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Frequency Multiplier H ( s) =



fref = M×fref fref



PLL



fout



f=fref



÷M



log |H(s)|



(1 + τ z ⋅ s ) 1 2 2 ⋅ξ 1 s s ⋅ + ⋅ + M ⋅ ωn M ωn2



When M is large: • Use large damping ratios to reduce jitter peaking • Use a low phase noise reference if possible. • PLL bandwidth: • Reduce for a noisy reference and low noise VCO • Increase for low noise reference and noisy VCO



Above the 2nd pole the reference jitter is filtered



Jitter spectral components in this band are amplified! |H(0)| = M



log M
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Frequency Synthesizers fref



÷N



PLL



fref



fout



÷M



f=fref/N



f out =



÷N



f=fref/N



M ⋅ f ref N f out



M = ⋅ f ref N ⋅P



PLL



÷M



÷P



fout



• PLL input frequency is fref/N



• PLL input frequency is fref/N



→ PLL bandwidth less than fref/(10×N) for stability.



→ PLL bandwidth less than fref/(10×N) for stability.



→ Long settling time.



→ Long settling time.



→ Frequency spacing fref/N.



→ Frequency spacing fref/(N×P).



For the same fout, the architecture on the right has a P times higher input frequency: → Higher loop bandwidth (+) → Lower settling time (+) → Higher VCO frequency (-)



[email protected]



PLL Applications



3



Serializer Parallel Data



Clock



8



Register



PLL



8



8B/10B Encoder



÷10



10 fclock



Register 10



10×fclock



Shift Register 1 Serial Data • Use a low noise clock source. • Use a wide-band PLL [email protected]
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Clock Recovery A PLL can’t lock to NRZ data



But it can lock to such a signal No spectral-line at the bit rate frequency



NRZ Data d



Spectral-line at the bit rate frequency present



Edge detector



NRZ data



τ



D



PLL



Q



Retimed data



Ideal sampling instant



d



Problem: Difficult to match the delay of the two paths so that the recovered clock samples the data at the middle of the data eye over all process, temperature and supply variations.
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Hogge Phase Detector Phase detector output



Variable pulse width: depends on the phase error



Locked Reference pulse: width = T/2



NRZ



φerr = 0



clk p1



p2 p1 p2



NRZ data



D



Q



D



Q



Vint Clock Lags NRZ



VCO clock



φerr Retimed data 



−2π



−π



p1



π



2π



3π



p2



φ



(assuming maximum data transition density) [email protected]
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Modified Triwave Phase Detector p1



NRZ data



D



p3



p2



Q



D



Q



D



p4



Q



D



Q



VCO clock Retimed data



Hogge PD



Modified Triwave Detector



NRZ



NRZ



CLK



CLK



Vint



Vint



Positive net area



Average value depends on the transition density



→ Data dependent jitter!
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Zero net area
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Average value ‘independent’ of the transition density



→ ‘No’ data dependent jitter!
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Alexander Phase Detector - Principle •



It is a bang-bang detector: –



•



Clock is early



Only early/late information



To take the Early/Late decision: –



1st Look for transitions



–



2nd Take an Early/Late decision at every transition



S1



•



Three samples of the serial data are necessary to find the transition and resolve the phase relation ship.



•



No data transition present:



•



•



•



–



S1 = S2 = S3



–



S1 ⊕ S3 = 0 and S1 ⊕ S2 = 0



–



Charge-pump: Hold



Data transition + Early clock:



S2



S3



Clock is Late



–



Sample S1 ≠ S3 and S1 = S2



–



S1 ⊕ S3 = 1 and S1 ⊕ S2 = 0



–



Charge-pump: Down = (S1 ⊕ S3) & ~(S1 ⊕ S2)



S1



S2



S3



Data transition + Late clock: –



Sample S1 ≠ S3 and S1 ≠ S2



–



S1 ⊕ S3 = 1 and S1 ⊕ S2 = 1



–



Charge-pump: Up= (S1 ⊕ S3) & (S1 ⊕ S2)



The falling edge of the clock aligns with the data transition instants: –



In lock, S1 or S3 are thus at the optimum sampling instants
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Alexander Phase Detector – Implementation I



×2 load Sampling FFs



NRZ data



D



Q



S3



D



FF3



VCO clock



×3 load



Delay FFs



Q



S1



X



FF1



Retimed data FF4



D



Q



FF2



S4



D



Q



S2



Y



×1 load
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Alexander Phase Detector – Implementation II •



•



Performs the same function but: –



All nodes are equally loaded;



–



Symmetrical logic equations;



These are important to maintain low static phase offsets in high speed circuits ×2 load Sampling FFs



NRZ data



D



Q



S3



D



FF3



VCO clock



×2 load



Delay FFs



Q



S1



Y



FF1



Retimed data FF4



D



Q



FF2



S4



D



Q



S2



X



×2 load Down = ~X & Up
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Jitter Filtering Application
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Band-pass Filter •



Designed as a high Q filter precisely tuned to the input signal frequency



Disadvantages: •



Designed for a single frequency



•



Filter bandwidth: smaller or much smaller that the signal side-bands



•



Phase is strongly dependent on “tuning”



•



Surface Acoustic Wave (SAW)



•



An auxiliary phase alignment mechanism is required



•



Zero-crossing + limiting amplifier required to avoid: FM → AM → Phase-Noise



•



Center frequency depends on temperature



•



Strict manufacturing tolerances required



•



Hi-Q filters difficult to integrate



Advantage: •



Passive implementation
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PLL as a Jitter Filter •



For a PLL to act as a jitter filter the VCO needs to be quieter than the reference signal.



Advantages: •



Self tuning to the carrier frequency



•



Can operate with a relatively large range of carrier frequencies



•



Loop-band width can be made very small



•



Easily integrated



•



Tight manufacturing tolerances not required
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Disadvantages: •



VCOs are noisy



•



Very low noise VCOs require:
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Hi-Q inductors (difficult to integrate)



–



Voltage Controlled Crystal Oscillators (VCXO)
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VXCO based PLL •



Characteristics:



•



– fin = 40 MHz



– Two control branches: • Bang-bang: phase and frequency control



– BW = 7 kHz – M=4



•



• Integral: average frequency control



Phase detector: – Bang-bang type



– Almost independent optimization of Kbb and Kint



– Only early/late decision



•



Control loop:



VCXO – Two control ports • Bang-bang control • Continuous control
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VCXO •



VCXO: – Pierce Oscillator – Two frequency control capacitors



•



Three frequency control mechanisms: – Bang-bang control: • switched capacitor



– Integral control: • voltage controlled n-well capacitor



– Frequency centering: • four binary weighted switched capacitors. (Not under the PLL loop control)
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VXCO Tuning •



Ideally the crystal should be loaded by a “short circuit”: –



The oscillation frequency can be controlled by changing the loading capacitance:



•



The amount of control is very reduced:



The oscillation frequency will be the resonance frequency of the crystal: fm.



•



•



In practice the oscillator presents a loading capacitance Ccircuit to the crystal: –



– Cm : 5.9 fF;



The oscillation frequency is then higher than fm;



–



– Cm is orders of magnitude smaller than Ccircuit;



Crystal manufacturing takes into account the loading capacitance;



– Ccircuit : 3.4 pF to 5.5 pF. •



Good: intrinsically low bandwidth PLL;



•



Bad: small locking range;



fO = fm 1 +
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VCXO Frequency Centering •



•



•



Lock acquisition, two phases: –



Frequency centering;



–



Standard frequency pull-in and phase lock cycle.



Frequency centering: –



After start-up, reset or unlocked operation detected;



–



Frequency-only detector used.



Frequency centering operations: 1. The bang-bang loop is disabled; 2. The VCXO control voltage forced to its mid range value; 3. A binary search is made to decide on the value of the frequency centering capacitor; 4. Once the value found, control is passed to the PLL control loop.
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Comparing Almost Identical Frequencies Which frequency is higher? •



•



•



Two counters: –



One driven by the reference frequency: f0;



–



The other driven by the VCO frequency: f0 + ∆f.



Which one reaches “N” first? –



Reference first: VCO slow;



–



VCO first: VCO fast.



For the smallest frequency difference ∆f to be resolved make sure that one of the counters will finish Xck clock cycles before the other: –



Start phase;



–



Metastability;



–



Asynchronous reset;



–



Etc.
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Frequency Resolution •



N clock cycles are required to resolve a frequency difference ∆F between the reference and the VCO signals:



N= • •



The counter size is: QPLL example:



X CK  f0  − 1  f + ∆f    0



Number of bits = log 2 ( N )



– f0 = 40.972483 MHz; – Digital control LSB: ∆f = 0.2 kHz; – N = 819 456 (clock cycles); – Counter ≈ 20 bits; – The PLL has 4 digital calibration bits; – A binary search is implemented in the Frequency Calibration Algorithm ⇒ 4 frequency decision cycles; – Two dummy frequency decision cycles were introduced to allow frequency stabilization after power-up (maybe strictly not necessary); – Total 6 frequency decision cycles are executed during frequency calibration; – Frequency calibration takes (approximately): 6 × 819 456 × 25 ns = 157 ms
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Jitter



Reference: Idle



Reference: Data + Triggers



σ= 63 ps



σ= 89 ps



PP = 546 ps



PP = 584 ps



Jitter components above 7 kHz are filtered.



PLL Output: Idle



Below 7 kHz the PLL tracks the input phase fluctuations



PLL Output: Data + Triggers



σ= 20 ps



σ= 22 ps



PP = 159 ps



PP = 206 ps
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