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•



DLL Applications – Phase shifters – TDCs – ASIC example



•



Phase-Locked Loops



•



PLL Applications
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Precise Clock Phase Generation Reference: 0



T



1



Multi-phase generation: •



VCDL: N identical delay elements;
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•



Reference period: T



3



•



Element delay: T/N



•



Element incremental



T/8



4



phase: 2π/N
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•



Output (tap) number: M = 0, 1, 2, …, N-1
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•



Delay along the line: T×k/N



•



Phase along the line
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2π×k/N •



Phases at taps 0 and N are the same (2π)



PD
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A few little secrets that make the difference Every VCDL node has the same loading.



Input cell added to match the driving slopes with those of VCDL internal nodes. 0



1



2



3



N-2



Separate bias for dummy cells



PD



N-1



N



N+1



Every delay element is the repletion of the same cell.



LF



Make sure the RC delays are equal for these two lines. If the slopes degrade too much re-buffer them before feeding to the PD. [email protected]



Dummy cell added to correctly load cell N.



DLL Aplications



Buffers are used to isolate the VCDL from its loads.
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Delay Cell Practical Example Vp



W= 60 μm



Vp



W= 60 μm



L = 0.360 μm



L = 0.360 μm



W = 15 μm



W = 15 μm



L = 0.360 μm



L = 0.360 μm



From previous cell



To next cell



Vn



W = 5 μm



W = 5 μm



L = 0.360 μm



L = 0.360 μm



W = 20 μm



Vn



L = 0.360 μm



W = 20 μm L = 0.360 μm



W = 15 μm



W = 15 μm



L = 0.360 μm



L = 0.360 μm



To phase detector



[email protected]



Cell tap



W = 5 μm



W = 5 μm



L = 0.360 μm



L = 0.360 μm
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Starved Inverter: Choosing The Relative Sizes Delay [ns] 4.0 W/L (starving) < W/L (switching)



W/L (starving) > W/L (switching)



Starving current to small to Starving current to small to effectively drive the ‘load’ effectively drive the ‘load’ capacitance capacitance



3.0



2.0



Close to minimum delay reached for: Close to minimum delay reached for: W/L (starving) ≈ 4 × W/L (switching) W/L (starving) ≈ 4 × W/L (switching) 1.0



0.0 0.1



1



10 [W/L (starving)] / [W/L (switching)]
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VCDL and Delay Cell Layout Input delay cells (2x)



VCDL



Dummy cell



Delay Cell
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Starving



Switching



transistors



transistors
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Sub-Gate Delay Phase Shifter Example: Example: T = 25 ns T = 25 ns N = 16 N = 16 N-1 = 15 N-1 = 15 ΔT = 104 ps ΔT = 104 ps Implemented in a Implemented in a 0.8 μm CMOS 0.8 μm CMOS technology with technology with basic inverter basic inverter delay of 210 ps delay of 210 ps



N delay elements T/N In 1



2



3



4



N-1



N



k



MUX



N-1 delay elements



T/(N-1)



1



2



3



PD & LF



4



N-2



Limited by minimum



N-1



PD & LF



cell delay and matching MUX



Phase resolution:



T Δt = N ⋅ ( N − 1) [email protected]



j



Out



T T⎞ ⎤ ⎡⎛ t d ( j , k ) = mod ⎢⎜ j ⋅ + k ⋅ ⎟, T ⎥ N⎠ ⎦ ⎣⎝ N − 1



The clock has period T: Phase (ΔT + T) = Phase (ΔT)



With j = 0, 1, …., N-2 and k = 0, 1, …, N-1
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TDC types A Time-to-Digital Converter (TDC) converts a differential time measurement into a number proportional to the measured interval. TDCs are used to measure time (intervals) with high precision •



Start – stop measurement – Measurement of time interval between two events: • start signal – stop signal



– Used to measure relatively short time intervals with high precision Start



Simple counter



Δt =



Time resolution



1 f clk



Δt Stop



•



Time tagging



count f clk



– Measure time of occurrence of events with a given time reference: • Time reference (Clock) - Events to be measured (Hit)



– Used to measure relative occurrence of many events on a defined time scale Time scale (clock) Hits 1 t1



t4



t5



Hits 2 t2 t3 [email protected]
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TDC Performance Metrics Ideal converter Ideal converter



Real converter Real converter



Digital



Digital



Output



Output



Gain error



Dynamic range



Ideal gain



INLi



LSB ΔT



DNLi + LSB



Time measurement (analog)



Time measurement (analog) Offset



Least Significant Bit (LSB):



Departure from ideal behavior:



•



• Differential non-linearity (DNL)



Smallest time interval that can be discriminated



Dynamic range:



• Integral non-linearity (INL)



• Largest time interval that can be measured



• Gain Error



Quantization error:



• Offset



σq =



LSB 12



PP = ±
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LSB 2



DNLi =



INLi =
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d i +1 − d i − LSB , i = 0, ..., N − 1 LSB



d i − Offset − i ⋅ LSB , i = 0, ..., N LSB
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Time-to-Digital Converter (TDC) N delay elements T/N In 1



2



D Q



3



D Q



4



D Q



N-1



D Q



N



D Q



PD & LF D Q



Hit



Encoder logic



Measurement



Operation: • A reference clock signal propagates along a calibrated VCDL (the VCDL of a locked DLL). • A hit signal simultaneously clocks a series of registers (the hit registers) ‘taking a picture’ of the state of VCDL line. • The state of the VCDL line reflects the elapsed time between the rising edge of the reference clock and the arrival of the rising edge of the hit signal. • Finally the encoder converts the state of the hit registers into a binary number proportional to the elapsed time interval.
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In



High Resolution TDCs N delay elements



m = 1, n = 2 1



T/N



1



2



3



4



N-1



N



PD & LF
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3



4



N-1



N



PD & LF



2



3



4



N-1



N



PD & LF



2



T/M



Δt



M delay



m = 2, n = 1



PD & LF



M



elements



M -1



1



1



M 
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