A CMOS Delay Locked Loop And Sub-Nanosecond Time-to-DigitalConverter ChipDinis M. SantosAveiro University, 3810 Aveiro, PortugalScott F. Dow, Michael E. LeviE.O. Lawrence Berkeley National Laboratory, Berkeley, CA 94720AbstractMany high energy physics and nuclear science applicationsrequire sub-nanosecond time resolution measurements overmany thousands of detector channels. Phase-locked loops havebeen employed in the past to obtain accurate time referencesfor these measurements. An alternative solution, based on adelay-locked loop (DLL) is described. This solution allows fora very high level of integration yet still offers resolution in thesub-nanosecond regime. Two variations on this solution areoutlined. A novel phase detector, based on the Muller Celement, is used to implement a charge pump where theinjected charge approaches zero as the loop approaches lock onthe leading edge of an input clock reference. This greatlyreduces timing jitter. In the second variation the loop locks toboth the leading and trailing clock edges. In this secondimplementation, software coded layout generators are used toautomatically layout a highly integrated, multi-channel, timeto digital converter (TDC). Complex clock generation can beachieved by taking symmetric taps off the delay elements. Thetwo circuits, DLL and TDC, were implemented in a CMOS1.2mm and 0.8mm technology, respectively. Test results showa timing jitter of less than 35 ps for the DLL circuit and betterthan 135 ps resolution for the TDC circuit.I. INTRODUCTIONThe generation of precise time delays with very low timejitter is useful in many time measurement applications innuclear and high energy physics. Most solutions use phase-locked-loops (PLL). Delay-locked loops (DLL�s) may,however, be preferable due to their inherently better stability.In designing DLL�s, however, one of the main problems is thephase comparator. Unlike the situation in synchronizationcircuits for telecommunications, the phase comparator mustdistinguish a positive (leading) from a negative (lagging) delaybetween the relevant features of the two waveforms to becompared. Several solutions have been proposed for this prob-lem[1,2]. This design is proposed as a robust alternative whenonly one frequency of operation is of interest. The circuit lends itself, to be used as a kernel in a numberof applications, such as clock pulse alignment and de-skewing,time interval generation for serialization and de-serializationschemes in telecommunications, and time-to-digitalconversion. Direct time-to-digital conversion, as opposed totime-to-amplitude conversion followed by a multichannelanalyzer, requires excessive clock speeds if sub-nanosecondtime resolutions are to be achieved. An improvement can bemade if the period of the clock is finely divided into smallerintervals and then edges, not pulses, are counted. In this worka tapped, electrically controllable delay line was used to obtainedges delayed by exactly 1/32 of the clock period. Precisespacing of the successive pulse edges was achieved by meansof a feedback scheme, forming a delay-locked loop (DLL).II. DELAY LOCKED LOOPAn overall block diagram of the DLL circuit is shown inFig.1.

16 Cell Delay LineMUX

CLOCK

PhaseDetector12316SelectControl Voltage

5OUT

Fig. 1 Block diagram of the DLL chipThe tapped delay chain is controlled by a DC voltagegenerated by the phase detector, the operating principle ofwhich ensures that feedback is always negative. Themultiplexer is built along conventional lines, and will not bediscussed here. The critical components of the diagram in Fig.-1 are the delay chain and the phase detector.A. Delay ChainThe delay chain is a modified version of the one used byArai et al[3]. One cell is depicted on Fig. 2.During the time when the input of the circuit in Fig. 2 ishigh, the current available to discharge the parasitic capacitanceC1 seen from point B to ground is the current through M5.This in its turn determines the time delay between turning onM2 and turning off M4. It can be readily observed that thisvariable delay acts on the trailing edge of the waveform at theoutput of the inverter M2-M4. A similar line of thoughtapplies to M6 with respect to the charging rate of the parasiticcapacitance C2, with the difference that now the gate voltageof M6 controls the delay of the leading edge of the waveformat the output of the circuit. If this cell is part of a chain of nsimilar cells, a pulse delayed by nt with respect to the inputappears at the output where t is the delay of the cell representedin Fig. 2. This delay is controlled by the gate voltage of M5and M6. The range of delay can be controlled by sizing thetransistors in the circuit.

In(from previous step)Out(to next step)M1M3M5M2M4M6C1C2VddVc1ABC4.02.0

2.00.84.02.02.00.82.00.82.00.8Vc2Fig. 2 Delay element unit cell.B. Phase DetectorThe causal relationship between the two waveforms to becompared (A and B in Fig. 4) makes it necessary for the phasedetector to distinguish between a phase lag of a and a phaselead of 2np-a. This is distinct from the situation in a PLL, asin PLL�s the two waveforms whose phase is to be comparedare uncorrelated. The P and N pulses needed to drive the chargepump of Fig. 3 are generated by a phase detector based on theM�ller C-element. [4]CVssVdd

ControlVoltageAB2.04.0

40 pFPN4.00.8

ChABOutVddVssCABOut2.00.84.00.84.00.82.00.8Fig. 3 Complete phase detectorFig. 4 shows the relevant idealized waveforms for thecomplete phase detector circuit. It is readily observed in Fig. 4that, as long as the A and B pulses overlap, the output of theC-element follows whichever of the inputs, A or B, lags theother. The only condition for this is that the two inputs mustoverlap.The addition of some simple logic permits the generationof the P and N signals to control the pump that generates thecontrol voltage Vc for the delay chain.As implemented, the circuit operates on the falling edge ofwaveforms A and B. Feedback is negative, as needed: apositive change in Vc decreases the delay. Under lock, P willstay at 1 and N at 0. Vc only has to change in order tocompensate for the charge lost in the holding capacitor Chthrough leakage. A very low jitter is thus to be expected.ABC=BP (N=0)VcAB

32-step Delay Line32-bit RegisterEncoderOutput Register

¥Sample Clock5-bit Binary Data Out

PhaseDetector12345303132

HitEncode Logic

¥¥Vc1¥Data StrobeMSBVc2123

0500100015002000

1.3

1.6

1.9

2.2

2.5

2.8

3.1

3.4

3.7

4.0Control Voltage [V]

Delay [ps]Fig. 6 Simulation of the delay through a unit cell as afunction of the control voltage for Vc1=Vc2.IV. TEST RESULTS FOR THE DLL CIRCUITA chip was produced and tests were carried out using apulse generator and a time interval counter. The loop lockedfor clock periods between 17.97 and 30.08ns (»33 to 55MHz).Maximum deviation of the measured delay per cell with respectto the expected value was 0.89%. Lock time was 2.5ms.Measured jitter using the above setup was »50ps. However,the manufacturer quotes 37ps for the inherent jitter of theinterval counter. When this is taken into account, a reasonablevalue for the jitter of the system should be below 35ps.V. TEST RESULTS FOR TDC CIRCUITA demonstration chip was built using a standard 0.8mm digitaltechnology, with a single poly-silicon layer and three metallayers. The chip was then tested using a fast pulse generator, ahigh resolution (<37ps) time interval counter and a logicanalyzer, along with some standard test equipment. Under thestated conditions, the loop was stable for clock periodsbetween 16.89ns (59.2Mhz) and 25.15ns (39.8Mhz),corresponding to a time resolution of 0.53ns and 0.79psrespectively. Time jitter, defined as the rms delay deviationfrom the expected value, was below 80ps throughout themeasured range of operation, even when no allowance is madefor the time jitter of the experimental setup itself. Differentialand integral non-linearity showed values of the same order ofmagnitude, both staying below one third of a least significantbit throughout the range. Plots of worst case INL and DNLare shown in Fig. 7.

Worst Case DNL And INL 05 0 1001502001 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4 2 5 2 6 Clock Period [ns]

[ps]

INLDNLFig. 7 Plot of TDC Integral and Differential Non-Linearity.VI. CONCLUSIONSLoop performance is limited at the high end of thefrequency range by the minimum delay achievable within theavailable the technology, and at the low end by the degree towhich current control transistors M4 and M5 can be starved.If a very long chain is desired, the inevitable asymmetriesin the delay times for the leading and the falling edge of theclock pulse (assumed above to be a symmetrical square wave)will eventually lead to pulse extrinction. This difficulty can becircumvented by using a double loop configuration, where oneloop controls the leading edge of the delayed pulse and theother the falling edge. REFERENCES [1]Waizman, A.: �A Delay Line Loop for FrequencySynthesis of De-Skewed Clock� ISSCC95 Conf.Abstracts, pg. 298.[2]Lee, T., et al., �A 2.5V Delay-Locked Loop for an 18Mb500 MB/s DRAM� ibidem, pg. 300.[3]Arai, Y., Matsumura, T., Endo, K.: �A CMOS Four-Channel ·1K Time Memory LSI with 1-ns/b Resolution�IEEE J. Solid-State Circuits, 27, NO. 3, pp. 359-364,March 1992.[4]See, e. g., Mead & Conway, Introduction to VLSISystems, Addison Wesley 1980, p. 250, 254.[5]J. Christiansen, An Integrated CMOS 0.15 ns DigitalTiming Generator for TDC’s and Clock DistributionSystems, IEEE Trans. Nucl. Sci., Vol. 42, No. 4, August 1995.[6]Y. Arai and M. Ikeno, A Time Digitizer CMOS Gate-Array with a 250 ps Time Resolution, KEK Preprint 95-97, June 95.