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Abstract
A CMOS 8-channel, 1 ns bin size, 23 bit dynamic range multi-hit time-to-
digital converter is presented in this papernéw arclitecture mixing two
previous TDC realizations has been adopted. The chip stores up to 32
events per channel with a double-hit resolution oin46A prototype of
about 120 mimhas been integrated in apgm process. Test resulshow
that performance, in particular linearity, better than those of comparable
devices has been achieved.

Introduction
A TDC (time-to-digital converter) is system which givethe timing of the occurrence of an event
(hit) on a measuring channdlisually, the measurement ielative to a reference instant, for
example an event collected on a reference channel, so tmeatwut of the TDCs is thaifference
betweentwo measured absolute valuésommon-start or common-stop operation). TDCs are
widely used as precisigiime measurement instrumentsnany applications, such as laser ranging
or high energy physics experiments, to measure drift time in drift chambers [1]-[4].
A way, more complebut lessexpensive than fast technologies suclc@s or GaAs to obtain a
high resolution TDC, is the adoption of CMOS technoleggcial circuits and techniques, such as
phase-locked loops. CMOS TDCs with subnanosecond bin size have been reported in literature [1].
A TDC can be composed of a synchronous coarse counter workingrratjugncyfma., the
resolution ofwhich isaugmented by means of asynchronoesvorks, a 4 state interpolator in [2],
or a 16 stage delay-locked loop of delay elements in [3].
The hit appearing oone of the measuremeabannels samplethe content othis augmented-
resolution counter, and thgeampled value istored togethemwith other information (channel
number, sign ofhe transitiongtc.) in aFIFO, to be eventuallprocessed anceadout. Themajor
theoretical drawback of this approactihiat anew event cannot be recordeuwtil the previous has
been processed and the double-hit resolution (i.e. the capability of red@raicgnsecutive hits) is
limited to a value independent of the bin size of the TDC itself [2].



An alternative approach to overcome this problerexishangingthe role of clock and input: a
delay-locked chain, alikéhat of [3], is now used to generate a setleiyed signalghat sample
the input insuccessive instants, eamhedelayed fronthe precedingmi, = (1/ fna)/2", where ¥ is
thenumber ofthe stages of théelay chain. In this way, a kind gbhotograph” of the inpusignal
during the clock period is taken and the double-hit resolution isthieosetically equal téhe bin
size. On the other hand, this approach requires a huge amaunainairy tostoreall the successive
acquisitions of the input, even those with no interesting features [4].

The original solution wepropose isnixing thetwo approaches. The second ingamplingmethod

is adoptedsince it extractsnore information fronthe signal, but the results of theampling are
immediately analyzednd the presence of one or mdiiés is recognized and encoded with the
minimum number of bit. The aim of the work has been realizing a CMOS TDC capable of recording
multi-channel multi-hits, on a wide dynamic range with a bin size equal or better than 1 ns.

The Architecture
Given the basic idea reported above, let us briefly describe the architecture of this TDC chip and the
most significant parts of the design. The complete architecture is shown in Fig. 1.
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Fig. 1: Block scheme of the TDC architecture.

The inputsignals (coming fronthe 8channels and frorthe commonone) aresampled bythe 16
clocks generated by the controlldelay-lineand produce a 16-bivord. This word is theresult of
the 16 high-resolution samplings performed on the input signal and thus contamerthation on
the occurrence of a transitiowjthin the main clock period. Theampleddata then enter a block
which extractghe information regardinghe presence and the type of the transi(ileading edge,
trailing edge) revealed on the relevahiannel. Thesdata are encoded tainimize the number of
bit used and thestored in a dual-port RAM, togetheith the content of the coarsg/nchronous
counter,only if a hit has beemletected. Therefore, eadhannel RAM onlycontains the data
pertaining the occurrence of a hit on that channel.

The post-processing amdad-outinterface consists of data processor where the data from the
common hit register anthe channel RAMsare subtracted each othand a FIFO wherealid data
are stored, in order to be read from the outside.sIgre ofthe result is chosen according to the
operating mode, i.e. commastart or commonstop. The read-outsub-system implements the
automatic zercskipping of the empty channels, by means of a priority encoding schditmis.



solution is extended touild a multi-chipTDC system, becausmly thosechips withvalid data are
searched.

The controlleddelay-lineand thesampling systerare the mostritical parts of thedesign. They set

the operatiodimit of the TDC and ave therefore been designed with a careful full-custom analog-
digital approach. Thelelay line consists of 16 buffe)e currents ofvhich are regulated by a
current-starving series transistor, like in [3]. A vapcurate desigrextensive electrical simulations
and prototypes have beesalized, inorder to guarantee the corrdsthavior of thispart in the
whole range of temperature, procebst and supply voltage. It isorth stating that thdelay can

be controlled down to 500 ps per buffer, and the system can thus operate as a 2 Gbit/s sampler.
The channel RAMs and the coarse counter are more common blocksitaperate aty.. They
have thus been designed with a semi-custom approach, by takimgaotont thespecifications on

the maximumnumber of hitper channel(sets theRAM dimension) andhe dynamicrange of the
TDC (sets the width of theounter). The rest of theircuit (read-outinterface,etc.) does not
present particular design problems and therefore consists of semi-custom logic and a FIFO, the
dimension of which sets the maximum number of hits recorded per chip.

Test Results
An experimentaprototype ofthis multi-hit TDC has been integrated withe ES2 CMOS m
process andested. Thehip which size id1.3 x 10.5 mmworks up to anaximumfrequency of
65 MHz (0.962 ndin size).
A CAMAC boardcontaining 4 chip$32 channelsiconnected in @aisy chain has been realized to
measure thesystem performance. Some experiments to meathadaifferential non linearity
(DNL), the integral non linearity (INL) and the standard deviation (Std. Dev.) have been performed
at a reference clock of 62 MHz (1.008ms size). The worst-casemaximumpower dissipation,
during a continuos acquisition, has been 800 mwW (100 mW/channel).
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Fig. 2a: DNL measured with data processor disabled. Fig. 2b: DNL measured with data processor enabled.
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Fig. 3a: Std. Dev. measured with step of 1 us. Fig. 3b: Std. Dev. measured with step of 70 ps.

The DNL is caused by thmismatch irthe delay-linestages and by thdifferent paths fronthe line
itself to the sampling system, whicphroduce a nomniform value ofthe bin size. DNL hasbeen
measured on a single channeler adynamicrange of 8 bit in commostart modewith the
channel hits and the start signal completely asynchronousteah Astatistical averaging method



has been used to obtain a detailed arwirate measurement of DNL, $gndingfor eachtime bin

a very high number of hit€0,006-50,000) not correlated to tleystem clock. Thelata read by
the TDC has been plotted in a histogram, the flatness of which is a direct measure of the DNL.
Two experiments have been performed wvitie data processalisabled(no subtractiorwith the
commonstart/stop register) agnabled. Irthefirst case (Fig2a) DNL ranges from20% to +20%
and it shows, as expected, a periodgtalicturewith period of 4 LSB (16 ns)lhis confirmsthat
DNL is mainly due to themismatch ofthe delay-line which producesist the 4 augmented LSB of
the output wordand its noruniformity is repeatecevery 16counts (1 LSB of the coarse counter).
Fig. 2bshows that the DNL value is frori% to +1%, when subtraction is enabled.

The INL has been measureder adynamicrange from 0 to 6 ms (almost the T@ range) and
it has been calculated using a lesgtarefit method. ACAMAC programmablegate generator
(CAEN Mod.C423)has been used to generdime intervals withstep of lus and 2,000
measurements per interval have been performed. The INL ranges@rbrhSB to +0.2 LSB.

The theoretical value dhe standardieviation onlydepends on the quantizatienror in anideal
TDC and range$rom 0 t00.5 LSB. The Std. Dewaluesare reported ovetwo different time
intervals: from 0 to 6 ms witlstep of lus (Fig.3a) and from 22 to 40 ns witlstep of 70 ps
(Fig. 3b). 2,000 measurements have been performed also in this case.

The results show that Std. Dev.abvays withinthe theoreticalimit of 0.5, except fointervals
above 4 ms. This showke excellent performance adhe TDC on the wholalynamic range,
specially if we mention that the experimental set-up introduces a non neghgitgist abovehat
value. Fig. 3lshows that Std. Dewas a periodicity equal tiie bin size, as expected and ttrme
resolution defined athe standardieviation ofthe errordistribution is0.443 LSB, bettethan
comparable devices [1], [2], [4].

Conclusions
A custom integrated circuit to be used asalti-channelTDC has been described in tipaper.
This chip uses a novelchitecture, that allows significant improvement othe performancevith
respect to other solutions, rarticular forlinearity, double-hit resolution angdi/namicrange. The
main features are: 8hannelger chip, widedynamicrange larger than 8 nfsll scale, 1 ns least
count, 500 ps RMS, 0.443 LSBne resolution, double-hit resolution betthan 16 ngjifferential
non linearity lessthan 2%, integral nonlinearity lessthan 0.2 LSB,selectable commostart or
commonstop mode, 32 hitger channel, leading/trailingor both) edge recorded, 512 hit deep
read-out buffer, and the sparse read-out of a multiple chip system.
The chip can operate at a frequency of 65 MHz witinasize of 0.962 n&ith aworstcase power
dissipation of 100 mW/channel and it is going to be produced and used by CAEN rieailiregion
of commercial multi-channel measurement modules.
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