Submitted to the IEEE Transactions on Nucl. Sci., IEEE Nuclear Science Symposium, San Francisco, Oct. 1995.A VME 32 ch Pipeline TDC Module with TMC LSIsHideki Shirasu, Yasuo Arai�, Masahiro Ikeno�,Toshimitsu Murata and Tsuneo EmuraTokyo University of Agriculture and TechnologyKoganei-shi, Tokyo 184, Japanand�KEK, National Laboratory for High Energy PhysicsTsukuba-shi, Ibaraki 305, JapanAbstractA new 32-channel pipeline TDC module, whichimplements custom-developed Time Memory Cell LSIs, hasbeen developed for high-rate wire-chamber applications. Themodule has achieved a 370 ps time resolution, and recordsdata for a period of 3.2 msec. To handle the large data size, adigital signal processor (DSP56002) is implemented in themodule. Most of the control logic is implemented in twocomplex PLDs to achieve a density of 32 channels in a single-width, double-height VME module.I. INTRODUCTIONPipeline TDC modules with less than a 1 ns time resolutionhave been in demand for wire-chamber readout in recent high-rate experiments. Since our development of a 64-channelpipeline TDC module on a 9U x 400 mm board [1], we havereceived many requests for a further reduction of the cost anda module of the standard double-height VME size.The 9U TDC module utilized a Time Memory Cell (TMC)chip of TMC1004 [2, 3,], which is a full-custom chipdeveloped with 0.8mm CMOS technology and has a s=520pstime resolution. Since the TMC1004 has only a 1 msec bufferwithin the chip, we added an external FIFO to the TMC1004in order to increase the time range. The module has beenworking successfully and has been used in several testexperiments. However, the large board size and the relativelyhigh cost of the TMC1004 and the FIFO are preventing anyfurther spread.On the other hand, we developed a new TMC chip calledthe TMC-TEG3 [4] using Toshiba’s 0.5 mm CMOS Sea-of-Gate process. The cost of the chip was reduced by almost oneorder due to commercial gate-array technology, and the timerange has been increased to 3 ~ 10 msec, depending on theclock frequency. Furthermore, the chip can record both rising-and falling-edge timings, and achieved a resolution ofs=250ps.We have thus decided to develop a new 32-channel TMC-VME module (Fig. 1) using the TMC-TEG3 chip. To increasethe data-transfer speed and to manipulate data, a high-speeddigital signal processor (DSP), the Motorola DSP56002, isused. The board is 6U x 160 mm single-width, double-heightVME size. We use two complex PLDs (Lattice ispLSI) toreduce the board area of the control circuits, and haveachieved a density of 32 channels in the module. The modulehas a VME slave interface with a block-transfer capability anda dual-port memory (DPM) which can be accessed both fromthe DSP and the VME bus. The power consumption is lessthan 8W.The circuit design is given in section II. The softwareenvironments for the ispLSI and DSP programs are describedin section III. Finally, the performance of the module isdescribed in section IV.

II. CIRCUIT DESIGNA. TMC-TEG3 chipThe module has 8 TMC-TEG3 chips, which are operated ata 3.3 V power-supply voltage. The chip contains 4 channels ofcircuit. A conceptual view of each channel is shown in Fig. 2.An asymmetric ring oscillator is controlled with a phase-locked loop (PLL), and generates 32 precise timing signals,each of which is delayed by 1/32 of the clock cycle. Thefrequency lock range of the PLL is between 10 MHz and 50MHz. Both the rising- and falling-edge times are encoded andstored in 128-word dual-port memories (DPM). Although theTMC records all of the timing information, a second edgewhich appeared within the same cycle will be neglected at theencoding stage.Depending on a clock frequency, we could have a highresolution with a shorter time range or vice verse. At a 40MHz clock, TMC has a least count of 0.78 ns/bit, a timeresolution of s=250ps and a time range of 3.2msec.

PLL circuitAsym. Ring Osc.D100mV) in a commonvoltage range of –3V.The expansion bus timing for the P-, X-, Y-, and I/O spacecan be programmed individually in the DSP56002. In thismodule, all of the memory, except for the I/O space, ROMand TMC, can be accessed without a wait cycle. One waitcycle is required for access to the I/O space and TMC, andseveral wait cycles for access to the ROM.There are several interrupt sources to the DSP. In additionto the interrupt created within the DSP chip (stack error,software interrupt, etc.), the serial port and host port can causeinterrupts to the DSP.For an interrupt to the VME, there is an interrupt signal(INTM), which is controlled by bits 1 and 2 of the VMEcontrol and status register (VCSR). This interrupt is providedto communicate with the VME master for handling event data.Table. 1. Specifications of the TMC-VME module¥ TMC chipTMC-TEG3 (10 - 50 MHz)

¥ DSPDSP56002 (40 MHz)¥ DSP RAMMCM56824 (8kx24b)x2 [0 wait]¥ ROM27512 (64kB) x 3 [4 waits]¥ Dual-Port MemoryIDT7025 (16kB) [0 wait]¥ I/OSerial and 8-bit host port¥ Signal Inputs32ch (ECL) differential.¥ Start/Stop InputsNIM level. Lemo connectors.¥ Time Resolutions = 370 ps¥ Least Time Count0.78 ns/bit (@40MHz)¥ Max. Time Range3.2 msec (@40MHz)¥ Two Hit Resolution< 25 nsec (@40MHz)¥ VME I/FP1 connector. A24/D16Interrupt to/from VMEBlock transfer¥ Packaging6U x 160mm (double-height),single-width¥ Power Consumption< 8W (-12Vx0.16A, +5Vx1.4A)

23 Program Space 00000

:Internal RAM (512 W)

01FF

0200:DSP RAM(15.5 kW)

3FFF

4000:Ext.ROM(option)Ext.ROM(option)Ext.ROM(48 kB)TMC-BUG2

FFFF

23 X-Data Space 00000

:Internal X-RAM (256 W)

00FF

0100:DSP RAM (15.5 kW)(ghost of P:200-3FFF)

4000:0Dual Port RAM

5FFF(8 kW x 16b)

6000:(not used)

EFFF

F0000 ›Ch0 Rise

0 |Ch0 Fall

0 TMCCh1 Rise

:0 Data:

F03F0 flCh31 Fall

F040:(not used)

FFBF

FFC0

:On-Chip Peripherals

23 Y-Data Space 00000

:Internal Y-RAM (256 W)

00FF0100:(ghost of X-space)

FFC00 ›Chip0 CSR0

0 TMCChip1 CSR0

:0 CSRs:

FFDF0 flChip7 CSR3

FFE0

:(not used)

FFEF

FFF00Stop Counter

FFF10MCSR

FFF20-

FFF30InterruptLevel

FFF40VCSR

FFF5

Fig.3. DSP memory address map.¥¥Com.Start Com. Stop(NIM)(ECL Diff.)TMCTEG3#1#2#8RxDSP56002ROM64k x 8b(x3)Serial I/FRS232DPM8k x 16bVMEBUSDSPRAM8k x 24b(x2)

HostPort3.3V <-> 5V8¥¥¥¥¥¥¥¥¥

CH31

24CH1Rx8HitIspLSI1048IspLSI1048Sync.Out

16CSRFallRise

6D16A24...

VCSRVME I/FAdr.Gen.

MCSRTMC I/FTiming ControlCounter

The interrupt vectors of the module interrupt are set at the last8 addresses of the DPM. The host port can also generate aVME interrupt from the DSP.C. TMC InterfaceThe TMC interface part is implemented in an ispLSI, andfunctions as a DSP address decoder, a TMC start/stopcontroller, a module control and status register (MCSR), atime counter and a common timing multiplexer.The input of the channel 31 is connected to the commontiming multiplexer, and is used to record both the CH31 signaland a common stop (or start) signal.In a common stop mode, an external signal is recorded inthe TMC until the common stop signal arrives. When the stopsignal arrives, the multiplexer is changed so as to select thestop signal. Then, the stop signal is recorded in the last twowords of the channel 31 data.In the common start mode, the common start signal isrecorded in the first two words of the channel 31 data. Themultiplexer is then changed so as to select the CH31 signal.There is a 7-bit stop counter which is used for counting therecording time (number of TMC clock cycles). The datarecording stops when the count reaches zero. The user canalso keep on recording external signals while the stop counteris not running. The counter starts a count down when thecommon start signal arrives. Thus, the user can obtain signalinformation prior to the start signal, as in a logic analyzer.Table 2 shows the bit assignment of the module controland status register (MCSR). The COMST bit selects thecommon stop or the common start mode. The TRUN bitindicates that the TMC is running (recording). In the commonstop mode the WRUN bit shows the same status as the TRUN,while in the common start mode it indicates that the commonstart signal has arrived and the counter is counting down. TheDSTART bit is used to start data recording from the DSP, oras a replacement of the common start signal. The DSTOP bitis used to stop data recording from the DSP, or as areplacement of the common stop signal..D. VME InterfaceThe module has an A24/D16 address/data size. The baseaddress of the module is set by switches for the upper 8-bitaddress signals (A16-A23). Thus, the module uses a 16-bitaddress space. An address map of the VME space is shown inFig. 5. The lower 16k bytes are assigned to the DPM, and thehigher 16 addresses are used for the host port registers.The VME interface is implemented in another ispLSI, andhave the functions of a VME slave controller, an interrupthandler, a block-transfer controller and a VME control andstatus register (VCSR). To generate an internal address in theVME block-transfer mode, an 8-bit counter is implemented.Table 3 shows the bit assignment of the VCSR. A reset signalis asserted by setting the MRST bit of the VCSR. This registercan be accessed from both DSP and VME.Address15 UpperByte 87 Lower Byte 0xx0000

:Dual Port Memory (16 kB) xx1FF0 xx1FF2-Level 1 Interrupt Vector

:-:xx1FFE-Level 7 Interrupt Vector

:-xxFF000- xxFF020Interrupt Level xxFF040VCSR

:-xxFFF00 ›Interrupt Control Reg.

xxFFF20|Command Vector Reg.

xxFFF40|Interrupt Status Reg.

xxFFF60HostInterrupt Vector Reg.

xxFFF80PortxxFFFA0|Rx/Tx Byte Reg. H xxFFFC0|Rx/Tx Byte Reg. M x+FFFE0 flRx/Tx Byte Reg. L

Fig. 5 VME-space address map. The base address �xx0000� isset by switches for the upper 8-bit address bit (A16-A23)Table 2. Module control and status register (MCSR) bitassignment.BitNameR/WCommon stop mode(COMST=0)Common start mode(COMST=1)

0DEBGSWRDebug switch status

1DEBLEDR/WDebug LED

2TRUNRTMC is running

3WRUNRTMC is runningCount down

4DSTARTR/WStart TMCCom.start signal

5DSTOPR/WCom.stop signalStopTMC

6COMSTR/WRecording Mode

7TRSTR/WRestTMC

Table 3. VME control and status register (VCSR) bitassignment.BitNameR/WContents

0MRSTWReset all circuits

1INTMR/WINTM interrupt status

2INTMENR/WINTM interrupt enable

III. SOFTWARE ENVIRONMENTA. ispLSI programmingThe ispLSI is programmed on board through an ispdownload cable from a personal computer. The programminglanguage ABEL (Data I/O Co.) is used to describe thefunctions of the chip. This flexibility of the logic design led usto the first successful PC board. The first PC board requiredonly one patch.The ispLSI1048 has 8000 PLD gates, 192 macrocells and96 I/O pins. We used 70% and 80% of the gate in the TMCand the VME interfaces, respectively.

B. DSP ProgramWe used a cross assembler to develop DSP programs. Theassembler runs on a Macintosh or a personal computer, andproduces object files. These files are down loaded to theTMC-VME module through the serial or the host port.A monitor program "TMCBUG", which was developed forthe 9U TMC-VME module, was transferred to the presentmodule, and named "TMCBUG2". The monitor programhandles read(write) from(to) memory and registers, setsbreakpoints, traces, downloads programs, and handlesterminal and host port I/O’s. The TMCBUG2 is programmedin a ROM, and a bootstrap program moves the main codesfrom the ROM to the DSPRAM at the startup time. Tominimize the required RAM area, some routines are loadedinto an overlay area at the execution time. Several customcommands used to check the contents of TMC’s have alsobeen added. The present "TMCBUG2" occupies only 3kwords of the program RAM space.A prototype data-acquisition program has been developed.The program runs in the common start or common stop mode,and can handle multiple hits in a channel. The programobtains run parameters from the terminal or the DPM, andwaits for an event. When event data are available, the DSPsearches the start (or stop) timing from the Ch31 data. Then,DSP searches the hit point from all channels. If the DSP findsa hit point, DSP writes the time of the hit to the DPM.Optionally, a user can subtract offset values channel bychannel. When the data transfer is finished, the DSP sets a flag(or cause interrupt) to notify the VME master.IV. PERFORMANCEA.. Time ResolutionThe timing resolution of the TMC-TEG3 chip is 250 psRMS for a single hit at a clock frequency of 40 MHz. Sincewe need both the start/stop time and the hit time for acomplete measurement, the timing resolution is cumulative oftwo measurement errors.Figure 6 shows the timing resolution of the TMC-VMEmodule from a measurement of the time between a commonstart signal and a hit. The theoretical error distributionbecomes triangular in shape, as shown in the Fig. 6.Although the expected resolution from the TMC chip is354 ps (250 ps x �2), we obtained an experimental value of370 ps. Thus, although some additional errors are added in themodule, they are almost negligible in an actual measurement.B. Data Processing TimeAlthough the TMC chip is designed to operate without anydeadtime, this paticular module requires some data-processingtime, since the bandwidth of the VME is not sufficient totransffer all of the data in real time.

1 5 0

1 0 0

5 00

Counts

1 . 00 . 0- 1 . 0

Dt [ n s ]

RMS = 370ps

Data

TheoreticalFig. 6. Time resolution from a measurement of the timebetween a common start and a hit signal. The frequencyof the TMC clock is 40 MHz and a LSB is 0.78 ns.The data-processing time also depends greatly on thesoftware, especially in a DSP. Here we give an example of thetime to process all of the hit information in the TMCs and towrite necessary data into the DPM.The data-taking speed depends on the number of hits,channels and time range. The processing time to obtain rising-edge timing was measured and can be equated as follows :Time » 0.4msec x (#Ch) x (#Rcycle) + 4msec x (#Hit),where #Ch is the number of channels to read, #Rcycle is arecorded cycle in the TMC, and #Hit is the number of hits inthe data. For example, if we handle 32 channels inputs, 100cycle of recording (2.5 msec) and 32 hits, the data processingtime will be about 1.4 msec.ACKNOWLEDGMENTSThe authors wish to thank T. Kondo and T. K. Ohska fortheir continuous support and encouragement during thisproject.REFERENCES[1] Y. Arai and M. Ikeno; "A 64-ch Time Memory Cell Module witha DSP and a VME Interface", IEEE Trans. on Nucl. Sci. Vol.41, No. 4, (1994)1187.[2] Y. Arai and T. Baba, "A CMOS Time to Digital Converter VLSIfor High-Energy Physics", in Symposium on VLSI CircuitsDigest of Technical Papers, pp. 121-122, June 1988.[3] Y. Arai and T. Matsumura and K. Endo, "A CMOS 4 ch x 1 kTime Memory LSI with 1 ns Resolution", IEEE J. of Solid-StateCircuits, vol. 27, (1992)359.[4] Y. Arai and M. Ikeno, "A Time Digitizer CMOS Gate-Array witha 250 ps Time Resolution", to be published in IEEE J. of Solid-State Circuits, Jan. 1, 1996.