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Overview

– Oscillators
• Crystal Oscillators
• High Frequency Oscillators
• Voltage Controlled Oscillators (VCO)
• Silicon Voltage Controlled Oscillators
• Oscillator Phase Noise

– Other PLL Building Blocks
• Counters
• Phase Detector/Charge Pump
• Loop Filter
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Reference Oscillator

KPD
1/R

1/N

• Typically a fixed frequency of operation =  fOSC
• Can come in many forms

• Crystal
• Crystal Oscillator (XO)
• Temperature Compensated Crystal Oscillator (TCXO)
• Oven Controlled Crystal Oscillator (OCXO)
• Output from another device
• Recovered clock
• DDS Signal

fOSC

Presenter
Presentation Notes
In order to generate a signal, a PLL requires a reference oscillator to provide a stable frequency  These various types of sources are:

Crystal
This is a crystal that resonates at a specific frequency.  However, it needs active circuitry to actually oscillate.

Crystal Oscillator (XO)
This is a crystal with the active circuitry (Inverter).  

Temperature Compensated Crystal Oscillator (TCXO)
This is a crystal oscillator that senses differences in temperature in order to keep finer frequency accuracy.  

Oven Controlled Crystal Oscillator (OCXO)
This a crystal oscillator that has the temperature controlled around it such that the temperature will not drift.  This has finer accuracy than a TCXO.

Output from Another Device
Some devices like the LMK03000 and LMK04000 can put out a clean clock.  

Recovered Clock
For example, SERDES applications take parallel data and put it in a serial stream to make it easier to send over long wires.  The clock is typically in the embedded data.

DDS Signal
Direct Digital Synthesis (DDS) can produce a signal.  The DDS signal can be programmed to different values.  When this approach is used, the frequency of the VCO is typically accomplished by changing the frequency of the DDS as opposed to the coutners.
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The Traditional Oscillator

• Output of Inverter is fed back to the input
• Frequency of oscillation is determined by delay of 

inverter

Presenter
Presentation Notes
The ring oscillator is perhaps the most basic type.  If one thinks of this as an inverter with the output connected to the input, then there can not be a constant steady state.  If the output is high, then the input is high, but that would make the input low.  If the input is low, the output is high, but then the input should be low.  So logically, this presents a contradiction.  It’s sort of like saying “This statement is False”.   
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The Traditional Oscillator

• Delay of τ can be added in feedback path to set the frequency
– f = 1/ τ

• A filter can also be added for a sine wave.  Note that it is impossible 
to filter without delay, so a filter and a delay are related.

τ

Presenter
Presentation Notes
In the real world, there always delays.  It could be due to the delay of the inverter, but is usually placed there intentionally.  This model makes a lot of sense in trying to understand crystal oscillators.  In this case, a crystal is a bandpass filter with very steep roll-off, but also does provide delay, since it is impossible to filter without delay.
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Typical Crystal Oscillator

Lm Cm

Cp

R

CL1 CL2

• Crystal
– Lm (Motional Inductance)
– Cm (Motional Capacitance)
– Cp (Parallel Capacitance )

Presenter
Presentation Notes
Cp is the Motional Capacitance
Cm is the Motional Capacitance
LM is the Motional Inductance

These components are theoretical models for the crystal that is put on the board.

Load capacitors, CL1 and CL2 are typically required and are specific to the crystal.  

In some situations, the gain of the inverter may be too much, and therefore cause spurs.  The resistor, R, can sometimes be used to reduce these spurs, but do so with caution, since if this value is too big, it can cause the circuit not to oscillate.
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VCO (Voltage Controlled Oscillator)

KPD
1/R

1/N

VCO

• The VCO (Voltage Controlled Oscillator)
– Converts voltage to frequency
– Generates frequencies over restricted frequency range
– Frequency drifts considerably over temperature, voltage and 

process
– Typically Much higher frequency than the reference oscillator

Presenter
Presentation Notes
The voltage controlled oscillator converts the frequency from the loop filter to a voltage.  The reason that the PLL does not simply directly drive this voltage, like using a DAC, is the frequency accuracy of the VCO is very poor.  However, because it is tunable, it can be locked to the reference and the output of the VCO has the same frequency accuracy in ppm has the reference oscillator has.
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VCO Frequency Tuning

VTune

fVCO

f V
C

O

VTune

= MHz/Volt

• VCO Figures of Merit
– Tuning Range
– Output Power
– Tuning Sensitivity (KVCO in MHz/Volt)
– Tuning Linearity (Want KVCO constant)
– Pushing (Frequency shift over supply voltage)
– Pulling   (Frequency shift over load)
– Harmonics (Undesired Multiples of intended frequency)
– Power Consumption
– Size
– Phase Noise

Presenter
Presentation Notes
VCO Terminology

Tuning Sensitivity, Modulation Sensitivity, or KVCO	
This is how much the output frequency changes for a given change in the voltage.

Tuning Linearity
Although design equations assume that the 	VCO gain is linear within some range, it typically has some nonlinear characteristics.
Usually, the tuning sensitivity is less at the higher tuning voltages.

Pulling
This is  a drift in the output frequency caused by loading the VCO.

Load Pushing	
A drift in the output frequency caused by changing the power supply voltage.  One way to express this is in MHz/volt.  It also gives an indication of how vulnerable the VCO is to power supply noise. 

Other comments
The VCO contributes noise to the system.  This is mostly outside the loop bandwidth.
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Understanding How VCOs Work

• Crystals and VCOs are Not the Same
– Crystals are typically limited to lower frequencies (<100 

MHz)
– Crystals typically have a frequency range that is too narrow 

for most applications
• Hard to Relate VCO Circuits to Crystal Circuits

– Higher frequency oscillators like VCOs often contain 
transistors and MOS devices that deal with currents, not 
voltages

– Trying to relate a VCO schematic to this traditional 
oscillator model takes a lot of imagination.
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A Better Way to Think of a VCO

• Neglecting the Impacts of Friction, the pendulum 
conserves energy.  It just converts it between potential and 
kinetic energy

• In the real world, there is friction, so a small stimulus 
needs to be applied to keep the circuit going.
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The Tank Circuit

• Tank circuit can be viewed as an electronic spring.  
– When voltage across the capacitor is maximum, current in the 

inductor is minimum, and vise versa
• Assuming no parasitic resistances, circuit would go on forever, but 

wouldn’t that be nice?

CL
f

⋅π
=

2
1

g
L

π=τ 2

Presenter
Presentation Notes
For the resonant Circuit:
f is the frequency
L is the inductance of the inductor
C is the capacitance of the tank circuit

For the pendulum:
Tau is the period of the pendulum
L is the length of the pendulum
g is the acceleration due to gravity, 9.8 m/s^2

The pendulum can be compared to the resonant circuit.  For the pendulum, consider the pendulum of a cuckoo clock.  The length of this pendulum allows the period to be constant and this is used to keep constant time.  The problem is that circuitry is necessary to keep it going.  But in the process of keeping it going, you do not want to change the period of this signal.

In an analogous way, a stimulus is needed for the LC circuit as well.
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The Real World Inductor

• Q is the quality factor, measured at the frequency 
of interest

• Parasitic resistances, such as the one in the 
inductor cause the circuit to eventually stop 
oscillating.

• Just as with the pendulum, it is necessary to 
provide some stimulus to keep the circuit going.
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Now Add the Stimulus

• Amplified signal from emitter is lightly coupled into 
the circuit to sustain oscillation

• Above Circuit is Colpitts Oscillator

C2

C1L

Vcc

RF Choke

R
3

R
2

R
1

C2

C1L

Presenter
Presentation Notes
Think about when the inductor current is maximum.  The voltage across the capacitors is minimum.  Some of this current goes into the transistor and is amplified, and this increases the voltage across C1, thus increasing the voltage at the top of the inductor.  In this way oscillation is maintained.  If C1 is too large, the circuit might oscillate, but the active device will add excessive phase noise.  If C1 is too small, then the circuit may not be strong enough to maintain the oscillation.
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Typical Clapp (Clapp-Gouriet) Oscillator

• Very similar to the Colpitts oscillator, except   ..
– Series capacitance C3 (Often adjustable), is typically added
– This is better than Colpitts with a variable capacitor 

because changing the C3 capacitance does not change the 
feedback at C1 and C2.

R
3

R
2

R
1

Presenter
Presentation Notes
The Clapp oscillator puts the capacitor by the inductor.  Because this capacitor is variable, we want the resonant frequency of the circuit to change, but do not want to tinker with the delicate feedback set up with C1 and C2.
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The Varactor Diode

• To implement the variable capacitance for the VCO, a varactor 
diode is often used. As more voltage is applied to the diode, the 
capacitance decreases

• 15-20 pF of capacitance is typical

V

( )
V
voltsCVC Varactor

Varactor +
=

φ
0)(
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Complete VCO Circuit

Vtune

Ctune

C2

C1

C3

L

Vcc

C4R5

• Varactor Diode Capacitance Adds to C3
– Larger C3 => better Phase Noise, but less tuning range

• Resistor R5 isolates Tuning voltage from Loop Filter

Presenter
Presentation Notes
This is the oscillator circuit used in some of Nationals old PLL evaluation boards.
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Overview

– Oscillators
• Crystal Oscillators
• High Frequency Oscillators
• Voltage Controlled Oscillators (VCO)
• Silicon Voltage Controlled Oscillators
• Oscillator Phase Noise

– Other PLL Building Blocks
• Counters
• Phase Detector/Charge Pump
• Loop Filter



18

Integrating VCOs on Silicon

• Inductance is Typically Formed by Bond Wires
– VCO frequencies tend to be higher due to low inductances
– Can also do small inductors on silicon, but they are small
– Can allow external inductors to be added for lower frequencies
– Often easier to generate a higher frequency and divide it down

• Capacitance is Formed by an Internal Bank of Capacitors
– Frequency calibration is typically necessary

Kφ
1/R

1/N

Presenter
Presentation Notes
With integrating VCOs on silicon, there comes the question of where the resonant elements come from.  The capacitors can be formed by a bank of on-chip capacitors that can be switched in and out to make different frequency bands.
For the inductor, there are multiple approaches.  One approach is to integrate the inductors on the silicon itself.  This could be a spiral inductor, but the inductance typically is not that large.  Another approach involves using bond wires in order to form the inductance.  Bond wires typically have inductances in the nH range and these frequencies tend to be higher.  Also, it is possible to allow the user to attach an extrenal inductor to get lower frequnecy.  The inductance of the added inductor adds to the bondwire inductance.
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Bank of Switched Capacitors

• Capacitors can be switched in and out to create multiple bands
– The best phase noise and lowest tuning gain is often at the lowest frequency 

with all the capacitors switched in
• Logic is necessary to switch capacitors in and out to find the correct 

combination
– On resistance of the switches is one source of phase noise

CFixed

C 2C 4C

L

Presenter
Presentation Notes
In order to increase the tuning range, it is common practice to use a bank of capacitors on the die itself.  This allows the VCO tuning range to be broken into several different bands that therefore allow the tuning range of the VCO to be increased without sacrificing phase noise.  A fixed capacitance is often also included.  One consideration is that even if the capacitors are switched in, there is the on resistance of the switch to consider.  Also, for silicon VCOs, it is typical that gain of the VCO is lower at one end than the other due to the fact that the tuning gain of the VCO can change based on the amount of capacitance that is switchedin.
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Silicon VCO Tuning Range

• VCO Range Divided into 
many bands

• These bands cover the 
whole frequency range 
and need

• Bands need to overlap to 
account for temperature 
drift

• Correct band is selected 
when frequency is 
changed

• This technique allows 
wider tuning range without 
sacrificing phase noise

Frequency

Silicon VCO

Frequency

Traditional VCO

Presenter
Presentation Notes
The above slide shows that when the VCO tuning range is divided into several different bands, there is no longer a 1-1 relationship between the tuning voltage and the frequency.  This is why it is necessary to have a frequency calibration.
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Things to Watch for with Silicon VCOs

• Temperature Drift
– If temperature changes without the VCO doing it’s 

frequency calibration, tuning voltage drifts towards a rail
– Typically bands overlap to accommodate for this
– National has a proprietary method to deal with this issue

• Calibration Time
– Faster for higher OSCin frequencies
– Improves lock time if bandwidth is narrow or if there are 

large cycle slipping issues
– Hurts lock time if loop filter is fast (i.e. <400 us)

Presenter
Presentation Notes
Temperature Drift
One thing to consider is when the VCO is locked to a frequency and then the temperature drifts.  In order to maintain the same frequency on the VCO, the tuning voltage needs to also drift.  Care needs to be taken to ensure that the tuning voltage does not drift to close or into the rail.  National takes great care to ensure that this is not a problem.  

Calibration Time
The VCO needs switch the capacitors in order to search through the bands to find the right one.  This process takes time and is based on the frequency of the reference oscillator (OSCin).  For this reason, the calibration time is faster for higher OSCin frequencies.  

This frequency calibration time can be a help or hinderance, based on the lock time of the filter.  If the loop banwidth is very wide and the lock time (disregarding the VCO calibration time) is on the order of 400 us or less, it is likely that this frequency calibration could increase the lock time.

However, if the lock time (disregarding VCO calbration time) is 1 ms or more, then this frequency calibration can actually improve the lock time.  Also, this VCO frequency calibration is very helpful if cycle slipping is an issue.  For instance, if the phase detector frequency is high, say 100 MHz, and the loop bandwidth is relatively low relative to this , say 10 kHz, then this VCO frequency calibration time will definitely help speed up the lock time.
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LMX2531 VCO Phase Noise Optimization

Phase Noise vs Mystery Parameter at 10 kHz Offset
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Fout = 2120 MHz Fout = 2210 MHz Fout = 2290 MHz

Presenter
Presentation Notes
In addition to the frequency calibration, the LMX2531 also runs some an internal calibration to optimize some internal amplitudes.  In the above graph, we can see that the optimal setting is a function of frequency.  It is also true that this can vary from part to part, over voltage, and temperature.  

The LMX2531 automatically runs this phase calibration whenever the frequency is changed.  This dynamically finds the lowest operating point in the curve.  On a discrete VCO, there is a lot of tweaking to optimize phase noise and even if one setting is found, then it could turn out that the optimal component values could be different for a different voltage or temperature.  Only the silicon VCO has this capability for the dynamic optimization of phase noise.
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Traditional vs. Silicon VCOs

• Traditional VCO Advantages
– Potentially better performance (tuning range and/or phase 

noise) if there is a large tuning voltage supplied
– Can be customized to frequency

• Silicon VCO Advantages
– Lower Cost
– Smaller Size
– Higher Reliability
– VCO to PLL mismatch issues eliminated
– Wider tuning range for a given supply voltage
– Extra bells and whistles

• Programmable Output Power
• Switchable Dividers

Presenter
Presentation Notes
There are trade-offs involved in the use of siilicon VCOs vs. conventional VCOs.
Traditional VCO Advantages
For some applications, the traditional VCO may be necessary.  For instance, if the tuning range is very wide and a large voltage supply is available, 
Then it might make the most sense to use an active filter with a very broadband VCO.  If the tuning range more narrow, then it may be possible to make a more narrow tuning range in order to get better phase noise for the VCO.  However, although silicon VCOs do tend to have a wider tuning range, their phase noise is not sacrificed much for this because a bank of capacitors is switched in such that the tuning range can be broken into many different frequency bands.
Also, in some applications where the PLL is intended to tune very fast, (i.e. 100 us), then the digital calibration time of the VCO can slow this down.
However, in other applications where there could be issues with cycle slipping, as is the case with a fractional PLL, the VCO digital frequency calibration can actually improve the lock time.

Silicon VCO Advantages
The silicon VCO is smaller and often less expensive.  Also, many issues with the traditional PLL come with matching issues between the VCO and the high freuqency input pin of the PLL.   Also, it has these advantages shown on this slide.
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Overview

– Oscillators
• Crystal Oscillators
• High Frequency Oscillators
• Voltage Controlled Oscillators (VCO)
• Silicon Voltage Controlled Oscillators
• Oscillator Phase Noise

– Other PLL Building Blocks
• Counters
• Phase Detector/Charge Pump
• Loop Filter
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Classical Oscillator Phase Noise Model
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Lesson’s Equation

• Lesson’s Equation

• Parameters
– N3, N2, N0 are constants to be discussed later
– fdefault is the a default frequency where these constants are 

defined, and is constant
– f is the offset frequency
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Presenter
Presentation Notes
Lesson’s equation models the phase noise of an oscillator.  In general, there are three regions.  In the 1/f^3 region, the phase noise goes down 30 dB/decade.  The phase noise goes down 20 dB/decade in the 1/f^2 region and is flat in the flat region.

For these 3 regions, the terms N3, N2, and N0 are defined and in the next few slides will be discussed.
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1/f3 Region

• Noise Coefficient

• Phase noise goes down by 30 dB/decade in this 
region

• Phase Noise is caused by the flicker noise of the 
transistor

• QL is the loaded Q of the inductor, and is the most 
important term and the one with the greatest 
influence

32
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Presenter
Presentation Notes
In the 1/f^3 region that dominates at offsets that are closest to the carrier, we see several factors:
F = Noise Factor
K = Boltzman’s Constant
T = Temperature in Kelvin
P = Power
QL = Quality facor of the inductor
Fvco is the frequency of the VCO
F1/f^2  = is a constant or the  1/f^3 noise
Fdefault = a default frequency.  Basically you define this to be something like 10 kHz, so you can figure out what f1/f^3 is.
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1/f2 Region

• N2 Noise Coefficient

• Phase Noise goes down by 20 db/decade in this 
region

• Rvar is the noise resistance of the varactor diode.  
Note that for a larger VCO gain, Kvco, this noise is 
multiplied. 
– Putting multiple varactor diodes in parallel helps reduce 

this noise.
• Loaded QL is also important

2

2
var
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Presenter
Presentation Notes
In this region we see where the notion of increasing the VCO gain degrades the phase noise.  Rvar is the varactor diode resistance.  Sometimes, techniques such as puttling many diodes in parallel can be done to reduce this.  Note that one of the terms is proportional to the VCO frequency swared, but this one with the Kvco is not.  Maybe this is a possible explanation why taking a signal generator to a higher frequency and dividing t down produces better phase noise than simply creating the signal directly.
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Flat Region

• Noise Coefficient

• Terms here
– F is the noise figure
– T is the temperature in Kelvin
– k is Boltzmann’s constant
– P is the output power

• Output buffer dominates here.  High output power is good for 
phase noise because of the thermal noise floor

• Theoretically, the best VCO phase noise is at cold temperature 
and worse at hot temperature in all three regions

P
TkFFloorNoiseVCON ••

==0

Presenter
Presentation Notes
In this region, Power is definitely important, but remember that if the power is increased to much, then the noise factor, F, might get degraded.
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Overview

– Oscillators
• Crystal Oscillators
• High Frequency Oscillators
• Voltage Controlled Oscillators (VCO)
• Silicon Voltage Controlled Oscillators
• Oscillator Phase Noise

– Other PLL Building Blocks
• Counters
• Phase Detector/Charge Pump
• Loop Filter
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Basic PLL Operation

Kφ
1/R

1/N

fVCOfOSC

fOSC / R = fPD = fN = fVCO / N

fVCO = fOSC (N/R)

fN

fPD

Presenter
Presentation Notes
The reference oscillator frequency, fOSC, is divided down by the R counter to create the comparison frequency, fR.  The VCO frequency, fVCO, is divided by the N counter to create the frequency fN.  This is compared to the comparison frequency.  The phase detector and charge pump output a current that is a correction signal related to the phase error between these two signals.  The loop filter integrates these changes and produces a tuning voltage to steer the VCO.

The reason why one simply can not drive the VCO directly is that the VCO frequency accuracy is very poor, and drifts over temperature and voltage.  This is the reason for the negative feedback.
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Reference Oscillator and R Counter

Kφ
1/R

1/N

• Phase Detector Frequency 
– Fixed frequency of operation = fPD
– Equal to the channel spacing for an integer PLL

• R Counter Value
– R = fOSC / fPD

fPD

fOSC

Presenter
Presentation Notes
The R divider divides the fOSC frequency to the phase detector frequency fPD.  This allows the OSCin frequency to be much higher.
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N Counter

Kφ
1/R

1/N

• N Counter Value
– N = fVCO /fN = fVCO /fPD

• Because the input to this counter can be high frequency, 
prescalers are typically inside this counter

fVCO

fN

fPD
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Dual Modulus Prescalers

Kφ
1/R

1/P
1- Pulse 
Swallow 
Circuit

A Counter B Counter

• VCO Frequency is divided by prescaler
– Only the Prescaler has high frequency requirements

• After the prescaler and the 1-pulse swallow circuit, each cycle 
decreases the A counter by 1 cycle
– This takes a (P+1) cycles
– B Counter is also decreased with the A counter

Presenter
Presentation Notes
Because the VCO can be higher frequency, it is desirable to put a prescaler to bring it to a lower frequency.  The prescaler is on the faster process nad also consumes a lot more current.  But the rest of the N counter has a lower frequency process and therefore saves current.  
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Dual Modulus Prescalers

Kφ
1/R

1/PBypassed

A = 0 B = b - a

• After the A counter reaches zero ..
– Pulse Swallow circuitry is disabled
– B counter counts down to zero
– This takes  (b-a)lP cycles

• Total N Count
– N = a (P+1) + (b-a) P = P B+A
– b>=a is a consequence of this architecture
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1/R

Crystal

Kφ Loop
Filter

1/P

A Counter

VCO

Quadruple Modulus Prescaler

1/(P+1)

1/(P+4)

1/(P+5)

B Counter
C Counter

Advantage Allows lower divide ratios.

N = P C + 4 B + A

Presenter
Presentation Notes
Quadruple Modulus Prescaler Operation
The quadruple modulus prescaler works by having four possible values to use as a prescaler, although only three are used for any given N value. 

Solving for C, B, and A
A greatly simplifying assumption is that P is a multiple of 4.  Practically, this turns out to be true just about all the time.  Assuming this, we get:
C = N div P
A = N mod 4
B = (N – P*C)/4

Note that C>=max{A,B} for proper operation
Note that A<4 and B<P/4 are restrictions for A and B as well.
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Overview

– Oscillators
• Crystal Oscillators
• High Frequency Oscillators
• Voltage Controlled Oscillators (VCO)
• Silicon Voltage Controlled Oscillators
• Oscillator Phase Noise

– Other PLL Building Blocks
• Counters
• Phase Detector/Charge Pump
• Loop Filter
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Phase Frequency Detector/Charge Pump

Kφ
1/R

1/N

• Phase Frequency Detector (PFD)
–Detects Frequency Error Between N and R Counter

• Charge Pump
–Converts this frequency Error to a Correction Current

• Usually, the PFD and Charge Pump are Integrated 
Together
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Phase Frequency Detector/Charge Pump

• Detects differences in input signals
– Detects phase error between 2 input signals
– Detects frequency error between 2 input signals

• Outputs a voltage to the charge pump
– The average value of this voltage is proportional to the 

phase/frequency error.  
– Along with the rest of the system, ensures the 2 input 

signals are the same frequency and phase

r

n

Charge
Pump Tri-State

+K

-K

Presenter
Presentation Notes
The phase - frequency detector is integrated with the charge pump.  On some PLLs, the outputs fr and fp are given so that an external charge pump can be used.
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• Charge Pump/Phase-Frequency Detector 
– Sources Current if output frequency/phase is too low
– Sinks Current if output frequency/phase is too high
– High Impedance (tri-state)if output frequency/phase is correct (within 

tolerances) 
• Spurs Can Originate from the Charge Pump

– Want source and sink currents closely equal
– Want tri-state to be very low leakage current

Phase Frequency Detector/Charge Pump

Period = 1/FPD

Tri- State
(High Impedance)

Sourcing 
Current

Sinking Current

Presenter
Presentation Notes
	In the PLL, the comparison frequency is compared with the frequency obtained by dividing Fout/N, often denoted fp.  If these 2 frequencies are the same, then the PLL is considered to be in lock and theoretically, the output of the charge pump should be 0 ( high impedance state ).  In practice there are alternating positive and negative pulses of current with a period equal to the reference period, and these pulses are about 20-50 nS wide.
	When out of   lock,  either positive or negative pulses are given to adjust the voltage on the loop filter, which adjusts the output frequency.  For instance, when the output frequency is too low, there are positive pulses pulses of current, the width of these pulses increases with the amount that the PLL is out of lock, which increase the VCO voltage, which increase the output frequency.
	Theoretically, the charge pump should sink and source the same amount of current, but in practice, there will always be some degree of mismatch.  This mismatch  can cause reference spurs and effect lock time, and is undesirable.
	National specifies a typical and maximum mismatch  in the databook.  The charge pump current can also vary with the voltage on the loop filter, and over temperature.
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Charge Pump Current
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Presenter
Presentation Notes
The charge pump has 3 states:
1.	Sink Current
2.	Source Current
3.	Tri-state ( High Impedance )

This slide shows that the amount of current sunk and sourced changes with the supply voltage and with the charge pump voltage ( which is equal to the tuning voltage to the VCO).  Inferences about charge pump mismatch and  variation can be made from this slide.  Typically, the charge pump is not operated “ Near the Rails”, since the graph looks very nonlinear in this region.  Note that these curves are inverted.  The reason for the inversion is the way that National tests charge pump currents.

Charge Pump Mismatch
Charge pump mismatch is a measure of how well the sink and the source currents are matched.  0% mismatch is theoretically the most desirable, but sometimes a slight positive mismatch is desirable because the turn on time of the source transistor is slower than the turn on time of the sink transistor.

Charge Pump Balance
Balance describes how constant the charge pump currents over the charge pump voltage.  A perfectly balanced charge pump would put out the exact same amount of current regardless of the charge pump voltage.

Charge Pump Leakage
Actually, the graph on this slide has nothing to do with charge pump leakage, although this is also an important parameter.  In the locked state, the charge pump is off for most of the time.  When the charge pump is off, the current should be 0 mA, but in fact there is a very slight current (usually in the nA range) when the charge pump current is off.
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Loop Filter
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• The loop filter is a low pass filter
– Accumulates correction currents from the Charge pump 

into a voltage
• The loop filter has a dramatic effect on performance

– Determines the loop bandwidth
– Impacts switching speed
– Impacts spurs
– Can impact phase noise
– Many Design trade-offs involved
– National has tools for this
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