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Overview

• General PLL Performance Concepts
– PLL Loop Theory
– Lock Time
– Spurs
– Phase Noise

• Fractional PLL Performance Concepts
– Generation of Fractional N Value
– Fractional N Phase Noise
– Fractional N Spurs



Derivation of Noise Transfer Functions

• G = Kφ (Kvco/s) Z(s)
– Kφ

 

=   Charge Pump Gain
– Kvco          =   VCO Gain
– Z(s) =    Transfer function of the loop filter
– Note that G is a DECREASING function in s = j ω

• H = 1/N
– Note that H is a CONSTANT with respect to s = j ω

• Transfer functions apply to both phase and frequency

Σ G

H

-
+φIN φOUT

Presenter
Presentation Notes
Derivation of Transfer Functions
The way to convert the standard PLL diagram into this diagram is to understand that the phase detector is simply taking the difference of two phases.  This is where the summer comes from.  Because of this, the noise sources are viewed as noise on the phase of the signal or “Phase Noise”.  Once the diagram is drawn, this represents a classical control loop from control theory.
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Analysis of Transfer Functions

BW

20 x log(N)

Frequency

Presenter
Presentation Notes
The loop bandwidth, BW, is the point where the open loop transfer function is equal to N.  The 20*log converts from power to voltage.
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Closed Loop Gain
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• Spur Gain Applies more to Integer PLL Phase 
Noise and Spurs

• Roll-Off Applies more to fractional PLL Phase 
Noise and Spurs

Presenter
Presentation Notes
Spur Gain
The prediction of actual spur levels is possible, but beyond the scope of this presentation.  They have many causes such as comparison frequency and PLL used.  Regardless of the causes of the spur, spur gain gives a relative idea of how the spur levels of one loop filter compare to another.  For instance, if one has a PLL design and only changes the loop filter such that the spur gain is 3 dB less, then one would expect that the spurs would be 3 dB less also.  So even if it was not possible to know the specific spur level, it is still possible to know the relative impact of the loop filter on the spur levels.
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• Indicates the time it takes from an initial to 
within a tolerance of a final frequency.

– Depends mainly on Loop Bandwidth
– Depends on size of frequency switch

Lock Time

Presenter
Presentation Notes
Lock Time (Switching)
This is defined as the time that it takes for the PLL to change from one frequency to another for a given frequency step size to within a given tolerance.  Eg.  500 uS  to within 500 Hz for a frequency jump of 50 MHz ( Changing from 865 to 915 MHz for example )

Visible Features from this Graph
peak value	The largest (frequency) value attained.
rise time	The time it takes to reach the peak value.
Overshoot	The amount that the final target frequency is exceeded.
Frequency Jump (J)	(final frequency) - (initial frequency)
Natural frequency (wn) 	This is the frequency of the “ringing”
damping factor (z) 	The ringing is multiplied by a frequency 			envelope of exp(z*wn*t)
charge pump corrections	Note the jagged corrections of the charge pump 		right before the frequency reaches it’s peak			value.
Predicting Lock Time
1.  Rough rule of thumb:	         3/(loop bandwidth)
2.  Most Accurate Method:	Use National’s simulation tools on the web
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The Impact of Cycle Slipping
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Presenter
Presentation Notes
For this example, the simulation was done by switching the frequency from 890 to 915 MHz.  The comparison frequency was varied, but the loop filter was re-designed in each case to keep the loop bandwidth at a constant value of 2 kHz.  The analog model is done using poles and zeros and approximates the charge pump output as a continuous analog signal.  For the 200 KHz comparison frequency case, the sampling ratio is 100, and there are some slight differences between this lock time and the analog lock time.  For the Fcomp=1MHz case, the  sampling ratio is 500, and the lock time looks much more degraded.  For the Fcomp=2MHz case, the lock time is further degraded.
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The Anatomy of a Cycle Slip

• Cycle slip is caused when the phase detector is 
off by 1 cycle

• Voltage is produced across loop filter resistor 
R2, which causes the glitch

Presenter
Presentation Notes
Cause of a Cycle Slip
The diagram on this slide shows a single cycle slip and what is happening at the charge pump when this happens.  Before the cycle slip occurs, the charge pump is sourcing current most of the time.  However, as the duty cycle approaches 100%, an extra cycle gets in there and makes the duty cycle start back at 0%.  This abrupt change in the duty cycle of the charge pump causes the cycle slip.

What Causes the Frequency to Have a Negative Glitch if the Charge Pump Never Sinks Current?
Before the cycle slip occurs, the charge pump is sourcing current most of the time.  This produces a positive voltage across the resistor R2.  When this sourcing current is removed, the tuning voltage to the VCO drops because the voltage across the resistor R2 is now zero.  There is a capacitor, C1, in the loop filter that helps to reduce the effect of the cycle slip.  If it were not for this shunt capacitor, C1, the effect of the cycle slip would be much more severe.
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Impact of fPD /BW Ratio on Cycle Slipping
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• Discrete sampling action of phase detector impacts lock time
• fPD /BW 

– Ratio of phase detector frequency to  loop bandwidth
– As the ratio gets smaller, instability increases
– As the ratio gets larger, cycle slipping increases 

Presenter
Presentation Notes
Lock Time Discrete Sampling Effects
The charge pump output is discrete current pulses.  Normally, it is adequate to model this as an analog current with a magnitude equal to the time-averaged value of these pulses.  This is called the continuous time approximation.  However, if the comparison frequency is not at least 5X the loop bandwidth, these discrete sampling effects of the phase detector/charge pump are so severe that the PLL will probably not lock.  If the comparison frequency is between 5X and 10X the loop bandwidth, the PLL should lock, but the lock time may be slightly increased from what would be predicted from an analog model approximating the charge pump current with an analog signal.   Also, the closed loop transfer function may be a little distorted.  One effect that often happens in this range is called “cusping”, where the noise near the reference spurs is attenuated more.  If the comparison frequency is between 10X and 50X, then the discrete sampling effects of the phase detector can most likely be ignored.  If the comparison frequency is between 10X and 50X of the loop bandwidth, then a cycle slip or two may be visible and could slightly degrade lock time.  If the comparison frequency exceeds 400X of the lock time, then cycle slipping will most likely be severe and lock time will be greatly increased.
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LMX2485 Cycle Slip Reduction Technique

No Cycle Slip Reduction
• Peak Time = 561 uS
• Lock Time = 834 uS

With Cycle Slip Reduction
• Peak Time = 151 uS
• Lock Time =  486 uS

Presenter
Presentation Notes
Cycle Slip Reduction
These plots were taken with the LMX2470 with a 10 kHz loop bandwidth and a 10 MHz comparison frequency.  This gives a ratio of comparison frequency to loop bandwidth of 1000.  Without cycle slip reduction, the peak time is 561 uS and the lock time is 834 uS.  With cycle slip reduction, the peak time is 151 uS and the lock time is 486 uS.  Note that cycle slip reduction improves the lock time by about 400 uS, and that the peak time is also improved by about 400 uS.  So the main benefit of cycle slip reduction is to decrease the peak time when it is severely degraded by cycle slipping.  The way that the cycle slip reduction circuitry works in the LMX2470 is that it increases the charge pump current and decreases the comparison frequency by the same factor during frequency acquisition.  The loop bandwidth remains the same, but cycle slipping is greatly reduced.
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LMX2531/LMX2541 VCO Tuning Algorithm 
Reduces Cycle Slipping

• Calibration gets VCO Close (5-30 MHz) to final frequency
• Cycle Slipping is dependent on the side of the frequency change

Presenter
Presentation Notes
Note the way that this works.  It appears that the VCO goes to the middle of its tuning range. Then it checks to see if it is too or too high in frequency.  In this case, it is too low in frequency, so then it goes ¾ of the way to the top.  Now this is too high, so then it goes 5/8 of the way.  This is a divide and conquer algorithm.

Note that after this is done, a second calibration is run to optimize the phase noise.  This is why there is a smaller bump there.
This frequency calibration has been made really slow by slowing down the OSCin frequency such that it could be measured and observed on the HP5310A  Modulation domain analyzer.
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• Undesired Spurious outputs that appear at a spacing of FPD from 
the carrier

• VCO Tuning Voltage has small AC component
– Caused by leakage of the charge pump
– Caused by mismatched currents of the charge pump
– Smaller for narrower loop bandwidths
– Smaller for larger comparison frequencies due to more filtering

• This AC Voltage causes frequency spurs
• By making the Comparison Frequency Larger, thus making N 

smaller, these spurs are filtered out more

Reference Spurs

Presenter
Presentation Notes
Effect of Charge Pump leakage on reference spurs
In the locked condition, the charge pump is off for the majority of the time.  In the off state, any current that leaks through the charge pump causes spurs. When the charge pump is off, leakage causes the VCO tuning voltage to drop.  This can cause an undesired AC signal on the tuning line.

Effect of Charge Pump Mismatch on reference spurs
In the locked state, there are also fast alternating current pulses in the order of 25 nS.  The width of these current pulses are larger for lower charge pump currents and higher charge pump mismatches.  The width of this correction pulse is directly related to causing an undesired AC signal on the VCO tuning line.  

Why the undesired AC signal on the Tuning Line causes spurs
Since the output frequency is linearly related to the tuning line, the output can be viewed as an FM modulated signal with a modulation index of:
b  =  (Magnitude of Frequency Variation)/(Comparison Frequency)
According to general FM theory, this produces a series of harmonics of the comparison frequency.  The nth spur is given by Jn(b), where Jn(x) is the nth order Bessel function.  Note for small x, J0(x) = x.



Reference Spur Example

fPD

Presenter
Presentation Notes
Reference Spurs
This is a spectrum analyzer plot showing reference spurs. This is a plot of power vs. frequency. Reference spurs occur away from the carrier at a frequency deviation equal to the comparison frequency.  They  can be caused by charge pump mismatch and tri-state leakage.   Reference spurs that are too large can   interfere with other channels and cause other problems and are usually kept below some desired level.

Other Spurs
Note that there can be other types of spurs in addition to reference spurs.  Common causes of these spurs are bad decoupling and bad layout.
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PLL Noise Sources

• VCO Noise is high pass filtered
• All other noise sources are multiplied by N and low 

pass filtered
• Charge Pump Noise and VCO Noise tend to dominate

1/R Kφ Loop
Filter

1/N

Divider 
Noise

TCXO 
Noise

VCO Noise

Charge Pump 
Noise

Presenter
Presentation Notes
Phase Noise Sources
Active devices in the VCO, Crystal, Counters, and charge pump all produce noise.  This noise is shaped by the closed loop response of the system.  More complete derivations for these transfer functions for the noise are done later, but it this diagram does imply that the noise from the crystal, dividers, and charge pump are all multiplied by the N counter value, provided that the frequency is sufficiently low.	The low pass filtering effect comes from the loop filter, which is a low pass filter.  The transfer function for the VCO is different from the others and is high pass. 
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Noise Transfer Functions
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Noise Transfer Functions

VCO Reference Osc

R counter & N counter Phase Detector

(N/R)2

N2 (N/Kφ)2

Presenter
Presentation Notes
For the Phase Detector, note the factor of Kphi^2.  This means that if I double the charge pump current, I theoretically get a 6 dB improvement.  in actuality, if the charge pump gain is increased, then so is it’s noise.  So there is a benefit, but not the  6 dB.  Practically, there is a point where increasing the charge pump current only provides a minimal benefit in phase noise.  If we define this as KphiKnee, then it can be said that increasing the charge pump gain from KphiKnee to infinity gives a 3 dB benefit.  For some parts, like the LMX2531, this KphiKnee number (2000 uA) is greater than the maximum programmable value (1600 uA), so there is always a benefit to increasing the Kphi.  However, for the LMX2541, this KphiKnee number is 400 uA, and the charge pump goes up to 3200 uA.  So there is certainly a benefit with this part of increasing the charge pump current from 100 uA to 200 uA, but not really so much benefit ncreasing the charge pump gain from 1600 uA to 3200 uA.

For the Reference oscillator, note the factor of 1/R^2, implying a big R value.  The only thing with this is if the same OSCin signal is used, this noise might be better, but then N is multipled up, and it is a net 0 gain, and also the spurs are worse.  But if the OSCin frequency is increased and divided down to the same phase detetor frequency then often there is an improvement.  With signal generators it seems doublin the frequeny
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1 Hz Normalized Phase Noise

• Good way to characterize the phase noise of a PLL
• Assumes Charge Pump Noise is Dominant
• Number is deceptive for fractional N parts because it does not 

take into account the phase noise advantage of having a 
lower N counter.

• PN1Hz = PN – 20 log(N) – 10 log(fPD)
– N         =   N Counter Value
– fPD =  Phase Detector frequency in Hz
– PN       =  Phase Noise

• This number is part specific.
– LMK03001C = -224 dBc/Hz
– LMX2485   = -212 dBc/Hz
– LMX2470/LMX2531= -212 dBc/Hz
– LMX2541 = -225.4 dBc/Hz

Presenter
Presentation Notes
1 Hz Normalized Phase Noise
The 1 Hz normalized phase noise provides a convenient way to deal with phase noise due to a PLL.  It can be used to both predict phase noise, and compare two different PLLs for phase noise under different conditions.  Note that it assumes that the VCO noise does not dominate, and is used mostly to predict noise within the loop bandwidth.  Below are some examples of how to apply this concept to different situations.

Phase Noise Prediction
Problem:   Predict the phase noise for the LMX2330 operating at 900 MHz output frequency and 200 kHz comparison frequency.
Solution:   The 1 Hz normalized phase noise for this part is –211 dBc/Hz.  The N counter is 900MHz/200kHz = 4500.  The equation therefore yields:
-211 dBc/Hz = PN – 20*log(4500) – 10*log(200000)
PN = -84.9 dBc/Hz

Comparing the 1 Hz Normalized Phase Noise Number
Problem:	Suppose one upgrades from the LMX2325 to the LMX2347.  What is the expected improvement in in-band phase noise?
Solution:     PN1Hz for the LMX2325 is –205 dBc/Hz, PN1Hz for the LMX2347 is –218 dBc/Hz.  Because this number is 13 dB lower, the expected improvement is 13 dB.

Extracting and Comparing the 1 Hz Normalized Phase Noise Number
Problem:  Suppose PLL A and PLL B are competitor PLLs and the only phase noise information available is from the datasheet.  Based only on the information below, which one has better phase noise performance?
 PLL  A
Output Frequency:             2.5 GHz
Comparison Frequency:        1 MHz
Close-In Phase Noise:       - 80 dBc/Hz

PLL B
Output Frequency:          1850 MHz
Comparison Frequency:    200 kHz
Phase Noise:                    -79 dBc/Hz.

Solution:	PN1Hz for PLL A is –80 dBc/Hz – 20*log(2500/1)  – 10*log(1000000) = -208 dBc/Hz
                  PN1Hz for PLL B is –79 dBc/Hz  - 20*log(1850/.2) – 10*log(200000)   = -211 dBc/Hz

So although this comparison is based on only very limited information, it implies that PLL A has 3 dB better phase noise than PLL B.
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Normalized 1/f Noise

• This models the close-in phase noise of the PLL
• Normalized to a 1 GHz Output Frequency
• Normalized to a 10 kHz offse
• Important to consider if the comparison frequency is high
• Number is deceptive for fractional N parts because it does not 

take into account the phase noise advantage of having a 
lower N counter.

• PN10kHz = PN(10kHz) – 20 log(Fout/1GHz) –
10 log(10kHz/Offset)

• This number is part specific.
– LMK03001C = -122 dBc/Hz
– LMX2485   = -104 dBc/Hz
– LMX2531/LMX2470 = -104 dBc/Hz
– LMX2541 = -124.5 dBc/Hz

Presenter
Presentation Notes
1 Hz Normalized Phase Noise
The 1 Hz normalized phase noise provides a convenient way to deal with phase noise due to a PLL.  It can be used to both predict phase noise, and compare two different PLLs for phase noise under different conditions.  Note that it assumes that the VCO noise does not dominate, and is used mostly to predict noise within the loop bandwidth.  Below are some examples of how to apply this concept to different situations.

Phase Noise Prediction
Problem:   Predict the phase noise for the LMX2330 operating at 900 MHz output frequency and 200 kHz comparison frequency.
Solution:   The 1 Hz normalized phase noise for this part is –211 dBc/Hz.  The N counter is 900MHz/200kHz = 4500.  The equation therefore yields:
-211 dBc/Hz = PN – 20*log(4500) – 10*log(200000)
PN = -84.9 dBc/Hz

Comparing the 1 Hz Normalized Phase Noise Number
Problem:	Suppose one upgrades from the LMX2325 to the LMX2347.  What is the expected improvement in in-band phase noise?
Solution:     PN1Hz for the LMX2325 is –205 dBc/Hz, PN1Hz for the LMX2347 is –218 dBc/Hz.  Because this number is 13 dB lower, the expected improvement is 13 dB.

Extracting and Comparing the 1 Hz Normalized Phase Noise Number
Problem:  Suppose PLL A and PLL B are competitor PLLs and the only phase noise information available is from the datasheet.  Based only on the information below, which one has better phase noise performance?
 PLL  A
Output Frequency:             2.5 GHz
Comparison Frequency:        1 MHz
Close-In Phase Noise:       - 80 dBc/Hz

PLL B
Output Frequency:          1850 MHz
Comparison Frequency:    200 kHz
Phase Noise:                    -79 dBc/Hz.

Solution:	PN1Hz for PLL A is –80 dBc/Hz – 20*log(2500/1)  – 10*log(1000000) = -208 dBc/Hz
                  PN1Hz for PLL B is –79 dBc/Hz  - 20*log(1850/.2) – 10*log(200000)   = -211 dBc/Hz

So although this comparison is based on only very limited information, it implies that PLL A has 3 dB better phase noise than PLL B.
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LMX2541 Phase Noise
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• VCO Frequency = 3700 MHz
• Phase Detector Frequency = 100 MHz

Presenter
Presentation Notes
This plot was taken from the LMX2541SQ3470E and shows outstanding phase noise performance.  We see that close to the carrier, the 1/f noise dominates and around 10 kHz is the point where the 1/f and flat noise are about equal contributors.  Around 1 MHz, we see the peaking impact of the loop bandwidth.  This plot is also in the datahsheet and described in more detail.
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Fractional N Counter

Kφ
1/10

1

900 1/5

• Allowing N to be fractional allows it to be lower, which results in 
finer tuning resolution and better noise performance.  For more 
narrow channel spacing, it also can result in lower spurs and faster 
switching speed.

• The denominator of the fractional part of the N counter is called the 
fractional modulus (5 in this case)

fVCO = 
900.2 MHz

fN = 1 MHz

fOSC
= 

10 
MHz



• Uses Fractional N Averaging
900 First Time
900 Second Time
900 Third Time
900 Fourth Time
901  Fifth time
900.2 Average Value

• Although the Average Value is correct, compensation 
is necessary to correct for the instantaneous phase 
error.  This phase error gives rise to fractional spurs.  
They would be at offsets that are increments of 200 
kHz in this example.

Fractional N Implementation

Presenter
Presentation Notes
Fractional N Averaging
The way that a fractional N value is realized when the N counter is actually a bunch of flip flops (which are integer dividers) is by oscillating between two or more values.  This method is called fractional N averaging.  In this example, the PLL divides by 900 for the first comparison cycle.  Then again it divides by 900 for the second, third, and fourth comparison cycles.  Now for the fifth comparison cycle, the divider value switches to 901.  The average of all these values is 900.2.  By doing this method, the proper frequency will be achieved, but there will be instantaneous phase errors that give rise to huge fractional spurs.  These are spurs that occur at the channel spacing, which is 200 kHz in this case.  In order to reduce these spurs, compensation is necessary.
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The Need for Compensation

ε 2ε 3ε 4ε

0 uS

Desired 
Divider 
Output

Actual 
Divider 
Output

1/N

Kφ1/R

3 uS 4 uS 5 uS2 uS1 uS

MHz2.900
9002.900 −

=ε

Presenter
Presentation Notes
Fractional Compensation
This diagram assumes that the VCO output frequency is 900.2 MHz.  The theoretical output of the desired  900.2 divider is shown in the blue graph.  The period is 1 uS and the frequency is 1 MHz.  Note that the N counter squares up the input signal so only the rising edges are relevant, which are represented by the arrows.  Now the actual divider divides by 900 instead of 900.2 for the first cycle.  Because it is dividing by a number that is too small, the resulting frequency at the output will be slightly higher than it should.  The period is therefore shorter by a small time increment, which works out to be 0.222 nS.  This phase error accumulates for the second, third, and fourth cycles.  Now for the fifth cycle, the actual divider divides by 901.  The resulting period of the output signal is therefore longer than 1 uS and it turns out that this phase error cancels at the fifth cycle.  After the fifth cycle, the process repeats.  
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Fractional Compensation Techniques

fR

fN

Actual Charge 
Pump Output 

Current

Time Averaged Current Output of Charge Pump

• Current Correction Technique cancels current with another current, 
but this can be impredicatable, especially over temperature

• Phase Delay Technique corrects with a phase delay at the phase 
detector, but can add phase noise
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Delta Sigma N Counter

Kφ
1/R

1/NΣ

Traditional Fractional N:  0, +1
2nd Order Delta Sigma Fractional N:  -1, 0, 1, 2
3rd Order Delta Sigma Fractional N: -7, -6, … + 8
4th Order Delta Sigma Fractional N: -15, -14, … + 16

• N counter value is modulated such that the average value is 
equal to the desired fraction
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First Order Modulator

• Z-1 is a one clock cycle delay
• 1 / (1-z-1) is a summation
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3rd Order Modulator Example
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– Fractional N Spurs



32

Delta Sigma Noise Shaping

• N(z) = 1 – z-1 = 1 – e-jω

 

= 1- cos(ω) + jsin(ω), ω=2πf/fPD .
• |N(z)|2 = (1- cos(ω))2 + sin2(ω) = 4*sin2(πf/fPD )
• |N(z)|2 = |Q(z)|2 = 4*sin2(πf/fPD )
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Σ-Δ
 

Phase Noise

• The full expression for quantization noise at the 
synthesizer output:

• G(f) is PLL lowpass response, so excluding this 
gives the shaped PSD of the quantization noise 
alone
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Delta Sigma Noise
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• Excellent agreement with theory at far offsets
• Charge Pump causes higher frequency noise to mix down to lower offsets
• This close-in noise is relatively consistent for the LMX2485, LMX2531, and LMX2541 

families
– 2nd Order Modulator -105 dBc
– 3rd Order Modulator -95 dBc
– 4th Order Modulator -90 dBc
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Notion of Well-Randomized
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Overview

• General PLL Performance Concepts
– PLL Loop Theory
– Lock Time
– Spurs
– Phase Noise

• Fractional PLL Performance Concepts
– Generation of Fractional N Value
– Fractional N Phase Noise
– Fractional N Spurs
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Primary Fractional Spurs

• Highly Dependent on Fraction
• Theory and Measured Data Agree Well for Analog 

Compensation
– Theory involves calculating Fourier series
– Subtract out a Constant Factor 
– Tracks Roll-off
– Sort of works the same for Delta-Sigma PLLs

Presenter
Presentation Notes
Primary fractional spurs occur at an offset from the carrier equal to a multiple of the channel spacing.  

For instance, if a PLL had 2000.1 MHz output frequency with a phase detector frequency of 10 MHz, then this would imply an N divider value of 200  1/100.  

In this case, FDEN = 100.  We calculate this offset as 10 MHz/100 = 100 kHz, which is the implied channel spacing.  Fractional spurs that are multiples of 100 kHz are primary fractional spurs.
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Sub-Fractional Spurs

• Occur at a fraction of the channel spacing

Presenter
Presentation Notes
Sub-fractional spurs occur at an offset from the carrier equal to a fraction of a multiple of the channel spacing.  

For instance, if a PLL had 2000.1 MHz output frequency with a phase detector frequency of 10 MHz, then this would imply an N divider value of 200  1/100.  

In this case, FDEN = 100.  We calculate this offset as 10 MHz/100 = 100 kHz, which is the implied channel spacing.  Fractional spurs that are multiples of 100 kHz are primary fractional spurs.

However, if one was using a second order modulator, there would also be spurs at an offset of ½ this or 50 kHz.  These spurs would be called sub-fractional spurs.






39

Sub-Fractional Spurs

• Occur at a sub-multiple of where the fractional spur 
would be

• Typically less than primary fractional spur
• Impacted a lot by dithering and also the way the 

fraction is expressed (i.e. 1000/1000000 vs. 1/10)
• Occurrence based on chart below

Presenter
Presentation Notes
Although a challenge to predict the exact levels, it is easy to predict when sub-fractional spurs appear.

Dithering can be used to eliminate the sub-fractional spurs but can also substantially increase the phase noise.

The sub-fractional spurs are dependent on the modulator order and fractional denominator.

For instance, if the fractional denominator has no factor of 2 or 3 (examples would be 5,11,25, …) then there are no sub-fractional spurs.  
If there is a factor of 2 or 3, there could be sub-fractional spurs dependent on the modulator order and the fractional denominator.
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