the supply rail and therefore out of specification.

PLL Variation BasePulseSpur

(dBc) (dBc)
LMX2301/05, LMX2315/20/25 11 -299
LMX2330/31/32/35/36/37 23 -311
LMX2306/16/26 7 -309
LMX1600/01/02 5.0 -292
LMX2350/52/54 18 -257 — 40elog(Fout/1 GHz)

Table3 BasePulseSour for Various National Semiconductor PLLs
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Despite the tables and measurements given above, the avid reader is sure to try to relate
the pulse related spur to the mismatch of the charge pump. To do this, the LMX2315 PLL was
used, and the spur level was measured along with the charge pump mismatch. The spur gain of
this system was 19.6 dB, and in this system the comparison frequency was 200 KHz, so the spurs
are clearly pulse-dominated.

Vtune (Volts) 1 1.5 2.2 3 4 4.5
Source (mA) 5.099 5.169 5.241 5.308 5.397 5.455
Sink (mA) 5.308 5.253 5.166 5.047 4.828 4.517
mismatch (%) - 4.0 -1.6 1.4 5.0 11.1 18.8
200 KHz Spur (dBc) -73.1 - 76.6 - 83.3 -83.2 -72.8 - 65.7

Table4 Sample Variation of Sour Levels and Mismatch with Do voltage
Using statistical models, this suggests that the best spur performance is actualy when the
charge pump is 3.2 % mismatched and a so gives the relationship:

BasePulseSpur = -315.6 + 1.28e| %mismatch — 3.2% |

Combining the Concepts of L eakage Related Spurs and Pulse Related Spurs
Critical Values for Comparison Fregquency

In most cases, it makes sense to model the spurs as pulse related spurs, but this may not
work for low comparison frequencies. One way to determine if a spur is leakage or pulse related
is to calculate spurs based on both methods, and use whichever method yields the largest spur
levels. In most cases, the pulse related spur will dominate. If the leakage is known, and the
BasePulseSpur is known, it is possible to predict the comparison frequency for which the spur is
equally pulse and leakage dominated. If the comparison frequency is higher than this, then the
spur becomes more pulse dominated. Note that this calculation is independent of the spur gain
and is found by setting the leakage spur equal to the pulse spur and solving for the comparison
frequency. The governing equation and table for this are given below:

40 - log &Fco mpo

:=(BaseLeakageSpur - BasePuIseSpur)+ 20- Iogg
%)

Comparison frequencies that satisfy this equation will be caled critical frequencies. At the
critical frequency, the reference spur is equally dominated by leakage and pulse effects. Above
the critical frequency, the spur becomes more pulse dominated, below the critical frequency, the
spur becomes more leakage dominated. This table was generated assuming the following:

Basel eakageSpur
Kf

16.0 dBc
1mA

Note that the critical frequency is proportional to the square root of the leakage current, and
inversely proportional to the square root of the charge pump gain.
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BasePulseSpur

-290 -300 -310 -320
leakage = 0.1 nA 14.1 25.1 44,7 79.4
leakage = 0.5 nA 31.6 56.2 99.9 177.6
leakage = 1.0 nA 44,7 79.4 141.2 251.2
leakage = 0.1 uA 446.7 794.3 1412.5 2511.9
leakage = 1.0 uA 1412.5 2511.9 4466.8 7943.3

Table5 Critical Values for Comparison Frequency in Kilohertz

Composite Spur Calculation
This chapter has independently derived the spur levels based on leakage and pulse
effects. However, regardiess of the dominant cause, the spur level is given by:

Leakage Spu V
10
+ 10

Pulse Spur S
Spur =10- Ioggio 109

(%]

Sour Levels vs. Unoptimized Loop Filter Parameters
Using the expression for spur gain, the way that spur levels vary vs. various parameters
can easlly be calculated and is shown below:

Relationship to Parameter Leakage Dominated Pulse Dominated Spurs
Spurs
Charge Pump Leakage, ijeak 20el0g(ijeax) N/A
Mismatch, M N/A Correlated to | M - d |
N Value, N independent independent
VCO Gain, Kvco 20elog(Kvco) 20elog(Kvco)
Comparison Frequency -40elog(Fcomp) -20elog(Fcomp)
i = Fcomp/Fc -40elog(i) -40elog(i) + 20elog(Fcomp)
Charge Pump Gain, Kf independent 20elog(Kf)
Spur Gain, SG SG SG
Table6 Approximate Relationship of Spur Levels to Various Parameters Assuming that

the Loop Filter is NOT Redesigned to Adjust for the Changed Parameter.

Harmonics of Pulse Dominated Reference Spurs

In the case of a leakage-dominated spur, Basel eakageSpur also applies to the spur
harmonics, so this topic has already been covered. However, this case has not been treated in the
case of pulse spurs. In order to address this issue, a LMX2326 PLL was tuned in 1 MHz
increments from 1900 MHz to 1994 MHz using an automated test program. For these tests, Kf
=1 mA, Fcomp = 200 KHz, and Kvco =45 MHz/V. Filter A had components of C1 = 145 pF,
C2 = 680 pF, R2 = 33 KW, while Filter B had components of C1 = 315 pF, C2 = 1.8 nF, and R2
=18 KW. The statistics for the spur levels are presented in Table 7a.
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Fundamental 2nd Harmonic 3rd Harmonic
(200 KHz) (400 KHz) (600 KHz)
Minimum (dBc) -56.2 -65.1 -64.5
Average (dBc) -52.8 -58.5 -61.9
Maximum (dBc) -49.3 -54.4 -59.0
Spur Gain for Spur (dB) 45.7 33.8 26.8
BasePulseSpur (dBc) -307.0 -312.4 -316.9
Table7a Reference Sours and their Harmonics for Filter A
Fundamental 2nd Harmonic 3rd Harmonic
(200 KHz) (400 KHz) (600 KHz)
Minimum (dBc) -64.8 -70.4 -69.1
Average (dBc) -60.8 -65.1 -66.8
Maximum (dBc) -56.2 -61.1 -64.7
Spur Gain for Spur (dB) 39.0 27.1 20.0
BasePulseSpur (dBc) -307.2 -312.2 -315.8

Table7b Reference Sours and their Harmonics for Filter B

Table 7ato Table 7b show that the pulse spur is relatively consistent for different filters,
however the second harmonic has a different BasePulseSpur than the first. These empirica
measurements would suggest to expect that the BasePulseSpur for the second harmonic to be
about 5 dB better than the BasePulseSpur for the first harmonic, and for the BasePulseSpur of
the third harmonic to be about 4 dB better than the BasePul seSpur for the second harmonic.

Now Tables 7a and 7b show harmonics of pulse dominated reference spurs. Similar
measurements can also be made for harmonics of leakage-dominated spurs. Theoretically, one
would expect that the higher harmonics to behave differently than the fundamental leakage
dominated spur, since they are based on the higher powers of the modulation index (See
Appendix A), however measured results show that they can be treated just as the fundamental
leakage spur, except for the value of Basel eakageSpur for them is alittle different.

Fundamental 2nd Harmonic 3rd Harmonic
(200 KHz) (400 KHz) (600 KHz)
Minimum (dBc) -56.2 -65.1 -64.5
Average (dBc) -52.8 -58.5 -61.9
Maximum (dBc) -49.3 -54.4 -59.0
Spur Gain for Spur (dB) 45.7 33.8 26.8
BasePulseSpur (dBc) -307.0 -312.4 -316.9
Table7a Reference Sours and their Harmonics for Filter A

Conclusion

This chapter has discussed the causes of reference spurs and given some techniques to
simulate their general behavior. The concept of spur gain applies to reference spurs and gives a
relative indication of how they vary from one loop filter to another when the other parameters,
such as comparison frequency are held constant. Reference spurs can be caused by leakage or
pulse effects. Pulse effects is a generic term to refer to inconsistencies in the pulse width of the
charge pump caused by mismatch, unequa transistor turn on times, or imperfections in the
fractional N compensation circuitry. Although reference spurs are intended to refer to spurs that
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appear a a spacing equa to the comparison frequency from the carrier, the models in this
chapter are adso useful in predicting harmonics of reference spurs and fractional spurs. One
caution dealing with fractional spurs isthey may be sensitive to voltage and prescaler. They also
often have a dependence on the output frequency as well. In general, the spur that is closest to
the carrier is the most troublesome, since it is most difficult to filter.

As for the accuracy of the formulas presented in this chapter, there will always be some
variation between the actual measured result and the theoretical results. Relative comparisons
using spur gain tend to be the most accurate. In the case of leakage-dominated spurs, there is a
discrepancy between the theoretical and empirical values for Basel eakageSpur of about 4 db. It
is recommended to use the empirical value, but to accept that there could be severa dB variation
between the predicted and measured results. In the case of pulse-dominated spurs, the value for
BasePulseSpur is purely empirical and is based solely on measured data. These spurs can also
change a good 15 dB as the VCO is tuned across its tuning range. However, the worst case spur
isthe one that is being modeled.
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Appendix A: Spectra of Spurious Signals
Introduction
This section investigates the causes of spurs and their spectral density for an arbitrary
time-varying signa that is fed to a VCO. It assumes a sinusoidal signa and is therefore
meaningful in analyzing |eakage-dominated spurs.

Derivation of Spurious Spectrum
Spurs are caused by the PLL when a signal with an AC component is presented to the
tuning line of the VCO. Assume that the tuning voltage to the VCO has the form:

Vtune :VDC +VAC (t )
Where
Vine = Tuning voltage to the VCO
Vpe = DC component of tuning voltage to the VCO
Vac = AC component of tuning voltage to the VCO
= V,-S n(wm . t)
W = Modulating Frequency = Fcomp

The VCO has an output voltage of the form [1]:
V(t)=A-cogw, -t +b-sin(w, -t)]

Where
Wo = Carrier Frequency
b = Modulation Index

Since besin(wet), represents the phase deviation of the signal, this expression can be
differentiated to determine the maximum frequency deviation, DF, and the following identity can
be derived [1]:

b = E
w

n

By writing down the Fourier Seriesfor e'"® ") the following identity can be derived [1].

ej-b-sin(wn-t) — 5_3 (b) ej-n-wm-t
n
n=-¥
In the above expression, Jy(b) isthe Bessal function of the first kind of order n.
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Applying the identity allows the power spectral density to be simplified as follows [1].
Vout(t) = A- cos[w0 -t+b-sin(w,- t)]

‘I i W,-t g i-n-w. .tu
=A-Realje™ " §J, (b) ey
1 n=-¥
3
=A- aJn(b)-cos(wo-t+n-wm-t)

n=-¥

From this expression, the sideband levels can be found by visua inspection.

Below is a table of
comparison frequencies:

first sideband level versus frequency deviation from zero for various

Carrier 1 J,(b)» 1
First Jl(b)»%

b2
Second: J,(b) » o
n" 3,(b)

Spur Modulation Frequency Deviation for Various Comparison Frequencies (Hz)

Level Index

(dBm) (b) Fcomp | Fcomp | Fcomp Fcomp Fcomp Fcomp

10 KHz | 30 KHz | 50 KHz 100 KHz 200 KHz 1000 KHz
-30 6.32e-2 632 1900 3160 6320 12600 63200
-40 2.00e-2 200 600 1000 2000 4000 20000
-50 6.32e-3 63 190 316 632 1260 6320
-55 3.56e-3 36 107 178 356 712 3560
-60 2.00e-3 20 60 100 200 400 2000
-65 1.12e-3 11 34 56 112 224 1120
-70 6.32e-4 6 19 32 63 126 632
-75 3.56e-4 4 11 18 36 71 356
-80 2.00e-4 2 6 10 20 40 200
-85 1.12e-4 1 3 6 11 22 112
-90 6.32e-5 0.6 2 3 6 13 63
Table7 Relationship Between Spur Level, Modulation Index, and Frequency Variation

The spur levels relate the modulation index by:

Spur Level = 20el0g(b/2)

References

[1] Tranter, W.H. and R.E. Ziemer Principles of Communications Systems, Modulation,
and Noise, 2™ ed, Houghton Mifflin Company, 1985
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Appendix B: Theoretical Calculation of L eakage Based Spurs

Since the Basel eakageSpur is theoretically independent of PLL and loop filter, it makes
sense to choose the loop filter that is the most basic. A simple capacitor is the most basic loop
filter. Note that this filter topology is not a stable one, but for the purposes of this calculation, it
will do just fine. Using this simplified loop filter, the voltage deviation to the VCO can easily be
calculated.

ov_ i
Dt C1
Substituting in known values gives the voltage deviation.
}{:comp |

Dv= @ —-dt= S —
, Cl1 C1- Fcomp

Now recall that thisis the amount the voltage changes during one charge pump cycle. So to get
the modulation index, it is necessary to divide by two. Therefore, the modulation index is:

b= Kvco- DV
2- Fcomp

Leakage Spur = 20- Iog?é%

Table 8 shows the fundamenta result and how it can be derived. This number is within a
few dB of what has been measured in practice.

Specified Quantities Derived Quantities
C1 10 nF Spur Gain 8.073 dB
c2 0 nF DV 1.000 nV
R2 0 KW b = modulation index 0.00005
Kf 1 mA Leakage Spur = 20elog(b/2) = -92.041 dBc
Kvco 10 MHz/V 20e(Leakage/Kf) -120.000
Leakage 1nA =-92.0dBc—(-120dB) - 8.1 dB
Fcomp 100 KHz BaselLeakageSpur
=19.886 dBc
Table8 Theoretical calculation for BaselLeakageSpur = 19.9 dBc/Hz
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2. On Non-Reference Spursand their Causes

Introduction

Much has been said about reference spurs, which occur at the reference frequency away
from the carrier. This chapter investigates other types of spurs and their causes. The vaue of
doing thisis so that when a spur is seen, its causes and fixes can be investigated. Although many
types of spurs are listed, most of these spurs are not usually present. Since a lot of these spurs
occur in dual PLLs, the main PLL will always refer to the side of a dual PLL on which the spur
is being observed, and the auxiliary PLL will refer to the side of a dua PLL that is not being
observed. This chapter discusses general good tips for dealing with spurs, and then goes into
categorizing the most common types, their causes, and their cures.

Tipsfor Good Decoupling and Good L ayout

To deal with board-related cross talk, there are several steps that can be taken. Be sure to
visit wireless.national.com and download the evauation board instructions to see typical board
layouts. In addition to this, there are the following additional suggestions:

Good Decoupling: By thisit is meant to have severa capacitors on both the VCC and charge
pump supply lines. The charge pump supply lines are the most vulnerable to noisy signals.
Place a 100 pF, 0.01 nf, and a 0.1 nF capacitor on each of these lines to deal with noise a a
wide range of frequencies. It may seem that these capacitances simply add in parallel to form a
0.111 nF capacitor, but in fact, they are all necessary since the larger capacitors have more
problems responding to high frequency signals and may have a higher ESR. It is also good to
place these components as close to the PLL chip as possible. Also it is often good to isolate the
power supply pins with asmall resistor of about 18 W.

Good Layout: Be sure to protect the charge pump supply lines and the VCO tuning
voltage lines from noisy signals. This can be done by making these traces short and as close as
possible to the PLL chip. When two high frequency traces must be placed together, try to make
them so that they are not pardld (i.e. try to make them perpendicular) in order to minimize the
cross tak effects. Also try to minimize ground looping, which occurs when there is a small
impedance (such as the inductance caused by a via) that connects two traces to ground. In the
instance of ground looping noise can travel from one trace to another. Placing a ground plane in
the board to separate the top and bottom layer also can help reduce cross talk effects.

Good Loop Filter Design:  Higher order loop filters and filters with narrower loop bandwidth
are more effective in reducing spurs of al sorts— not just reference spurs.

Cross Talk vs. Non-Cross Talk Related Spurs

For the purposes of this discussion, the spurs will be divided into two categories. Cross
talk related spurs refer to any spur that is caused by some source other than the PLL that finds its
way to VCO output. Non-cross talk related spurs refer to spurs that are caused by some inherent
behavior in the PLL. The first step in diagnosing a spur is to determine whether or not it is a
cross talk related spur.  The way that this is done is by eliminating all potential causes of the
crosstalk spur and checking if the spur goes away.
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Cross Talk Related Spurs

In general, signals that are either low frequency, or close to the PLL output frequency are
the most likely to cause this type of spurs. Whenever two sinusoidal signals enter a non-linear
device an output signa at the sum and the difference of these frequencies will be produced. This
result can be derived by writing the first three general terms for the Taylor series and observing
that the square term gives rise to these sum and difference frequencies. It therefore follows that
frequencies that are low in frequency, or frequencies that are close to the PLL output frequency
are the ones that cause the most problems with cross talk related spurs. Several different types of
the cross talk related spur are given below:

External Cross Talk Spur
Description:  This spur appears and is unrelated to the auxiliary PLL output. Often times, when
the main PLL istuned to different frequencies, this spur moves around.

Cause: This type of spur is caused by some frequency source externa to the PLL.
Common external sources that can cause these spurs are:  computer monitors (commonly causes
spurs at the screen refresh rate of 30 — 50 KHz), phones of al sorts, other components on the
board, florescent lights, power supply (commonly causes spurs in multiples of 60 Hz), and
computers. Long signal traces can act as an antenna and agitate this type of spur.

Diagnosis:  To diagnose this spur, start isolating the PLL from all potential external noise
sources. Switch power supplies. Turn off computer monitors. Go to a screen room. Disconnect
the auxiliary VCO and power down the auxiliary PLL. By trial and error, external noise sources
can be ruled out, one by one.

Cure: To eliminate this spur, remove or isolate the PLL from the noise source. As
usual, these spurs are layout dependent, so be sure to read the section on good layout. Also
consider using RF fences to isolate the PLL from potential noise sources.

Auxiliary PLL Cross Talk Spur
Description: This spur only occurs in dua PLLs and is seen at a frequency spacing from the
carrier equal to the difference of the frequencies of the main and auxiliary PLL (or sometimes a
higher harmonic of the auxiliary PLL). This spur is most likely to occur if the main and
auxiliary sides of adual PLL are close in frequency. If the auxiliary PLL is powered down, but
the auxiliary VCO is running, then this spur can dance around the spectrum as the auxiliary
frequency VCO drifts around.

Cause: Parasitic capacitances on the board can alow high frequency signas to travel
from one trace on the board to another. This happens most for higher frequencies and longer
traces. There could also be cross tak within the chip. The charge pump supply pins are
vulnerable to high frequency noise.

Diagnosis:  One of the best ways to diagnose this spur is to tune the auxiliary side of the PLL
while observing the main side. If the spur moves around, that is a good indication that the spur
being observed is of this type. Once this type of spur is diagnosed, then it needs to be
determined if the spur is related to cross talk on the board, or crosstalk inthe PLL. Most PLLs
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have a power down function that alow one to power down the auxiliary side of a PLL, while
keeping the main side running. If the auxiliary side of the PLL is powered down, and the spur
reduces in size substantialy, this indicates cross talk in the PLL chip. If the spur stays about the
same magnitude, then this indicates that there is cross talk in the board.

Cure Read the section on how to deal with board related cross talk.

Crystal Reference Cross Talk Spur
Description: This spur is visible at an offset from the carrier equal to some multiple of the
crystal reference frequency. Often times, there is a whole family of spurs that often occur at
harmonics of the crystal reference frequency. In this case, the odd harmonics are usualy
stronger than the even harmonics.

Cause: This spur can be caused by excessive gain of the inverter in the crystal oscillator.
Sometimes, this inverter is integrated unto the PLL chip. When any oscillator has excessive
gain, it can give rise to harmonics. The reason that the odd harmonics are often stronger is that
the oscillator often produces a sgquare wave or a clipped sine wave, which has stronger odd
harmonics. Figure 1 shows athe structure of atypical crystal oscillator. Note that Lm (motional
inductance), Cm (motional capacitance), and Cp (paralel capacitance) represent the circuit

equivalent of aquartz crystal.
Lm Cm

1
Cp R

— CL1 ——CL2

v v

Figurel A Typical Crystal Oscillator Circuit

Diagnosis.  The best way to diagnose this spur is to use a signal generator in place of the
crysta. If spur leve is impacted, then this is an indication that the oscillator inverter has
excessive gain. Note that on some of National Semiconductor’s PLLS, the inverting buffer is
included on the PLL chip, while on others, it is not. If the power level to the chip is reduced,
then this decreases the gain of the buffer, which theoretically should decrease the level of this

type of spur.
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Cure: In addition to the suggestions about good decoupling and layout, there are several

things that may reduce these spur levels
1. Decrease the gain of the inverting buffer
This may sound sort of ridiculous at first, but if the part is run a a lower VCC power
supply voltage, then the gain of the inverter is decreased. Also, some of National
Semiconductor’s PLLS, such as the LMX160x family have only a single inverter stage as
opposed to atriple inverter stage.
2. Supply an external inverter
Using a separate inverter for the crystal, or using the inverter from some other
component, such as the microprocessor could also be afix.
3. Increase the value of the Resistor, R
In the above diagram, increasing the value of R can account a little bit for the excessive
inverter gain. If R isincreased too much, the circuit smply will not oscillate. Note that
in many inverter circuits R = 0 W.
4, Try unequal load capacitors
Usually, the load capacitors, CL1, and CL2 are chosen to be equal, but in this case it
might improve the spur level to make CL2 > CL1. This is because the output of the
inverter is a square wave, so anything to round out the edges can help.
5. Layout and filtering
Be sure to read the layout tips and also consider filtering the noisy signal on the board.

Non-Crosstalk Related Spurs
These spurs are caused by something other than cross tak on the board. Some common
examples are discussed below:

Fractional N Spurs

Description:  These spurs only occur with a fractional N PLL. They occur at multiples of the
fractiona modulus M. For instance, if there was a fractional N PLL with N = 915.2, and a
comparison frequency of 1 MHz, there could potentialy be spurs at 200 KHz (1/5" fractional
spur), 400 KHz (2/5" fractional spur), 600 KHz (3/5™ fractional spur), 800 KHz (4/5" fractional
spur), and 1 MHz (main spur) from the carrier. If the fraction is N/M, then the k™ fractional spur
will be present if the greatest common multiple of M and N divide k. For instance, if a PLL is
run in the 2/16 mode, spurs will appear at 1/8™ 1/4™ 3/8" ..., and 7/8" of the comparison
frequency. Furthermore, the k™ fractional spur is most severe when N=k. If N and M are
relatively prime, all fractional spurswill be present.

Consider a PLL used in modulo 8 mode. When the fraction is 1/8, al fractional spurs
will be present. When the fraction is 2/8, only the even fractional spurs will be present, and the
2/8 fractiona spur in this mode will be the worst case for the second fractional spur. When the
fraction is 3/8 mode, all fractional spurs will be there and this is the worst case for the third
fractional spur. In the 4/8 mode, only the 4/8 and main spur will be present, and this will be the
worst case for the fourth fractiona spur.

Cause: In any fractiona N PLL, fractional N averaging is employed. Fractiona N

averaging involves switching the N counter value between two different values. This gives rise
to fractiona spurs due to an instantaneous phase error introduced by the fractional N averaging.
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For this reason, compensation circuitry is included on the chip to account for this instantaneous
phase error. Since this circuitry is not perfect, there will usually be fractional N spurs on any sort
of fractional PLL.

Diagnosiss.  These spurs are easy to identify because they occur at the fractional modulus
times the comparison frequency from the carrier and are very dependent on the fractional
modulus.

Cure: Fractional N parts have a lot of part-specific spur causes, but the spurs are dl a
result of imperfections in the fractiona compensation circuitry. They can be dependent on
supply voltage, output frequency, and a lot of other attributes that one would normally not
suspect. If there is flexibility in adjusting the power supply voltage, then this provides one
degree of freedom. For instance, the LMX2350 PLL has lowest fractiona spurs around 3.3 V of
operation. The other way to deal with these fractional spurs is to use a different fractional N
part, since they are specific to each family of fractiona N parts. If the second or higher
fractional spur is a trouble causer, then using fractional modulus is odd or prime can help, since
thiswill improve the worst case scenario for the second spur.

Greatest Common Multiple Spur
Description: This spur occurs in a dual PLL at the greatest common multiple of the two
comparison frequencies. For example, if one side was running with a 25 KHz comparison
frequency, and the other side was running with a 30 KHz comparison frequency, then this spur
would appear at 5 KHz. In some cases, this spur can be larger on certain output frequencies.

Cause: The reason that this spur occurs is that the greatest common multiple of the two
comparison frequencies corresponds to the event that both charge pumps come on at the same
time. This result can be derived by considering the periods of the two comparison frequencies.
When both charge pumps come on, they produce noise, especialy at the charge pump supply
pins, which gives birth to this spur.

Diagnosis: A couple telltale signs of this type of spur is it is always spaced the same distance
from the carrier, regardless of output frequency. However, keeping the output frequency the
same, but changing the comparison frequency causes this spur to move around. Just be sure that
when changing the comparison frequencies for diagnostic purposes, you are aso changing the
greatest common multiple of the two comparison frequencies.

Cure: This spur can be treated effectively by putting more capacitors on the Vcc and

charge pump supply lines. Be sure that there is good layout and decoupling around these pins.
Also consider changing the comparison frequency of the auxiliary PLL.
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Phantom Reference Spur

Description:  The phantom reference spur is characterized by a ghastly increase in the reference
spurs right after switching frequencies. After the frequency is changed, it takes an excessvely
long time for the reference spurs to settle down. This spur is more common at lower comparison
frequencies.

Cause: Some of this can be possibly explained by deceptive measurements from the
equipment, such as using the video averaging function on a spectrum analyzer. It can aso be
caused by leaky capacitors in the loop filter. Other theories suggest that it is related to undesired
effects from the loop filter capacitors, such as dielectric absorption.

Diagnosis.  This can be observed on a spectrum analyzer. Just be very careful that it is not
some sort of averaging effect of the spectrum analyzer. The output of the spectrum anayzer is
power vs. frequency, which is redly intended to be a till time sort of measurement. It may be
helpful to test the equipment measuring some other spur to make sure that this is really the PLL
and not the equipment.

Cure: Designing with higher quality capacitors helps a lot. In particular, the capacitor
C2 tends to be the culprit for causing this spur. Common capacitor types listed in order of
improving dielectric properties are: tantalum, X7R, NPO, and polypropeline. Also, using a
fractional N PLL can possibly help, since the fractional spurs tend to be less |eakage dominated.

Prescaler Miscounting Spur
Description:  This spur typically occurs at haf the comparison frequency. However, it can aso
occur at one-third, two-thirds, or some fractiona multiple of the comparison frequency. It can
have mysterious attributes, such only occurring on odd channels.

Cause: This spur is caused by the prescaler miscounting. Things that cause the prescaler
to miscount include poor matching to the high frequency input pin, violation of senstivity
specifications for the PLL, and VCO harmonics. Be very aware that although it may seem that
the sengitivity requirement for the PLL is being met, poor matching can still agitate sensitivity
problems and VCO harmonic problems. Note also that there is an upper sensitivity limitation on
the part.

To understand why the prescaer miscounting causes spurs, consider fractional N
averaging. Since the prescaler is skipping counts on some occasions and not skipping counts on
another, it produces spurs similar to fractiona spurs.

Diagnosis.  Since miscounting ties in one way or another to sensitivity, try varying the voltage
and/or temperature conditions for the PLL. Since sensitivity is dependent on these parameters,
any dependency to supply voltage or temperature point to prescaler miscounting as the cause of
the spur. Changing the N counter between even and odd values can aso sometimes have an
impact on this type of spur caused by the N counter miscounting, and can be used as a diagnostic
tool.
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Also be aware that R counter sensitivity problems can cause this spur as well. One way
to diagnose R counter miscounting is to change the R counter value just dlightly. If the spur
seems sensitive to this, then this may be the cause. If a signal generator is connected to the
reference input, and the spur mysterioudy disappears, then this suggests that the R counter
miscounting is the cause of the spur.

Cure To cure this problem, it is necessary to fix whatever problem is causing the
prescaler to miscount. The first thing to check is that the power level is within the specifications
of the part. After that, consider the input impedance of the PLL. For many PLLS, this tends to
be capacitive. Putting an inductor to match the imaginary part of the PLL input impedance at the
operating frequency can usualy fix impedance matching issues. Be aso aware of the sengitivity
and matching to the VCO harmonics, since they can also cause a miscount. Try to keep the VCO
harmonics —20 dBm or lower in order to reduce the chance of the PLL miscounting the VCO
harmonic.

VCO Harmonic Spurs
Description: This spur occurs a multiples of the output frequency. All VCOs put out
harmonics of some kind. This spur can cause problems if there is very poor matching to the high
frequency input of the PLL. Note aso in some cases, the higher harmonic can have better
matching and sensitivity performance than the fundamental. This can cause mysterious noisy
behaviors. In generd, it is good to have the second harmonic 20 dB down if possible, but that is
very dependent on the matching and the sensitivity of the PLL.

Cause: VCOs are part specific in what level of harmonics they produce, but they al
produce undesired harmonics of the fundamental frequency.

Diagnosis:  These spurs appear at the VCO frequency and multiples thereof. Change the
VCO frequency, and see if the spurs still appear at multiples of the VCO output.

Cure: If the VCO harmonics cause a problem there are several things that can be done to
reduce their impact. They can be low pass filtered with LC or RC filters. A resistor or inductor
can be placed in series at the fin pin to prevent them from causing the prescaler to miscount.
Just make sure that there is good matching and that the spur level at the fin pin is as low as
possible. Note also that the many PLLs do not have a 50 Winput impedance. Treating it as such
often creates big problems with the VCO harmonics.

Conclusion

In this chapter some, but not all causes of spurs have been investigated. Although it is
difficult to predict the levels of non-reference spurs, their diagnosis and treatment is what is
really matters. Non-reference spurs tend to be a thing that requires a lot of hands on type of
diagnostics, and process of elimination is sometimes the only way to figure out what is the red
cause.
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3. Noise Sourcesin a PLL System

Introduction

This chapter investigates the causes and behaviors of phase noise. The first part gives the
theoretical derivations of the noise contributions to the PLL spectra.  Whether the user is
comfortable with these derivations or not, the second part shows an easy and ssimple way to
apply these concepts to make reasonably accurate estimations of close in phase noise which are
accurate to within afew dB most of the time.

PLL Basic Structure

P

VCO

fr

Crystal
Reference

Loop Filter Transfer
Function

Figurel Basic PLL Structure

Derivation of Transfer Functions

For the purposes of this chapter calculations are simplified by introducing the following
transfer functions:

G(s) = Kf - KV(;O- Z(s) (1)
S
N (2

Using standard control theory, an expression can be written which relates the noise
generated at each noise source to the corresponding noise that it produces at the output of the
PLL. Table 1 shows various noise sources and the transfer functions that multiply each one.
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Source Transfer Function
1 G(s)
Crystal Reference E m
R Divider &
1+G(s)- H
. G(s)
N Divider m
1 G(s)
Phase Detector W —1+G(S)- H
Loop Filter Resistor Noise and Active See Appendix A and
Devices in Loop Filter Reference [1]
1
Veo 1+G(s)- H
Tablel Transfer functions for various noise sources

Analysis of Transfer Functions
If a noise source is introduced at the source labeled in Table 1, the noise is multiplied by
the corresponding transfer function. Note that the crystal noise is multiplied by a factor of 1/R
and the phase detector is multiplied by a factor of 1/Kf . It should be apparent that the phase
detector noise, N divider noise, R divider noise, and the crystal noise al contain a common
factor in their transfer functions. This common factor is given below.
G(s)
1+G(s)- H (3)

All of these noise sources will be referred to as in-band noise sources. The loop bandwidth, wc,
and phase margin, f , are defined as follows:

|G(j-we)- H|=1 (4)
180- BG(j-wc)- H =f (5)

Using these definitions, equations (1) and (2), and the fact that G(s) is monotonically decreasing
in syields the following:

iN Forw<<wc
G(s) |

1+G(s)-H > ©)
S . .
1G(s) Forw>>wc

However, the VCO noise is multiplied by a different transfer function:
1

1+G(s)- H (7)
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Note that this transfer function (7) can be approximated by:

E

: Forw<<wc
+ G(s)
1 |
1+G(s)-H 4 ®)
S . .
: 1 Forw >>wc
i
A
N .
[ | 6(s)
G i
1+G(s)- H |
i » Frequency
wcC
Figure2 Transfer Function Multiplying all Noise Sources Except the VCO
A |
S b -
1 | L
1+G(s)- H i 1
W |
G(s)- H i
! F
we » Frequency
Figure3 Transfer Function Multiplying the VCO Noise

A Few Words About Modulation

The above figures also say something about how to modulate the PLL with information.
One way to do thisisto modulate the crystal reference. In this case, the loop bandwidth needs to
be wider than the information bandwidth of the modulating signal. Another technique is to
modulate the VCO voltage. Figure 3 implies that the loop bandwidth needs to be narrow, so the
PLL does not track out the modulation. Another technique is to shut down the PLL and keep the
VCO running and modulate it this way. By doing this, the PLL does not interfere with the
modulated signal, but the frequency will eventualy drift away from where it should be and then
the PLL needsto be turned on again.
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Figure4 Typical Phase Noise Spectral Plot for a PLL

Phase Noise and Phase noise Floor

Although the noise within the loop (w<<wc) is dominated by the in-band sources, there
may be some dight contribution to this noise from the VCO. This is most noticeable for narrow
loop bandwidths, which are less than the theoretical optimal loop bandwidth. However, in cases
where the loop bandwidth is at least ten times the phase noise offset frequency, the VCO usually
does not contribute significantly to the in-band phase noise.

From the equations in the previous sections, the observation could be made that within
the loop bandwidth, the VCO noise contribution should be small, and the in-band noise sources
are multiplied by N. Since this is a noise voltage, the noise power would be proportional to N?,
hence the common misconception that the phase noise will vary with 20elog(N). There is
nothing wrong with this theory, however, it disregards the effects of the phase detector.

Phase Noise Floor
Phase noise floor is defined as follows:
PhaseNoiseFloor = PhaseNoise (Accounting For Resolution Bandwidth) — 20elog(N) (9)

Noise Contribution Due to the Discrete Sampling Action of the Phase Detector

Assuming a digital 3-state phase-frequency detector, this will put out more noise at
higher comparison frequencies. The phase-frequency noise aso tends to be the dominant noise
source, which is proportional to the comparison frequency. However, the comparison frequency
is inversely proportional to N.  So the bottom line is that the noise due to the phase detector
degrades in accordance with 10elog(N).

Prediction of Close in Phase Noise as a Function of N for a Fixed Output Frequency
Combining the 20elog(N) noise improvement due to the transfer function and the
10elog(N) degradation due to the added phase detector noise, the net effect on phase noiseis:
10el0g(N) (20)
In other words, if N were increased by 10, there would be a 10 dB degradation in the
phase noise. This completely describes the variation of phase noise floor in National
Semiconductor’s AN-1052. This is why phase noise floor is not very meaningful without also
knowing the comparison frequency.
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Prediction of Close in Phase Noise in General

The phase noise performance is part specific. Table 2 contains typical phase noise data
for various National Semiconductor PLLs. It is true that the dividers, Crysta Reference, and
VCO contribute to the in-band phase noise, but these are typicaly dominated by the noise of the
phase detector. Since the phase detector noise is dependent on the comparison frequency, this
table is normalized for what the phase detector noise would theoretically be for a 1 Hz
comparison frequency. Thistableis based on sample data taken from evaluation boards.

PLL 1 Hz Normalized Phase Detector Noise Floor
(dBc/Hz)
LMX233x -211
LMX233xL

LMX23x6 single -210
LMX15x1,23x5 -206

LMX2350/52 -201@Vce=3 V, -205 @ Vec =5V
LMX2354 -204
LMX 1600 family -199

Table2 1 Hz Normalized Phase Noise Floor for Various National Semiconductor PLLs

To predict the close-in phase noise, use:
Phase Noise = (1 Hz Normalized Phase Noise Floor from Table)
+ 10elog(Comparison Frequency) + 20elog(N) (11)

For example, for a 900 MHz VCO with a 200 KHz comparison frequency
(N=4500), using an Imx2315, the predicted phase noise would be:
-206 + 10el0g(200000) + 20el0g(4500) = - 80 dBc/Hz (12

Table 2 gives a rough indication of how one PLL will perform against another. The
expected dB difference is smply the difference in the numbers from the table. Note for the
fractional N PLL (LMX2350/52), the phase noise floor can be deceptive. Since the fractional N
capability allows one to use a higher reference frequency, the actual phase noise tends to be
better, despite the fact that the phase noise floor is degraded. This is because the value of N will
be smaller. So one should be cautious about comparing the noise floor of this part directly to
other parts.

Note that these calculations for phase noise only apply within the loop bandwidth of the
PLL. Outside the loop bandwidth, the phase noise is multiplied by the closed loop transfer
function, which can be approximated by the spur gain.

Sample Calculation

On the next page, the phase noise is predicted using the LMX2350 PLL and Varil 1960U
VCO. This is the data taken from the evaluation board instructions. Note that it is necessary to
subtract off 10eL og(Resolution Bandwidth) from the plots of the spectrum anayzer to get the
phase noise.
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Calculated Phase Noise

Measured Phase Noise
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Figure 5

Measured and Theoretical Phase Noise Example

Adjustments to the Above Phase Noise Calculations

The phase noise numbers in the table give reasonably accurate estimates for phase noise
in most cases. There will be some part to part variation and layout dependency, although these
tend to not be very much. The numbers in the chart assume that the in-band phase noise is
dominated by the charge pump, which is usually (but not always) the case.

other factors that could have an impact on the phase noise.
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1. In-Band VCO Phase Noise Contribution

For the purposes of the phase noise calculations presented, the VCO noise contribution
within the loop bandwidth is considered to be negligible. Figure 3 indicates that the VCO
actually does contribute noise within the loop bandwidth. Within the loop bandwidth, the VCO
transfer function is an increasing function with frequency, while the VCO noise is a decreasing
function of offset frequency. When these two functions are multiplied together, the result is
relatively flat. The VCO tends to contribute more noise within the loop bandwidth in the cases
where the loop bandwidth is narrow or in the case of a noisy VCO. For instance, in Figure 5,
the VCO noiseis contributing about 1 dB to the in-band phase noise.

2. Lower Charge Pump Gain Phase Noise Adjustment

The PLL noise chart assumes that the PLL isin the highest charge pump gain. Note from
the transfer functions that the charge pump noise is divided by the charge pump gain. However,
it is usually the case that when the charge pump gain is increased, the charge pump noise is
increased as well. In some cases, there is no difference in phase noise when the charge pump is
used in different gains, and in others, the phase noise is better when the charge pump is used in
the higher gains. For this reason, the numbers specified in the table apply to a PLL that is
operating with the highest charge pump gain. If thisis not the case then the phase noise may be
degraded. The influence of the charge pump gain on the phase noise is therefore specific to the
PLL chip used. In the case of National Semiconductor parts, a rough rule of thumb is that below
1 mA of charge pump gain, the gain of the charge pump has little effect on the phase noise, but
above 1 mA, the charge pump gain does impact the phase noise. Going froma4 mA toal mA
charge pump gain has been measured to cause a typical degradation in phase noise of about 4 dB
in the Imx233x family. Going from a 2 mA to a 1 mA mode charge pump gain typically can
cause about a 2 dB degradation in the phase noise. This characteristic of having the best phase
noise performance at higher charge pump gains is a characteristic of Nationa PLLs along with
other manufacturers PLLs as well.

3. Dual PLL Adjustment

In the dual PLL, it has been found that the optimal phase noise performance is when the
other side of the PLL is unused, powered down, and with no VCO connected. If thisis the case,
then this results in a 2 dB improvement from what the table predicts. The table assumes that the
other PLL is powered down, but the VCO is connected. If the other side is powered up and
running, then the degradation in phase noise may be a dB or two worse than the table predicts.
The closer the output frequencies of the two PLLs are, the more severe the phase noise
degradation.

4, Noisy Crystal Reference Consideration

It is assumed that the charge pump noise dominates. However, this may not be the case if
the crystal reference is noisy. Signa generators, even expensive ones, often increase the phase
noise when used as the crystal reference. Spectrum anayzers with a fixed 10 MHz output
frequency from the back are usualy sufficiently clean enough to use as a crystal reference. The
crystal noise is divided by R and multiplied by N. One way to see if a signal generator is too
noisy is to double the frequency and double the R value. If the phase noise decreases, then this
suggests that the signal generator noise is dominating.
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5. Resistor Noise

All resistors create thermal noise. Typicaly, the contribution from this resistor noise
within the loop bandwidth is very negligible. However, this noise contribution can be more
significant at farther offsets from the carrier, and even near the loop bandwidth in cases where
the resistor, R3, islarge. The resistor noise phase noise contribution is decreased if the resistors
in the loop filter are decreased. For instance, under the same design parameters, a loop filter that
was designed for a higher charge pump current will have lower resistor noise because the
calculated values for the resistors will be smaller.

6. Input Sengitivity Violation Problem

There are many ways to cause the phase noise to be worse than predicted. One possible
cause of thisis when either the VCO or crystal power levels are insufficient to drive the counters.
For the high frequency VCO, matching problems can also cause an input sensitivity problem.
These phase noise numbers assume that the VCO and crystal power levels are sufficient to drive
the counters, and that there are no problems matching the VCO to the prescaler input pin.
Although rare, there are also PLLs for which the input buffer contributes phase noise and for
these PLLSs, ahigher crystal oscillator drive level is required for optimal performance.

7. Spectrum Analyzer Correction Factors
A common way of measuring phase noise using a spectrum analyzer is as follows:
Phase Noise = Carrier Power - Noise Power - 10eL og(Resolution Bandwidth)

However, this method is not entirely correct. Spectrum analyzers have a correction factor that is
added to the phase noise to account for the log amplifier in the device and minor errors caused
due to the difference between the noise bandwidth and 3 dB bandwidth. This correction factor is
in the order of about 2 dB. Many spectrum anayzers have a function caled “Mark Noise’,
which does account for the spectrum analyzer correction factors. The part-specific numbers for
phase noise derived in this chapter do not account for the correction factor of the spectrum
analyzer, and are therefore optimistic by about 2 dB.

Conclusion

This chapter has investigated the causes of phase noise and has provided a somewhat
accurate model of how to predict it. Within the loop bandwidth, the PLL phase detector is
typicaly the dominant noise source, and outside the loop bandwidth, the VCO noise is often the
dominant noise source. It is reasonable to expect a +- 0.5 dB measurement error when
measuring phase noise. Phase noise can vary from board to board and part to part, but typically
this variation isin the order of afew dBs.
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Appendix A: Basisfor 1 Hz Normalized Noise Floor Numbers

Upon reading this chapter, the reader is likely to wonder specifically what is the basis for
the 1 Hz Normalized Phase Floor numbers presented in Table 2. It is aso likely for the reader
to wonder how well these theoretical phase noise numbers compare to measured data. Recall
that these numbers were extrapolated from measured data. This data was actualy taken from a
collection of published information, so that the user can actualy go back and find the data that
was used to generate this table. There are three sources of published data: evaluation board
instructions, characterization reports, and the data book. Evaluation boards provide an excellent
source of measured data. The following terminology is used:

PLL
Family

Fout
Fcomp

CP %

CP Adj

Dual Adj

Noise Floor
Base
Adj
Actual

Phase Noise

-- Thisisthe PLL that was used.
-- This is the PLL family. For instance the LMX2330, LMX2331, and
LMX2332 are basically the same PLL except for the fact that they have different
prescalers. Since parts in the same family have so many similarities, one would
expect that their performance in terms of phase noise would be very close.
-- Thisis the output frequency in MHz
-- Thisis the comparison frequency in KHz
-- Thisisthe N divider ratio
-- For many PLLs, there are multiple settings for the charge pump current
that can be programmed by the user. For some PLLS, this can impact the phase
noise. In generd, it is best to run the PLL in the highest charge pump gain as
possible. The numbers in Table 2 are assuming that the highest charge pump
current is used. If this is not the case, then the percentage of maximum charge
pump current used is displayed in this column.
-- Charge Pump adjustment. In the case where the PLL is not being run in
the highest current setting, the expected degradation in phase noise performance
(in dB) is displayed in this column.  This number is determined by
experimentation.
-- In the case of aDual PLL, it is assumed that the other VCO is running, yet
the other PLL is powered off. If the other VCO is actualy disconnected, then the
phase noise tends to be better by about 2 dB. This modifier in dB is entered in
this column
-- Thisisthe 1 Hz Normalized Noise Floor calculated in three ways:

-- Thisis the number from Table 2

-- Thisisthe base plus any modifiers from CP Adj or Dua Adj

-- Thisis caculated from the actual phase noise measurement
-- This shows the phase noise calculated in two ways:

Predicted -- Thisis calculated using the formulae presented in this chapter

Actual

Thisisthe actua phase noise measurement.

The phase noise chart is shown on the next page. Note the agreement between the actual

and predicted

phase noise values. These phase noise numbers do not take into account the

correction factors of the spectrum analyzer used to measure them. The reason for thisis that this
is the way that the phase noise was reported from the actual documents that these numbers were

taken from.
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M easured Phase Noise for Various National Semiconductor PLLs

Part Title Fout |Fcomp| N |CP |CP |Dual |Noise Floor (dBc/Hz) Phase Noise
(MHz) (KH2) % |Adj |Adj Base Adj |Actual |Predicted Actual
Evaluation Boards
Imx1600 1600eval 1780 200/ 8900/ 100/ O 0| -199| -199|-197.4981, -67.0019, -65.5| 2
Imx1601/02 |1601eval 889 200/ 4445| 10|, 2 0| -199| -197|-197.0677| -71.03226, -71.1 1.2
Imx2306 2306eval 235 50/ 4700100/ O 0| -210| -210/-210.1317| -89.56834, -89.7
Imx2316 2316eval 889 200/ 4445|100, 0O 0| -210| -210/| -207.2677| -84.03226, -81.3
Imx2326 2326eval 1930 200/ 9650/ 100/ O 0l -210| -210/ -209.7008| -77.29915 -77
Imx2301 2301eval 137.5 100/ 1375/ 100, O 0| -206| -206/| -182.2661| -93.23395, -69.5| 3
Imx1501 1501eval 900 200/ 4500/ 100, O 0| -206| -206|-196.0746| -79.92545| <-70
Imx1511 1511eval 900 200/ 4500/ 100, O 0| -206| -206| -206.0746| -79.92545 -80
Imx2315 2315eval 900 200/ 4500/ 100, O 0| -206| -206| -206.0746| -79.92545 -80
Imx2325 2325eval 2425/ 1000/ 2425|100/ O 0| -206| -206/| -206.8942| -78.30577| -79.2
Imx2330 2330aev! 2425/ 1000/ 2425|100/ O 0| -211| -211|-207.6942| -83.30577 -80| 2
Imx2330I 2330levl 2425/ 1000/ 2425|100/ O 0| -211| -211|-207.2942| -83.30577, -79.6| 2
Imx2331 2331evl 1775 200, 8875, 100/ O 0| -211| -211|-211.7737| -79.02633| -79.8| 2
Imx2331L  |2331levl 1775 200, 8875, 100, O 0| -211| -211|-211.7737| -79.02633| -79.8| 2
Imx2332 2332aevl 900 200 4500/ 100, O 0| -211| -211|-207.0746| -84.92545 81 2
Imx2332L  |2332leval 900 200 4500/ 100, O 0| -211| -211|-207.0746| -84.92545 81 2
Imx2336 2336eval 1830 200/ 9150, 25/ 4 0| -211| -207|-207.0387| -74.76128| -74.8/ 2
Imx2336 2336evia 1780 200/ 8900/ 100, O 0| -211| -211/-210.6981| -79.0019, -78.7 2
Imx2350 2350eval 1960 160| 12250/ 100/ O 0/ -201 -201|-200.2039 -67.19608| -66.4, 2
Imx2352 2352eval 902 160/ 5638/ 100/ O 0l -201] -201/ -200.2629| -73.93707| -73.2] 2
Characterization Data
Imx2331A |LowPwr 1653 300, 5510/ 100/ O -2| -211| -213|-213.0942| -83.40576| -83.5| 2
Imx2331L |l owPwr 1653 300, 5510/ 100/ O -2| -211| -213|-212.8942| -83.40576| -83.3| 2
Imx2332A _|LowPwr 1017 25/ 40680, 100/ O -2| -211| -213| -211.767| -76.83298| -75.6| 2
Imx2332L |l owPwr 1017 25/ 40680, 100/ O -2| -211| -213| -211.467| -76.83298| -75.3| 2
Imx1600 LowCost 903 25 36120, 100/ O -2| -199| -201| -199.3344| -65.86565| -64.2| 2
Imx1600 LowCost 903 200/ 4515/ 100, O -2| -199| -201| -200.8035| -74.89654| -74.7| 2
Imx1601 LowCost 903 25 36120, 100/ O -2| -199| -201| -199.1344| -65.86565 -64| 2
Imx1601 LowCost 903 200/ 4515/ 100, O -2| -199| -201| -200.6035| -74.89654| -74.5| 2
Imx1602 LowCost 903 25 36120, 100/ O -2| -199| -201| -199.5344| -65.86565| -64.4) 2
Imx1602 LowCost 903 200/ 4515/ 100, O -2| -199| -201| -200.4035| -74.89654| -74.3| 2
Imx2306 LowPwr 235 50/ 4700100/ O 0| -210| -210/-207.2317| -89.56834, -86.8
Imx2306 LowPwr 245 50/ 4900/ 100/ O 0| -210| -210/ -202.7936| -89.20638 -82
Imx2306 LowPwr 250 50/ 5000/ 100/ O 0| -210| -210/-208.4691, -89.0309, -87.5
Imx2316 LowPwr 889 200/ 4445|100, 0O 0| -210| -210/| -207.2677| -84.03226, -81.3
Imx2316 LowPwr 902 200 4510/ 100, O 0| -210 -210|-206.7938| -83.90617| -80.7
Imx2316 LowPwr 915 200/ 4575/ 100/ O 0l -210| -210/-207.9181| -83.78188| -81.7
Databook
Imx1511 DataSheet 886 25/ 35440, 100/ 0O 0| -206| -206/| -210.4693| -71.03073| -75.5
Imx2320 DataSheet| 1669 300/ 5563|100, O 0| -206| -206/|-210.7779| -76.32209, -81.1
Imx2315 AN-1001 900 200/ 4500/ 100, O 0| -206| -206/| -205.6746| -79.92545, -79.6
Imx2332A |AN-1052 900/ 31.25| 28800/ 100/ O -2| -211| -213| -213.9363| -78.86365| -79.8] 2
Comments
1. For the L MX233x. 4X current mode is 4 dB better than 1X.
2. Best performance is with IF VCO disconnected. 2" best with IF poweroff. 3" IF runnina.
3. These boards have discrete VCOs and narrow loop bandwidths. thus their bad in-band phase noise.
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Appendix B: Phase Noise for Resistors and Active Devices

Noise Voltages

Resistors and active devices such as op-amps generate noise voltages. In the case of an
op-amp, the noise voltage should be specified. In the case of aresistor, this noise voltage is the
thermal noise generated by the resistor. Recall that the thermal noise generated by aresistor is:

R_Noise=/4-T,- K- R

To = Ambient Temperature in Kelvin = 300 Kelvin (typically)
K = Boltzman's Constant = 1.380658 X 10% (Joule/Kelvin)
R = Resistor Vaue in ohms

Note that in both the case of the resistor and op-amp, the units are Since phase

\Y
JHz'
noise is normalized to a 1 Hz bandwidth, one can disregard the denominator and consider the
unitsto bein Voalts.

Transfer Function for the Noise Voltage

Once the noise voltage is known, an open-loop transfer function, T(s), can be written
which relates this noise voltage to the voltage it would generate for an open loop system at the
VCO tuning line. To account for the closed loop system, one can simply divide this by the open
loop transfer function of the VCO[1]. In deriving the transfer function, T(s), it is simplifies
calculations if one remembers that all the grounds are connected and draws a short between
them. In the case of a resistor noise transfer function, the resistor noise can be considered to be
acting on either side of the resistor. The actual transfer functions will not be derived here, since
the formulas are shown in the design example at the end of this chapter.

Trandlating the Noise Voltage to a dBc/Hz number for Phase Noise

This explanation is found in reference [1]. In a smilar way that leakage-based reference
spur was shown to relate to the modulation index of the signal, the modulation index is applied
here to derive the phase noise. Vnoise represents the noise voltage that would be generated at
the VCO input for an open loop system, f is the frequency, and G is the open loop transfer

function. Note that it is necessary to multiply the noise voltage by a factor of V2, since these
are expressed as RM S, and not Peak to Peak.

Phase Noise » 20 - Iog(fdlg For b<<1
elg
b _ 2 Vnoise- Kveo | T(2-p-i-f)
f 1+G(2-p-|-f)|
N

Resistor noise becomes a problem when the resistors in the loop filter get too large. The
resistor noise tends to have the greatest contribution at frequencies close to the loop bandwidth.
It can aso have some contribution outside the loop bandwidth. Using a higher current gain or
Fractiona N PLL can reduce the impact of resistor noise. Op-amp noise can aso add
considerable phase noise, especidly if the op-amp is not very low noise.
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PHASE NOISE ANALYSIS

ENTER PARAMETERS HERE

MHz
Kf = 5mA Fcomp:= 100&kHz Fout.:= 900MHz Kvco = 20
volt
Cl:= 4.259F C2.:= 75.1mF C3 = 852pF C4 .= 106pF
R2:= 0.58&xW R3:= 1.814&«W R4 = 1.814&W

CALCULATE PARAMETERS

Fout
Fcomp N = 900
a.= R2'R3'R4:C1:C2:C3'C4 d.=Cl+C2+C3+C4

b:= C1:C2'R2'R3:(C3+ C4) + R4:C4-(C2:C3'R3+ C1-.C3'‘R3+ C1-C2'R2)

0
n

R2:C2:(Cl+ C3+ C4) + R3:(C1+ C2):(C3+ C4) + R4:C4(C1l+ C2+ C3)

Z(s) = 1+ R2:C2's
o (at bt oot ) Loop Filter Impedanc:

(s = K Kveo Z(s) Forward Loop Gain

S

CL(s) = _C& Closed Loop Gain
G(s)
1+
N

BANDWIDTH AND PHASE MARGIN

X = 1.0kHz
Fc:= root(‘ G(x2p i) ‘— N, x) Fc = 9.98%Hz Loop Bandwidth
f=Fc

arg(G (Fc-2p i 1) 22% 180 53.008 Phase Margin

p
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PHASE NOISE PROFILE

1 Hz Normalized Phase Detector Noise
LMX2330, Aux side powered down,
High charge pump gain setting

NoiselHz:= -213 dbc/Hz

. . Fcom
NoiseFloor:= NoiselHz+ 10log
Hz

NoiseFloor= =153 dbc/Hz Phase Noise Floor
PLLNoise(f) ;= NoiseFloor+ 20log(| CL (f-2:p ‘i ) |)

PLLNoise(150Hz) = 793.91 Close In Phase Noise

VCO Noise
Assumes that the VCO Noise changes 20 db/decade

VCO10khz:=-100 dbc/Hz

1+

f
VCONoise(f) = VCO10khz- 20log — 20log
10kHz

G(f2p-i)
N

Resistor Noise Properties

_>3joule .
- T := 300K R_Noise(R) = ,[4T 'k'R'1'Hz
K o o

k := 1.380658B0

R2 Resistor Noise

-9
VnR2 = R_Noise(R2) VNR2 = 3.10%810 °volt
Z1(s) = + R2
s'C2
1
Z(s) =

s'(C1+ C3+ C4+ s:(C3:C4R4+ C3-R3:CL+ C4R4A-Cl+ R3:C4:Cl) + s-C1-C3:C4R3R4)

1 .
G(s)

TR2(s) =

Z1(s)

1+ Z1(s) + Z(s)
N

A/;-VnRZ-TRZ(Z-p ‘i 'f) Kvco
2f

)

R2_Noisg(f) = 20Iog<
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R3 Resistor Noise

-9
VnR3 = R_Noise(R3) VNR3 = 5.489210 -°volt

1+ sC2R2
Zi(s) i= +R3 yoray e 1+ s‘C4R4

s(Cl+ C2) + sC1-C2'R2 (s):= >
s'C3+ s'C4+ s'C3:C4'R4

1 Z1(s) 1

TR3(s) := : :
14 8 || ZU(s) + 22(s) 1+ sCara
N

«/;-VnRB-TRB(Z-p ‘i f)'Kvco >’_50%

R3_Noisg f) = if<R3> 1W, 20Iog<
2f

R4 Resistor Noise
-9
VnR4 := R_Noise(R3) VNR4 = 5.489210 eovolt
1+ s'C2'R2
Z2(s) = Z(s) = Ra+ R3 + Z2(s)
s(C1+ C2) + 5C1-C2R2 a 1+ s'C3'R3+ s:C3-22(s)

1 i
G(s)
N

TR4(s) =

1
1+ s:C4-Z(s)

«/;-VnR4-TR4(2-p ‘i f)'Kvco >’_50%

2f

1+

R4 _Noisg(f) = if<R4> 1W, 20Iog<

Reference Spurs

BaseLeakageSpur= 16.0 dbc This is a universal empirical constant
LeakageCurrent= 10 amp Enter the leakage current of the PLL
BasePulseSpur= -311 dbc This is a part-specific constant

Calculations

SpurGain:= 20Iog(‘ G (Fcomp ‘) SpurGain= 13.924

LeakageCurren

LeakageSpur.= BaselLeakageSpu# 20 Iog<
Kf

j + SpurGain

i Fcom
PulseSpur.= BasePulseSpu# SpurGaint 40Iog< Fj
1-Hz

PulseSpur Leakagejpur (;

TotalSpu(f) = if< f — Fcomp|< 100Hz, 10Iog<10 1o + 10 1o ,—50

LeakageSpur= —104.055 PulseSpur= =57.076 TotalSpufFcomp = =57.076
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Total Noise Properties

PLLNOfER VCONO{€ R2_NoO{$e R3_NoO{$e R4_NoOfE® TotalS¢hix

TotalNoisg f) i= 10Iog<10 *° +10 *° +10 *° +10 *° +10 *° +10 *°

VCOIl1O0kh&oiseFleoc2OlogN)

10 20

‘10kHz = 4.968Hz Min RMS Bandwidth

50kHz
TotalNgise

sec 10 © 4y = 0.22deg RMS Phase Error

100Hz

Simulated Spectrum Analyzer
span:= 10Fcomp Enter the Span in kHz

Phase Noise/Spurs at Various Offsets
TotalNoisg 100Hz ) = —93.911 dbc/Hz Close-in Phase Noise

TotalNoisg Fcomp = —57.076 dbc First Reference Spur ( Worst Case )
(o]
—6.6
—13.33
-2
—26.
—33.
-4
—46.
3 —53.
PLLNO{ER -6
[Sasas] —-66.
Vconowe T73:
-8
- 5 -se6.
R2_Nof{se -—g3. &
—10(
R3_No(&r —106.67
=558 -113.33 3
R4_N — 124 /
_Nogsp
—126.67
3 -133.33 /
TotalNgihe -—14¢ 4
—146.67
—153.33 <
—16( X =
-166.4 ™
—173.33
—18( i
-186.67 | 1
—193.33
—200
1 10 100 *1&, 218 18 118 *1d

Note that the factor of 180/p is not used in the calculation for the RMS phase error. The
reason for this is that mathcad automatically converts this number from radians to degrees, and
therefore, this conversion factor is not necessary. RMS phase eror is discussed in the next
chapter.
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4, RMS Phase Error and Signal to Noise Ratio
Introduction

This chapter discusses RMS Phase error, how to caculate it, the relevance it has in
digital communications, and how to minimize it. It also discusses the signal to noise ratio of a
PLL and it’ s relationship to phase noise.

What isRM S Phase Error?

There are three different ways of visualizing RM S phase error. It can be visuaized in the
time domain, in the frequency domain, or in a constellation diagram. These different
interpretations of RM S phase error are al related and discussed below.

RMSPhase Error In the Time Domain

Figurel [llustration of RMS Phase Error of a Sgnal in the Time Domain

The above figure shows a square wave Note that the rising edges of the square wave do
not always occur at exactly the time they should, but have a random phase error that can be
either positive or negative. Now the average value of this phase error is zero, but the standard
deviation is nonzero and is called the RMS phase error.  Recall for the normal distribution,
approximately 68% of the area of the normal distribution curve is within one standard deviation
of the mean. This means that if one was to take a random sample of the starting phase, 68 % of
the time it would be within the RMS phase error. Notice how the rising edges of the signal do
not aways start at the time they should, but sort of jitters. For this reason, RMS phase error and
phase noise are often referred to as “phase jitter”. Although the output of a PLL tends to be a
sine wave (instead of a square wave), there is little loss of generaity here, because the sine wave
goes through counters that turn it into a square wave.

For an example, consider a 10 MHz signa with 5 degrees RMS phase error.  Since the
period of this signal is 0.1 uS, a 5 degree RMS phase error imply a normally distributed random
phase shift which has a standard deviation of 1.339 nS.

RM S Phase Error Calculation from Frequency Domain

Formula for Relating Spectral Density to RMS Phase Error

RMS Noise is calculated by integrating the phase noise, taking the square root, and then
converting this number from radians to degrees. The limit, a, tends to be very close to the
carrier, and the limit, b, tends to be much farther away, typically outside the loop bandwidth.
Assuming b to be infinite gives a reasonable approximation to RMS phase error. The RMS
phase error in degreesis calculated as.

180 .
RMSPhaseError =——- 12- g-(f )- df (D)
p a
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Derivation of RMS Phase Error Formula

The derivation for formula (1) will now be given. Recall that phase noise is measured in
dBc/Hz on a spectrum analyzer, which shows the output power vs. frequency. Since phase
noise is measured at a particular frequency output, it can be thought of as the ratio of the carrier
frequency power to the noise power, expressed in a decibel scale. Actually, it is more correct to
view this as a phase noise dengity, even though it is commonly just referred to as phase noise.
To obtain the total phase error, the phase noise (density) is integrated over the whole frequency
spectrum. The factor of two is there to account for the phase noise on both sides of the carrier.

Since the spectrum anayzer displays power vs. frequency, and not voltage vs. frequency,
it is necessary to take the square root of the integrated product to obtain an RMS (Root Mean
Square) error. Recall that in statistics, the standard deviation of a continuous random variable is
obtained by integrating the square of the probability distribution function and then applying the
square root. An analogous procedure is used in the calculation of RMS phase error and this is
why the RMS phase error relates to the standard deviation of the phase error. Since the number
obtained isadimensionless value in radians, it is necessary to convert this to degrees.

Approximate RMS Phase Error Calculation

To calculate the RMS noise correctly, the spectral density needs to be known. However,
it is sometimes convenient to use a rule of thumb to simplify calculations, or in Situations where
the VCO noise is unknown. One good rule of thumb is to assume that the phase noise decreases
20 dB/decade from the PLL loop bandwidth. This approximation is shown in Figure 2.

power (dbm) oo
A

Peaking =
Phase Noise Density p db
= k dbc/Hz
---------------- Slope =

‘L/ 20 db/decade

» frequency

we

Figure2 Typical Phase Noise Spectral Plot for a PLL

Approximate Calculation of RMS Phase Error

To calculate the RMS Phase Error, formula (1) will now be applied. Since the phase
noise density, Kk, is expressed in dBc/Hz, it is necessary to convert this from decibels to scalar
units before the integration is performed.

&C " ¥ . o, log( f- fc+1) (o)
RMSnoise="20 |2. G104/ . E?H[lop’m- | e
p 80 ng fc ﬂ
=180 jgura [t (1+10°%)+10°'% . 2
p
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Note that for the purposes of smplifying calculations, it was assumed that the phase
noise peaks at the loop bandwidth, but in actuality, the peaking occurs dightly before the loop
bandwidth as shown in Figure 2. This causes these estimations to be dightly lower than they
actualy should be. Three dB is a typical value for the peaking, which would be typical for 45
degrees of phase margin, however, it makes sense to use a value dightly higher, since this will
help compensate for the fact that the estimates are dightly low. A good value of peaking to use
is4 dB. For the sake of smplicity, it makes sense to introduce approximations. Note that the
second term under the sguare root is very small compared to the first term for any loop
bandwidth that is reasonable. If one neglects the second term and assumes 4 dB of peaking, the
formula can be greatly smplified.

RMSnoise =107 - 104/%./fc

If O dB of peaking, then multiply this result by 75%. If 3 dB of peaking is assumed,
then multiply this result by 92%. If 10 dB of peaking is assumed, multiply this result by 177%.
For a System with 10 KHz loop bandwidth, and —80 dBc/Hz phase noise, (assume 4dB peaking):

RMSPhaseError = 107 - 10°%/? . \/10000=1.1°

Choice of Loop Bandwidth for Optimal RMS Phase Error

This formula implies that a PLL with a narrower loop bandwidth will have less RMS
phase error, but in fact thisis only true to a point.  The validity of the approximations used in
the above formula degrades if the loop bandwidth is too narrow. After decreasing the loop
bandwidth beyond this point (where the PLL noise equals the VCO noise), the phase error
actually starts to increase. It follows that for optimal RMS phase error, one should choose the
loop bandwidth of the system such that the PLL noise is equal to the free-running VCO noise at
that point. This is because within the loop bandwidth, the main noise contribution is from the
PLL (everything except for the VCO), while outside of the loop bandwidth, the main noise
contribution isthe VCO. This optimal loop bandwidth istypically afew kilohertz.

RMS Phase Error Interpretation in the Constellation Diagram

If one visualizes the RMS error in the time domain, then it can be seen why this may be
relevant in clock recovery applications, or any application where the rising (or falling) edges of
the signal need to occur in a predictable fashion. The impact of RMS phase error is more
obvious when considering a constellation diagram.

The constellation diagram shows the relative phases of the | (in phase) and Q (in
guadrature — 90 degrees phase shift) signals. The | and Q axes are considered to be orthogonal,
since their inner product is zero. In other words, for any signal received, the | and Q component
can be recovered. Each point on the constellation diagram corresponds to a different symbol,
which could represent multiple bits. As the number of symbols is increased, the bandwidth
efficiency theoretically increases, but the system also becomes more susceptible to noise.
Quadrature Phase Shift Keying (QPSK) is a modulation scheme sometimes used in cellular
phones. Figure 3 shows the constellation diagram for QPSK.
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(-1.1)

Phase Error

(-1-1) (1,-1)

Figure3 Impact of RMS phase Error Seen on a Constellation Diagram

Consder an ideal system in which the only noise-producing component is the PLL in
the receiver. In this example, the symbol corresponding to the bits (1,1) is the intended message
indicated by the darkened circle. However, because the PLL has a non-zero RMS phase error
contribution, the recelved signal is actually the non-filled circle.  If this experiment was
repeated, then it the result would be that the phase error between the received and intended signal
was normally distributed with a standard deviation equal to the RMS phase error. If the RMS
phase error of the system becomes too large, it could actually cause a the message to be
misinterpreted as (-1, 1) or (1,-1). This constellation diagram interpretation of RMS phase error
shows why higher order modulation schemes are more subject to the RMS phase error of the
PLL. A red communications system will have a noisy channel and other noisy components,
which reduce the amount of RM S phase error of the PLL that can be tolerated.

Other Interpretations of RMS Phase Error
Eye Diagram

One popular way of viewing RMS phase error is the eye diagram. The impact of the
RMS phase error on the eye diagram is that it causes it to close up. This means that the decision
region issmaller and it is more likely to make an error in which bits were sent.

Error Vector Magnitude (EVM)

Error Vector Magnitude is the magnitude of the vector formed from the intended message
and the actual message received (refer to Figure 3). Thisis commonly expressed as a percentage
of the error vector relative to the vector formed between the origin and intended message.
Referring to Figure 3, assuming the circle has radius R, and applying the law of cosines yields
the magnitude of the error vector , E, to be:

E=2-R°-2-R*: cog(f)

Assuming that f is small, and using the Taylor series expansion cos(f) = 1 - f %2, yidds the
following relationship between RM S phase error and EVM:

EVM » 100%- &P_9. (RMS Phase Error in Degrees)

§180 5
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Signal to Noise Ratio (SNR)

The signal to noise ratio of a PLL refers to the carrier power to the noise power. Since
phase noise is expressed in terms of dBc/Hz. Without loss of generdity, the signal can be
considered to be concentrated in a 1 Hz bandwidth with relative power level of 0 dBc/Hz. The
total power for thissignal isO dBc.

The noise power can be found by integrating the power spectral density, except for the
carrier. The lower integration limit, a, can be assumed to be 0 Hz, just as long as the carrier is
disregarded. The upper integration limit, b, is the bandwidth of interest, perhaps the channel
gpacing. Choosing b to be infinite typicaly serves as a reasonable approximation for genera
purpose discussions. The signal to noise ratio in dB is therefore:

SNR = -

b

2- L(f)- df

There are other ways to define the signal to noise ratio of a PLL as well. To correctly
figure how the SNR of a PLL impacts the SNR of a system is actually a detailed calculation.
However, a simple analogy can be used to give a rough idea of how the PLL SNR impacts the
system.

Consider an input signal to amixer:

S1 = Si + Ni

Where Sl is the total input signal, S is the desired input signal, and Ni is the undesired

input noise. Now assume that the PLL signd is:

S2 = Spll + Npll
The output signal is therefore the product of the two signals S1 and S2
Sout = SplleSi + SplleNi + SieNpll + NplleNi

Now the first term is the desired signal power and the last term is negligible. The output
signal to noise ratio can therefore be approximated as.
SNR = Spll - Si _ SNR1- SNR2
Spll - Ni+Si - Npll  SNR1+SNR2
In the above equation, SNR1 and SNR2 represent the signal to noise ratios of S1 and S2,
respectively. In an analogous way that two resistances combine in paralel, the lower signal to
noise ratio dominates. The above calculations contain some very gross approximations, but they
do show how the signal to noise ratio of the PLL can degrade the signal to noise ratio of the
whole system.

Conclusion

This chapter has covered various parameters that are derived from the phase noise of the
PLL, including RMS phase error. Unlike the phase noise discussed in the previous chapter, the
RMS phase error is very dependent on the loop bandwidth of the PLL. RMS phase error is often
a parameter of concern in digital communication systems, especidly those using phase
modulation.
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5. Transient Response of PLL Frequency Synthesizers

Introduction

This chapter considers the frequency response of a PLL when the N divider is changed.
In addition to giving a fourth order model of this event, whose only approximation is the
continuous time approximation for the phase detector, it also gives derivations for natura
frequency and damping factor, which are used in a second order approximation. It further
relates them to loop bandwidth and phase margin. This chapter is intended to give a rigorous
mathematical foundation for the transient response of PLL synthesizers. In doing so, it provides
a universal model which can be used in place of al of the various rules of thumb, since rules of
thumb only work under certain conditions or for certain applications.

PLL Basic Structure

Z(S) FLUt

fr
Crystal VCO
Reference
Loop Filter Transfer
Function
Figurel Basic PLL Structure
Current .
Output from V€O Tuning
Voltage
Charge Pump
VCO
— Loop —
Filter
Figure?2 Assumed Passive Third Order Loop Filter Topology
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Derivation of Transfer Functions
Define the following constants:

kO = C2¢R2

k1l =CleC2eC3eR2eR3

k2 =C2eC3eR2 + CleC2eR2 + CleC3eR3 + C2¢C3eR3 D
k3=C1+C2+C3

Then the transfer function of the loop filter is given by:

1+s- kO
Z(s)=—i 1 2
(°) s-|s? - ki+s- k2+k3] @

This leads to the following closed-loop transfer function:

Kf - Kvco- N - (1+s- k0)

CL(s)=
(s) s* - N-kl1+s®-k2- N+s?-k3- N +s- Kf - Kvco- kO+Kf - Kvco

3)

Second Order Approximation to Transient Response

To this point, no approximations have been made. In this section, CL(s) will be
approximated by a second order expression, CL1(s), in order to derive results that give an
intuitive feel of the transient response.

It is assumed that these higher order terms are small relative to the lower order terms.
The Initial Value Theorem (4) suggests that the consequences of ignoring these terms are more
on the initial characteristics, such as overshoot, and less on long time behavior, such as lock
time.

[ims-Y(s) = |lim y(t) 4
S® ¥ t® 0 “)
The smplified second order expression is:
aKf - Kvcoo
§ noka 5 LTS KON)
CLU(s) = 4o, T Kveo- k0 ®)
&€ k3N B
Defining
W= Kf - Kvco (6)
N-(C1+C2+C3)
2=R2:€2 un 7)
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It can be seen that the poles of this function are at:

-Z-WNnj-wn-4/1-2°2 (8)

Now consider a PLL, which is initially locked at frequency f1, and then the N counter is
changed such to cause the PLL to switch to frequency f2. It should be noted that the value for N
that is used in al of these equations should be the value of N corresponding to f2. This event is
equivalent to changing the reference frequency from f1/N to f2/N. The first term in the
numerator of (5) shows the primary effects, and the second expression shows the secondary
effects due to the zero. The zero in the transfer function has a lot of effect on the overshoot and
the rise time, but has little effect on the lock time. Using inverse Laplace transforms it follows
that the time frequency responseiis:

é -R2-C2. )
F(t)=f2+(f1- f2)-e2"™". écos(lvn,/l- z?%. t)+Z R2 Ci wn sin@vm/l- z?%. t)j
1-z El

€ V
©)
Since the term in brackets has a maximum value of:
1-2-R2-C2-z -wn+R2?.C2%-wn?
C C (10)
J1-2°2
It follows that the lock time in secondsis given by:
Inge tol J1-22 0
§f2-f1 1-2-R2-C2-z -wn+R2%-C2? -wnzg
LockTime= (11)
Z -wn
Many times, thisis approximated by:
i ERTR
Lock Time= 2 (12)
Z -wn
Ringing frequency (Natural Frequency), wn
A -
F-—-—-f----\""-F--\—- —-—-_._.:_:::_____ _____________ = A Final Frequency
, Exponential Envelope Frequency
/ exp(-z ®wn @ t) Jump
0N ARSI PAY Y Y
Frequency
: >
Time
Figure 3 Classical Model for the Transient Response of a PLL
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Figure 3 shows the classical second order model for the frequency response. For a
second order filter, the following relationships exist for loop filters designed with Nationa
Semiconductor's AN-1001, National Semiconductor’'s online EasyPLL Program, or the
equations presented in this book. These relationships are proven in the Appendix.

wc=2-2z -wn

secf - tanf = ! 5 (13)
4.7
Phase Margin, f Damping Factor, z Natural Frequency, wn
30.00 degrees 0.6580 0.7599%ewC
35.00 degrees 0.6930 0.7215ewcC
36.87 degrees 0.7071 0.7071ewc
40.00 degrees 0.7322 0.6829ewC
45.00 degrees 0.7769 0.6436ewC
50.00 degrees 0.8288 0.6033ewc
55.00 degrees 0.8904 0.5615ewcC
60.00 degrees 0.9659 0.5177ewc
61.93 degrees 1.0000 0.5000ewC
65.00 degrees 1.0619 0.4709ewC
70.00 degrees 1.1907 0.4199ewC
Tablel Relationship Between Phase Margin, Damping Factor and Natural Frequency

So by specifying a the loop bandwidth, we, and the phase margin, f, the damping factor
and natural frequency can be determined, and vise versa. Note here that wc is defined as the
point where the magnitude of the open loop transfer function is equal to one.

=1 (14)

|| Kf - Kvco- Z(s)|
s

|s:j~wc

Fourth Order Transient Analysis

This analysis considers al the poles and zeros of the transfer function, for a third order
filter, and gives the most accurate results. It does require finding the roots of a fourth order
polynomia. Although the formula is cumbersome, an explicit formula does exist for finding the
roots. There also exists software, such as Mathcad, which is ideal for dealing with a problem
such as this. In the case of a fourth order loop filter, this leads to a fifth order polynomial.
Abel’s Impossibility Theorem states that there can not exist a closed form solution for
polynomials of fifth and higher order, so it is necessary to approximate this with a fourth order
polynomial, or to find the roots numericaly. The aim of this section is to derive an expression
for the transient analysis that can be graphed and properties such as the lock time, rise time,
overshoot, ringing, and damping factor can be seen from the graph. To start with, the transfer
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function in (3) is multiplied by (f2-f1)/(Ns). However, since these formulas are really referring to
the phase response, and it is the frequency response that is sought, the whole transfer function is
also multiplied by s to perform differentiation (frequency is the derivative of phase). The
resulting expression is rewritten in the following form:

— f2- f1_ nl- (1+s-k0)

F(s)=s-H(s)- 15
(s) (s) N-s s'+d3-s*+d2-s*+d1-s+d0 (19
where
_ Kf - Kvco- (f2- 1) (16)
N-Cl-C2-C3-R2-R3
43=K2_C2-C3- R2+C1-C2- R2+C1- C3- R3+C2-C3- R3 17)
k1l R2-R3-C1-C2-C3
dzzﬁz Cl+C2+C3 (18)
kil R2-R3-Cl1l-C2-C3
d1= Kf - Kvco (19)
N-C1-C3-R3
d0= Kf - Kvco (20)

"N-R2-R3-C1-C2-C3

Note that the roots of the denominator correspond to the poles of the transfer function.
Since this is a fourth order polynomial, the roots of this function can be found anaytically,
although it is much easier to find them numerically. The transfer function can be rewritten as:

f2-f1 ¢ é 1 R2.C2u
H(s)- = A - & + ] 21
() N-s 90 I gS-(S- pi) S- B 8 D
~ 1
A =n1-Q (22)
ki B - Py

Findly, this leads to the transient response. Note that some of the coefficients A; will be
complex; however, they will combine in such away that the final solution isreal. Now since the
poles need to be calculated for this, it will be assumed that they al have negative rea parts. If
thisis not the case, then the design is unstable. Using this assumption that the design is stable,
the transient response can be smplified. Also, if the ssimulator does not do this, the solution can
be expressed with al real variables by applying Euler’s formula

a+j-b

e =¢e* - (cosb+j- sinb) (23)

Assuming a stable system, the transient response is:

. )
F(t)=f2+§ A -epi't-gaei+R2-CZg (24)
P '

i=0 2
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Additional Comments Regarding the Lock Time Formula
Using the Exponential Envelope

Formula (24) provides a complete analysis for the transient response, including all of the
ringing of the PLL. However, for the purposes of lock time determination, it is better to
eliminate the ringing from the equation, and study only the exponentia envelope. This makes
the prediction of lock time more consistent. The exponential envelope is obtained by applying
the triangle inequality to formula (24).

i=0

3 )
Exponential Envelope = f2+Q | A - e - gaei+ R2- CZ%‘ (25)
P, '

Cycle Sips

When an instantaneous phase error is presented to the phase detector, then cycle dipping
can occur. When the N counter value changes, then the phase of the VCO signal divided by N
will initially be incorrect in relation to the crystal reference signa divided by R. If the loop
bandwidth is very small ( around 1% ) relative to the comparison frequency, then this phase error
will accumulate faster than the PLL can correct for it and eventually cause the phase detector to
put out a current correction of the wrong polarity. By dividing the comparison frequency by the
instantaneous phase error presented to the phase detector, one can calculate how many cycles it
would take the phase detector to cycle dip. If thistime is less than about half the rise time of the
PLL, then cycle dipping is likely to occur. An easier rule of thumb that is less accurate is that
cycle dlipping tends to occur when the loop bandwidth is less than 1% of the comparison
frequency. Cycle dips are somewhat rare, but are most common fractional N PLLS, since they
typicaly run at higher comparison frequencies.

Dependence of Lock Time on Loop Bandwidth

Although the filter design equations have not yet been presented, one fact will be
borrowed from the design section in this book. Consider a two loop filters that are designed for
the exact same parameters, except for the second loop filter is designed to have aloop bandwidth
of K times the loop bandwidth of the first filter. In this case, al the resistor values in the second
filter will be K times the resistor values in the first filter. Furthermore, the capacitors values in
the second filter will be 1/K? times the capacitor values of the first filter. If compares the values
computed in formulas 15 through 21, one will find that if p which makes the denominator in
eguation (15) equal to zero for the first filter, then Kep will make the denominator in equation
(15) equal to zero for the second filter. From formulas (16) and (22), one can see that the
coefficients A; are divided by a factor of K. Looking at formulas 24 or 25, the factors of K all
cancel out, except in the exponent. This proves that the transient response for the second loop
filter will be identical to that of the first, except for the time axis is scaled by a factor of /K. The
grand result of all this analysisis that it proves that the lock time is inversely proportional to the
loop bandwidth, and that the overshoot (undershoot) will remain exactly the same.
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Dependence of Lock Time on the Frequency Jump

The quantity [f2 - f1| is the frequency jump. Now consider the same loop filter. For the
first lock time measurement, the transient response is recorded. For the second lock time
measurement, the final frequency, 2, is kept constant, but the initia frequency, f1, is changed
such that the frequency jump is increased by a factor of K., equation (24) and (25) will be the
same for both cases, except for the fact that the coefficients for A; in the second case will be
multiplied by a factor of K. This implies that the transient response will be the same for both
cases, except for in the second case, the ringing is multiplied by a factor of K. Note that although
the lock time for the second case will be longer, it will be not be increased by a factor of K, but
rather something much less. What can be implied from this is that if the frequency jump and
frequency tolerance are scaled by equal amounts, the lock time will be identical.

Rule of Thumb for Lock Time for an Optimized Filter

Although (24) is very complete, it is difficult to apply without the aid of computers.
Simulations show optimal lock time occurs with a phase margin around 48 degrees. Recall that it
was shown that lock time was inversely proportiona to loop bandwidth, and that the lock time
does not change if the frequency jump and frequency tolerance are scaled in equal amounts.
Using the above rules and assuming 48 degrees of phase margin, a rule of thumb for lock time
can be derived from simulated data.

400

LT » Fo (1- log,,( DF ))

_ FrequencyTolerance
Frequency Jump

(26)

LT is the lock time in microseconds, Fc is the loop bandwidth in KHz, and DF is the
ratio as shown above.

Simulation Results

Figures 4 and 5 show a comparison between simulated results, based on this chapter, and
actual measured data. There is very good agreement between these graphs. Note that the C2
capacitor in the loop filter was type CGO. When this was changed to a worse dielectric, the lock
time increased from 489 n5to 578 nS. This example was aso contrived so that the charge pump
stayed away from the power supply rails, in order to eliminate the saturation effects of the charge
pump. These are the effects that most often cause the measured result to differ from the
theoretical result. The VCO capacitance was added to C3 for the purposes of the calculations.
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Conclusion

This chapter has gone through a rigorous derivation of the equations involved in
predicting lock time and the transient response of the PLL when the N divider is changed. A
second order and a fourth order model were presented. For the fourth order moddl,
discrepancies between theoretical lock times and measured lock times are on the order of 10 - 20
% or less. If theoretical lock times and measured lock times closely agree, then this indicates
that thisis the best the PLL can do. However, if there is a large discrepancy, then one or more of
the factors below could be the cause.

VCO and Charge Pump Non-linearity

Perhaps the biggest real world effect that could throw off this analysis is the non-linear
characteristics of the VCO and the charge pump. When switching from one frequency to
another, there is typically overshoot in the order of one third of the frequency jump. This
overshoot is dependent on the phase margin/damping factor. If the VCO overshoots too far past
its intended range for usage, or if the tuning voltage ever gets too close (about 0.5 V) to the
supply rails for the charge pump, the first lobe of the transient response gets longer and increases
the lock time. The designer should be aware that if overshoot causes the frequency to go outside
the tuning range of the VCO, the modeled prediction could lose accuracy. To deal with this,
design for a higher phase margin in order to decrease the overshoot.

Not Accounting for the VCO Input Capacitance

The VCO input capacitance adds in parallel with the capacitor C3. If not accounted for,
this could distort the results. This tends to decrease the loop bandwidth, and therefore increase
the lock time.

Bad Capacitor Dielectrics

When larger capacitors, in the order of 1 nF or larger are used, cheaper capacitors, such
as X7R can drastically increase lock times. By switching to higher quality capacitors, such as
polypropylene, this can be fixed. If the actual lock time is substantially longer than the
theoretical lock time, then replace the capacitors, especially capacitor C2, with ones of higher
quality. For the example previoudly given, using a higher loss dielectric capacitor for component
C2 increased the lock time from 489 n5to 578 nS.

Phase Detector Discrete Sampling Effects

The discrete sampling effects of the phase detector usually have little bearing on the lock
time, provided that the comparison frequency is large (10 X) compared to the loop bandwidth.
The fourth order model was compared to another model that did take into account these effects,
and the difference in the lock time was very small. In an actual transient response for a PLL with
adigital phase detector, there will be small jagged corrections corresponding to these corrections
of the phase detector.

Other Comments

There are also charge pump mismatch, charge pump leakage, board parasitics, and
component leakages that could cause additional errors. Although the equations for a fourth order
loop filter were not presented here, the transient response can be derived in a very smilar way
that was used to derive the transient response for the third order loop filter.
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Appendix
The Relationship Between Natural Frequency (wn), Damping Factor (z), Loop Bandwidth (wc) ,
and Phase Margin (f)
Note that since this is for a second order filter, C3 = R3 = 0. Recal from Nationa
Semiconductor’s Application Note 1001, for a second order filter

T1= secf - tanf 27)
wc
T2=R2-C2= (28)
wc-T1
Combining (5) , (6) , (27), and (28) in order to eliminate T1 and T2 yields the following:
? =2-wc- (secf - tanf) (29)
Recall also from AN 1001
c2=c1.&2.19 (30)
ell g
This can be restated as follows,
Cl+CZ=T—2- C1 (31)
T1

By AN 1001

2
c1 _T2 Kf - Kvco 1+(wc-T2) (32)
Tl N-we? | 1+(we- T1)

Substituting this expressing for C1 in the right hand side of (31), and equating this derived
expression for C1+C2 obtained from equation (6) yields the following:
2
Kf - Kv<2:o 1+(we - T2)2 _c1ecp= K Kv<2:o (33)
N-wc® |\ 1+(wc-T1) N - wn
Using expressions (27) , (28) , and (29) in order to express T1 and T2 in terms of z, wn, and wp,
yield the following equation:

.2
JEREE aL:
@vch _ & wn
ewn g & wn
I+ —— =
2-Z-WCg
This equation can be simplified to an equation that is quadratic in wc? and can be solved using
the quadratic formulafor the following elegant relationship:

(34)

.O:N Q

WC = 2eZeWnN (35)
By substituting this into (29), the other relationship can be obtained
1
secf - tanf = 36
T (36)

Note that no approximations were made for a second order filter. For athird order filter, these
relationships are not exact, but serve as good approximations.
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TRANSIENT ANALYSIS

MHz
Kf = 1-mA Fcomp.= 200kHz Kvco ;= 18
volt
Cl1l:=0.47nF C2:= 10nF C3i= 227pF
R2:= 8.2kW R3:= 27kW

2= 905MHz Final Frequency

f1:= 895MHz Starting Frequency

tol;= 100eHz Tolerance for Lock Time Measurments
Calculations

C3 f2
R3 = ma C3 = ma N =
1'pF Fcomp

den2:= C1+ C2+ C3
dend4:= R2'R3:C1:C2':C3 den3:= C2:C3'‘R2+ C1:C2'R2+ C1':C3'‘R3+ C2':C3'R3

R3

1-W

Kf ‘Kvco -C2'R2 Kf ‘Kvco(f2— f1)
denl= — numas=
N N
Kf ‘Kvco
den0l= ——
N numl= numOR2:C2
[ deno 4_
‘sec ) )
den4 19
1.68410
denl 3
‘sec 15
den4 1.38410
vi=|den2 > v = 10
‘sec 4.52910
den4
5
den3 5.13610
‘sec
den4 | 1 |
L 1 J
__ . _
These are the poles 4.11810
st -5.8380"
= polyrootg v) ‘sec . -1
p := polyrootg V) o= vod
4 4.
—2.18910 — 1.4910 i
4 4.
|72.18910 + 1.4910i |

PLL Performance, Simulation, and Design O 2001, Second Edition



MHz

9 -2
AO = —3.13¥%10 e*sec

11 -2
A_ = 3.07#10 esec

numOoO
_ den4
2" _ o _ 7o 11 11, -
(PZ Po> <P2 P]> <P2 P3> A_="1.52910 " + 3.35410 i *sec
2
numOoO
den4
a3~ A =-1 szq:Loll— 3 35!1011i °sec_2
(b= Py (Po- Py (P, Py e -
. k
k = 0.. 5000 i.=0.3 t =—  _-'sec
Kk 1000000
Y%/ 1
F(t) = f2+ Ace — +R2:C2
p.
- 1
1
905.065
905.004a
905.003
905.002
905.061%
90% r\
904 .99
904.998
904.997
904 .996
904 .995
o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

LockTime = 44@msec

microseconds

OverShoot= 10°MHz

PLL Performance, Simulation, and Design O 2001, Second Edition

67



68

PLL Performance, Simulation, and Design O 2001, Second Edition



6. Discussions of the Phase/Frequency Detector for the Armchair
Philosopher
Introduction

Perhaps the most difficult component to understand in the PLL system is the
phase/frequency detector. It generates a signa that is proportional to the phase error. Since
phase is the integral of frequency, it also gives some indication of the frequency error aswell. In
many older classical texts, devices such as mixers and XOR gates are mentioned as phase
detectors. The mixer and XOR gate only worked within alimited range. This has caused alot of
confusion with the modern day phase frequency detector (PFD), which has no limitations on the
operating range.

Looking carefully at Figure 1, it should be clear that the output is modeled as a phase and
not a frequency. The VCO gain is divided by s, which corresponds to integration. Recall thisis
done to convert the VCO frequency to a phase. If the frequency output is sought, then it is only
necessary to multiply the transfer function by a factor of s, which corresponds to differentiation.
Now the phase-frequency detector not only causes the input phases to be equal, but also the input
frequencies, since they are related.

Since phase is a little more abstract, many are interested in what the PFD does for two
signals differing in frequency. This question is of particular interest in the construction of some
lock detect circuits, where the average duty cycle of the phase detector is sought for a given
frequency error. The reason that this chapter is directed towards the armchair philosopher is that
thinking of the phase-locked loop in terms of frequencies is sufficient for most anaysis, and
many questions regarding phase tend to be very academic. This chapter investigates this
guestion with an ideal phase/frequency detector with charge pump attached.

1/N
f
D Fout
@— /R Kf Z(s) _
fr
t VCO
Phase/Frequency Detector
Figurel The Basic PLL Structure Showing the Phase/Frequency Detector
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Analysis of the Phase/Frequency Detector

The output phase of the VCO is divided by N, before it gets to the Phase-Frequency
Detector (PFD). Let fp represent the phase of this signal, and Fp represent the frequency of this
signal. The output phase of the crystal reference is divided by R before it gets to the PFD. Let
f r be the phase of this signal and Fr be the frequency of thissignal. The PFD is only sengitive to
therising edgesof fr and f p. The PFD has the following three states:

fr rising edge fr rising edge
—> -~ —>
/
;  Tri-State Y Source
I (High | KI
\  Impedance) , Current
\
\ ~ R -~ /
+— —
f p rising edge f p rising edge
Figure?2 Sates of the Phase Frequency Detector (PFD)
fr -~ A ~ 7' N
fp @~ &~ V
Charge K
Pump Tri-State
-Kf
Figure3 Example of how the PFD works

Analysis of the PFD for a Phase Error

Suppose that fp and fr are at the exact same frequency but off in phase such that the
leading edge of fr is leading the leading edge of f p by a constant time period equal to t. There
are two cases that need to be covered.
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t = O For this case, there is no phase error, and the signas are synchronized in
frequency and phase, therefore there would theoretically be no output of the phase detector. In
actuality, there would be some very small outputs from the phase detector due to dead zone
elimination circuitry and gate delays of components. The charge pump output in this case is a
series of positive and negative pulses, alternating in polarity.

t > 0 The charge pump will be on for a period of t for every reference period, 1/Fr.
Thus the average output of the charge pump would be:
t - Fr- Kf Q)

But this delay period can be associated with a phase delay by multiplying by 2p. So it can be
seen that the time averaged output of the PFD is proportional to the phase error. Note that for
two signals of the same frequency, their phase difference can aways be expressed as a number
between 0 and 2p. Therefore, the difference, t, should always be less than 1/Fp in this case.

Phase Detector Gain

To calculate the phase detector gain note that it sources Kf current when the phase error
is+ 2p and sinksKf current when the phase error is—2p.  Within this range, the curve is linear.
This means that the proper phase detector gain is Kf /2p (mA/rad). In design equations, the
factor of 2p is often omitted because it is multiplied by another of 2p which is used to convert
the VCO gain from MHz/volt to Mrad/volt.

Analysisof The PFD for Two signals Differing in Frequency and Phase

The phase detector has been analyzed for two signals differing in phase, but not for two
signals differing in frequency. Although this analysis is sufficient for most Situations, some may
be interested in how the phase detector behaves for two signals differing in frequency. Thisis of
particular interest in the construction of lock detect circuits. For the purposes of this anaysis, the
following terms will be defined:
Fr The frequency of the signal coming from the crystal reference and then divided by R
fp The phase of the fr signal at any given time
a Theinitia phase of the fr signd

Fp  Thefrequency of the signal coming from the VCO and then divided by N
fp The phase of the fp signd at any given time
b Theinitia phase of the fr signd

t Elapsed time

Since frequency is the rate of change of the phase, it can be shown that:
fr = a +Fret 2
fp = b+ Fpet 3
Looking in this perspective, the phase difference is obvious, therefore the time-averaged output
of the phase detector for any giventime, t , would be:
Kf - (@-b+(Fr-Fp)-t) (4)
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Now the choice of t depends on whether or not Fr>Fp or Fr<Fp. Without loss of generality, it
will be assumed that Fr>Fp, if it is the other case, then a Smilar reasoning can be used. If one
considers the average current output over P periods, thisis shown below.

LKE 8%1 b+(Fr-Fp)- —9 Fr>Fp
e re

1 P
i Kf 0 ©)
|'— - b+(Fp-Fr)- —g Fr<Fp
Fp g
Taking the limit as P approaches infinity gives the time-averaged output of the phase detector:
:'Kf-a"al-ﬂg Fr>Fp
7 e Frg
i Fr ¢ ©)
in-g —rg Fr<Fp
7 Fp g

When Fr is an integer multiple of Fp, these results in (6) have been verified by computer
simulation. However, for smaler frequency errors, it has been verified that the charge pump
output is a function of the ratio of Fr to Fp, and that this increases linearly with the frequency
error for small frequency errors only. In area stuation, the PLL is tracking the phase error,
which causes some of these smulations to be somewhat unredlistic. The equations above serve
as arough guess at the duty cycle of the phase detector for a given frequency error. In a closed
loop system, the PLL is tracking the phase error, and this can cause these estimates to be alittle
different than theoretically predicted.

Other Information About the PFD
Continuous Time Approximation

The continuous time approximation approximates discrete current pulses from the phase
detector as a continuous signa that has the same average vaue as the discrete pulses. This
approximation becomes more rough as the comparison frequency approaches the loop bandwidth
of the system. So, since the PLL charge pump puts out current pulses of magnitude Kf maA, the
time averaged output of the charge pump would be Kf /2p mA/radian. Since the charge pump
output Kf/2p multiplies the output of the VCO, Kvcoe2p in all of the equations involved in this
chapter, the these factors of 2p cam be disregarded and pump output has been labeled as Kf and
the VCO output can be labeled as Kvco. This approximation is used whenever transfer functions
involving the phase detector gain are derived.

Discrete Sampling Effects on Loop Sability and Transient Response

The continuous time approximation holds when the loop bandwidth is small relative to
the comparison frequency. If it is not, then theoretical predictions and actual results begin to
differ and the PLL can even become unstable. Choosing the loop bandwidth to be 1/10™ of the
comparison frequency is enough to keep one out of trouble, and when the loop bandwidth
approaches around 1/3 the comparison frequency, simulation results show that this causes
instability and the PLL to lose lock. In general, these effects should not be that much of a
consideration.
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Discrete Sampling Effects on Phase Noise

In terms of loop parameters and stability, these sampling effects are usually not that much
of a concern, but they are very relevant in regards to phase noise. Recall that the phase detector/
charge pump tends to be the dominant noise source in the PLL and it is these discrete sampling
effects that cause the PFD to be nosier at higher comparison frequencies. Since a PFD with a
higher comparison frequency has more corrections, it aso puts out more noise, and this noise is
proportional to the number of corrections. It is for this reason that the PFD noise increases as
10el0g(Fcomp).

Dead Zone Elimination Circuitry and Component Delays

The dead zone of the phase detector occurs around zero phase error. The problem that
occurs here is that when the phase error is very small, the PFD is very non-responsive. There are
also component delays. The dead zone elimination circuitry ensures that the phase detector
always comes on for some amount of time to avoid operating in the dead zone.

Conclusion

This chapter has discussed the PFD (Phase Frequency Detector) and has given some
characterization on how it performs for both frequency and phase errors. For the phase error, it
can be seen that the output is proportional to the phase error. For frequency errors, it can be seen
that there is some output that is positively correlated with the frequency error.

The PFD is named so because it can detect differences in both phase and frequency. It
also bypasses many limitations that are part of using a mixer or XOR phase detector, such as
pull-in range, hold-in range, and steady state phase error.
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7. Fundamentals of PLL Passive Loop Filter Design

Introduction

This chapter discusses the many technical issues that come with loop filter design. Loop
filter design involves choosing the proper loop filter topology, loop filter order, phase margin,
loop bandwidth, and pole ratios. Once these are chosen, the poles and zero of the filter can be
determined. From these, the loop filter components can then be calculated. This chapter
discusses the fundamental principles that are necessary for an understanding of loop filter design.

Determining the Loop Filter Topology and Order

R3 VCO
% NN—®
c1 = "2 m— e

C2

\4 T v

Figurel A Third Order Passive Loop Filter

A third order passive loop filter is show above. Passive loop filters are usually
recommended above active loop filters, because adding active devices adds phase noise,
complexity, and cost. However, there are cases where an active filter is necessary. The most
common case arises when the maximum PLL charge pump voltage is lower than the VCO tuning
voltage requirements. If higher tuning voltages are supplied to a VCO, then either the tuning
range can be expanded or the phase noise reduced.

In terms of filter order, the most basic is the second order filter. Additiona RC low pass
filtering stages can be added to reduce the reference spurs. The impact of adding these
additional stages is discussed in other chapters. In Figure 1, R3 and C3 form an additiona low
pass filtering stage.

Choosing the Phase Margin, L oop Bandwidth, and Pole Ratios

The phase margin (f) relates to the stability of a system.  This parameter is typically
chosen between 40 and 55 degrees. Simulations show that a phase margin of about 48 degrees
yields the optimal lock time. Higher phase margins may decrease peaking response of the loop
filter a the expense of degrading the lock time. For minimum RMS phase error designs, 50
degreesisagood starting point for phase margin.

The loop bandwidth (wc) is the most critical parameter of the loop filter. Choosing the
loop bandwidth too small will yield a design with improved reference spurs and RMS phase
error, but all at the expense of increased lock time. Choosing the loop bandwidth too wide will
result in improved lock time at the expense of increased reference spurs and RMS phase error.
The suggested method of choosing the loop bandwidth is to choose it so that it is sufficient to
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meet the lock time requirement with sufficient margin. In cases where there is no lock time
requirement, then it makes sense to choose the loop bandwidth at the frequency where the PLL
noise equals the VCO noise for an optimal RMS phase error design. For a minimum reference
spur design, the narrower the loop bandwidth, the lower the spurs. However, at some point the
loop filter component values will be come unredlistically large.

The pole ratios (T31, T41, ..) have less impact on the design than the loop bandwidth, but
still are important. They tell the ratio of each pole, relative to the pole T1, for instance:

T1 = TlleT1 (Note T11 istrivial and always equal to 1)
T3 = T31leT1
T4 = T4leT1

It will be shown in a later chapter that choosing al pole ratios to be one is theoretically
the lowest reference spur solution. However, choosing them smaller can make sense when the
capacitor in the loop filter next to the VCO is not at least three times the VCO input capacitance
(typicdly 10 — 100 pF). The impact of the pole ratios on the reference spurs is explained in
depth in another chapter.

The Loop Filter Impedance and Open Loop Gain

The loop filter impedance is defined as the output voltage at the VCO divided by current
injected at the PLL charge pump. The expression for the loop filter impedance and the
corresponding poles and zeros are shown below for various filter orders.

7(s)= 1+s-T2 1)
Ctot- s-(1+s-T1)- (1+s-T3)-(1+s-T4)

Parameter Second Order Filter Third Order Filter Fourth Order Filter
R2-C2-C1 R2-CZ-Cl* R2-CZ-Cl*
T Ctot Ctot Ctot
T2 R2eC2 R2eC2 R2eC2
T3 0 R3eC3* R3eC3*
T4 0 0 R4eC4*
Ctot Cl+C2 Cl1+C2+C3 Cl1+C2+C3+C4

* Thisindicates this formula is approximate, not exact

Tablel Impedance Parameters for Various Filter Orders
Once the impedance (Z(s)), charge pump gain (Kf), and VCO Gain (Kvco) are known,
then the open loop gain (G(s))is given below:

- Kvco

G(s)=K! Z(s) @

Deter mining the Time Constants

This method of determining the poles and zeros is taken from reference [1]. The phase
margin is specified as 180 degrees plus the phase of the forward loop gain, where the forward
loop gain is specified as the open loop gain divided by the N divider value. Therefore it is true
that:
f =180+arctan(wc- T2)- arctan(wc- T1)- arctan(wc- T1- T31)- arctan(wc- T1- T41)

3)
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Since f and the pole ratios are known, then this can be simplified to an expression
involving T1 and T2. A second expression involving T1 and T2 can be found by setting the
derivative of the phase margin equal to zero at the frequency equal to the loop bandwidth. This
maximizes the phase margin at this frequency. Simulations show that satisfying this condition
minimizes the lock time of the PLL for second order filter.

df _g=_Wwc-T2 ~ wc-T1 ~~ we-T1-T31 = we-T1-T4l @
dWw:wc

T1+we?-T22 1+we?-T12 1+wc?-T12-T312 1+wc?-T1%-T412

Equations (3) and (4) present a system of two equations with two unknowns (T1 and T2).
The solution to these equations is presented in chapters to come. This system can aways be
solved numerically and in the case of a second order filter (T3 = T4 = 0), an elegant closed form
solution exists.

Although simulations show that maximizing the phase margin at the loop bandwidth
provides optimal lock times for second order filters, it turns out that this constraint is not the one
which yields optimal lock times for higher order filters. However, this constraint does serve as a
good approximation for third and higher order loop filters.

Calculating the Components from the Time Constants
Calculating the Total Loop Filter Capacitance

This is the step that is expanded in much greater detail in other chapters. However, one
common concept that arises, regardless of the filter order, is the total capacitance. Thisisjust the
sum of all the capacitance values in the loop filter. If one considers a delta current spike, then it
should be intuitive that in the long term, the voltages across all the capacitors should be the same
and that its voltage would be the same as if al four capacitors values were added together. The
fina vaue theorem says this result can be found by taking the limit of seZ(s) as s approaches
zero. Thisresult is Ctot, the total loop filter capacitance.

Ctot can be found by setting the forward loop gain (G(s) divided by N) equal to one at the
loop bandwidth.

Ctot =

Kf - Kvco | ‘ (1+wcz-T22) ‘ ‘
N-we? | (1+we? - T12)- (1+we? - T32)- (1+we? - T4?)

Concerns with the VCO Input Capacitance

The VCO will have an input capacitance, typically on the order of 10 — 100 pF, which
will add to the capacitances of the loop filter. This often becomes an issue with third and higher
order loop filter designs, because the capacitor shunt with the VCO should be at least three times
the VCO input capacitance to keep it from distorting the performance of the loop filter. In order
to maximize this capacitance, design for the highest charge pump setting.

Concerns with Resistor Thermal Noise

The resistors in the loop filter, particularly the ones in the low pass RC filters (R3, R4, ..)
generate thermal noise, which can increase the phase noise at and outside of the loop bandwidth.
This starts to become a factor when these resistances are bigger than about 10 KW, although this
is design specific. Designing for a higher charge pump current minimizes the loop filter resistors
and thermal noise.

PLL Performance, Simulation, and Design O 2001, Second Edition 79



Conclusion

The equations to explicitly solve for the component values are presented in upcoming
chapters, but they are all derived from these fundamenta concepts and formulas presented in this
chapter. The second order filter is a specia case where T3 = T4 = 0. The third order filter isa
gpecial case where T3>0 and T4 = 0. These formulas could be easily generalized for filters of
higher than fourth order, but this is more of an academic exercise than something of practical
value. Note that some textbooks show a similar filter topology as presented in this chapter,
except that C1 = 0. Although this is a stable loop filter design, this topology is not
recommended, because the reference spur attenuation is not as good.

References

[1] Keese, WilliamO.  An Analysis and Performance Evaluation of a Passive Filter
Design Technique for Charge Pump Phased Locked Loops Application Note 1001.
National Semiconductor
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8. Equationsfor a Passive Second Order Loop Filter

Introduction

The second order loop filter is the least complex loop filter and allows one to explicitly
solve for the component values in closed form. The second order filter has the smallest resistor
thermal noise and largest capacitor next to the VCO to minimize the impact of VCO input
capacitance. This filter also has maximum resistance to variations in VCO gain and charge
pump gain. In cases where the first spur to be filtered is less than 10 times the loop bandwidth
frequency, filter orders higher than third order do not provide much real improvement in spur
levels. For the second order filter T3=T4=T31=T41=0.

Loop Filter Impedance, Pole, and Zero

VCO
X ®
R2
c1 ——
C2
\/ ;
Figurel A Second Order Passive Loop Filter

The impedance of a second order loop filter is given below:

1+s-C2- R2 _ 1+s-T2
2(8)= C1-C2-R2% s-Ctot- (1+s-T1) @)
s-(C1+C2)- &+s. —— 22 720
e Cl+C2 g4
From the above equation, it should be clear:
T2=R2-C2
Tl:R2-CZ-Cl )
Ctot
Ctot=C1+C2

From chapter 7, a system of two equations and two unknowns can be established by calculating
the phase margin and also setting the derivative of the phase margin equal to zero at the loop
bandwidth.

f = 180+arctan(wc- T2)- arctan(wc-T1) (©))
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af _~_ wc-T2 wc-T1
T =0= 2 2 2 2 (4)
dw|, 1+wc®-T2° 1+wc -T1

=wcC

Equation (4) can be solved and has the solution:

wc-T2= 1 (5)
wc-T1
Substituting (6) into (4), taking the tangent of both sides, and solving yields:
T1= sec(f )- tan(f ) (6)

wcC

The time constant T2 can now be easily found using equation (5). The total loop filter
capacitance, Ctot, can be found by using the method presented in chapter 7, and C1 can be
calculated.

ctor=CL T2 _Kf - Kveo \/(1+WCZ-T22)

T1  N-we? | (1+wc?- T2

Once the total capacitance is known, the components can be easily found:

b Cl=Ctot-E
T2

P C2=Ctot- C1

P R2=T—2
C2

Conclusion

The formulas for the second order passive loop filter have been presented in this chapter.
These formulas are just a specia case of the formulas presented in a previous chapter. The
second order filter has an elegant solution for the component values, but higher order filters may
have lower reference spurs. A particular topology of loop filter was assumed in this chapter.
There is actually another topology for the second order filter that is sometimes used in active
filters. For different topologies, the component values may change, but the formulas for the time
constants remain the same.

References
[1] Keese, WilliamO.  An Analysis and Performance Evaluation of a Passive Filter
Design Technigue for Charge Pump Phased Locked Loops
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A SECOND ORDER LOOP FILTER DESIGN

USER NEEDS TO ENTER THESE

f = 50deg Phase margin
Fc .= 10kHz Loop Bandwidth
Fcomp= 200kHz Comparison Frequency
Kvco .= ZOMHZ VCO Gain

volt
Kf = 5mA Phase Detector Gain
Fout'= 245@MHz RF output frequency.

BASIC CALCULATIONS

Fout
Fcomp wc:= 2p ‘Fc

CALCLUATE POLE AND ZERO

< f ) — tan(f )
co 1
T1:= 1) T2:=
we wc>T1
—6 -5
Tl = 5.79810°sec T2 = 4.37810°sec

CALCULATE COMPONENTS FROM POLES AND ZERO

a1

>
Kf ‘Kvco 1+ wcoT2®
Ctot:= ' Ctot= 5.68MF
WSEN | (1+wcST1) s>
T1
C1:= — Ctot C1l= 0.758F
T2
C2:= Ctot—- C1 C2 = 4.92aF
T2
R2:= = R2 = 8.87&\W
c2
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LOOP FILTER ANALYSIS

CALCULATE TRUE POLES AND ZERO
1, .=R2C2C1

T2 .=R2:C2
Cl4+C2
Time Constant Filter Pole Filter Zero
—6
= o 1
T1= 5.79810¢sec o 62 n/a
T1 1
T2 = 4.37810%%ec n/a T2 22.864Hz

DEFINE LOOP PARAMETERS

Z(w) = 1+ T2 w
T WA(CltC2)(1+i w-TL) Loop Filter Impedance
Gew ) = K Kveozw) Forward Loop Gain

iw

LOOP BANDWIDTH AND PHASE MARGIN

W = 1.0kHz

wc = root(‘ G(w) ‘ - N,w) Y€ - 1okHz Loop Bandwidth
2p

W = Wwc

arg(G(WC))'EO-i- 180= 50 Phase Margin

p
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0. Equationsfor a Passive Third Order Loop Filter

Introduction

In cases where the spur to be filtered is more than ten times the loop bandwidth, a third
order filter can provide some benefit.  Unlike the second order loop filter, there is no closed
form solution for the exact component values. Designing the loop filter involves solving for the
time constants, and then determining the loop filter components from the time constants. The
time constants can be calculated either by introducing approximations and writing down a closed
form approximate solution, or using numerical methods to solve more precisely for the time
constants.  Once the time constants are found, the component values can also be calculated
approximately by introducing approximations, or exactly using numerical methods.

The method of introducing approximations to solve for the time constants and
components will be referred to the standard method, and the method of using numerical methods
to solve exactly (at least within very fine tolerances) will be referred to as the exact method.

Note that in addition to specifying the loop bandwidth, wc, and phase margin, f, the user
also has to specify the pole ratio, T31. This parameter can range from zero to one. A good
starting value for this parameter is 0.8.

Calculating the L oop Filter Impedance and Time Constants

R3 VCO
d @
Cl —— R2 - C3
C2
\ ; \
Figurel Third Order Passive Loop Filter

For the loop filter shown in Figure 1, the impedance is given below:
1+s-T2 _
Z(s) = =
s-Ctot- (1+s-T1)-(1+s-T3)

@)

1+s-C2- R2
s-(s*-C1-C2-C3- R2- R3+s-[C2- R2- (C1+C3)+C3- R3- (C1+C2)|+Ctot

The following parameters are exact:

T2 =  R2eC2
Ctot = Cl1+C2+C3 )
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The time constants can be calculated exactly by setting up a system of two equations and
two unknowns, or by introducing the following approximations:

R2.-C2-C1
Tl=——"""""-—-
Ctot (©)
T3=R3-C3
These approximations hold provided:
E >>1- T_3 (4)
C3 T2

It will be shown in later chapters that T1 + T3 < T2 is required for stability, so the
approximations for the time constants should be redlistic provided C3 < C1/5.

Standard L oop Filter Calculation
Calculation of Time Constants

Although the standard method of time constant calculation requires more work to derive
the formulas, these formulas are easier to apply once they are derived. Since the standard
method introduces approximations to solve for the time constants, the phase margin will not be
exactly maximized at the loop bandwidth, but it should be pretty close.

By setting the derivative of the phase margin equa to zero, the following relationship is
obtained:

df _~_ wc-T2 wc-T1 wc-T1-T31
P =0= 2 2 2 2 2 2 2 ©)
AW |, e 1+wc”-T2° 1+wc”-T1° 1+wc”-T1°-T31

By dividing through by wc, finding a common denominator, and applying the
assumption, T2 >> T1 + T3, the following approximate relationship for T2 can be found.

T2 » 5 ! (6)
wce - (T1+T3)

The phase margin is given by:
f =tan"*(wc-T2)- tan*(wc- T1)- tan *(wc- T3)
(7)
From here, three trigonometric identities are needed:
tan(p +x) =tan(x)
tan(x) » X (if xissmall ) 8
tan"'(x) » x (if xissmall )

By substituting (6) into (7), applying the tan function to both sides, and applying the three above
identities (assuming wce T1 and wce T3 to be small) yields the following smplification:

secff ) - tan(f)

T1+T3» (©)]
wc
The two polesin the loop filter can therefore be found as follows:
T1n sec(f ) - tan(f ) (10)
we- (1+T31)
T3=T1-T31
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Solution of Component Values from Time Constants

The choice of C3 is somewhat arbitrary, but should be no larger than C1/5 in order to
justify the approximations for the time constants T1 and T3. Because the VCO input capacitance
(10— 100 pF) adds in pardldl to C3 and R3 causes thermal noise outside the loop bandwidth, it is
desirable to choose C3 as large as possible without violating any constraints. For the equations
below, C1 was chosen to be equal to C1/5. In cases where C3 is much larger than the VCO input
capacitance, and R3 is small, then it makes sense to choose C3 smaller than C1/5 to better justify
the loop filter approximations made. In an analogous way as done in the second order filter, the
components can be calculated

. +we? . 2
Ctotsz cho_J 1+wc” -T2

wez- N\ (t+we? - T12)- (L+we? - T32)
T1

Cl=—"- Ctot
T2

C3 = g

5
C2=Ctot- C1- C3 (12)

R2 = T_2

C2

R3= T_3

C3

Exact Method of Loop Filter Calculation

To calculate the loop filter components without approximations, T1 and T3 now
correspond to the true poles of the filter, as was not the case before. It is also possible to use the
method in the previous section to solve approximately for the time constants, and then the
method in this section to solve for the loop filter components and relaxes the restriction that
C3>C1/5.

True Loop Filter Impedance
The true impedance of the filter is given by:

Z(s) = 1+s-T2 1 (12)
S (1+s-T1)-(1+s-T3) Ctot
And the time constants are determined by:
T2= 2-C2
C2-C3- 2+C1-C2- 2+Cl-C3- 3+C2-C3- 3
Til+ 3= (13)

Cl+C2+ 3
T1-T3_ C1-C3- 3
2 Cl+C2+ 3
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Exact Method for Solving for the Time Constants T1 and T2
Choosing the loop bandwidth to maximize the phase margin yields

wc-T2 = wc-T1 4 wcTl-T31 = f(we-T2) (14)
1+(wc-T2) 1+(wc-T1) 1+(wc-T1-T31)
1+./1- 4 f(we- T1)
wc- T2= =g(wc-T1) (15)

2- f(wc-T1)

In (15) it has been found by trial and error that the positive root usually makes the math
work out in the end. However, it may be possible that using the negative root could yield better
resultsin some cases.

Using (15) and (7) to eliminate wce T2 yields:

f=p +tan"*(g(x))- tan"*(x)- tan"*(x - T31) (16)

Since x is the only unknown, this equation can be solved numerically for x and then T1
can be found via the equation:
X

T1=2 (17)
wcC
Once T1isknown, T2 can be found by
T2=9Wc-T1) (18)
wcC

Calculation of Component Values from Time Constants Using the Exact Method
Now, by definition, the gain of the open loop transfer function is equal to one at the loop
bandwidth. Therefore ...

2
c1+C2+C3 =Ctor =R~ KVeO, LHwe- 12) . (19)
wc® - N (1+(wc-T1)°): (1+(wc-T3)°)
Defining a system of four equations and four unknowns
This leads to a system of four equations and four unknowns:
Constants
k1=Ctot
k2=(T1+T3)- k1
k3=t 1 T3-Kkl (20)
T2

k4:ngo be calculated |ater
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Equations

Cl1+C2+C3 =kl

T2-(C1+C3)+R3-C3:- (C1+C2) =k2

R3-C1-C3 =k3 (21)
C3

o1 = k4 (To be specified later )
Cl- (k4+1)+C2=k1

k3-C2 22
T2-Cl- (k4+1)+k3+ =k2 (22)

Combining these leads to a quadratic equation that can be calculated C1

T2 (k4+1)- C1%- (k2+k3- k4)- C1+k3- k1=0 (23)
Determining the proper value for k4
Note that the larger k4 is chosen, the larger C3 will be, and this will be assumed to be
desirable. This section shows how to compute the largest possible value for k4.

The discriminant for equation (21) is:

A-k4*+B-k4+C (24)
Where
A=k3?
B=2-k2-k3-4-T2-k3-kl (25)

C=k2°-4-T2-k3-kl1

By setting the discriminant equal to zero and solving for k4, one will get the restriction (r1 and
r2 are theroots, and r1 <r2):

kd<rl

or (26)

kd>r2

From trial and error, it usually turns out that k4 = r1 is the largest possible choice for k4

that will yield component values that are both real and non-negative. Once k4 is selected,
eguation (23) can be solved for C1. Once CL1 is known, then C1, C2, R2, and R3 can be found in
that order by applying equations (21) and (22). If the component values come out to be complex
or negative, it may be necessary to adjust k4 or T31.

Conclusion

This chapter has presented two approaches to a third order passive loop filter design. The
standard method uses some approximations to solve approximately for the component values in
closed form. The exact uses no approximations, but requires numerical methods and more
intense calculations. It is more work, but allows the user to specify the filter parameters without
any approximations, and relaxes certain restrictions, such as the constraint that C3>C1/5.
Computer programs, such as Mathcad, make the exact approach much more practical and easier
to implement. One unexpected result from simulations show that in the majority of cases, filters
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calculated with the standard method actually have faster lock times than those calculated with the
exact method. The reason for this is that maximizing the phase margin at the loop bandwidth is
only an approximation for making the loop filter optimum in the sense of lock time.

Regardless of the filter calculation method used, the VCO input capacitance adds to
capacitor C3, so this component should be at least four times the VCO input capacitance. In
many circumstances, this is not possible. If the value of T31 is decreased, then the capacitor C3
will become larger. Choosing C3 as large as possible also corresponds to choosing R3 as small
as possible. It is desirable to not have the R3 resistor too large, or else the therma noise from
this resistor can add to the out of band phase noise.

References
[1] Keese, WilliamO.  An Analysis and Performance Evaluation of a Passive Filter
Design Technigue for Charge Pump Phased Locked Loops
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A THIRD ORDER LOOP FILTER DESIGN

USER NEEDS TO ENTER THESE :

f := 50deg Phase margin
Fc = 10kHz Loop Bandwidth
Fcomp.= 200kHz Comparison Frequency
Kvco = ZOMHZ VCO Gain
volt
Kf = 5mA Phase Detector Pump Gain
Fout:= 245@VIHz RF output frequency
T31:= 0.80 Ratio of Poles T3/T1. Choose between 0 and 1.

BASIC CALCULATIONS

Fout

Fcomp wc = 2p ‘Fc
CALCULATIONS USING THE STANDARD METHOD
CALCLUATE POLES AND ZERO

— tan(f )
cos(f ) 1
T1 = T3 =T31T1 T2 =
we(T31+ 1) (WeS(T1+ T3))
—6 -5 —6
T1 = 3.21810°sec T2 = 4.3781L0°sec T3 = 2.578510°sec

CALCULATE COMPONENTS FROM POLES AND ZERO

a
2
Kf -Kvco 1+ wcaT2® T1
Ctot:= : C1:= Ctot—_
WSEN | (L+weET1D) (1 + weaT3D) T2
c1
c3:=_=
5 C2:= Ctot—- C1- C3
T2 T3
R2:= _— R3:= _—
c2 c3
DISPLAY COMPONENT VALUES
Cl= 430.5273%93 C2 = 5.3331785 C3 = 86.1054630
R2 = 8.199144&W R3 = 29.900@W
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LOOP FILTER ANALYSIS FOR THE STANDARD METHOD

CALCULATE TRUE POLES AND ZERO

T2 =R2.C2

- C2:C3'R2+ C1.C2:R2+ C1.C3‘R3+ C2:C3R3

Cl+ C2+C3
_R2:R3-C1.C2C3
" ci+c2+cC3
’ 2 ’ 2
- 4 —_ —_ 4
Tl::—x+ % Y TSIZ—X % Y
2 2
Time Constant Filter Pole

—6
Tl = 4.5961L0°sec 1
— = 217 &Hz
T1

-5
T2 = 4.37810%sec n/a

—6 1
T3 = 1.808l0°sec — = 554.6%BHz
T3

T3
— = 39.23%
T1

DEFINE LOOP PARAMETERS

1+ T2 w
zZ(w) =

i ‘W:(Cl+ C24+C3)(1+i w-T1)(1+i w T3)

Kf ‘Kvco-Z(w )
GwW)'=—+— ——
1 W

LOOP BANDWIDTH AND PHASE MARGIN
W = 10.GkHz
wc
wc = root(‘ G(w) ‘— N,w) — = 9.88%kHz
2p

W = wc

180
arg(G(wc)) — + 180= 47.465
p

Thisis T1+T3

This is T1*T3

Filter Zero
n/a

1
— = 22.868Hz
T2

n/a

Loop Filter Impedance

Forward Loop Gain

Loop Bandwidth

Phase Margin
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CALCULATIONS USING THE EXACT METHOD
CALCULATE THE POLES AND ZERO we = 2 ‘Fc

Solve for T1 and T2

) x_,_ xTs31 «/7
X = 2
1+ 41— 4f
1+x2 1+ (x T3> + S

g(x) =

2:f(x)
This finds wcT2 as a function of wcT1 (or x)
x = 310°
_ root(f — atar{g(x)) + atar(x) + atar{x-T31), x)
B wc
T2 = M T3:=T31T1
wc
T1= 3.0110_60560 T2 = 4.215L0_5°sec T3 = 2.408]_0_60560

CALCULATE COMPONENTS FROM POLES AND ZERO

Set Up System of 4 equations and 4 unknowns

iy o | Kf Kveo 1+ (weT2)” 1
a N k1= 5.687nF

(1+ (weT1)D(1+ (weT3)D) =

k2= (T1+ T3) k1 5
k2 = 3.08410 -°sec'nF
_ T3 T1kl

T2

k3:

k3 = 9.779]_0_7 °sec'nF
Use these equations to find a maximum value for k4

A= k3

2'k2'-k3 - 4:'T2'k1:k3

—13
A = 9.56210 °ser_:2-nF2

-10
B = —8.77210 °ser_:2-nF2
C = k2 - 4T2k3kl

-B-4BZ-2A-C

-11
cC=1.1720 °ser_:2-nF2

k4dmin= k4dmin= 0.013
2:A
-B+4BZ- 2A-C _
kdmax= kdmax= 917.355 k4 = k4min
2:A
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94

Solve for C1 and other Components
A= T2(ka+ 1) A = 4.27410 Jesec

B = -k2- k3'k4
B = —0.032secpF

C = k3'k1
= 5.5615ec-pF2
-B
Cli=—
2:A C3.:= k4C1
C2:=kl1-C3-C1 K3 T2
R3 = R2:= —
C1:C3 c2
DISPLAY COMPONENT VALUES
C1l = 360.827239F C2 = 5.3208948F C3 = 4.820217aF
R2 = 7.920958k\W R3 = 562.224984\
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LOOP FILTER ANALYSIS FOR THE EXACT METHOD
CALCULATE TRUE POLES AND ZERO

T2:=R2.C2
. .= C2C3R24 C1.C2R24 C1-.C3R34+ C2C3R3 This is T1+T3
Cl+ C2+C3
__R2:R3-C1.C2:C3
. Cl+ C2+C3 Thisis T1*T3
2 2
11 X PN 4y 132 X ANXT— 4y
2 2
Time Constant Filter Pole Filter Zero
-6
= 3. . 1
T1 = 3.0310¢sec L L o semy n/a
T1 1
T2 = 4.21810%%ec n/a T2 28.72RHz
-6 1
T3 = 2.408L0%sec = 415.29Hz n/a
T3
T3
— = 80%
T1

DEFINE LOOP PARAMETERS
1+ T2 w

Z(w) = :
W) i W(CltC2+C3)(1+i wT1)(1+i w-t3) Loop Filter Impedance

c(w) = S Kveoz(w) Forward Loop Gain
1 W

LOOP BANDWIDTH AND PHASE MARGIN

W = 10.CkHz

we:=root| G(w) [~ N,w) we Loop Bandwidth
2p
W = Wc
arg(G(WC))'EO-i- 180= 50 Phase Margin
p
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10. Fourth and Higher Order Passive Loop Filter Designs

Introduction

The order of a PLL system is defined as one plus the number of poles in the loop filter.
This chapter investigates the design of filters of fourth and higher order loop filters. The
motivation for doing higher order filter designs is reduced spur levels. Fourth order and higher
order filters become more practica when the spur to be filtered is at least 20 times the loop
bandwidth. Although this chapter investigates the general case for the higher order filters, the
fourth order will be used for most of the examples and diagrams. Equations for filter orders
higher than four are more of an academic exercise than something of practical vaue.

In the case of a fourth order filter, it is not any more difficult to solve for the time
constants exactly than it is for the third order filter.  However, an exact solution of the
components from the time constants is very difficult and beyond the scope of this book. Asin
the third order filter, either the standard or exact method can be used to calculate the time
constants, but approximations will be introduced to solve for the components. To solve for the
components, both a standard method and a high precison method will be given. The high
precision method works provided T4l < 2¢T31. For the four order filter, the user needs to
specify the loop bandwidth, wc, phase margin, f, poleratio T31, and pole ratio T41.

Circuit Topology
A fourth order loop filter is shown below. Higher order loop filters are possible by
adding additional RC filters. Buffers can be put between the stages to improve the isolation.

R3 R4 Vo
X NN
R2 i
Cl —— —— C3 c4
C2
\/ ; \/
Figurel Fourth Order Passive Filter

Loop Filter Impedance and Time Constant Derivation
The loop filter impedance for the fourth order loop filter is given below:

1+s-C2- R2
Z(s) = ; 2
s-(A-s°+B-s“"+C-s+D)
_ 1+s-T2
s-Ctot- (1+s-T1)-(1+s-T3)-(1+s-T4)

(1)

where
Ctot = C1+C2+C3+C4
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T2 =R2eC2 (2
A =CleC2eC3eCleR2eR3eR4

B =CleC2¢R2eR3e(C3+C4) +R4eCle (C2eC3eR3 + CleC3eR3 + CleC2eR2)

C =C2eR2¢(C1+C3+C4) +R3e (C1+C2)e(C3+C4) + R4eC4e (C1+C2+C3)

D =Ctot

T1= R2.C2-C1
Ctot
T3»R3-C3
T4»R4-C4
For the general k™ order loop filter, the impedance and time constants are:
1+s-T2
s-Ctot- (1+s-T1)- Q(1+s-T,)
i=3
where
Tl» R2-C2- ﬂ
Ctot
Ti = RieC i =34, ..k

Now the equations shown above are reasonably good approximations, although the time
constants of the loop filter have been approximated. These approximation holds true as long as:

C< C1 ®)
> Eeci %aﬂmg i=34.Kk (6)
Ci+1 (%] Ri 1]

One possible way to ensure that the above constraints are satisfied is to choose:
T3 2T, (7)

Solving for the Time Constants
Inasimilar way is calculated for athird order filter, the phase margin is given by:

&
f =180+ tan Y(wc- T2)- tan }(wc- T1)- Qtan*(wc- T) (8)
i=3
From the Taylor Series, for small x it can be shown:

tan(x) » X

(9)

tan *(x) » x

98 PLL Performance, Simulation, and Design O 2001, Second Edition



Applying the tan function and the two previous identities yields the following simplification:

(10)

k -
T1+{ T » 2 )-tan(f)
i=3 wcC

As a design constraint the phase margin is maximized a the loop bandwidth. Setting the
derivative of the phase margin equal to zero yields the following equation

T2 _ T1 + ék T (11)
1+wc?-T2%  1+wc®-T1% L1+we?- T,
Cross multiplying both sides and applying some approximations yields:
k
T2 »we?-T22-(T1+Q T,) (12)

i=3
Now a great many number of terms have been eliminated, and this smplification can be justified
aslong as.

k
T2>>T1+Q T, (13)

i=3
Rearranging equation (12) yields the following:

T2 » 1 (14)

K
we? - (T1+Q T,)

i=3

Tl+é T sec(f )-tan(f )
i=3 wcC

(15)

Now the choice of the time constants T1, T3, ... Tk can al be chosen equal for optimal spurious
attenuation, or can be chosen as in (7) to avoid too much error due to mathematical
approximations. In the case of a4™ order filter, to satisfy (7) choose:

_4. sec(f )- tan(f )

T1
7 wcC
2 sec(f )- tan(f
ToTas 2, SAf)- ten(f)
7 wC
1 sec(f)- tan(f
ToTqsl, SUf)-tan(f)
7 wC
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Solving for the Components from the Time Constants
Once these time constants are known, the other components can be calculated

Kf - Kvco 1+wc? - T22

wc? - N

Ctot= <
(1+wc?-T1%)- OQ(1+wc® - T?)
i=3

C1=Ctot - E
T2

C3:E

5

C4:E
5

CM:?' 1=456,... (zeroif thefilter order isfour or less)

C2=Ctot- C1- C3-C4- § C

i=5,67,. |
RZ:T_2
C2
R3:T_3
C3
R4:H
Ca

R :g i=45,6... (zeroif thefilter order isfour or less)

An Improvement in Component Calculations for the Fourth Order Filter

In the case of a fourth order filter, the components can be calculated more precisely by
writing explicitly the impedance for the components R3, R4, C3, and C4 and solving for the time
constants T3 and T4 more exactly. This approximation is very similar to putting an op-amp right
before R3, except for the time constant T1 still takes into account the loading from the rest of the
components of the loop filter.

The components C1, C2, C3, and R2 are calculated as normal, however, the components
R3, R4, and C4 are found more exactly by equating the poles to the expressing for the loop filter
impedance.  The voltage transfer function from the beginning of resistor R3 to the input of the
VCOis:

1 _ 1
1+s-(C3-R3+C4- R4+R3-C4)+s°-C3-C4-R3-R4 (1+s-T3)-(1+s-T4)

Doing this arithmetic yields the values for R3 and R4.

T3+T4T |(T3+T4)2-4.73.7T4. F+C40
e C3g

R3,R4 =
2.(C3+C4)
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For real component values, the quantity under the square root sign must be non-negative.
Applying thisrestriction yields..
C4  (T3-T4y
C3 4-T3-T4
However, it is desirable to choose C4 as large as possible, so this quantity should be
made equal. T3 should be chosen larger than T4, (ie. T31 > T41) so that the capacitor C3 is non-
zero and that it is at least three times the VCO input capacitance. Applying this restriction yields
the component values:

_ 2

ca=c3. (I3-T4)"
4-T3-T4
R3=R4=_ 13%T4
2. (C3+C4)

Conclusion

The design and ssimulation of a fourth order filter has been presented. The fourth order
filter provides the most benefit in situations where the offset frequency of the spursis at least 20
times the loop bandwidth. These concepts can be applied also to fifth, sixth, and higher order
filters. Higher order filters often become unredistic because the required capacitor values
become too small relative to the VCO input capacitance and they become unnecessarily
complex. In future chapters, the benefit of using filter of higher than second order will be
examined in depth.

References

[1] Keese, WilliamO.  An Analysis and Performance Evaluation of a Passive Filter
Design Technigue for Charge Pump Phased Locked Loops
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A FOURTH ORDER LOOP FILTER DESIGN

USER NEEDS TO ENTER THESE

Kveo (= 20007 VCO Gain
volt
Kf = 5'mA Charge Pump Gain
Fout'= 900MHz RF output frequency
Fcomp'= 1006kHz Comparison Frequency
Fci= 10kHz Loop Bandwidth
f = 50deg Phase margin. Default is 50 degrees.
T31:= 1.0 Ratio of the Pole T3t0o T1. Enter O to 1.
T41!= 0.5 Ratio of the Pole T4 to the Pole T3. Enter O to 1.
CALCULATIONS
- Fout
Fcomp Wc'= 2P ‘Fc
CALCULATE POLES AND ZERO
< - tar(f ))
_ cos(f ) .
Wc 1+ T31+ T41
T3 '=T1'T31 T4 '= T41T1 T2 = 1
(WS(T1+ T3+ T4))
_ —6 -5 —6 —6
T1 = 2.31%10°sec T2 = 4.37%81L0°sec T3 = 2.31%10°sec T4 = 1.15910°sec
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CALCULATE COMPONENT VALUES FROM TIME CONSTANTS

a
2

Kf ‘Kvco 1+ wcaT2”
Ctot:= :
WSEN | (1+ weoT1D) (14 weST3D) (1 + weoT4D)
T1 c1 (T3 - T4)®
C1:= Ctot— c3:= = ca=cz—— "
T2 5 4T3 T4
T2
C2:= Ctot- C1- C3— C4 R2:= ——
c2
T4+ T3
R3;=— fg TATTS
2(C3+Ca S
(C3+Ca) 2:(C3 + C4)
CALCULATED VALUES:

3 4
Cl= 4.25910 °pF C2= 7.51810 °pF C3= 851.74®FR2= 0.582k\W R3 = 1.814kW

C4 = 106.469F R4 = 1.814kW

SIMULATION
DEFINE LOOP PARAMETERS

A = R2'R3'R4:C1:C2:C3:C4

B = C1-C2'‘R2:R3:(C3+ C4) + R4-C4:(C2:C3-R3+ C1-C3-R3+ C1-C2'R2)

(O3

R2:C2:(Cl+ C3+ C4) + R3:(C1+ C2)-(C3+ C4) + R4:C4-(C1+ C2+ C3)
D .=Cl+ C2+ C3+C4

1+ s:C2'R2

Z(s) 1= G . Kf ‘Kvco-Z(w i )
s(AsS+B's+C's+ D) W)= Wi
W = 10kHz
wc
wce = root(‘ G(w) ‘— N,w) — = 9.987kHz
2p
180
f ‘= arg(G(wc))— + 180 f = 53.093

p
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11. Fundamentals of PLL Active Loop Filter Design

Introduction

The following severa chapters have discussed passive loop filter designs. Passive loop
filters are generaly recommended over active filters for reasons of cost, simplicity, and in-band
phase noise. The added in-band phase noise comes from the active device that is used in the
loop filter. However, in cases where the VCO requires a higher tuning voltage than the PLL
charge pump can operate, active filters are necessary. VCOs with high voltage tuning
requirements are most common in broadband tuning applications, such as those encountered in
cable TV tuners. Itisaso commonly required for low noise or high power VCOs.

With older styles of phase detectors, before the charge pump PLL, active filters were
used in order to obtain a zero steady-state phase error and infinite pull-in range. However, thisis
not a good reason to use an active filter with a charge pump PLL, since the charge pump PLL
always attains these characteristics with a passive filter.

Many of the concepts presented in this chapter are analogous to those in passive loop
filter design. The solution for the time constants is identical, however the solution of
components from those time constants is not the same, since the active device does provide
isolation for the higher stages. The concepts for loop bandwidth, phase margin and pole ratios
al apply. However, it is generally recommended to use at least a third order filter, since the
added pole reduces the phase noise of the active device.

Types of Active Filters

The two basic classes of active filters are those using the differential charge pump outputs
and those which use the charge pump output pin. For each of these two basic classes, there are
also different variations for the loop filter topology. Since most of the concepts in this chapter
are not applicable to the approach involving the differential phase detector outputs, this case is
treated in a separate chapter.

The other approaches presented all involve using active devices to boost the charge pump
output voltage. One such way involves smply adding a gain stage before the VCO. Other
approaches involve putting components in the feedback path of the active loop filter device.

Regardless of the approach used, there is an inversion introduced, which can be negated
by reversing the polarity of the charge pump. There is also isolation added, which allows a
larger capacitor to be chosen next to the VCO to reduce the impact of the VCO input capacitance
and loop filter resistor noise.
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The Three Approaches of Charge Pump Active Filters

Smple Gain Approach
Charge
Pump VC_O
Output Tuning
R3 R4 Voltage
5 D>—\NNTWT
Pin
— C2
— C1 C3 —— C4T”—
R2

v \4 v

Figure la An Active Filter Using the Smple Gain Approach

This approach involves placing an op-amp in front of the VCO. The advantage of this
approach is that it is very intuitive and commonly used. Since the op-amp generates noise, it is
generally recommended to use a third or higher order filter to reduce the op-amp noise, even if
the spurs do not benefit much from it.

R2

R1 ‘
Vin A\l\]\l \
From loop Vtune
filter / Output voltage

for VCO
RX VFilt
vee I\ |\ |\ =VCC/2
Charge
Pump
Supply RX

Figure1b Op-amp Configuration which Produces Gain —A Centered at Vcc/2
The gain of —A is produced by using an op-amp in an inverting configuration. The

resistor Rx is selected to be large enough so that the current consumption is not excessive.
However, choosing Rx excessively large could lead to problems due to the resistor thermal noise.
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Standard Feedback Approach

This approach involves putting the components C1, C2, and R2 in the feedback path of
an op-amp. Additiona filtering stages are added after the op-amp. This approach is generally
superior to the simple gain approach because it alows the charge pump voltage to be centered at
half the charge pump supply, for lower and more predictable spur levels.

C1
| |
|
R2 Cc2 i
Charge Tuning
| | Voltage for
Pump | | the VCO
Output R3 R4 ©
Do \ NM_M_ 1
t
— _C3 —_ C4
—»  Vfilt = VCC/2 ‘ ‘
Figure?2 An Active Filter Using the Sandard Feedback Approach
Alternative Feedback Approach
Cc2
| |
|
R2 1
Charge c Tuning
Pump M I I Voltage for
Output R3 R4 the Vfﬁ
LI NNN——ANN\—
B
t
— _C3 — _C4
—»  Vfilt = VCC/2 ‘ ‘
Figure3 An Active Filter Using the Alter native Feedback Approach

This approach is very similar to the standard feedback approach, except that the topology
is dightly changed. The only possible advantages or disadvantages of this approach would be a
consequence of the fact that the actual calculated component values will be different.
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Using Transistorsfor the Standard and Alter native Feedback Approaches

For either of the feedback approaches, transistors can be used to replace the op-amp in
order to reduce the cost and the noise. For the approach presented here, the transistors can only
sink current, so a pull-up resistor, Rpp, is required. The choice of Rpp is design and possibly
transistor specific, but Rpp = 10 KWis a good starting value. Choosing this resistor too large
will cause the circuit to be unstable and the carrier to dance around the frequency spectrum.
Choosing it too small will cause excessive current consumption since Vpp is grounded through
the resistor Rpp when the transistors turn on.  This particular design has been built and tested to
30 volt operation. The optional 20 KWresistor may reduce the phase noise.

|
| c2

+ Vpp

R
RD PP

Cl
| |
| |
+Vp
g 1 KW Tuning

Voltage to
R3 VCO \’

Do
Pin :
|
| 3
| o _ —— c3
|
Optional 220 W
20 KW
\/
Figure4 Third Order Alternative Feedback Active Filter Using Transistors
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Loop Filter Impedance and Forward Loop Gain

The loop filter impedance is defined as the output voltage to the VCO generated by a
current produced from the charge pump. Regardiess of the approach used, the loop filter
impedance can be expressed in the following form:

1+s-T2 - A
s- Cx (1+s-T1)-(1+s-T3)-(1+s-T4)
Assuming that the charge pump polarity isinverted, the open loop gain becomes:

Z(s)=

G(S%‘- Kf - Kvco- A 1+s-T2
w?- N S-Cx-(1+s-T1)-(1+s-T3)-(1+s-T4)
Simple Gain Standard Feedback Alternative Feedback
Approach Approach Approach
1 Cl-C2-R2 Cl-C2-R2 C2-R2
Cl+C2 Cl+C2
T2 C2-R2 C2-R2 R2- (C1+C2)
T3 (C3- R3+C4- R3+C4- R4)+\/(C3- R3+C4- R3+C4- R4)*-4-C3-C4-R3- R4
2

14 | (C3-R3+C4- R3+C4- R4)-/(C3- R3+C4- R3+C4- R4)?- 4- C3- C4- R3- R4

2
Cx Cl+C2 Cl1+C2 C1
A Set by op-amp Configuration 1 1
Tablel Filter Parameters as they Relate to the Filter Components

Calculating the L oop Filter Components
Solving for the time constants

The first step in calculating the loop filter components is calculating the time constants.
This is done in exactly the same way that it was done in the case of a passive filter, and is
therefore not shown again in this chapter. Once the time constants are known, the loop filter
components can be calculated from these time constants.

Solving for Cx
The first step in solving for the components is determining the value of Cx. This can be
found by setting the open loop gain equal to one at the loop bandwidth.

Cx =

Kf - Kvco- A 1+wc’® -T2
wc® - N (1+4wc®-T1)- (1+wc®-T3)- (1+wc®-T4)
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Solving for the Components

Once that Cx is found, the other components can be found using the Table 2. For a third
order loop filter, C3 should be at least four times the VCO input capacitance and at least C1/5.
For afourth order loop filter, C4 should be at |east this stated limit above.

Simple Gain Standard Feedback Alternative Feedback
Approach Approach Approach
C1 Cx
Cx - E Cx - E
T2 T2
C2 T1g T1g T1
Cx-gi-—g Cx-gi-—g Cx-
R2 T2 T_2 T2
C2 C2 C1+C2
Third Order Filter Components
C3 Choose C3 at least 4X the VCO input capacitance and at least 200 pF.
R3 T3
C3
Fourth Order Components
C4 Choose C4 at least 4X the VCO input capacitance and preferably at least 200 pF. Also
make sure that this yields realistic values for C3.
C3 4.-T3-T4
cq. 2 T3 T
(T3-T4)
R3 T3+T4
2-(C3+C4)
R4 T3+T4
2-(C3+C4)
Table 2 Loop Filter Component Values Computed from Time Constants
Conclusion

The equations for active loop filter design have been presented. Active filters are
necessary when the charge pump can not operate at high enough voltages to tune the VCO.
Active devices in the loop filter do introduce noise, but also alow larger capacitor vaues to be
placed next to the VCO in order to reduce the impact of the VCO input capacitance and loop
filter resistor thermal noise.

Very little was said in this chapter on how to pick an op-amp that is suitable for the loop
filter, but this choice is important. The offset voltage is irrelevant, but the voltage noise should
be very low. A poor choice for the op-amp could easily increase the phase noise by 10 dB, while
a good choice would probably increase the phase noise by a couple dB. Some popular choices
are the OP27 and the LMX6132/42. The bandwidth of the op-amp is not very critical, but it
could have some minor impact on phase noise and lock time. It should be higher than the natural
ringing frequency of the PLL, so that it will not impact lock time. However, a narrower
bandwidth of the op-amp may also help attenuate phase noise farther from the carrier.
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FUNDAMENTALS OF ACTIVE FILTER DESIGN
USER NEEDS TO ENTER THESE

MH )
KvCo i= 44—’ VCO Gain
volt

Kf = 5mA Phase Detector Gain

Fout:= 244i1MHz

Fcompi= 500kHz

RF output frequency

Comparison Frequency

Fc = 20kHz Loop Bandwidth
f = 50deg Phase margin
T31.= 0.5 Ratio of poles T3to T1
CALCULATIONS
- Fout
Fcomp Wc = 2p ‘Fc
- tan(f )
- cos(f )
Wc 1+ T31 T3'!= T1'T31
1
T2:=

(Wc™(T1 + T3))

DERIVED QUANTITIES

Parameters Time Constants Filter Poles Filter Zero

T1 = 1.93‘!10_6"sec = 82.424Hz = 7.27%Hz
- T1:2p T2:2°p

T2 = 2.18610 °sec

N = 4.88210 B -7 = 164.84RHz
T3 = 9.655%510 °sec T32p

__ Kf Kveo 1+ (weT2)”
Cx = :
WSEN A (1+ (We'T1)D (1+ (We'T3)D)
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STANDARD FEEDBACK APPROACH

T1 T1
Cl:=Cx— C2:=Cx'1- — C3:= 200pF
T2 T2
T2 T3
R2:= — R3 = —
cz2 C3
COMPONENT VALUES
Cl1l= 710.888F C2= 7.33&F C3 = 200pF

R2 = 2.97%W R3 = 4.82%W

DEFINE LOOP PARAMETERS

1+ R2:C2'i 'w

zZ(w) =

(1+i w-T1)(1+i wT3)i w-(Cl+C2) Loop Filter Impedane
G(u) = S Kveozw) Forward Loop Gain
1 W
cL(wy = oW Closed Loop Gain
G(W)
1+
N

BANDWIDTH AND PHASE MARGIN

W = 10.CkHz

we = root G(w) |- N w) —< = 200kHz Loop Bandwidth
2p

180
D—-arg(G(WC)) + 180= 49.443 Phase Margin
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ALTERNATIVE FEEDBACK APPROACH

T1

Cl:=Cx C2.:=Cx- C3 = 200pF
T2-T1
T2
R2 = T3
Cl+ C2 R3 .= —
C3
COMPONENT VALUES
Cl= 8.049103°p|: C2= 0.78nF C3 = 200pF
R2 = 2.47&W R3 = 4.825kW
DEFINE LOOP PARAMETERS
Z(w) = 1+i wR2:/(C1l+ C2) Loop Filter
© i W -Cl(1+i W-C2R2)(1+i W R3C3) Impedance
G(u) = S Kveoz(w) Forward Loop Gain
1 W
cL(wy = W) Closed Loop Gain
G(W)
1+
N
BANDWIDTH AND PHASE MARGIN
W = 10.CkHz
wc = root(‘ G(w) ‘— N,w) e . 20 kHz Loop Bandwidth
2:p
1SQ G 180= 49.443
- e e + ' Phase Margin
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12. Design of an Active Loop Filter Using the Differential Phase Detector
Outputs

Introduction
This chapter investigates the design and performance of a loop filter designed using the

differential phase detector outputs, fr and f p. This topology bypasses the charge pump and is
most advantageous when used with a PLL with a bad charge pump. Since spurs and phase noise
are based on properties of the charge pump, these parameters may be different for this type of
filter. For PLLs with a well balanced and low-leakage charge pump, other active loop filter
topologies are recommended that use the charge pump output. The reason for using an active
filter is typically to get an increased tuning voltage to the VCO. Many modern day PLLS do not
have these differential phase detector outputs, which makes this approach impossible.

L oop Filter Topology

R2 C2
R1
fr - R3
—e
fp x
R1 1
g C3
R2
C2
v \/
Figurel Active Filter Topology Used
The transfer function of the filter is given by:
Z(s) = 1+s-T2
S-T-(1+s-T1)
where
T2 =R2eC2
T1=R3eC3
T =RleC2

The open loop response is given by:

G(s)/ _ Kv-Kvco- (1+s-T2)

N N.T-s? (1+s-T1)
From the chapter on a second order passive filter, this transfer function has many similarities. If
the following substitutions are applied to expression for the open loop response for the second
order filter, then the result is the transfer function for this loop filter topology. In these
equations, Kv represents the maximum voltage output level of the phase detector outputs.
T b Ctot

Kv b Kf
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The case where R3 = C3 = 0 presents a specia case and has different equations, but is a
topology that is sometimes used. This approach will be referred to as the aternative approach,
and the case where T1>0 will be referred to as the standard approach. In either case, the
eguations for the time constants and filter components are shown in Table 1.

Component Standard Approach Alternative Approach
Tl f )- tan(f 0
112 5e(f )-tan(f )
WC
T2 _ 1 wc - tanf
we’-T1
T T Kv- Kvco [1+wc?-T2? T= Kv - Kvco
- N 'WC2 ) 1+WC2'T12 N 'WCZ'COSf
C2 Choose this value Choose this value
R 12 12
C2 C2
R1 T T
C2 C2
C3 Choose this at least four times the VCO input 0
capacitance. Preferably at least 200 pF.
R3 T3 0
C3
Tablel Loop Filter Time Constants and Component Values
Conclusion

This chapter has presented design equations that can be used with the differentia phase

detector outputs. This approach is generally not recommended, because it requires an op-amp
and most PLLs do not have these differential output pins. The reader should also be very aware
of the states of the outputs. For instance, when this type of loop filter is used with National
Semiconductor’s LM X2301/05/15/20/25 PLLSs, it is necessary to invert either f r or f p.

There are other approaches to loop filter design using these differential outputs. One
such approach is to omit the components R3 and C3. In this case, T1 becomes zero and T2
becomes wcetan(f ). Thistopology is more popular with older PLL designs than newer ones.

The lock time can be predicted with a formula, but the phase noise and spurs for this filter
differ than those in a passive filter. The BasePulseSpur and 1HzNoiseFloor are different, since
the charge pump has been bypassed.

References

[1] ANS535 Phase-Locked Loop Design Fundamentals Motorola Semiconductor

Products, 1970
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ACTIVE FILTER DESIGN USING THE DIFFERENTIAL PHASE
DETECTOR OUTPUTS

USER NEEDS TO ENTER THESE:

Kvco 1= 100077 VCO Gain
volt
Kv = 4-volt Phase Detector Voltage Gain
Fout!= 700MHz RF output frequency
Fcomp'= 100kHz Comparison Freqguency
Fc'= 2'kHz Loop Bandwidth
f = 50deg Phase Margin

CALCULATIONS FOR BOTH APPROACHES

, Fout 3
N = N = 710 Wc = 2p ‘Fc
Fcomp
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STANDARD APPROACH
LOOP FILTER CALCULATION

sec(f ) — tan(f 1
T1 .= o) ) T2 .= T o= Kv ‘Kvco |1+ WCZ'T22
we weaT1 - '
Nwcw A1+wcT1®

C2:= 1nF R2:= I2 _ T . _ T
s R1:= — C3:= 100F R3:= ——
c2 C3
COMPONENTS
C2 = 1onF R1 = 99.42kW
C3 = 1onF R2 = 218.63K\W
R3 = 28.904&\W\
LOOP FILTER SIMULATION
Zow) 1+ C2R2i W
" R1i w-C2(1+i w R3C3) Loop Filter Impedance
G(w) = L KveozW) Forward Loop Gain
1 W
cLwy =W Closed Loop Gain
L G

N

LOOP BANDWIDTH AND PHASE MARGIN

W = 10.0kHz

root(‘ G(W)‘— N,w)
2p

= 2okHz Loop Bandwidth

arg(G(WC))-£0+ 180= 50 Phase Margin
D
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ALTERNATIVE APPROACHWITHT1=0
LOOP FILTER CALCULATION

T2 = tan(f ) Tos Kv ‘Kvco
we Nwc cos(f )
T2 T
C2:= 1'nF R2 .= — R1 = —
c2 c2
COMPONENTS
C2= 1°nF R1 = 56.296W

R2 = 94.83KkRW

LOOP FILTER SIMULATION
1+ C2:R2:i W

zZ(w) =
R1i 'w-C2
Kv ‘Kvco-Z(w )
G(w) = —
W
CL(w) = W)
1+ Gw)
N

LOOP BANDWIDTH AND PHASE MARGIN
W = 10.0kHz

wc
wc = root(‘ G(w) ‘— N,w) — = 2°kHz
2.

180
arg(G(wc))—— + 180= 50
D

Loop Filter Impedance

Forward Loop Gain

Closed Loop Gain

Loop Bandwidth

Phase Margin
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13. The Impact of Loop Filter Parametersand Filter Order on
Reference Spurs

Introduction

It has been shown that the reference spur levels are directly related to the spur gain,
whether they are leakage or pulse dominated. This chapter investigates methods of minimizing
the spur gain under various conditions. First, it will be shown why choosing al the pole ratios
(T31, T41,...) equa to one aways yields the lowest spur gain filter. Then, the impact of other
loop filter design parameters on the spur gain will aso be investigated. Recall that in a previous
chapter, the impact of various parameters was analyzed in the case that the loop filter was not
redesigned. In this chapter, it will be assumed that the loop filter is redesigned. For instance,
having a bigger VCO gain increases spur levels if the loop filter is not redesigned. But, it turns
out that it has no impact if the loop filter is redesigned to have the same loop bandwidth.

V
R3 CO
Kf ®
c1 == R2 c3
Cc2
v l
Figurel Basic Passive Loop Filter Topology

Minimization of Spur Gain

Since the spur levels relate directly to the spur gain of the PLL, the problem is therefore
reduced to minimizing the spur gain under the constraints of a constant loop bandwidth and
phase margin. The poles of the filter will be represented by Ti, (i =1,3,4, ...K). Notethat T2 is
the zero of the filter and therefore the index skips over two. The filter order is k, which is
assumed to be greater than two. T1(i) is intended to mean the ratio of pole Ti to the pole T1.
This number can range from zero to one. Note that T1(1) = 1. The spur gain at any frequency
can be expressed as.

Kf - Kveo 1+w?.T2?

G(w)= ~ 1
G(w) Ctot - w? O (1+w?-Ti?) @)
i=1,34,.k
However Ctot is not constant. Recall:
Ctot = ()

O (1+wc? - Ti?)

i=1,3,4,.k

Kf - Kvco 1+wc? - T2?
N - wc?
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Substituting thisin gives the following expression for G(s):
wcz_\/1+w2-T22 A (1+we® - Ti%)

w2\ 1+wc? - T22 i:lg,,k (1+w?-Ti?%) )
The above equation eiminates all of the component values from the equations, but still leaves
the time constants to be calculated.  However, there are three equations that relate the time
constants to known design parameters. It therefore follows that the spur gain can be expressed
uniquely in terms of design parameters. The equations relating the time constants to filter
parameters were given in the section for the standard method for loop filter design and are
presented below:

IG(s) =N -

secf - tanf

T1l= 4
we- g TA(i) @
i=1,3,4,..k
Ti=T1.T1(i)= 2P @ ) (5)
we- a TLi)
i=1,3,4,..k
T2= 2 : [] o= : (6)
wc - g Ti wc- (secf -tanf )
i=1,3,4,..k
Substituting (4) , (5), and (6) into (3) yields the spur gain in terms of design parameters.
¢ = o u
. & ¢ ATLj)z +TLi)?-x* u
N r<+x ~ € @gj=134.. 7 u
()= 7 O &P i (7)
r 1+x i=134..k 38 a
g
u

5
G QTUj)T +TA)2- x2-r2
ggj:1,3,4,...k 7}

The following terms are defined above:
x=secf - tanf
(= Spur Frequency _ Fspur )
L oop Bandwidth Fc

Since there is a leading riz term, it should be clear that the spur gain is minimized for the
smallest values of r, which corresponds to minimizing the loop bandwidth. Some other things
that are a little less obvious are the relationship of spur gain to the parameter x and the
relationship of spur gain to the poles ratios of the filter. Since r can be assumed to be greater
than one, it can be shown that (7) is a decreasing function in T1(i) for i=1,3,...k. However, these
pole ratios can not exceed one, since T1 is by definition the largest pole. From this observation
comes the fundamental result that for minimum spur levels, the pole ratios should al be chosen
to be one. However, choosing all of the pole ratios to be one can yield a loop filter with a very
small capacitor next to the VCO, which can be impacted by the VCO input capacitance. In the
case of using the improved design equations for a fourth order filter, this capacitor would be
zero. So thereis often a good reason why the pole ratios should be chosen less than one.

122 PLL Performance, Simulation, and Design O 2001, Second Edition



One can reason from equation (7) that this function is a decreasing function of |x|,
because if r > 1, this makes each one of the fractional parts decreasing functions in |x|, therefore
the whole function is decreasing in |x|. So, for the minimum spur levels, this is equivalent to
minimizing equation (8). Going through this exercise shows that this function is an increasing
function in f in the interval from O to 90 degrees, and therefore minimizing the spur gain
corresponds to minimizing the phase margin. However, in practice, the impact of changing the
phase margin typically does not have much of an impact on spurs. In the chapter on lock time,
the second order function implies that lower phase margins also yield faster lock times.
However, computer simulations using the 4™ order model show that the phase margin that yields
the fastest lock time is usually about 48 degrees. Therefore, it makes sense to design for a phase
margin near 48 degrees, because this gives more freedom to adjust the loop bandwidth, which
has afar greater impact on spur levels than phase margin.

Mismatch Dominated Spurs

Relationship to Parameter

Leakage Dominated Spurs

Charge Pump Leakage, ijeax 20el0g(ijeax) N/A
Mismatch, M N/A Correlated to [M - d|
N Value, N 20elog(N) 20elog(N)
Phase Margin Weak Inverse Correlation, see Table 2
VCO Gain, Kvco Independent Independent
loop Bandwidth, wc 40elog(wc) 40elog(wc)

Ratio of T3to T1

See Table 2, depen

ds on phase margin

Comparison Frequency

-40elog(Fcomp)

-40elog(Fcomp)

r = Fcomp/wp

-40elog(r)

-40elog(r)

Charge Pump Gain, Kf

-10elog(Kf)

Independent

Tablel Reference Sour Gain vs. Various Loop Filter Parameters

From Table 1, it follows that the loop bandwidth, comparison frequency, and N vaue
have the largest influence on the spur level. If one considers the ratio of the comparison
frequency to the loop bandwidth, then this is arough indicator. The N value is also relevant, but
is related to the comparison frequency. Larger charge pump gains yield lower leakage
dominated spurs, because they yield larger capacitor values in the loop filter. The reader should
be very careful to redize that these values assume that the loop filter is redesigned and

optimized. If the loop filter is not redesigned, then the results will be very different. These
results were derived in a previous chapter.
Formula (7) shows that the spur gain of athird order filter is given by:
SG = 20-log(N)- 40- log(r)
r2+x?  (1+T31)?+T31%- x? (1+T31)2+x? |

+ 10- log

|1+x%  (1+T31)2+T312- x2-r2 (1+T31)2+x2.r2|
So the 20elog(N) term shows the clear dependence on N, and therefore, Table 2 assumes an N
value of one, to which this 20elog(N) must be added. Note that these equations assume that the
filter isredesigned. If thisis not the case, then it turns out that the spurs are not impacted much
by the N value. The phase margin and r values are given. From this, go and find the main block,
and then find the corresponding value of the N=1 normalized spur gain. To this, add 20elog(N)
to get the total spur gain.
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r

3 5 10 15 20 25 50 | 100 | 200 500 | 1000
f=30 | -15.4 | -23.6 | -35.3 | -42.3 | -47.3 | -51.2 | -63.2 | -75.2 | -87.3 | -103.2 | -115.2
T31 | f=40 | -14.1 | -22.0 | -33.6 | -40.5 | -455 | -49.3 | -61.3 | -73.4 | -85.4 | -101.3 | -113.4
= [ f=50[ -129 | 203 |-315[-384 | -433|-472|-5902 | -71.2| -83.3 | -99.2 | -111.2
O [f=60 [ -11.7 | -184 | 29.1 | -35.9 | -40.8 | -44.6 | -56.5 | -68.6 | -80.6 | -96.5 | -108.6
f=70 | -106 | -165| -26.1 | -32.5 | -37.3 | -41.1 | -52.9 | -64.9 | -77.0 | -92.9 | -104.9
f=30 | -14.9 | -23.5| -375| -46.8 | -53.7 | -59.3 | -77.0 | -94.9 | -113.0 | -136.8 | -154.9
T31 | =40 | -135| -21.6 | -34.7 | -43.6 | -50.3 | -55.7 | -73.2 | -91.1 | -109.2 | -133.0 | -151.1
= | f=50] -12.3 | -19.6 | -31.8 | -40.1 | -46.6 | -51.8 | -69.0 | -86.8 | -104.8 | -128.6 | -146.7
25 6o | 112 | -17.7 | -28.7 | -36.3 | -42.3 | -47.2 | -63.8 | -81.5 | -99.4 | -123.2 | -141.3
f=70 | -10.3 | -159 | -25.3 | -32.0 | -37.3 | -41.8 | -57.2 | -74.3 | -92.1 | -115.9 | -134.0
f=30 | -14.8| -24.0|-39.2 | -49.1 | -56.3 | -62.0 | -79.9 | -97.9 | -116.0 | -139.8 | -157.9
T31 | f=40 | -13.4| -21.7 | -36.0 | -45.5 | -52.6 | -58.3 | -76.1 | -94.1 | -112.1 | -136.0 | -154.0
= | f=50] -12.1 | -195 | -32.5 | -41.6 | -485 | -54.0 | -71.7 | -89.6 | -107.7 | -131.5 | -149.6
S0 6o | -11.0| -17.4 | 289 | -37.2 | -43.8 | -49.1 | -66.4 | -84.3 | -102.3 | -126.1 | -144.2
f=70 | -10.2 | -15.7 | -25.1 | -32.2 | -38.0 | -42.9 | -59.4 | -77.0 | -94.9 | -118.8 | -136.8
f=30 | -14.8 | -24.2 | -39.8 | -49.8 | -57.1 | -62.8 | -80.8 | -98.8 | -116.8 | -140.7 | -158.8
T31 | f=40 | -133 | -21.8 | -36.4 | -46.2 | -53.4 | -59.1 | -76.9 | -94.9 | -113.0 | -136.9 | -154.9
= [ f=50[ -120 | -195 | -329 | -422 [ -49.2 | -54.8 | -725 | -90.5 | -108.5 | -132.4 | -150.5
75 s-60 I -11.0 | -17.4 | 29.0 | -37.6 | -44.3 | -49.7 | -67.2 | -85.1 | -103.1 | -127.0 | -145.0
f=70 | -10.2 | -15.6 | -25.1 | -32.3 | -38.3 | -43.3 | -60.1 | -77.8 | -95.8 | -119.6 | -137.7
f=30 | -14.8 | -24.3 | -39.9 | -50.0 | -57.3 | -63.0 | -80.9 | -99.0 | -117.0 | -140.9 | -159.0
T31 | f=40 | -133 | -21.8 | -36.6 | -46.3 | -53.6 | -59.2 | -77.1 | -95.1 | -113.2 | -137.0 | -155.1
= [ f=500[ -120 | -195 | -329 | -423 | -49.4 | -54.9 | -72.7 | -90.7 | -108.7 | -132.6 | -150.7
1.0 My-go | -11.0 | -17.3 | 29.1 | -37.7 | -44.4 | -49.8 | -67.4 | -85.3 | -103.3 | -127.2 | -145.2
f=70 | -10.2 | -156 | -25.1 | -32.4 | -38.4 | -43.4 | -60.3 | -78.0 | -96.0 | -119.8 | -137.9
Table 2 Relative N=1 Normalized Spur Gains for a Third Order Filter

The table above is a powerful design tool to figure out how to adjust the phase margin,
T31 vaue, and/or loop bandwidth to get just the right level of spurious attenuation, so that the
lock time of the PLL can be minimized.

Choosing the Right Filter Order

If one assumes 50 degrees phase margin and takes formula (7) and assumes that al the
poles are equal, then the relative attenuation of a filter over a second order filter can be
calculated. Some areas are darkly shaded to indicate that the loop filter order istoo high and not

practical.
Ratio of Comparison Frequency To Loop Bandwidth
1000 100 50
3 40.63 20.64 14.68
Loop 4 76.51 36.57 27.72

Filter Order 5 109.37 | 49.53 31.94

6 140.02 | 60.33 37.16
Table3 Sour Improvement for Various Order Filters Above a Second Order Filter
124
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Although the table does contain some approximations, it does establish an upper estimate
for the attenuation that can be achieved. Notice that when the comparison frequency is large
relative to the loop bandwidth, there is much more advantage in building higher order filters. Of
course in these cases, spurs are often not as much of an issue. The chart also implies that a third
order loop filter (two poles) only makes sense if the comparison frequency is at least ten times
the loop bandwidth. Although the maximum attenuation is for the casewhen T1 =T3 = ... = Tk,
it sometimes makes sense to design for T1 > T3 > ... > Tk, in order to keep the capacitors large
enough as to not be distorted by the VCO input capacitance and to better justify the
approximations made.

Conclusion

This chapter investigated the impact of designing loop filters of higher than second order
and when it makes sense to do so. One fundamental result is that the lowest reference spurs
occur when the pole ratios are chosen equal to one. However, choosing all pole ratios equal to
one can yield very small capacitor values next the VCO, which are easily be impacted by the
VCO input capacitance. If oneis designing a fourth order filter using the improved calculations,
this would imply that C4 = 0. When confronted with a situation where the spur to be filtered is
less than 1/10" of the loop bandwidth, the fastlock feature is often a better approach to spur
reduction than higher order filters.
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14, Using the Fastlock Featurefor PLL Design

Introduction

In PLL design, there is a classical trade-off between faster switching time and lower
reference spurs. If one increases the loop bandwidth, then the lock time decreases at the expense
of increasing the spur levels. If one decreases the loop bandwidth, the spurs decrease at the
expense of increasing the lock time. The concept of fastlock is to use a wide loop bandwidth
when switching frequencies, and then switch a narrow loop bandwidth when not switching
frequencies. Fastlock can also be used in situations where lock time and RMS phase error are
traded off, or in situations where lock time and phase noise outside the loop bandwidth are traded
off.

Fastlock Description

Fastlock is a feature of some PLLs that alows a wide loop bandwidth to be used for
locking frequencies, and a narrower one to be used in the steady state. This can be used to
reduce the spur levels, or phase noise outside the loop bandwidth. Fastlock is typically intended
for a second order filter. It can be used in higher order loop filter designs, but the pole ratios
(T31, T41, and so on) need to be small, otherwise, when the wider loop bandwidth is switched
in, the filter becomes very unoptimized and the lock time increases. For this reason, this chapter
focuses only on the use of fastlock for a second order design.

VCO

Kf/
- &

C2

Cl

v v _“}

Figurel Second Order Filter Using Fastlock

11
0
N
| |
I
0
N

When the PLL isin the locked state, charge pump gain Kf is used and resistor R2' is not
grounded, therefore having no impact. When the PLL switches frequency, the charge pump gain
is increased by a factor of M? to Kf * . Resistor R2' is aso switched in paralel with R2, making
the total resistance R2* = R2 || R2' = R2/M. Recall that the loop filter impedance for the second
order filter is given by:

Z(s) = 1+s-C2- R2 _ 1+s-T2
s- (C1+C2). @ +s. C1 C2-R29 s Clot- (1+s-T1)
e Cl+C2 g4

PLL Performance, Simulation, and Design O 2001, Second Edition 127



T2=R2-C2

T1= R2-C2-C1
Ctot
Ctot=C1+C2
Normal Mode Fastlock Mode
Kf Kf
' R2 R2
R2 M -1 M -1
R2
Equivalent Resistance, R2* R2 V
Charge Pump Gain Kf Kf*
T2
Zero T2 T2 M
T1
Pole T1 T1 M
Loop Bandwidth we Mewc
LT
Theoretical Lock Time LT V

Tablel Comparison of Filter Parameters between Normal Mode and Fastlock Mode

From Table 1, one could conclude that if the charge pump was normally 1 mA, and then
was switched to 4 mA, M would be two and there would be a theoretical 50% improvement in
lock time. Another way of thinking about this is that the loop bandwidth could be decreased to
half of its origina value, thus making a theoretical 12 dB improvement in reference spurs.
However, this disregards the fact that there is a glitch when fastlock is disengaged, and this glitch
can be very significant.

The Fastlock Disengagement Glitch
Cause and Behavior of the Glitch

When the fastlock is disengaged, a frequency glitch is created. This glitch can be caused
by parasitic capacitances in the switch that switches out the resistor R2', and also imperfections
in charge pump. When the switch is disengaged, a small current is injected into the loop filter. It
therefore follows that the size of the glitch is loop filter and PLL specific. One possible way to
simulate the glitch is to model the unwanted charge injected into the loop filter as a delta
function times a proportionality constant. From this, one can see why the glitch size is greater
for an unoptimized filter and inversely proportional to charge pump gain, assuming an optimized
loop filter of fixed loop bandwidth. Experimental results show that the ratio, M, does not have
much impact on this glitch, only the charge pump gain used in the steady state. For instance, if
the charge pump gain was 100 uA in norma mode and 800 UA in fastlock mode, then the glitch
caused by disengaging fastlock would be the same if the current was increased from 100 UA to
1600 uA in fastlock mode.
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The glitch aso decreases as the loop bandwidth decreases. This can yield some
unanticipated results. For instance, one would think that aloop filter with 2 KHz loop bandwidth
using fastlock would take twice the time to lock as one with a 4 KHz loop bandwidth using
fastlock. However, it could lock faster than this since the fastlock glitch for the 2 KHz loop filter
isless. In other words, the 4 KHz loop bandwidth filter would lock faster than the 2 KHz loop
filter, but maybe not twice as fast. Increasing the capacitor C1 or the pole ratios decrease the
glitch, while increasing C2 makes the glitch dlightly larger.

Switching from 680 — 768 MHz Switching from 768 — 680 MHz
“ izﬁziﬁg tik Time Markers “ izﬁziﬁg tik Time Markers
768. 015000M% : [_ ore mj b80.86 FL ore m ]
| (bl (bl
i 1 [ 1 [
L ) (E— | [ ecE—
************************** [};JI;-E: "BI‘I(EI‘S] | Attt g [};JI;-E: "BI‘I(EI‘S]
,,,,,,,,,,,,,,,,,,,,,,,,,,,, o[ endeme) | [ Camdimin|
767.985000M% ~&  [----- 1 b79.985000M% \ & [----- 1
~2.589ns —88.9ps 2.411ns ~2.589ns ~88.9ps 2.411ns
5008.08ps/div 500.0ps/div
T -77.8ps T 156ps a 233ps fAnalyze T -77.8ps T 111ps a 189ps fAnalyze
f; 767.9 ; 767.989570MY a —9.430kY ( ::::zi; f; 679.991562M% ; 679.999000M% a 7.438kY ( ::::z:;
This shows a lock time of 233 uSand a This shows a lock time of 189 uSand a
fastlock glitch of 10.4 KHz fastlock glitch of 8.4 KHz

Figurel Fastlock Disengagement G

litch

Optimal Timing for Fastlock Disengagement
For optimal lock time, the fastlock should be disengaged at a time such that the magnitude of this

glitch is about the magnitude of the ringing of the PLL transient response.

If fastlock

is

disengaged too early, then the full benefits of the fastlock are not realized. If it is disengaged too
late, then the settle time for the glitch becomes too large of a proportion of the lock time. Figure
2 shows the lock time when the fastlock glitch is taken into consideration.

Switching from 680 — 768 MHz Switching from 768 — 680 MHz
(2] izﬁziﬁg tlk Tine Markers (2] izﬁziﬁg tlk Tine Markers
768.015008M% : [_ ot mj b80.8 M
[ cmr— [ cmr—
T[] T[]
o cooomome B (Er— | ﬁ 777777777777 | ezr—
******************************************************* Freq Markers | ettt ettt Fe¥ss------------------% _ Freq Markers
me [ On ] : me [ 0n ]
767.985000M% ~&  [----- 1 b79.985000M% ~&  [----- 1
-2.589ms -88.9us 2.411ns ~2.589ms -88.9us 2.411ns
508.8ps/div 508.8ps/div
T -77.8ps T 380ps a 378ps fAnalyze T -77.8ps T 222ps & 3088ps Analyze
F, 768.001000M% £ 767.999800M% o —2.000kY ( ::::zi; F, 680.001000M% £ 679.999800M% o —2.000kY ( ::::zis
This shows a composite lock time of 378 uS | This shows a composite lock time of 300 uS
with a fastlock timeout of 100 uS with a fastlock timeout of 100 uS

Figure2

Lock Time Using Optimal Fastlock Timeout of 100 uS
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Disadvantages of Using Fastlock
Increased In-Band Phase Noise

Since fastlock requires that a higher current is switched in during frequency acquisition,
this requires that the PLL is run in less than the highest current mode. Recall from the phase
noise chapter that the in-band phase noise is typically better for the higher charge pump gain.

Higher Order Loop Filters

Another disadvantage of using fastlock is that if one builds a third or higher order filter
with much considerable spur attenuation, then it is likely not to work well with fastlock.
Fastlock is most effective for second order loop filters, or higher order filters with small pole
ratios.

Benefits of Using Fastlock

*
M = Kf Loop Bandwidth Theoretical Lock Time R2'
Kf Increase Reduction
2:1 2 X 50 % R2
67 % R2
3:1 3X —~
2
75 % R2
4:1 4 X X
3
M:1 M X 100- 8- =2 N
e Mg M-1
Table2 Theoretical Benefits of Using Fastlock

The theoretical benefits of using fastlock presented in Table 2 should be interpreted as an
upper bound for expected improvement, since it disregards the glitch caused when disengaging
fastlock. Typically, in the type of fastlock when the charge pump current is increased from 1X
to 4 X (M=2), the actua benefit of using fastlock is typically about 30%. In the type of fastlock
where the charge pump current is increased from 1X to 16X (M=4), the actual benefit of using
fastlock is typically closer to a 50% improvement. These typical numbers are based on Nationa
Semiconductor's LMX233X and LMX235X PLL families.

Conclusion

Fastlock is most beneficial in applications where the frequency offset of the most
troublesome spur is less than ten times the loop bandwidth. In these situations, higher order
filters have little real impact on the spur. As the spur offset frequency becomes farter from the
carrier, higher order filters become more practical. An important issue with fastlock is the glitch
created by when it is disengaged. Thisis application specific, but it can take a significant portion
of the lock time.
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Additional Topics
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15. L ock Detect Circuit Construction and Analysis

Introduction

Although many newer PLLs have a lock detect pin that give a logic level output to
indicate whether or not the PLL is in lock, there are still many PLLS, including the LMX233X
series from National Semiconductor, that do not put out a logic level signal to indicate whether
or not the part is in lock; externa circuitry is necessary in order to make meaningful sense of the
signal. This chapter discusses the design and simulation of such acircuit.

Using the Analog L ock Detect Pin

The state of analog lock detect pin is high when the charge pump is off and low when the
charge pump turns on. When viewed with an oscilloscope, one can observe narrow negative
pulses that occur when the charge pump turns on. When the PLL is in the locked state, these
pulses are on the order of 25-70 nS in width; however, this number can vary based on the VCO
gain, loop filter transfer equations, phase detector gain, and other factors, although it should be
constant for a given application. For some PLLS, the output is open drain and requires a pull-up
resistor to see the pulses.
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Figurel Lock Detect Pin Output for a PLL in the Locked State

When the PLL is not in the locked state, the average width of these pulses changes. The
information concerning the PLL in or out of the locked state is in no individua pulse, but rather
in the average pulse width. If the VCO kept on but disconnected from the charge pump, then the
signa from the lock detect pin will have a duty cycle that oscillates between a low and high duty
cycle. However, this is unrealistic, since the PLL tries to keep the VCO in phase. When the
VCO is connected to the PLL, but is off frequency, the pulse width is much more predictable and
closer to being constant. The pulses are sort of triangular due to the turn on times of transistors
and other effects. However, they will be treated as rectangular for the purpose of simplifying the
calculations in this chapter. For a ballpark estimate of how much the average width of the
pulses will change and a rough idea on how sensitive the circuit is, the average change in the
width of the pulses a any given time could be approximated by the difference in the periods of
the N counter and the R counter. This result was discussed in a previous chapter concerning the
performance of the phase detector. In other words,

Changein Average PulseWidth = Tlow- Tloc = t N

Fcomp  Fout
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Lock Detect Circuit Construction

The basic strategy for the type of lock detect circuit described in this chapter is to
integrate over some number of reference periods in order to accumulate some DC value which
can then be compared to a threshold value. This comparison can be made with a comparator or
transistor. In cases where only a gross lock detect is needed, the lock detect circuit output can be
sent directly to the input logic gate, provided the difference in the voltage level produced
between the in lock and out of lock conditions is large enough to be recognized as a high or low.
Some microprocessors aso have A/D input pins that can aso be used for this function.

Since the average DC contributions of the pulses are so small relative to the rest of the
time, it may be necessary to use unbalanced time constants to maximize sendtivity. The
recommended circuit is shown in Figure 1. Note that there are some PLLs in which the lock
detect output is open drain, which eliminates the need for the diode. There are till other PLLs
with digital lock detect, that eliminate the need for alock detect circuit entirely.
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Figure2 Lock Detect Circuit

Theoretical Operation of the Lock Detect Circuit

Consider the event when the lock detect pin first goes to its low voltage, Vo.. The
voltage drop across the diode is Vp. The diode will conduct, and if R2 >> R1 then the following
holds:

V,, =- Rl-C-%+VL
VL :VD +VOL

What is really of interest is how much does the voltage Vit change during the period that the
lock detect pin is low. To simplify the mathematics, it is easiest to discretize the problem. The
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size of the discrete time step is T, which is the time which the lock detect pin stays low. The
following definitions can be used to convert the differential equation into a difference equation:

Vn = Vout ( O )
Vi =Vou (TL)

The above differential equation has the following solution:
Vn+l :VL + (Vn - VL)' b

-TL
b =eRLC

When the lock detect output goes high, then the diode will not conduct, and the capacitor
will charge through the resistor R2. In an analogous way that was done for the case of the lock
detect pin state being low, the results can also be derived for the case when the lock detect pinis
high. Inthiscase, Ty represents the time period that the lock detect pin stays high.

V.., =Vcc+(V, - Vce)-a
-TH
a =eR2C

Now if one considers the two cases for V,, then a general expression can be written for
V,. For sufficiently large n, the series will aternate between two steady state values. Call these
two values Vhigh and Viow. These values can be solved for by realizing that the initial voltage
when the lock detect pin just goes low will be Vyigh and the final voltage will be Vi ow. Also, the
initial voltage when the lock detect pin just goes high will be V|, and the fina voltage will be
Vhigh. This creates the following system of two equations and two unknowns.

Viw =V + (VHigh'VL)' b

-Vce)- a

Low

Vi = Vee + (v
This system of equations has the following solution:

V=V + (1- b)- (v, - vee)

Low 1_ a- b
1-a)-(Vcec-V
Viign =V + ( al)_a(. _Cg L)
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Lock Detect Circuit Design

The above expressions for Vov and Vhigh show what two values the voltage will oscillate
between in the locked condition, once the component values are known. These equations can be
worked backwards to solve for component values as well. For design of the circuit, the following
information is needed.

Tioek  The width of the pulsesin the locked condition. This should be around 25 nS for the 4X
current mode and 50 nS for the 1X current mode.

Taiiteh  The width of the LD pulses that are to be detected.

Vhigh  The “trip point”. In the unlocked condition, the maximum voltage output would be Vigh.
In the locked condition, the voltage output should be higher

Ripple Vhigh — Viow. This should be a couple hundred millivolts. Designing for too much ripple
can cause anoisy circuit, while designing for too little will cause the circuit to take
longer to settle to its final values of Vow and Viign

Using the expressions for Vhigh and Vo, the following equations can be derived.
a’-A+a-B+C=0

A=K (VL B VHigh)

B=Vcc- Vg - K-V +K -V,
C=Vyq-Vece

K = Vce-V

Low

VHigh -V

Low

a and b can be solved for as follows:

_-B+,B?-4-A-C

- 2- A
b=1+(@-1) K

Finally, the components can be solved for. To do so, the capacitor, C, can be chosen
arbitrarily. Once C isknown, the other components can also be found.

- 'TL
C-Inb
Inb T,
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VD 0.7 T|_ 55 VHigh (unlocked) 2.1
VoL 0.5 Ty 1600 Ripple Voltage 0.1
Vcce 4.1

K 2.3333 Choose C1 220 pF R1 2.12 KW
A 2.1 R2 149.1 KW
c -2 VLow unlocked) 2 Volts
a 0.9524
b 0.8889

Tablel Typical Lock Detect Circuit Design

Simulation

Note that after the design is done, it is necessary to assure that the lowest voltage in the
locked state Viow (ocked) 1S higher than the highest voltage unlocked condition Vhigh (uniocked). 1N
Table 2, the circuit designed in Table 1 is simulated. The ssimulation shows that in ten reference
cycles, the circuit gets reasonably close to its fina steady state values. When the PLL isin lock,
the lock detect circuit output voltage will not go below 2.54 Volts, in the unlocked state, the
output voltage will not go above 2.10 Volts. This may not seem like much voltage difference,
but this is because this circuit is extremely sensitive. If one was to use a pulse width of 100 ns
out of lock, then this voltage difference would be much greater.

Table 2 shows the simulation of a lock detect circuit. It is necessary to include a lot of
margin for error, since it is very difficult to get an accurate idea of the width of the negative
pulses from the lock detect pin. It was also assumed that these pulses were square and of
constant period, which may be a rough assumption. Furthermore, as shown below, it does take
time for the system to settle down to itsfinal state.

Vo 0.7 C [220 ] pF| T. 55 a 0.9524 | Tioek 25 | ns
Vel 0.5 RL | 21 |Kw| Ts | 1600 b 0.8888 | bk | 0.9478 | V
Vce 2.1 R2 | 149 | KW

Vstart 45

0 2.5000 | 2.3554 | Volts 8 2.2051 | 2.0933 VHigh (unlocked)

1 2.4385 | 2.3007 | Volts 9 2.1889 | 2.0789 | Volts | Viow @unlockes) | 1.9995 | Volts
2 2.3864 | 2.2545 | Volts 10 2.1751 | 2.0667 | Volts Ripple 0.1001 | Volts
3 2.3424 | 2.2153 | Volts 11 2.1635 | 2.0564 | Volts | Viow gockesy | 2.5451 | Volts
4 2.3051 | 2.1822 | Volts 12 2.1537 | 2.0476 | Volts
5 2.2735 | 2.1541 | Volts 13 2.1454 | 2.0402 | Volts
6 2.2468 | 2.1304 | Volts 14 2.1384 | 2.0340 | Volts
I

ab

2.2242 | 2.1103 | Volts | 15 | 2.1324 | 2.0287 | Volts
le2 Typical Lock Detect Circuit Smulation

T
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Conclusion

This chapter investigated some of the concepts behind a lock detect circuit design. It is
necessary for the designer to have some idea how much the width of the lock detect pulses are
changing between the locked and unlocked condition. For both of these situations, T, was used
to represent the width of these lock detect pulses. It is here that it may be necessary to make
some gross estimates. Once T, is known, then the voltage levels of the circuit in the locked and
unlocked condition can be calculated. Since there is ripple on this voltage, the minimum voltage
level in the locked state should be greater than the maximum voltage level in the high state.
From this pulse width, the components can be calculated. Note that there is a trade-off between
the sengitivity of the circuit and the time it takes the circuit to respond, as seen in the smulation.
Although ripple is undesirable, some ripple must be tolerated in order for the circuit to have
sufficient senditivity. One possible variation of the circuit is to design for a high amount of
ripple and then add additional low pass filtering stages afterwards. There is dso a specific
choice of time constants for theoretical optimum sensitivity. However, assumptions need to be
made about the pulse width and the pulse shape, there will be some tinkering left to the lock
detect circuit designer.
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16. Impedance Matching I ssues and Techniquesfor PLLs

I ntroduction
This chapter is devoted to matching the VCO output to the PLL input. In most cases, the

VCO has a 50 W output impedance. However, the PLL input impedance is usually not purely
real and not 50 W. This can be the cause of many strange problems and a source of tremendous
confusion. If the PLL impedance differs greatly from the trace impedance, then power will be
reflected back towards the VCO, and significant power will be lost. Furthermore, if the PLL
input impedance is not 50 W, then this can also cause misinterpretations of the VCO output
power level, since it is typicaly specified for a 50 W load. This chapter discusses some of the
issues and problems that can arise because of the PLL input impedance not being 50 W, and also
gives some genera matching techniques.

VCO Output
Impedance  Trace Impedance

Zo
50 W

N

1dZ

aouepadw | 3IN241)
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Figurel Circuit Between VCO and PLL

Calculation of the Trace Impedance

The characteristic impedance of the trace between the PLL and the VCO is determined by
the width of the trace, W, the height of the trace above the ground plane, H, and the relative
dielectric constant, e, of the material used for the PCB board. The reader should be careful to
not confuse the characteristic impedance of a microstrip line with the input impedance of the
PLL or the output impedance of the VCO; these things are all different.

wW

[«

Ground

Figure2 Calculation of Trace Impedance
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The precise calculation of the trace impedance is rather involved, asis the solution. It is
a reasonable approximation to say that the trace impedance is independent of frequency, and it
can be approximately calculated with the following formula from reference [1]:

\/7 m Ina?S —*

In this formula, L represents the inductance per unit length and C represents the
capacitance per unit length. This formula can also be rearranged in order to determine what ratio
of height to width is necessary to produce the desired impedance:

Zo-.Je, +1.41
H_e ¥
W 75

FR4 is a commonly used material to make PCB boards which has the property that e, = 4.
Thisimplies that the ratio of the height to the width is about 0.5 for a 50 Wtrace. In other words,
if the thickness from the top layer to the ground plane is 31 mils (thousandths of an inch), then
the width of the trace should be 62 mils. There are many online calculators for microstrip
impedance, such as reference [1].
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Figure3 Smith Chart for Typical Input Impedance for a PLL

Problems with Having the Load Unmatched to the PCB Trace

Throughout this chapter, the trace impedance will be assumed to be 50 W, but the PLL
impedance will be assumed to be something different. Note from Smith Chart in Figure 3 that
the input impedance of the PLL is far from 50 W and is aso frequency dependent. It is very
common for PLLs to have an input impedance with a negative imaginary part (i.e. Capacitive).
In cases where the signal frequency is low, few problems arise. However, for signals in the GHz
range, impedance matching problems are common. In the GHz range, a trace of more than a
couple centimeters can cause problems if the PLL impedance is poorly matched to the trace
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impedance. This typically causes a loss of power and can agitate sensitivity problems in the
PLL. Also, since VCOs also put out harmonics, it could cause the prescaler to miscount on a
higher harmonic of the VCO if the mismatch is severe enough. In most cases, it is not necessary
to use any matching network at all. One way to determine how well the PLL is matched to a 50
Wlineisto calculate the reflection coefficient.

. = |(Ra- Ro)’+Xa” _ | reflected power
(Ra+Ro0)*+ Xa? transferred power

The above formula assumes the impedance of the transmission line is Ro, and the
impedance of the PLL is Ra + jeXa. If the reflection coefficient is one, then no power is
transferred to the PLL, if it is zero, all the power is transferred to the PLL. If the reflection
coefficient gets too large, then this could cause problems. These problems are most pronounced
when there is along trace between the VCO and the PLL.

I mpedance M atching Strategies
Eliminating the Imaginary Part of the Impedance

Without loss of generality, both the output impedance of the VCO and the input
impedance of the PLL can be assumed to be real. If thisis not the case, it can be made so by
putting a series capacitor or inductor to cancel out the imaginary part. Itis common for PLLsto
have a negative reactance; and in this case, an inductor can be placed in series to cancel this out.
Note that inductors tend to add cost, and this is not necessary unless the negative reactance of the
PLL isfairly large. With a maximum of two components, the reactances of both the source and
the load can be canceled. In the most common case, the impedance of the trace and VCO are
both 50 W, but the PLL is something different. In this case, it makes most sense to place the
impedance matching network as close to the PLL as possible.

Exactly Matching any Two Real Loads at a Fixed Frequency

Figurel Typical Impedance Matching Circuit
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For this type of match, the frequency must be specified. Note also that this assumes that
the load resistance is greater than the source resistance. If thisis not the case, then the inductor
L, needs to be moved to the left hand side of capacitor C, instead of the right hand side and the
values for the load and source resistance need to be switched. The matching circuit is designed
so that both the load and source see a matching impedance. This yields a system of two
eguations and two unknowns that can be calculated L and C. In the case that the load has a
negative reactance and also has less resistance than the source, it is convenient to compensate for
the negative reactance by making the inductor, L, bigger by the appropriate amount.

Ro
1+s-C- Ro
s- L+Rload _
2 =Ro
s°-L-C+s-Rload-C+1

+s- L = Rload

Solving these simultaneous equations yields the following:
Ro
Rload
w- Ro
L=C- Ro- Rload

C=

The Resistive Pad

Although the method in the previous section can match any load to any source exactly, it
is often not used because inductors are expensive. Also this method is only designed for a fixed
frequency and PLL input impedance. If the input impedance of the load varies drastically, then
this network will become unoptimized. The resistive pad is a method of matching that does not
match exactly, but is very good at accounting for variations in impedance. The biggest
disadvantage of the resistive pad is that VCO power must be sacrificed. As more VCO power is
sacrificed, the matching ability of the pad increases.

R R R2

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
R '+ Rload !
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

Figure?2 Typical Resistive Pad
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For the resistive pad, the attenuation of the pad is specified, and it is designed assuming
that both the source and load impedance are equal to Ro, usually 50 W. The resistor values
satisfy the following equations.

R1||(R2+R1||Ro) =Ro
Atten
(R1]|Ro)- R1 —10® =K
R1+R2+R1||Ro

In these equations, Ro is the source impedance, Atten is the attenuation of the pad, and
X ||y isused to denote the parallel combination of two components, x and y. The components
R1 and R2 can be calculated as follows:
K+1

R1=Ro-

R2=2' Ro- R1

R1*- Ro’
Adjusting the Trace Width to Match the PLL Input Impedance and Keeping Traces Short

Regardless of whether a resistive pad or LC matching network is used, the idea was to

make the load impedance look the same as the source impedance. If these impedances are
matched, then the trace impedance can be made equal to these impedances, and there will
theoretically be no undesired transmission line effects, such as standing waves. Another
matching strategy is to match the trace impedance to the PLL input impedance, instead of the
VCO output impedance. The matching of the trace impedance to the PLL impedance is much
more important than the matching of the trace impedance to VVCO output impedance. Also, if the
trace is short (/10" of a wavelength or less), then transmission line effects are much less likely
to be present.

Conclusion

Although impedance matching networks are often unnecessary for matching the PLL to
the VCO, there are enough situations where they are needed. Actuadly, what is really more
critical is that the PLL input impedance be matched to the characteristic impedance of the PCB
trace. When the trace length between the VCO and PLL approaches one-tenth of a wavelength,
the trace is considered long and undesired transmission line effects can result. If there is plenty
of VCO power to spare, the resistive pad serves as an economica and process-resistant solution.
Otherwise, if the PLL is grossly mismatched to the VCO, the approach with inductors and
capacitors can provide a good match. When using any sort of matching network, it is important
to put this network as close to the PLL as possible.
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17. Routh Stability for PLL Loop Filters

Introduction

There are two ways to make a loop filter unstable. The first is to design for a loop
bandwidth that is more than about 1/3 of the comparison frequency. The second is to design a
loop filter such that the poles of the closed loop system fal in the right hand plane. This can
happen when the phase margin istoo low, at least for athird order filter. For the purposes of this
chapter, the term Routh stability refers to a system where all the poles of the closed loop transfer
function are in the left hand plane. This chapter examines what restrictions Routh’s Stability
Criterion implies.

Calculation of Stability Coefficients
The open loop transfer function for athird order filter is as follows:

N-K-(l+s-T2)

G(s)=
s°-(1+s-T1)-(1+s-T3)

K = Kf - Kvco
N-(C1+C2+C3)

The closed loop transfer function is as follows:

G(s) _ N-K-(1+s-T2)
1+G(S%\I s*-d4 +s*. d3+s?- d2+s- d1+d0

The constants in the denominator are the stability coefficients that determine the stability
of the system and are defined as follows:

d4 =T1-T3
d3=T1+T3
d2 =1
di1=T2-K
do = K

Formation of a Routh Table

The system will be stable if al of the poles of the denominator have negative real parts.
Instead of explicitly calculating the roots, it is far easier to use Routh’s stability criterion, which
says that al the roots have negative real parts if and only if the elements in the Routh array are
positive. The elements in the Routh Array are the elements in the second column of the Routh
table that is shown below. The Routh table is formed by putting the odd terms in the first row
and the even terms in the second row. Note that the term with the highest power is considered to
be the first term, and therefore an odd term. The lower rows are formed by taking the
determinant of the 2 X 2 matrix formed by diminating the column that the entry of interest isin,
and dividing by the first entry in the row above the entry of interest. Thisisshownin Table 1.
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dn-2 dn-4
dn-3 dn-5

Tablel A Generic Routh Table

Proof of Routh Stability for a Second Order Filter
The second order loop filter is a specia case of the third order loop filter in which T3 = 0.
The Routh table for the second order filter is shown below:

s’ T1 T2eK
s 1 K
Ke(T2-T1) 0
K 0
Table 2 Routh Table for Second Order Loop Filter

Now from the definition of K, it is clear that K>0. From the third row, this puts the
restriction that T2 > T1. For asecond order filter, thisis always the case because:
T2=R2-C2
C1
Cl1+C2

T1=T2-

Theorem 1:

Using real component values and the standard loop filter topology, it is impossible to
design a second order loop filter which is unstable, provided that the loop bandwidth is
sufficiently small to justify the continuous time approximation.

S0 using the standard topology, it is impossible to design aloop filter that is unstable due
to too low phase margin or poles in the right hand plane. This stability makes the second order
filter a good choice when the VCO gain, charge pump gain, or N value drastically varies.

Conditionsfor Third Order Routh Stability

For the third order filter, it turns out that the Routh table is not so simple and that it is
possible to design an unstable loop filter, regardless of loop bandwidth. Since the loop
bandwidth decreases as the charge pump gain or VCO gain decreases, reducing these will
eventually guarantee second order filter stability, and will aways make a third order filter stable
provided T2 > T1 + T3. For the purposes of smplifying the math in the Routh table, the
following constant is introduced.

T1+T3

C=r—"———
T1.T2-T3
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s T1leT3 1 K
s T1+7T3 T2eK 0
_K K 0
1- K¢
K-T2 éT2-T1-T3 0 0 0
. .c- K
c § T2 b
_K
1- K2
K

Table3 Third Order Routh Stability Table

Substituting the definitions in for the constants ¢ and K, and also using the leading elements in
the third and fourth rows yields the constraints for third order filter stability:

Kf - Kvco < T1+T3
N-(C1l+C2+C3) T1-T2-T3
Kf - Kvco < T1+T3 T2-T1-T3
N-(C1+C2+C3) T1-T2-T3 T2

However, these first constraint is redundant; therefore, the criteriafor third order stability is:
Kf - Kvco < T1+T3 T2-T1-T3
N-(Cl+C2+C3) T1-T2-T3 T2
Thiscriteriaimpliesthat T2>T1 + T3.

Conclusion

The conditions for stability of loop filters have been investigated. There is dways the
condition that the loop bandwidth be sufficiently narrow relative to the comparison frequency,
but there is also the constraint that all the poles of the closed loop transfer function have negative
real parts. For the second order filter, this was shown to aways be the case, but for the third,
there were red restrictions. The fourth order filter was not covered in this chapter, since its
Routh Table is rather complicated in the genera case. However, similar restrictions on the time
constants, VCO gain, and charge pump gain exist for the fourth order filter.

This chapter was actually inspired by the quest to find a filter that attenuated the spurs
more. Notice that T2 must be larger than T1 or T3 for the PLL to be stable. Theoretically, if T3
or T1 is chosen larger than T2, then the spurs could be reduced significantly. This chapter on
Routh Stability proves why this type of loop filter will never be stable. The zero T2 is necessary
for stability because of the 1/s factor introduced by the VCO.
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18. A Sample Loop Filter Analysis

VCO
R3 R4
q AN
R2 i i
Cc1 — C3 —__ C4
Cc2
\ ; \ v
ENTER PARAMETERS HERE
MHz
Kf = 5mA Fcomp'= 200kHz Fout:= 900MHz Kvco = 20
volt
Cl1:'= 4nF C2:= 100nF C3'= 100F C4 = 100pF
R2:= 1'kW R3:= 2'kW R4 = 2'kW

CALCULATE PARAMETERS

) Fout 3
N .= N = 4.50a10
Fcomp

DEFINE LOOP PARAMETERS

R2'R3'R4'C1'C2:'C3'C4 d=Cci1t+cz2+cCc3t+ca

a.

b= C1'C2'R2'R3°(C3+ C4) + R4'C4'(C2':C3'R3+ C1'C3'R3+ C1'C2'R2)

c!= R2'C2'(C1l+ C3+ C4) + R3'(C1+ C2)*(C3+ C4) + R4'C4(C1+ C2+ C3)

2(s) = 1+ R2:C2's
S - -
(at bt cst d) Loop Filter Impedance
G(s) = K Kveo 2(s) Forward Loop Gain
S
CL(s) = _G) Closed Loop Gain
G(s)
1+
N
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BANDWIDTH AND PHASE MARGIN

Fc:= root(‘ G(x2p:i) ‘— N, x) Fc = 3.643kHz Loop Bandwidth
fi=Fc

arg(G (Fc2p i ))-201- 180= 56.953 Phase Margin

DISPLAY BODE PLOT

x i= 1'Hz, 100Hz .. 50Fc Open Loop Gain and Phase Margin

10¢@
te]e [
8d
7d
6d

5Q

ad

39

2q ~—
1 d \
o R‘x
-10

-209
-39
-ag
-5

. a8 18
oo Open Loop Gain

Phase Margin

CALCULATE OPTIMIZATION INDEX

k := 1..1000 2'Fc . 180
x .= arg|G k-2 i — + 18(
K 1000 P

180 “
arg(G(Fc2p:‘i ))— + 18
P = 82.720% Optimization Index

max(Xx)

Note here that the optimization index is the ratio of the phase margin divided by the
maximum value that this function achieves. The power that it is raised to is arbitrary. A
perfectly optimized filter will have an optimization index of 100%. For a second order filter,
simulations show that choosing the optimization index to be 100% yields the fastest possible
lock time. However, for third and higher order filters, smulations show that this is not exactly
the criterion for optimal lock time, although it isagood rule of thumb.

150 PLL Performance, Simulation, and Design O 2001, Second Edition



CALCULATE THE TRUE POLES AND ZERO

T2 .= R2:C2
c
A= — B .= — C.=_
d 6
C = 7.22910 esec
-A-A-sec ®
—13
_a 2.73810
A-C:sec >
r .= polyroots ‘sec r= —12 °ser_:2
-B-sec 2 1.03€10
—12
1 il 8.22610
A
T1:=
mir(r)
mir(r) -sec = —7
1.854910
ri= polyroot$| (71 — c)-sec 1|[-sec r= esec
—6
1 1.47810
T3 = maxr) T4 = mir(r)
Time Constant ter Pole Filter Zero
—6 1 n
Tl = 5.566L0 °sec — = 179.65K&Hz la
T1 1
T2 = 1.00010 Fesec = = 10.00&Hz
- n/a T2
—6 1
T3 = 1.478l0 *sec — = 676.65kHz n/a
T3
1 6 —1
-7 —— = 5.4010 *sec n/a
T4 = 1.85910 esec T4
Pole Ratios
T3 T4
— = 26.550%0 — = 3.325% T4

T3

The calculation of the zero, T2, is very easy. However, the calculation of the poles can
be more involved. In order to solve for them, it is necessary to set up a system of three equations
and three unknowns, which requires that a cubic polynomia be solved. This system comes from
equating the coefficients in the loop filter impedance. In the case of a third order filter, the
system is reduced to two equations and two unknowns, which requires a quadric polynomial to
be solved. In the case of a second order filter, the pole can be directly solved for.
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PHASE NOISE PROFILE

1 Hz Normalized Phase Detector Noise
i = - dbc/H .
NoselHz:=-213 dbeinz LMX2330, Aux side powered down,
High charge pump gain setting

. . Fcom
NoiseFloor:= NoiselHz+ 10log
Hz

NoiseFloor= —159.990 dbc/Hz Noise Floor of PLL

PLLNoise(f) ;= NoiseFloor+ 20log(| CL(f-2p i ) |)
PLLNoise(150Hz ) = —86.889 Close In Phase Noise

VCO Noise

VCO10khz:=-100 dbc/Hz

1. 82D i) )

N

f
VCONoise(f) := VCO10khz— 20log — 20log
10kHz

Resistor Noise Properties

_>zjoule .
k = 1.38065B0 ~ ~ T = 300K R_Noise(R) = 4-To-k-R-1-Hz

K o

R2 Resistor Noise
VnR2 = R_Noise(R2) VnR2 = 4.070]_0_9 evolt

Z1(s) = + R2

s:C2
1

Z(s) =
s(C1+ C3+ C4+ s:(C3:C4R4+ C3-R3.C1l+ C4RA-C1+ R3.C4A-Cl) + sC1-C3-C4-R3R4)

1
G(s
1+()
N

Z1(s)
Z1(s) + Z(s)

TR2(s) =

4/; ‘VNR2:TR2(2p ‘i f):Kvco
2f

)

R2_Noisg(f) = 20Iog<
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R3 Resistor Noise

-9
VnR3 := R_Noise(R3) VNR3 = 5.75610 evolt
1+ s'C2'R2
Z1(s) = + R3 22(s) = 1+ s'C4'R4
> =
(Cl+cC2 ‘C1:C2'R2
s(Cl+C2)+s s'C3+ s:C4+ s>C3-C4-R4
1 Z1(s) 1
TR3(s) = | :
14 G || ZUs) +22(s) 1+ 5CaR4
N

. i «/;-VnRB-TRB(Z-p ‘i f)'Kvco
R3_Noisg f) = if| R3> 1‘W , 20log ,-50
2f

R4 Resistor Noise

-9
VnR4 := R_Noise(R3) VnR4 = 5.75610 evolt
1+ s-C2:R2
Z2(s) = R3+ Z2(s)
(Cl+ C2) + sC1-C2:R2 Z(s) = Ra+
s(C1+C2) +s 1+ s'C3'R3+ s:C3-72(s)
1 1
TR4(s) = :
G(s 1+ s:C4-Z(s
1+ () (s)
N

. i A/;-VnR4-TR4(2-p ‘i f)'Kvco
R4_Noisg f) := ifi R4> 1‘W, 20log

2f

.
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Reference Spur Simulation

User Enters These

LeakageSpur_00= 16.0 dbc
LeakageCurrent= 10 9-amp
PulseSpur_0G--311 dbc

Modulo;= 1

This is a universal empirical constant

Enter the leakage current of the PLL

This is a part-specific constant

Fractional Modulus, enter '1' for Integer PLL

Calculations
Fcomp

Fspur.=
Modulo

SpurGain:= 20Iog(‘ G (Fspur2:p ‘i ) ‘) SpurGain= 13.889

LeakageCurren .

LeakageSpur.= LeakageSpur_0@ 20logl——= | + SpurGain

Kf

. Fspur

PulseSpur= PulseSpur_0& SpurGaint+ 40log

1-Hz

PulseSpur LeakageSpur

. 10 10

TotalSpu(f) = if ‘ f- Fspur‘< 100Hz, 10log\10 + 10 ,- 50

Spur Due to Leakage Spur Due to Pulse  Composite Spur

LeakageSpur= —104.090 PulseSpur= =85.070 TotalSpu( Fspur) = =85.016

Although it is possible to make some intelligent estimates of the reference spur levels,
there will always be some variation between the estimated levels and the simulated levels. Note
also that the spur level displayed is what is expected when the VCO tuning voltage is varied 0.5
volts from the power supply rails.
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Total Noise Properties

PLLNO{ER VCONoO{E® R2_No{$® R3_No{$® R4_NoO§Ee TotalS¢fix
TotalNoisg f) = 10logi10 *° +10 © +10 *©° +10 *© +10 *© +10 *°

VCOI1O0kh&oiseFleoc2OlogN)

10 =0 10kHz = 2.22@kHz Min RMS Bandwidth

15kHz
TotalNgise

10

>.sec 10 RMS Phase Error

100Hz

dw = 0.405deg

Simulated Spectrum Analyzer
span.= 5-Fcomp Enter the Span in kHz

Phase Noise/Spurs at Various Offsets
TotalNoisg 100Hz ) = —86.897 dbc/Hz Close-in Phase Noise

TotalSpu(Fspur) = —85.016 dbc First Reference Spur ( Worst Case )
o
-6.6
-13.
-2
-26.6|
-33.3]
-a
-46.6]
s —53.3
PLLNO(E -6
[SaSaS) —66.6
vconows 733
~_~" 5 -se.q
R2_No{€@ -goz o
s ~10
R3_Nof& —106.

[=N=N] -113.

—12
—126.
—_— 5 -133.
TotalNgihe -—q4
-146.
—153.F

—
R4_NoO{$®

1 10 100 £a& 18 18 18

Note

PLL Performance, Simulation, and Design O 2001, Second Edition 155



TRANSIENT ANALYSIS
User Enters these

f2 := 905MHz Final Freauencv
f1:= 895MHz Starting Frequency

tol:= 1006Hz Tolerance for Lock Time Measurments

N value for f2

Calculations
R3 c3 2
R3 = ma C3:= ma N =
1-W 1pF Fcomp
den2:= C1+ C2+ C3

den4:= R2'R3'C1'C2':C3 den3:= C2'C3'‘R2+ C1'C2'R2+ C1'C3'‘R3+ C2'C3'R3
Kf ‘Kvco'C2'R2 Kf ‘Kvco (f2- f1)
denli= — numaQ=
N N
Kf ‘Kvco
denOi= —
N numl= numOoR2:C2
denO 4-
‘'sec i ;
den4 19
2.76210
denl 3
‘sec 15
dend 2.76210
v = | den2 > Vv = 11
'sec 1.3110
dend
S
den3 8.85€10
‘'sec
den4 L 1.000
1 - -
- S
—7.04410
p = polyrootg V) sec * 5
—1.58€a10 -1
= esec
These are the poles P 4 4
—1.14810 + 1.08210 i
4 4
numo |71.14610 — 1.08210'i |
dend
A =
° (p-p)(p.-p) (P —P - Pesec 2
o o o AO: 1.05#410 esec
numO
dend
A= A = 2.34910 Csec 2
RO =2
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numO

A iz den4
2'" o 10 11 -2
(F’z— po> '(F’Z— p]> <92 p:,> A_=71.11610 —1.24€10 i *sec
numoO
den4
As'= A_=-1.11€0C+ 1.24a0 Y esec 2
R e -
4 Pole Analysis
k := 0. 5000 ¢ = sec
i=0.3 1000000
A%/1
F(t) := f2+ZAi-e — + R2:C2
b;

i
Enter these to adjust the setting
range := 500aLd” ?-sec Maximum Range of the X axis

span;= 0.01MHz Vertical Span of the Plot
center:= 905MHz Center Frequency

PLL Transient Response
LockTime = 841.00@sec Lock Time in microseconds

Overshoot= 10.00eMHz Amount frequency overshoot

tol = 1.00€L0° °Hz Frequency Tolerance

005.004 - . - -
205,004

05,003 - T
05002 | | | |
205,001 H- g

lf-.-

205 1 o
204959 | T | | |

204 993 | | |
204,997
204,990

L] 300 loog 1500 2000 2500 E000 3500 4000 0 4500 5000

204 995

Conclusion
This chapter has presented the analysis of the loop filter using concepts presented in
previous chapters.
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19. Basic Prescaler Operation

Introduction

Until now, the N counter has been treated as some sort of black box that divides the VCO
frequency and phase by N. It could be implemented with a digital counter fabricated with a low
frequency process, such as CMOS, if the output frequency of the VCO is low (200 MHz or
less). However, if the VCO frequency is much higher than this, then a pure CMOS counter is
likely to have difficulty dealing with the higher frequency. It is desirable to implement as much
of the N counter in CMOS as possible, for lower cost and current consumption. To resolve this
dilemma, prescalers are often used to divide down the VCO frequency to something that can be
handled with lower the frequency processes. Prescalers often divide by some power of two,
since this makes them easier to implement. The most common implementations of prescalers are
single modulus, dual modulus, and quadruple modulus. Of these, the dua modulus prescaler is
most commonly used.

Single M odulus Prescaler

For this approach, a single high frequency divider placed in front of a counter. In this
case, N = aeP, where a can be changed and P isfixed. One disadvantage of this prescaler is that
only N values that are an integer multiple of P can be synthesized. Although the channel spacing
can be reduced to compensate for this, doing so increases phase noise substantially. This
approach also is popular in high frequency designs (>3 GHz) in which a fully integrated PLL can
not be fabricated totally in silicon. In this case, divide by two prescalers made with the GaAs or
SiGe process can be used in conjunction with a PLL. Single modulus prescalers are  aso
sometimes used in older PLLs and low cost PLLs.

A Counter 1/P

N Counter

XTAL

@1/R K —-—@—

VCO

Figurel Sngle Modulus Prescaler
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Dual Modulus Prescaler

In order not to sacrifice frequency resolution, a dual modulus prescaler is often
used. These come in the form P/(P+1). For instance, a 32/33 prescaler has P = 32. At first a
fixed prescaler of size P+1, which is actually a prescaler of size P with a pulse swallow circuit, is
engaged for atotal of a cycles. Since the A counter activates the pulse swallow circuitry, it is
often referred to as the swallow counter. It takes a total of ae(P+1) cycles for the A counter to
count down to zero. Then the B counter starts counting down. Since it started with b counts,
the remaining counts would be (b — a). The size P prescaler is then switched in. This takes
(b-a)eP counts to finish up the count, at which time, al of the counters are reset, and the process
IS repeated.

A Counter - 1/(P+1)
B Counter 1/P
N Counter
XTAL
Coom W OB
VCO
Figure2 Dual Modulus Prescaler

Notice that b>=a, in order for proper operation, otherwise the B counter would
prematurely reach zero and reset the system. For this reason, N values that yield b<a are called
illegal divideratios. From this we get the fundamental equations:

N = (P+1l)ea + Pe(b-a) =Peb+a
b=NdivP (N divided by P, disregarding the remainder)
a=NmodP (The remainder when N is divided by P)

Note that this prescaler gains better resolution at the cost of not being able to synthesize
all N values. If the N value is greater or equal to Pe(P-1), then the condition that b>=a is
automatically satisfied. The lower bound, L, such that all N values are lega provided N>=L is
referred to as the minimum continuous divide ratio.

Quadruple Modulus Prescalers

In order to achieve a lower minimum continuous divide ratio, the quadruple modulus
prescaler is often used. In the case of a quadruple modulus prescaler, there are four prescalers,
but only three are used to produce any given N value. Commonly, these four prescalers are of
values P, P+1, P+4, and P+5, and are implemented with a single pulse swallow circuit and a
four-pulse swallow circuit. The N value produced is:
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N=P-c+4-b+a

a=N mod P

c=NdivP

b:N-C-P-a
4

The following table shows the three steps and how the prescalers are used in conjunction
to produce the required N value. Regardless of whether or not b>=a, the resulting N value is the
same. Note that the b>=a restriction applies to the dual modulus prescaler, but not the quadruple
modulus prescaler. The restriction for the quadruple modulus prescaler is ¢ >=max{ a, b }.

If b>=a If b<a
Step Description Counts Required Description Counts Required
The P+5 prescaler is The P+5 prescaler is
engaged in order to ae(P+5) engaged in order to be (P+5)
1 decrement the A decrement the B

counter until a=0.

counter until b=0.

The P+4 prescaler is

engaged in order to
2 decrement the B

counter until b=0.

(b-a)e(P+4)

The P+1 prescaler is
engaged in order to
decrement the A
counter until a=0.

(a-b)e(P+1)

The P prescaler is

engaged in order to
3 decrement the C

counter until c=0.

(c-b)eP

The P prescaler is
engaged in order to
decrement the C
counter until c=0.

(c-a)eP

Pec+4eb+a

Total Counts Pec+4eb+a Total Counts

Tablel Typical Operation of a Quadruple Modulus Prescaler
Conclusion

For PLLs that operate at higher frequencies, prescalers are necessary to overcome process
limitations. The basic operation of the single, dual, and quadruple modulus prescaler has been
presented. Prescalers combine with the A, B, and C counters in order to synthesize the desired
N value. For al prescalers, not all N values are possible there will be N values that are
unachievable. The advantage of using higher modulus prescalers is that a greater range of N
values can be achieved, particularly the lower N values. Many PLLs alow the user more than
one choice of prescaler to use. In the case of an integer PLL, the prescaler used usually has no
impact on the phase noise, reference spurs, or lock time. Thisis assuming that the N value is the
same. For some fractiona N PLLs the choice of prescaler may impact the phase noise and
reference spurs, despite the fact that the N value is unchanged.
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20. Fundamentals of Fractional N PLLs

Introduction

One popular misconception regarding fractional N PLLs is that they require different
design equations and simulation techniques than are used for integer N PLLs. This is not true.
However, since fractional N PLLs contain compensation circuitry for the fractional spurs, they
may exhibit some behaviors that would not be expected from an integer PLL. In addition to this,
the performance will also be different, due to the fact that the N value is different. This chapter
discusses some of the theoretical and practical behaviors of fractional N PLLs.

Theoretical Explanation of Fractional N
Fractiona N PLLs differ from integer N PLLs in that some fractional N vaues are

permitted. In general, a modulo M fractional N PLL allows N vaues in the form of N +ﬁ,

where N is the integer portion, i ranges from 0 to M-1, and M is the fractional Modulus. Because
the N value can now be a fraction, this alows the comparison frequency to be increased by a
factor of M, while still retaining the same channel spacing.

However, there could be other restrictions, such as illegal divide ratios, maximum phase
detector frequency limits, or the crystal frequency, that could prevent the comparison frequency
from being increased by a factor of M. Illegal divide ratios can become a barrier to using a
fractional N PLL, because reducing the N value may cause it to be an illegal divide ratio.
Decreasing the N value corresponds to increasing the phase detector rate, which still must not
exceed the maximum value in the datasheet specification. The crystal can aso limit the use of
fractional N, since the R value must be an integer. This implies that the crystal frequency must
be a multiple of the comparison frequency.

1 MHz

Z(s) 902.1 MHz

VCO

10 MHz

Figurel Fractional N PLL Example
Figure 1 shows an example of a fractional N PLL generating 902.1 MHz with M=10.

This PLL has a channel spacing of 100 KHz, but a reference frequency of 1 MHz. Now assume
that the PLL tunes from 902 MHz to 928 MHz with a channel spacing of 100 KHz. The N value
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therefore ranges from 902.0 — 928.0. If a 32/33 dua modulus prescaler and the crystal frequency
is 10 MHz was used, the R counter value would be an integer and all N values would be legal
divide ratios. In this case, the crystal frequency and prescaler did restrict the use of fractiona N.
Now assume that this PLL of fractional modulus of M is to be used and the PLL phase detector
works up to 10 MHz. Below is a table showing if and how a modulo M PLL could be used for
this application. Since the comparison frequency is never bigger than 1600 MHz, there is no
problem with the 10 MHz phase detector frequency limitation. In cases where the prescaler will
not work, suggested values are given that will work. Since the quadruple modulus prescaler is
able to achieve lower minimum continuous divide ratios, they tend to be more common in
fractiona N PLLsthan integer N PLLs.

Comparison 32/33 Prescaler 10 MHz Crystal
Fractional Frequency | Prescaler | Suggestion Crystal Suggestion
Modulo Check Check
1 100 KHz OK OK
2 200 KHz OK OK
3 300 KHz OK FAIL 14.4 MHz
4 400 KHz OK OK
5 500 KHz OK OK
6 600 KHz OK FAIL 6.0 MHz
7 700 KHz OK FAIL 7.0 MHz
8 800 KHz OK OK
9 900 KHz OK FAIL 14.4 MHz
10 1000 KHz FAIL 16/17 OK
11 1100 KHz FAIL 16/17 FAIL 11.0 MHz
12 1200 KHz FAIL 16/17 FAIL 14.4 MHz
13 1300 KHz FAIL 16/17 FAIL 13.0 MHz
14 1400 KHz FAIL 16/17 FAIL 14.0 MHz
15 1500 KHz FAIL 16/17 FAIL 15.0 MHz
16 1600 KHz FAIL 16/17 FAIL 14.4 MHz
Table 2 Fractional N Example

Phase Noise for Fractional N PLLs

Since the N value is lower by a factor of M (the fractional modulus), one would expect
the phase noise to be lower by 10elog(M). However, this analysis disregards the fact that the
fractional compensation circuitry can add significant phase noise. A good example is the
National Semiconductor LMX2350. Theoretically, using this part in modulo 16 mode, one
would expect a theoretical improvement of 12 db over its integer N counterpart, the LMX2330.
However, a 3 V, the improvement is closer to 1 db. This is because the fractional circuitry adds
about 11 db of noise. Using this part in modulo 8 mode at 3 V would actudly yield a
degradation of 2 db. However, a 4 V and higher operation, the fractional circuitry only adds 7
db, making this part more worthwhile. Depending on the method of fractional compensation
used and the PLL, the added noise due to the fractional circuitry can be different. Many
fractional N PLLs aso have selectable prescalers, which can have alarge impact on phase noise.
For an integer part, choosing a different prescaler has no impact on phase noise. Also some parts
allow the fractional compensation circuitry to be bypassed, which results in an fair improvement
in phase noise at the expense of a large increase in the reference spurs. For some applications,
the loop bandwidth may be narrow enough to tolerate the increased reference spurs.
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Fractional Spursfor Fractional N PLLs

Since the reference spurs for a fractional N PLL are M times the frequency offset away,
they are often not a problem, since the loop filter can filter them more. However, fractional N
PLLs also have fractiona N spurs, which are caused by imperfections in the compensation
circuitry. The first fractional spur is typically the most troublesome and occurs at 1/M times the
comparison frequency, which is the same offset that the main reference spur occurs for the
integer N PLL. As with phase noise, the fractional spur level is aso dependent on the choice of
prescaler and voltage. Recall from the reference spur chapter that the BasePulseSpur for the
LMX2350 contains an added term, which depends on the output frequency. If the fractional
numerator is set to one, then all the fractional spurs will be present. However, the k™ fractional
spur will be worst when the fractional numerator is equal to k. It is not necessarily true that
switching to a fractional N PLL will better spur levels. Fractional N PLLS have the greatest
chance for spur levels when the comparison frequency is low and the spurs in the integer PLL
are leakage dominated. Fractional spurs are highly resistant to leakage currents. To confirm
this, leakage currents up to 5 mA were induced to a PLL with 25 KHz fractional spurs (M=16,
Fcomp=400 KH2z) and there was no observed degradation in spur levels.

Lock Timefor Fractional N PLLs

There are two indirect ways that a fractional N PLL can yield improvements in lock time.
The first situation is where the fractional N part has lower spurs, thus alowing an increase in
loop bandwidth. If the loop bandwidth is increased, then the lock time can be reduced in this
way. The second, and more common, Situation occurs when the discrete sampling rate of the
phase detector is limiting the loop bandwidth. Recall that the loop bandwidth can not be
practically made much wider than 1/5" of the comparison frequency. If the comparison
frequency is increased by a factor of M, then the loop bandwidth can be increased. This is
assuming that the spur levels are low enough to tolerate this increase in loop bandwidth.

Fractional N Architectures

The way that fractional N values are typically achieved is by toggling the N counter value
between two or more values, such that the average N value is the desired fractional value. For
instance, to achieve a fractional value of 100 1/3, the N counter can be made 100, then 100 again,
then 101. The cycle repeats. The simplest way to do the fractional N averaging is to toggle
between two values, but it is possible to toggle between three or more values. This technique is
referred to as dithering and reduces the close-in fractional spurs at the expense of making the
ones far from the carrier larger.

An accumulator is used to keep track of the instantaneous phase error, so that the proper
N value can be used and the instantaneous phase error can be compensated for [1]. Although the
average N value is correct, the instantaneous value is not correct, and this causes high fractional
spurs. In order to deal with the spur levels, a current can be injected into the loop filter to
cancel these. The disadvantage of this current compensation technique is that it is difficult to get
the correct timing and pulse width for this correction pulse, especialy over temperature.
Another approach is to introduce a phase delay at the phase detector. This approach yields more
stable spurs over temperature, but sometimes adds phase noise. In some parts that use the phase
delay compensation technique, it is possible to shut off the compensation circuitry in order to
sacrifice reference spur level (typicaly 15 db) in order to improve the phase noise (typically 5
db). The nature of added phase noise and spurs for fractional partsis very part-specific.
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Table 2 shows how afractional N PLL can be used to generate a4.3 MHz signal froma l
MHz comparison frequency, using the phase delay technique. This corresponds to a N value of
4.3. Although N vaues and frequencies are typically much higher, this example demonstrates
how the phase delay and accumulator work without unnecessarily complicating the table. Note
that a4.3 MHz signal has a period of 232.6 nS, and a 1 MHz signal has a period of 1000 nS.

Time Accumulator | Overflow | Phase Delay | Compensated Signal
VCO Cycle to Phase Detector

(nS) (Cycles) (Cycles) (nS) (nS)

4 930.2 0.3 0 69.8 1000

8 1860.5 0.6 0 139.5 2000

12 2970.7 0.9 0 209.3 3000

16 3270.9 0.2 1 279.1 4000

21 4883.7 0.5 0 116.3 5000

25 5814.0 0.8 0 186.0 6000

29 6744.2 0.1 1 255.8 7000

34 7907.0 0.4 0 93.0 8000

38 8837.2 0.7 0 162.8 9000

42 9767.4 0.0 1 232.6 1000

43 This VCO Cycle is swallowed.

Table 2 Fractional N Phase Delay Compensation Example

In Table 2, only the VCO cycles that produce a signal out of the N counter are accounted
for. Note that the phase delay is calculated as follows:

Phase Delay = ! - ( Accumulator Value + OverflowValue)

VCO Frequency

When the accumulator value exceeds one, then an overflow count of one is produced, the
accumulator value is decreased by one, and the next VCO cycle is swallowed [1]. Note that in
Table 2, this whole procedure repeats every 43 VCO cycles. If alarger N value was chosen for
this example, then the same concepts would apply, but Table 2 would be much longer.

Conclusion

The behavior and benefits of the fractional N PLL have been discussed. Although the
same theory applies to a fractiona N PLL as an integer PLL, the fractional N compensation
circuitry can cause many quirky behaviors that are typically not seen in integer N PLLs. For
instance, the National Semiconductor LMX2350 PLL has a dual modulus prescaler that requires
b>=a+2, instead of b>=a, which istypical of integer N PLLs. Phase noise and spurs can aso be
impacted by the choice of prescaler as well as by the Vcc voltage to the part. Fractional N PLLS
are not for all applications and each fractional N PLL has its own tricks to usage.

Reference
[1] Best, Roland E., Phase Locked Loop Theory, Design, and Applications, 3 ed,
McGraw-Hill, 1995
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21, Other PLL Design and Perfor mance | ssues

Introduction

This is a collection of small topics that have not been addressed in other chapters.
Included topics are N counter determination, the relationship between phase margin and
peaking, and counter sensitivity.

Z(s) FLUt

VCO

Crystal

Reference

Loop Filter Transfer
Function

N Counter Deter mination

N Value Determination for a Fixed Output Frequency PLL

In the case that the output frequency of the PLL isto be fixed, the choice of a comparison
frequency may not be so obvious. The comparison frequency should aways be chosen as large
as possible. Recall the relationship between comparison frequency and output frequency:

Fout =& 2. xtal
eRg

It therefore follows that:

N _ Fout

R Xtal

Since the output frequency and crystal frequency are both known quantities, the right

hand side of this equation is known and can be reduced to a lowest terms fraction. Once this
lowest terms fraction is known, the numerator is the N value and the denominator is the R value.
If this solution results in illegal N divider ratios, or comparison frequencies that are higher than
the phase detector can operate at, then double the N and R values. If there are till problems,
then triple them. Keep increasing these quantities until there are no illegal divide ratios and the
comparison frequency is within the specification of the part. In the case where there is freedom
to choose the crystal frequency, it is best to choose it so that it has a lot of common factors with
the output frequency so that the N valueis as small as possible.
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Variation of Loop Bandwidth with N counter Value, VCO Gain, and Charge Pump Gain

Note that there is a factor of 1/s multiplying the VCO gain, which converts the VCO
output from voltage to phase. This gets multiplied by an additional factor of 1/s from transfer
function of the loop filter. There are also poles and zeros in this transfer function. The poles
should be much greater than the loop bandwidth, and therefore redly do not have a large
contribution at the frequency equa to the loop bandwidth. There is also a zero in the transfer
function and this zero does have some contribution near the loop bandwidth, but this contribution
usually small relative to the 1/s” term that comes from taking the 1/s from the transfer function
and multiplying this by the 1/s from the VCO gain. From this, it can be concluded that the loop
bandwidth is roughly inversely proportional to the square root of the N value. It also follows that
the loop bandwidth is roughly proportional square root of the VCO gain and also proportional to
the square root of the charge pump gain. It may seem at first that disregarding the poles and
zeros of the filter seems like a bold assumption, but smulation and actua testing show that it is
not that rough of an assumption. To summarize these results:

we2_ [Kf2 \/choz _ \/Nl
wcl | Kf1l Kvcol N2
N Value to Design for When the Output Frequency is a Range
From the above equation, it can be seen that the loop bandwidth is roughly inversely
proportional to the square root of the N value, so it therefore follows that designing the N value

for the geometric mean of the minimum and maximum values minimizes the variation of the
loop bandwidth of the PLL from the value for which it was designed. In summary, design for:

N=,/N min- N max

Phase Margin, Stability, and Peaking

The phase margin is related to the stability of the system and a higher phase margin
implies more stability. This can be seen by looking at the roots of the closed loop transfer
function and tracking how negative the real parts of these roots are. The specific details on this
are beyond the scope of this text. On the spectrum analyzer, if the phase margin is very low,
then the loop filter response will show a peaking. This section explains why.

Recall that the closed loop transfer function is of the form:

G(s)
L =
CL(s) . a( S%
N
Of gpecial interest is at the point where the magnitude of G(s)/N = 1. The frequency
where this occurs is, by definition, the loop bandwidth. The phase of G(s)/N evaluated at the
loop bandwidth is also of interest . If this phase is 180 degrees, then the transfer function would
have an infinite value and would be unstable. If the phase was zero degrees, then there would be
a minima amount of peaking and maximum stability. Phase margin is therefore defined as the
amount of margin on the phase which would be 180 degrees minus the phase of G(jewc)/N. In
practice, loop filters with less than 20 degrees phase margin are likely to show instability
problems and filters above 80 degrees phase margin have yield components that unrealistic
because they are too large, or are negative.
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Second order formulas for lock time calculations imply that the lower phase margins
imply afaster lock time, but when all poles and zeros are considered, it turns out that the optimal
lock timeisfor phase margins in the 45 to 50 degree range.

On the Pitfalls of Sensitivity

Sensitivity is a feature of real world PLLs. The N counter will actually miscount if too
little or too much power is applied to the high frequency input. The limits on these power levels
are referred to as the sensitivity. The PLL sensitivity changes as a function of frequency. At the
higher frequencies, the curve degrades because the of process limitations, and at the lower
frequencies, the curve can adso degrade because of problems with the counters making
thresholding decisions (the edge rate of the signal is too slow). At the lower frequencies, this
limitation can sometimes be addressed by running a square wave instead of a sine wave into the
high frequency input of the PLL. Sensitivity can aso change from part to part, over voltage, or
over temperature. When the power level of the high frequency input approaches sensitivity
limits, this can introduce spurs and degradation in phase noise. When the power level gets even
closer to thislimit, or exceedsit, then the PLL loses lock.

[power Level (dbm) Upper Sensitivity

F Limit

Useful Operating Range of the
PLL Semiconductor Chip

\ ) Lower S_.er_15|t|V|ty
Limit

>Frequency

Figurel Typical Sensitivity Curve for a PLL

The sengitivity curve applies to both the desired signa from the VCO and al of its
harmonics. VCO harmonics can especialy be troublesome when a part designed for a very high
operating frequency is used at a very low operating frequency. Unexpected sensitivity problems
can also be agitated by poor matching between the VCO output and the high frequency input of
the PLL.

Although sengitivity issues are most common with the N counter, because it usualy
involves the higher frequency input, these same concepts apply to the R counter as well. In order
to for the sensitivity of the PLL to be tested in production, it is necessary to have access to the R
and N counters. These test modes are also an excellent way of diagnosing and debugging
sensitivity problems. Sensitivity related problems also tend to show a strong dependence on the
Vcc voltage and temperature. If poor impedance matching is causing the sensitivity problem,
then sometimes pressing one's finger on the part will temporarily make the problem go away.
Thisis because the input impedance of the part is being impacted.
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Sengitivity problems with either the N or R can cause spurs to appear, increase phase
noise, or cause the PLL to tune to a different frequency than it is programmed to. In more severe
cases, they can cause the PLL to steer the VCO to one of the power supply rails. N counter
sensitivity problems usually cause the VCO to go higher than it should. R counter sensitivity
problems usually cause the PLL to tune lower than it should. In ether case, the VCO output is
typicaly very noisy. Figure 2 shows a PLL locking much lower than it is programmed to lock
due to an R counter sensitivity problem. It is aso possible for the N counter to track a higher
harmonic of the VCO signal, which causes the PLL to tune the VCO lower than it should. This
problem is most common when parts are operated at frequencies much lower than they are
designed torun at. One should be aware that it is possible to be operating within the datasheet
specifications for sengtivity with a few dB of margin, and still have degraded phase noise as a
result of a sensitivity problem. This is because the datasheet specification for senditivity is a
measurement of when the counters actually miscount, not when they become noisy.

MKR 1.626 747 GHz
REF -14.3 dBm ATTEN 10 dB -37.8 dBm

10 ds/ n

SPAN M
.00 MHz ”
|

| | ik H\
| ' " |

= |

CENTER 1.626 76 GHz SPAN 1.00 MHz
RESBW 10 kHz VBW 30 kHz SWP 30.0 msec

Figure2 PLL Locking to Wrong Frequency Due to R Counter Sensitivity Problem

Conclusion and Author’s Parting Remarks

This chapter has addressed some of the issues not addressed in other chapters. The reader
who has reached this point in this book should hopefully have an appreciation on how involved
PLL design and simulation can be.

It was the aim of this book to tell the reader everything they wanted to know, and things
they probably never cared to know about the designing and simulating a PLL frequency
synthesizer. However, there are till many other topics that have been left out. The concepts
presented in this book have come from a solid theoretical understanding backed with measured
data and practica examples. All of the data in this book was gathered from various National
Semiconductor Synthesizer chips, which include the R counter, N counter, charge pump, and
phase-frequency detector.
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22, Glossary and Abbreviation List

ATTEN

The attenuation index, which is intended to give an idea of the spurious attenuation added by the
components R3 and C3 in the loop filter of other loop filter design papers, but not this book.
Also used in reference to the attenuation of aresistive pad in dB.

Channel and Channel Spacing

In many applications, a set of frequencies is to be generated that are evenly spaced apart. These
frequencies to be generated are often referred to as channels and the spacing between these
channelsis often referred to as the channel spacing.

Charge Pump

Used in conjunction with the phase-frequency detector, this device outputs a current of constant
amplitude, but variable polarity and duty cycle. It is usualy modeled as a device that outputs a
steady current of value equal to the time-averaged value of the output current.

Closed Loop Transfer Function, CL(S) (seeFigure 3)

G(s 1
Thisis given by ﬁ , Where H:W and G(s) is the Open Loop Transfer Function
Comparison Frequency, Fcomp (seeFigurel)

The crystal reference frequency divided by R. This is also sometimes called the reference
frequency.

Continuous Time Approximation
This is where the discrete current pulses of the charge pump are modeled as a continuous current
with magnitude equal to the time-averaged value of the current pulses.

Control Voltage, Vtune (seeFigurel)
The voltage that controls the frequency output of aVCO.

Crystal Reference, Xtal (seeFigurel)
A stable and accurate frequency that is used for areference.

Damping Factor , z (see Figureb)
For a second order transient response, this determines the shape of the exponential envelope that
multiplies the frequency ringing.

Dead Zone

This is a property of the phase frequency detector caused by component delays. Since the
components making up the PFD have a non-zero delay time, this causes the phase detector to be
insensitive to very small phase errors.
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Dead Zone Elimination Circuitry

This circuitry can be added to the phase detector to avoid having it operating in the dead zone.
This usually works by causing the charge pump to always come on for some minimum amount
of time.

Fractional Modulus
The fractional denominator used for in the fractional word.

Fractional N PLL
A PLL inwhich the N divider value can be afraction.

Fractional Spur
Spurs that occur in a fractional N PLL at multiples of the comparison frequency divided by the
fractiona modulus that are caused by the PLL.

Frequency Jump, Fj (see Figureb)
When discussing the transient response of the PLL, this refers to the frequency difference
between the frequency the PLL isinitially at, and the final target frequency.

Frequency Synthesizer
Thisis a PLL that has a high frequency divider (N divider), which can be used to synthesize a
wide variety of signals.

Frequency Tolerance

In regards to calculating or measuring lock time, this is the frequency error that is acceptable. |If
the frequency error is less than the frequency tolerance, the PLL is said to be in lock. Typical
values for thisare 500 Hz or 1 KHz.

G(s)
This represents the loop filter impedance multiplied by the VCO gain and charge pump gain,
divided by s.

- Kvco

a(s) = Z(s)

Kvco
The gain of the VCO expressed in MHZ/V.

Kf
Thisisthe gain of the charge pump expressed in mA/(2p radians)

Locked PLL

A PLL such that the output frequency divided by N is equal to the comparison frequency within
acceptabl e tolerances.
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Lock Time (see Figureb)
The time it takes for a PLL to switch from an initial frequency to a fina frequency for a given
frequency jump to within a given tolerance.

L oop Bandwidth , wc (see Figures 2,3, and 4)
The frequency at which the magnitude of the open loop transfer function is equal to 1. wc is
intended to be the true loop bandwidth, while wp is an mathematical approximation to wc.

Loop Filter

A low pass filter that takes the output currents of the charge pump and turns them into a voltage,
used as the tuning voltage for the VCO. Z(s) is often used to represent the impedance of this
function. Although not perfectly accurate, some like to view the loop filter as an integrator.

Modulation Domain Analyzer (see Figureb)
A piece of RF equipment that displays the frequency vs. time of an input signal.

Modulation Index , b
This is in reference to a sinusoidally modulated RF signa. The formula is given below, where
F(t) stands for the frequency of the signal.

F(t)=const . +F,, - cos(w,, - t)

b:Fdev
w

m

Natural Frequency , wn (see Figureb)
For a second order transient response, this is the frequency of the ringing of the frequency
response.

Open Loop Transfer Function , G(s) (see Figure2)
The transfer function which is obtained by taking the product of the VCO Gain, Charge Pump
Gain (Thisincludes the Phase Detector Gain) and Loop Filter Impedance divided by N.

Kf - Kvco- Z(s)
G(s) = N s

Overshoot  (seeFigureb)
For the second order transient response, this is the amount that the target frequency is initially
exceeded before it finally settlesin to the proper frequency

Phase Detector (seeFigurel)
A device that produces an output signal that is proportional to the phase difference of its two
inputs.

Phase-Frequency Detector (seeFigurel)

Very similar to a phase detector, but it also produces an output signal that is proportional to the
frequency error as well.
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Phased L ocked Loop, PLL (seeFigurel)

A circuit that uses feedback control to produce an output frequency from a fixed crysta
reference frequency. Note that a PLL does not necessarily have an N divider. In the case that it
does, it isreferred to as afrequency synthesizer, which is the subject of this book.

Phase Margin, f
180 degrees minus phase of the open loop transfer function at the loop bandwidth. Loop filters
are typicaly designed for a phase margin between 30 and 70 degrees. Simulations show that
around 48 degrees yields the fastest lock time. The formulais given below:

f =180-BC(j-wc)

Phase Noise (seeFigure 4)

This is noise on the output phase of the PLL. Since phase and frequency are related, it is visible
on a spectrum analyzer. Within the loop bandwidth, the PLL is the dominant noise source. The
metric used is dBc/Hz (decibel relative to the carrier per Hz). Thisistypically normalized to a1
Hz bandwidth by subtracting 10* (Resolution Bandwidth) of the spectrum analyzer.

Phase Noise Floor
This is the phase noise minus 20elog(N). Note that this is generally not a constant because it
tends to be dominated by the charge pump, which gets noisier at higher comparison frequencies.

Prescaler
Frequency dividers included as part of the N divider used to divide the high frequency VCO
signal down to alower frequency.

N Divider (seeFigurel)
A divider that divides the high frequency (and phase) output by afactor of N.

R Divider (seeFigurel)
A divider that divides the crystal reference frequency (and phase) by afactor of R.

Reference Spurs
Undesired frequency spikes on the output of the PLL caused by leakage currents and mismatch
of the charge pump that FM modul ate the VCO tuning voltage.

Resolution Bandwidth , RBW

See definition for Spectrum Analyzer.

Sensitivity

Power limitations to the high frequency input of the PLL chip (from the VCO). At these limits,
the counters start miscounting the frequency and do not divide correctly.

Smith Chart
A chart that shows how the impedance of a device varies over frequency.
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Spectrum Analyzer, SA (see Figure 4)

A piece of RF equipment that displays the power vs. frequency for an input signal. This piece of
equipment works by taking a frequency ramp function and mixing it with the input frequency
signal. The output of the mixer is filtered with a bandpass filter, which has a bandwidth equal to
the resolution bandwidth. The narrower the bandwidth of this filter, the less noise that is let
through.

Spurious Attenuation (see Figure 3)
This refers to the degree to which the loop filter attenuates the reference spurs. This can be seen
in the closed loop transfer function.

Spur Gain, SG
This refers to the magnitude of the open loop transfer function evaluated at the comparison
frequency. This givesagood indication of how the reference spurs of two loop filters compare.

T31Ratio

This is the ratio of the poles of a third order loop filter. If thisratio is 0, then this is actualy a
second order filter. If thisratio is 1, then this turns out to be the value for this parameter that
yields the lowest reference spurs.

Temperature Compensated Crystal Oscillator, TCXO
A crystal that is temperature compensated for improved frequency accuracy

Tolerance, tol (see Figureb)
The acceptable frequency error to within which the PLL is considered |ocked.

Varactor Diode
Thisisadiodeinside aVCO that isreverse biased. Asthe tuning voltage to the VCO changes,
it varies the junction capacitance of this diode, which in turn varies the VCO voltage.

Voltage Controlled Oscillator, VCO (seeFigurel)
A device that produces an output frequency that is dependent on an input (Control) voltage.
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Abbreviation List

Loop Filter Parameters
C1,C2,C3,and C4

CL(s)
f

Fc
Fcomp
H
Fout
Fp

Fr
Fspur
G(s)

H

I ]

Kf
Kvco
N

PLL

R

R2, R3, and R4
S

T2
T1, T3, T4
T31
T41
tol
Vce
Vdo
VCO
Vpp
XTAL
Z(9)

Greek Symbols
b

f

fr

fp

w

wc

wn

z

Loop filter capacitor values
Closed loop PLL transfer function
Frequency of interest in Hz
Loop bandwidth in KHz
Comparison frequency
Frequency jump for lock time
V CO output frequency

VCO frequency divided by N
XTAL frequency divided by R
Spur Frequency

Loop filter transfer function
PLL feedback, whichis /N

The complex number +/- 1

Charge pump gain in mA/(2p radians)

VCO gainin MHz/V

The N counter Value

Phased Locked Loop

The R counter Value

Loop filter resistor values

Laplace transform variable = 2pefej

The zero in the loop filter transfer function

The polesin the loop filter transfer function
Theratio of the pole T3 to the pole T1

Theratio of the pole T4 to the pole T1

Frequency tolerance for lock time

The main power supply voltage

The output voltage of the PLL charge pump
Voltage Controlled Oscillator

The power supply voltage for the PLL charge pump
Crystal Reference or Crystal Reference Frequency
Loop filter impedance

The modulation index

The phase margin

The XTAL phase divided by R
The VCO phase divided by N

The frequency of interest in radians
The loop bandwidth in radians
Natural Frequency

Damping Factor
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24. Useful Websites and Online RF Tools

http: //mww.anadigics.convengineer s/Recelver .html
Online receiver chain analysis tool for calculation of gain, noise figure, third order
intercept point, and more.

http: //imww.emclab.umr.edu/pcbtlc/microstrip.html
This is an online microstrip impedance calculator that is useful in calculating the
impedance of a PCB trace. It isvery easy to use and aso can be used to calculate
the desired trace width in order to produce a desired impedance

http: //mww.geocities.com/szu_lan/
The author’ s personal website with both personal and professional information.

http://home.rodchester.rr.convlascari/lancepll.zip
Lance Lascari’s Mathcad PLL Analysis Software. This does require mathcad to
run, but has some excellent phase noise analysistoolsiniit.

http: //imww.rfcafe.com
RF Café has an online discussions, definitions, and RF Tools.

http://rf.rfglobal net.com/software_modeling/home.htm
RF Globanet has an online discusson forum and aso has a lot of free RF
simulation tools that can be downloaded.

http: //immww-sci.lib.uci.edu/HSG/RefCal cul ator s.html
Jm Martindale' s calculators for everything you can think of.

http: //mwww.treasur e-troves.com
The “Rolls Royce” of mathematics online reference site on the web. There is
also a corresponding book, which is excellent. Compiled by Eric Weisstein.

http://wireless.national.com
National Semiconductor’'s wireless portal site with EasyPLL program largely
based on this book. There is also a lot of other useful information and RF tools
there too.
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