Con tin uous Sampling and Storage Using Matc hed Dela ys Mark Clemen ts, en tai Liu, Jin-Ku Kang, Ralph Ca vin Departmen of Electrical and Computer Engineering North Carolina State Univ ersit Raleigh, NC 27695{7911 Decem er 28, 1993 Abstract This pap er describ es sc heme for con tin uous sampling and storage of digital data using the matc hed dela sampler. This sampler, whic can sample data at ery high time resolutions, has een previously rep orted. will describ the additions to the sampler that are required for data to con tin uously sampled and stored. The frequency of the sample clo necessary for con tin uous sampling will determined. The steps needed to desk ew and sync hronize the latc outputs and store them in an acquisition memo ry are detailed. This article pro vides an arc hitectural description that can applied to designs based on an circuit family An example arc hitecture is describ ed. In tro duction High resolution digital sampling capabilit is extremely imp ortan for um er of applica- tions in the high sp eed comm unications and test and measuremen areas. Examples include clo and data reco ery circuits, digital phase lo ed lo ops, and high sp eed logic timing analyzers. Ho e er high resolution sampling ypically has required ery fast latc hes and high sp eed clo ks. As result, the sampling of ery high sp eed signals has een exp ensiv e, if ossible at all. The matc hed dela sampler pro vides to oid this di�cult The op erating principle of the matc hed dela sampler is that of tapp ed dela line where oth the data and clo signals are dela e at eac stage. This structure pro vides timing resolution et een stages that is equal to the di�erence et e en the data dela and clo dela Its primary ene�t is that ery high e�ectiv sampling frequency is ossible without requiring latc hes and clo ks that op erate at the sampling frequency The structure has een used to mak precise time measuremen ts et e en pulses e limited range ]. Another group has used it to build circuit capable of high resolution sampling of digital data with ultiple edges for short time windo ]. The matc hed dela sampler can acquire digital data with ery high timing resolution, but the ork that has een done to date addresses only the case of single sampling clo pulse. In this case, only ery short time windo of con tin uous data can acquired. It is ossibl e, ho ev er, to driv the sampler with erio dic sample clo of the appropriate frequency so that con tin uous data can acquired inde�nitely An acquisitio memory is needed to store the data, and its size is the limiting factor on the duration of the time windo w. Some additional circuitry is needed et een the sampler and the memory to sync hronize the sampler outputs. Here, will dev elop an arc hitecture, built around the sampler, that can acquire uc larger um er of samples at the same high resolution. This system is driv en erio dic clo to sample con tin uous high resolution data and store it in an acquisition memory The system retains the adv an tages of the sampler in that the system clo is uc slo er than the sample rate, and so comp onen ts that op erate at the sample rate are not needed. After reviewing the op eration of the matc hed dela sampler itself, will examine the additional problems that ust solv ed to ac hiev con tin uous sampling. Sp eci�c design examples will describ ed. The atc hed Dela Sam p ler Figure sho ws blo diagram of the basic matc hed dela sampler ]. The follo wing quan tities will used to describ an arc hitectural mo del of sampler of arbitrary size and sample erio d: the um er of stages in the sampler the data dela time the clo dela time

Figure 1: Matc hed Dela Sampler the sampling in terv al The sampler has stages, and eac stage consists of latc h, data dela and clo dela Data and clo are sim ultaneously propagated through dela ys and resp ectiv ely The latc hes sample the lo cal data at eac stage with the lo cal clo k. Adjacen latc hes and sample data at time in terv al of whic is the sampling resolution. The de�nition of in terms of and as can deriv ed as follo ws. If is the alue of the data at stage at time and is the output of latc then where is the particular time when the clo reac hes latc 1. The clo will reac latc at time and so Since adjacen latc hes sample data that is apart in time, can de�ne in terms of The data that is at latc at time as at latc at time so The sample in terv al is th us equal to the absolute di�erence et e en the data and clo dela ys: The absolute alue of the di�erence is tak en since either the clo dela or data dela ma larger. Note that the ab deriv ation assumes If is larger, then clo edge latc hes data samples that are increasingly later in time as it propagates through the sampler. If is larger, then the clo passes through the sampler faster than the data, and so successiv samples are earlier in time. This matc hed dela sc heme has an imp ortan adv an tage e con en tional sampling sc hemes. It allo ws ery high sampling frequency to obtained without requiring the elemen ts of the sampling system to run at that frequency Also, while sc hemes in whic either the data or clo are dela ed ha the same adv an tage, their resolution is limited the minim um ossible dela of the dela elemen ts. The matc hed dela sampler can ha sampling in terv al that is uc smaller than the smallest ossible absolute dela In fact, the di�erence et e en the clo and data dela ys can made arbitrarily small, and so the resolution is e�ectiv ely limited noise and pro cess ariation. The matc hed dela sampling sc heme has een implemen ted as VLSI device in 1.2 CMOS pro cess. The device consists of 64 stages, and is able to ac hiev 25 ps sampling resolution at Gbps data rate. This yp of sampler serv es as the basis for the ork to describ ed here. single clo pulse sen in to the clo dela hain can acquire con tin uous data only for samples, or time windo of If larger duration is required, then the sampler ust rep etitiv ely clo e d, and the data from eac clo stored. In the follo wing section, will determine the correct erio for the sampling clo k. on tin u ous lo in It can seen that if sample clo reac hes the �rst latc at time 0, its �nal sample will the data at time 1) and so the next clo ust sen at Therefore, the sample clo erio d, for sampler with an alues for and is de�ned as The same conclusion can reac hed in sligh tly di�eren that considers the op eration of the sampler in more detail. If at 0, oth the �rst clo edge, 0, and particular data oin t, 0, are at the �rst stage of the sampler, will \fall o� the far end of the sampler at and at The �nal sample tak en will latc hed at 1) The data that ould ha een latc hed at if there ere one additiona stage at the end of the sampler, ust latc hed the next clo k, 1, when that same data is at the eginning of the sampler. Therefore, the sample clo erio is the di�erence et ee the time required for clo to tra erse the sampler and the time for data oin to tra erse the sampler: Since either or ma larger, the absolute alue of the di�erence is used. The ab discussion assumes If is larger, then the samples represen earlier data as clo propagates through the sampler. The description ab ould mo di�ed to sa that the �rst sample missed when clo reac hes the end of the sampler is latc hed the pr evious rather than the next clo k. Note that determines not only the erio of the sampling clo but the frequency of op eration of the en tire con tin uous sampling system. The sync hronization hardw are and the storage memory cycle with erio These other elemen ts of the system, and ho they are related to the sampling clo will describ ed in later sections. Figure illustrates the op eration of the sampler with rep etitiv clo king. It is based on particular set of sampler parameters that will use as an example in the remainder of this article. The parameters are: 16 16 The �gure consists of series of snapshots that sho the lo cations within the sampler of data oin ts and clo ks edges at the particular oin ts in time that are indicated to the left. The upp er arro ws represen data samples propagati ng through the data dela hain, and the lo er arro ws represen sampling clo edges. The um ers in paren theses next to the clo ks are the times of the data samples latc hed that edge at that time. There are sev eral imp ortan observ ations to made from �gure 2. They are indicatio ns of the other problems that ust solv ed to ac hiev con tin uous sampling. First, there are sev eral sample clo ks propagating through the sampler at once. The clo ks divide the sampler in to se ctions The example sampler has four sections, with four hannels in eac section. Second, the alid times of the hannels within eac section are sk ew ed relativ to eac other. Third, the samples presen in the sections at giv en time are not consecutiv e. The samples ust sync hronized efore they can sen to the memory The follo wing section describ es ho this sync hronization is done. Sync hronizin the atc utputs Ideally ould lik sa time con tin uous data bits in to register and send them to the acquisition memory ev e ry seconds. Ho ev er, the sampler as describ ed to this oin do es not presen all con tin uous bits on the latc outputs sim ultaneously The data alid times of the latc outputs are not sync hronous ecause of the nature of the clo king sc heme There are problems that ust solv ed. First, the dela of the clo at eac sampler stage sk ews the alid times of adjacen latc hes Second, there are sev eral clo ks propagatin through the sampler at once, and consecutiv clo ks do not pro duce consecutiv samples. 4.1 lo ela ew Because the clo signal is dela ed efore eac latc h, the data alid times of adjacen latc hes are sk ew ed (�gure 3). This sk ew mak es it di�cult to store all the samples sim ul- taneously in to register so that they can sen to the memory By dela ying the earlier

Figure 2: Con tin uous Clo king of the Sampler

Figure 3: Latc Output Sk ew latc outputs the appropriate amoun t, can re-align the samples for storage. Precise desk ewing can ac hiev ed dela ying eac output the correct um er of dela units with the same dela alue as the clo dela ys. In realit ho ev er, the samples need only desk ew ed to the exten necessary to successfully latc them in to the register. If all the outputs meet the setup and hold criteria of the register, then the desk ewing is successful, and all samples can stored at once. There are basic desk ewing sc hemes, and eac has certain adv an tages. The �rst is based on adding dela ys to the latc outputs within section to realign them. The second approac relies on latc hing, and th us dela ying some of the earlier hannels to align them with the later ones. 4.2 ela ase esk ew in The dela y-based sc heme allo ws more precise desk ewing of the latc outputs within sampler section. In fact, the hannels can completely desk ew ed, so that the maxim um ossible setup hold windo for the sync hronizing FIF O’s can pro vided. This exact desk ewing creates windo equal to the sample clo erio less rise and fall times. maxim um setup hold windo allo ws for the greatest imm unit to pro cess ariation and jitter of the FIF and memory clo ks. Ho ev er, exact desk ewing with dela ys requires relativ ely large hip area to implemen ecause of the um er of dela elemen ts that are needed. If only clo dela units are used, then the um er of dela ys required is: 1) where is the um er of sampler stages er section. and is the um er of sections.

Figure 4: Con tin uous Sampling Arc hitecture Both and are required to in tegers. or our example sampler, and 4, and so 24 dela units. The con�guration of the dela ys is sho wn in �gure 4. This um er of dela ys is not large, but the example sampler is simple case. or more realistic sampler, the um er of stages er section is lik ely to larger, and so the um er of dela ys required will uc larger. or one 64-stage sampler that has een studied, 16 and 4, whic yields 480. Note that the ab examples represen the orst case. ortunately precise desk ewing is not necessary The real requiremen is that the latc outputs desk ew ed enough so that they can successfully latc hed the sync hronizing FIF O ’s. The required desk ewing can lik ely ac hiev ed using signi�can tly less real estate than than ould needed for the orst case. There are sev eral steps that can tak en to reduce the required area. First, only the um er of dela ys needed to pro vide just enough desk ewing can used. Second, using smaller um er of coarser dela ys elemen ts can reduce the area further. Finally an elemen of giv en dela alue can oten tially signi�can tly smaller than the clo dela ecause it do es not ha to as accurate or adjustable. or example, in giv en CMOS pro cess, minim um size static in erte should ha larger dela than the clo dela elemen t, et it is uc smaller in area.

Figure 5: Half-section egister Desk ewing 4. al ection ister esk ewin The half-section register desk ewing sc heme sa e signi�can real estate compared to the dela sc heme, at the cost of less complete desk ewing. It can pro vide setup hold windo that is sligh tly larger than 2. This metho uses latc hes rather than dela elemen ts. Figure illustrates the half-section sc heme for one eigh t-c hannel section. The hannels in the upstream half of eac section of the sampler are latc hed ersion of the sample clo that has its phase matc hed to the do wnstream half of the section. The upstream hannels are th us dela ed ab out half sample clo erio d, and so their sk ew relativ to the do wnstream hannels is mostly cancelled. If the phase of this desk ew clo is correct relativ to the sync hronization FIF clo k, then the setup hold windo for the sync FIF O’ will determined the sk ew among the do wnstream hannels of the section. Neglecting rise and fall times, this windo will e: s=h Note also that the setup hold windo for the desk ewing latc hes is the same. The clo for the desk ew latc hes can deriv ed simply taking the dela e ersion of the sample clo from the appropriate stage of the sampler. The correct stage to pro vide the desk ew clo should somewhere near the middle of the do wnstream half of the section, or ab out three quarters of the do wn the section. Figure sho ws the results of the half-section sc heme for the eigh t-c hannel section. 4.4 ri esk ewin If more precise desk ewing than can pro vided the half-section latc approac is required, ybrid of oth tec hniques should able to completely desk ew the hannels while still sa ving signi�can area compared to the dela tec hnique. Adding just few dela elemen ts to the half-section arc hitecture could reduce the sk ew among the do wnstream hannels and th us increase the setup hold windo for the FIF O’s.

Figure 6: Half-section egister Desk ew e Outputs 10 4. on- onsec ti ections or the matc hed dela sampler, is signi�can tly smaller than and so there are sev eral sample clo cycles propagatin through the sampler at once. Eac clo tra e ls only part through the sampler during eac memory cycle, and the section of data latc hed one clo is not consecutiv with the other sections that are stored on the same memory cycle. In the example sampler, there are four clo cycles presen at once, and so eac clo participates in four memory cycles. The times represen ted the sixteen samples stored on eac of three sequen tial memory cycles ould e: 48) 48 49 50 51 36 37 38 39 24 25 26 27 12 13 14 15 64) 64 65 66 67 52 53 54 55 40 41 42 43 28 29 30 31 80) 80 81 82 83 68 69 70 71 56 57 58 59 44 45 46 47 The samples can re-sync hronized dela ying the sections with clo ed FIF O’s of the appropriate um er of stages. The FIF O’ are clo ed at the same rate as the sampler and memory erio of Some circuit-dep enden phase adjustmen of the FIF clo relativ to the sampler clo ould required for correct op eration. In our example sampler (�gure 4), the �rst, second, third, and fourth sections are dela ed three, o, one, and zero clo ks, resp ectiv ely The sync hronizing FIF O’ allo the sampler to presen consecutiv samples to the memory ev ery seconds. 4. itional nc ronization onsi erations There is one addition al practical consideration related to the sync hronization of the sampler sections. If is not an in tegral ultiple of then the clo ks in the sampler will out of phase, and so the sync hronization FIF for eac section will ha to clo ed separate clo k. The complexit of the system will increased signi�can tly or some applications the non-consecutiv nature of the section outputs migh not problem, and so the sync hronization registers ould not needed. The system soft are could sync hronize the data after the acquisitio is completed. The em ory System The memory system stores -bit ords that represen the samples spanning single time windo of seconds. Therefore, since the samples are consecutiv e, it ust ha cycle time of seconds. The size of the memory limits the duration of the erall time windo of data that can stored the sampling system. or time windo of seconds, the um er of memory bits, needed is and the um er of -bit memory ords, required is 11 Actually fully functional random access memory is not needed. An -bit wide, clo ed FIF of depth will ork, ecause the data stream is purely sequen tial. mec hanism for clo king the acquired data out of the other end of the FIF after an acquisition is completed is needed. This mec hanism should op erate with clo that is completely separate from the sampling clo k. onclusions ha describ ed new metho of sampling ery high sp eed digital data for long time durations. The metho has the oten tial to increase the highest ossibl sample rates and reduce the costs of sampling at particular rate ecause it has the abilit to sample data at frequencies that signi�can tly exceed the maxim um switc hing rate of the circuits and minim um cycle time of the memory It is based on the previously rep orted matc hed dela sampler ]. ha sho wn the arc hitectural requiremen ts for system that can use the matc hed dela sampler to con tin uously acquire and store data. The frequency of the sampling clo required for con tin uous sampling with the matc hed dela sampler as deriv ed. The details of the additiona circuitry necessary to desk ew and sync hronize the sampler outputs, and the requiremen ts for the memory system, ere presen ted. The sc heme can applied to man ossible circuit-lev el designs. erences [1] T. ahk onen, J. ostamo aara, and S. Sa yna jak angas. Time in terv al measuremen using in tegrated tapp ed CMOS dela lines. In 32nd idwest ymp osium on ir cuits and ystems pages 201{205 1990. [2] an Noije, C. T. Gra Liu, T. A. Hughes, Ca vin, and J. arlo w. CMOS sampler with gbit/s bandwidth and 25 ps resolution. In ustom Inte gr ate ir cuits on er enc pages 27.5.1{27.5.4, San Diego, CA, Ma 1993. [3] T. A. Hughes, C. T. Gra Liu, and Ca vin. Metho and apparatus for high sp eed digital sampling of data signal, Marc 25 1992. .S. aten ending 07/857 ,457. 12