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A High-Resolution € 10 ps RMS) Multi-Channel
Time-to-Digital Converter (TDC) Implemented in a
Field Programmable Gate Array (FPGA)

Eugen Bayer and Michael Traxler

Abstract—A high-resolution 48-Channel Time-to-Digital Con- et al. extended in 2005 the previous approaches and achieved
verter (TDC) implemented in a general purpose Field Pro- g resolution of 75 ps [4]. Wu, et al. implemented the TDL
grammable Gate Array (FPGA) is presented. Dedicated carry method in an Altera Cyclone Il FPGA and proposed two

chains of the FPGA are utilized for time interpolation purposes . .
inside a clock cycle. A counter running at the system clock methods to improve the resolution of the TDC beyond the

frequency provides a global time stamp. These two values, along intrinsic cell delay of the chain. The resolution was imgdv
with the channel number, are stored for readout. An extra effest  from 40 ps to 25 ps RMS with the first method and down to

was made to improve the resolution beyond the intrinsic cell 10 ps RMS with the second method but on cost of a larger
delay of the carry chain as well as to achieve the same resolution resource effort and an increased dead time [5]. A TDC with

on all 48 channels. Due to large bin width variations a bin-by-bin 40 lution b d on the Verni thod imol ted
calibration scheme was used. Time interval (TI) measurements ps resolution based on the vernier method was Implemente

between two channels were made to determine the RMS and by Junnarkar et al. in 2008 [6]. In 2009 a pure TDL version
the time resolution of a single channel. At least 6 ps single was implemented by Favi, et al. on a Virtex-5 FPGA that is
channel resolution was achieved for all channels._ Additional fgpricated in the 65 nm process. On this Ch|p a resolution of
measurements were performed to _characterlze the influence of 17 ps (standard deviation) was achieved in some placement
the temperature and voltage variations on the RMS value and fi fi 71 We imol ted the TDL thod

the mean as well as the sensitivity of the TDC to crosstalk. The an igurations [7]. _e 'mp,emen _e e method on a
results of these measurements are also presented in this paper. Virtex-4 FPGA that is fabricated in the 90 nm process and
achieved 17 ps RMS in Tl measurements. The design was
then extended with a modified version of the first method
("Wave Union A” method) described by Wu [5]. The use of
Place and Route (PAR) constraints was necessary to minimize
|. INTRODUCTION the unpredictability of the routing algorithm that itsedfsults

IME-TO-DIGITAL Converters are widely used in mar]yin'unpredictable signal delays. No manual routing was done.
T scientific applications. High-resolution ASIC-TDCs andVith regard to the need of many channels on a single FPGA
commercial modules are utilized in Time of Flight (TOF)a_nd a small dead time a resource-efficient and fast thermo-
detectors in virtually all nuclear physics experiments.eTHPinary encoder was also developed.
efficiency of the particle identification depends directly o !n the following section the design of one TDC channel
the precision of the time measurements. For example, will be explained. Section Ill describes the calibrationtinel
the HADES (Hi-Acceptance-Di-Electron-Spectrometer) 1] that was used to derive the time interval in picoseconds.
TDC resolution better than 30 ps is needed to discriminae the section IV the measurement results are presented. A
electrons from protons. Two interpolation methods used gonclusion and an outlook will be given in sections V and VI.
high-resolution applications — the Vernier and the tappsldyd
line (TDL) method — have been also successfully implemented Il. DESIGN
in FPGAs. The advantage of a FPGA implementation is the ) _
less complex, less expensive and less time consuming desigf! common TDC-Designs two different methods are used
process as well as the flexibility and adaptability of the RPG for the coarse and the fine time measurement. Usually a
TDC to special needs of the current application. Already fPunter running at the system clock frequency provides
1997 Kalisz, et al. achieved a resolution of 200 ps on nanosecond resolution and the finer time resolution is aetie
QuickLogic FPGA [2]. In 2002 Andaloussi, et al. implementeéﬂ"ith a time interpolation technique. This approach offers a

a TDC in a Virtex-4 FPGA with the 150 ps resolution [3]. Xie,large dynamic range that is only limited by the number of the
counter bits. A good overview on possible methods for the fine
Manuscript received June 15, 2010. Work supported by EU FRétg resolution can be found in [8]. Though, the time interpaati
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of the signal run times in the FPGA fabric as well as the 10

unpredictable routing inside the FPGA an additional effort
adjusting the needed difference on all channels is ingeitab
Even more, the same effort could become necessary again, if
the design is changed only slightly. Although, the TDL metho
also suffers from the inhomogeneous delays in terms of high
non linearity, it is possible to overcome this problem witle t
proposed techniques.

Bin Width [ps]

A. General Considerations

60
The TDL method can be implemented in different schemes. Bin Number
The asynchronous input signal, the clock of the latchingy. 1. Bin width plot of a region in the carry chain with two UWEat

FlipFlops or both can be delayed. The latter structure pgsitions 21 and 85.
also called the Vernier delay line. However, in FPGAs it
is not possible to delay the clock signal for each FlipFlop

inside a logic block, but there are many dedicated carrysline cout
inside the FPGA which connect adjacent slices to columns —Z__\ _F’
and can be used as delay elements for the asynchronous | xoR FE [

input signal. Fig. 2(b) shows the carry resources inside a T L

Xilinx Complex Logic Bloc (CLB). When the carry logic is
instantiated the cin input is delayed by the carry multiphsx 1 1

and the register array is driven by a single clock. The cinto ~ “° Lt v ninm il
cout delay is, according to the data sheet, 90 ps (max.) and th 1 B cin Slice
calculative delay of one element is 45 ps (max.). As mentone g 1 ot

before the real delays show a significant variation and can g 1 — F
be measured by performing a code density test. In our Test-= 20 XOR FF (>
FPGA the delays vary between 100 ps and 3 ps as is showns T 7 L
in (Fig. 1). The variation is caused by two factors: The serall 10+

variations follow a periodic pattern that is caused by thd8CL 1 - 1]
structure (Fig. 2(a)), whereas the two so called "ultra wide e Lut ] ﬁ iy
bins” (UWB, named according to [5]) mark the boundaries 26293091 2% cin Slice
of the clock distribution tree. A descriptive explanaticor f Bin Number CLB SLICEM side
this phenomenon is given in [9]. These bin width variations @) ()

would cause high differential non-linearity (DNL) and igtal

non-linearity (INL). Fig. 2. The bin width pattern (a) and its origin in the CLB sture (b).

A possible approach to flatten the DNL of a TDC channel
is using several delay lines, which are fed with a delayed

version of the input signal. Thus, if one line is in an UWB oo e .
. - . . adder structures like it is specified in [9] or the carry chain
and is not sensitive to the propagation of the signal an other

line will maintain the sensitivity. To get rid of the drawlkac components can be instantiated directly. In the pattemdaer

X a pattern of 0-to-1 and 1-to-0 transitions can be stored. The

of the larger resource usage a better technique was propos . .

. .. corresponding adder schema can be found in [10]. In our

in [5]. They store a pattern of 0-to-1 and 1-to-0 transition§_ . o . .
.design the 1-to-0 transition is also used for interpolatiod a

in the carry chain which is released as soon as the rISIrF"ﬁnimalist Wave Union consists of one 0-to-1 and one 1-t0-0

edge of the asynchronous hit signal arrives. Analogue to trg\nsition, forming a single "wave”. All transitions ardeased

pure” version, the propagation status of the pattern isesto by the trigger simultaneously if it detects a rising edgehsf t

at the rising edgg of the system ClOCk.‘ performing mUItlp.I%put signal. At each rising edge of the system clock theytrig
measurements with a single delay chain structure. Accgrdlgi nal and the propagation status of a possible hit event are
to the fact that the output is not a simple thermometer cogle and bropag P

: sampled and the position of the 0-to-1 transition is encotfed
more, a more complex encoder structure is needed to convett. . o
. ) a hit occurs, the FlipFlop array clock is disabled for twoaklo
the propagation status to a binary value.

cycles to enable the encoding of the 1-to-0 transition. mri

_ this time the channel is not sensitive to an other hit event.

B. Architecture In the following clock cycles both positions are summed and
The pipelined design of one TDC channel, shown in Fig. Stored along with a global time stamp in a channel-FIFO. This

can be divided into four parts: the interpolator, the triggee information can then be read out by the top-level design. On

sampling unit and the ancillary electronics. The interfila the basis of this information the time interval betweenediht

is composed of the carry chain and the pattern launchehannels can be determined. The conceptual timing diagram

The carry chain can be instantiated either by implementing shown Fig. 4. The time intervall;rr) can be explained
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Fig. 3. The bin width plot of the 2-Transitions (minimalist) VéaUnion.

as fO”OWS: to FPGA_T?OP design
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Fig. 4. The principle timing diagram of the measurement method. ®path B

This scheme can be easily modified for pulse width mea-
surements. In this case two channels are utilized for oh§- >
measurement, in which the channels are sensitive to thegrisi

and the falling edge respectively.

The whole delay of the chain has to be larger than tl){éh”e thle delay.cr;]ain is S"’_‘mrge(;j'lThiS fderiay '; _COLnPOSEd
period of the coarse counter clock. The variation of th® tWO €lements: the comprised delays of the chain between

signal run-time in the FPGA due to voltage and temperatu e transitions and the run time difference of the transitio

variations has to be taken into account. At a lower envirmnmere'eaSIng signals. In our design six elements were sufficéen

temperature more delay elements could become necess%%n a single wave if the unpredictability of the run times is

In our Test-FPGA about 198 delay elements are passed imized by placemgnt gonstraints. .
30° C in 5 ns and the delay chain consists out of 256 dela An other issue originating from the asynchronous design

elements to support the lower temperature region. Due ' the metastability of the sampling FlipFlops. If the riin

the inhomogeneity of the delays the transitions proceed ‘?Hgﬁ of the tlr_igger lsigr;al occurs in the metastabilityb\l/vinmdo
the next delay element at different points in time, thus tf the sampling FlipFlop, it can enter a metastable state

number of bins using two transitions is twice as large and tR9d resolve either to a one or a zero after an arbitrary

UWB are effectively subdivided. Their width never exceeddMe- If the metastable FlipFlop dri\{es an other FIip_Fqu, i
50 ps (Fig. 3). can also enter a metastable state if the metastability is not

resolved until the next metastability window. However, the
] probability of a metastable event lasting longer than aadert
C. Asynchronous Design time is decreasing exponentially and is considered to bg ver
Due to the asynchronous nature of the design special cboe for a 5 ns system clock period. A common method to
has to be taken on the signal run times in the asynchronaousake this probability negligible small is the use of a dual
part of the design. For instance the number of delay elemestgichronizer. In our design both possibilities (two andnag ks
between the transitions, hence their distance on the FPGnchronizing FlipFlop) were tested (path A and path B in
die, has to be chosen carefully. The resulting delay shoutg. 5). If a metastable signal state would arrive on the Enab
not be smaller than the largest UWB. Otherwise the wave imput of the FF-array, causing some FlipFlops in the array
a part of a Wave Union may disappear if crossing a UWBnter a metastable state and resolve to different logiddeve

Block diagram of a TDC channel.
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the encoder output would be a random number. This would 70000
cause measurement values that exceed the usual deviations &%

1 Single Transition
50000 |

from the mean in a fixed time delay measurement. Since no £ 40000 | RS =16
measurement errors were found in measurements containing® , - moan ;159"28
over 30 million hits, the first design (path A) was chosen for é 20000

the final implementation. Metastability is also the origih 0 2 10000 ]

the so called "bubbles” problem. During the sampling of the 0

propagation status there may exist some FlipFlops closeeto t 80 100 120 140 160 180 200 220 240 260

0/1 and 1/0 transitions in which the condition for a metastab 7
state is fulfilled. These FlipFlops can again resolve to a one 70000

as well as to a zero and produce single inverted bits in the 500007

50000 | Two Transitions

encoder input, e.g.: 111110100000 instead of 111111100000 £ 20000 1
Since this is also a common problem in the flash Analog-to- 5 RMS =88 ps
Digital Converter (ADC) designs, we used the methods from é 20000 ] mean = 159 os
the relevant literature of this area [11]. In our folded ther 2 10000 ]
to-binary encoder design we use the nand-gate based bubble 0]
suppression, to tackle this problem. 80 100 120 140 160 180 200 220 240 260
Time Delay [ps]
l1l. CALIBRATION Fig. 6. The histograms of the measurements utilizing a singlesition and
The initial point of the calibration is a code density tesfo transitions.
If the hit distribution in the histogram, their total numband TABLE |
the period of the counter clock is known, the real bin width MEASUREMENTS IN1 CLOCK CYCLE RANGE
in picoseconds can be calculated. Assuming the total number
is 50k, then the width of a bif¥; with N; hits is W; = | cable [om] | mean [ps]| RMS [ps] |
N; -5000 ps /50000 = N;-0.1 ps for a 200 MHz system clock. 6 1697 9
With this information the lookup table (LUT) for bin number 7 1740 9
to picosecond conversion can be build. The correspondimg ti 8 1781 9
of a bin is then derived as follows:
TABLE I
i—1 MEASUREMENTS IN>1 CLOCK CYCLE RANGE
L= ; Wi+ W1/2 (2) DTG delay [ns] \ mean [ps] \ RMS [ps] ‘
In our measurements about 500k hits per channel were 42 45798 9
booked and used as input for the calibration software. Due 44 47798 9
to the influence of the environment conditions on the mea- 46 49798 9
surement setup, that is examined in the next chapter, always TABLE Il
the newest data should be used for the code density test. MEASUREMENTS INuS RANGE
IV. MEASUREMENTS DTG delay us] | mean [ps]| RMS [ps] |
In our measurements we determined the time interval be- 1,004 1005795 | 11
tween two rising edges which were fed into two different TDC 1,006 1007797 | 11
channels. The pulses for the TDC inputs were generated out- 1,008 1009798 | 11
side the FPGA and were uncorrelated to the system clock. The 1,010 1011800 | 11

time delay between the edges was varied by using different

cable delays or with the Tektronix Data Timing Generator

DTG5078. Several measurement series were performedaggitional 2 ps in the RMS value were measured in the long
determine the achieved RMS value and the impact on it dgeriod measurement. This resolution was measured on all 32
to the temperature and supply voltage variations. channels implemented on the Virtex VC4VLX40 FPGA. The
usage of two transitions improved the resolution by thediact
1.8. The histograms of two successive measurements nigjlizi

A. RMS . o : . S
a single and two transitions respectively is shown in Fig. 6

Several measurement series with increasing time inter\é%ng with the measured mean and RMS value.
were performed with both edges within a counter clock period

within a few periods and with a time interval of aboutu$ o

respectively. The results are shown in Table | - IlI. In th&: Temperaiure and \oltage Variations

first two measurement series the RMS value was 9 ps. Sdrhe performance of the TDC was also examined under
the resolution of a single channel %/v/2 ~ 6ps. Due to varying environment conditions. In the temperature tesigse
the limited accuracy of the system clock (SILABS-Si530bhe temperature of the FPGA was increased frorfi G0to
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85° C in 5° C steps for a fixed time interval. If only data from 1560 — 1
the actual temperature is used for calibration, no sigmifica 194 146 118 120 122 104 1_267'5
effect on the RMS and the mean value could be observed.
Though some characteristics of the raw data changed. A Voltage [V]
deformation of the calibration look-up-table (LUT) witheth Fig. 9. The effect of voltage variation on the mean and the RléiBes
increasing temperature is shown in Fig. 7. This results in a
worsening of the RMS value, if a calibration LUT beyond the T T T T gy
5° C temperature region is used (Fig. 8). However, the change = 2499041 — . Shielded twisted pair /%\ 18280
of the temperature has no influence if the calibration table i 2 3455 .\/.\7\/;45.*.*./\?1252 =
updated often enough to follow the temperature rise. 3 24500 ] Ty i  eors O
In the voltage test setup the supply voltage was varied withi g ] § 4 [ 18272 &
the allowed voltage range of the FPGA core from 1.15 V to % WY TN yd \ e L8270 §
1.25 V. We observed a shift of 40 ps in the measured mean 2 R T R — f\; T 18268 &
and the RMS value was decreased about 2 ps in the whole $ ..., ] cha B el -
voltage region (Fig. 9). — T T T =4

continuous calibration and with the usage of the calibratible from a single

70 4
60 |
50

40 4

—®m— | UT is up-to-date
—®— LUT from 32 °C

temperature region.

-2

0 2 4 6 8

DTG Shift [ns]
C. Crosstalk Fig. 10. The crosstalk measurement: The measurements of a fixed ti

The TDC’s Sensitivity to crosstalk was examined. For thi’gterval between channel 1 and 4 with shielded twisted painad feeding
. ) and with the flat band cable feeding.

purpose the time delay between channel 1 and 3 and between

channel 1 and 4 was measured while the delay between

channel 1 and 3 was increased. Under normal conditions no

crosstalk could be measured. To be sure that the Setupresolutlon of a TDC channel could be improved from 11 ps

i . ) )
sensitive to crosstalk we induced a crosstalk in the feediﬂlgps/\/i) to € ps. In previous implementations the amount of

of the asynchronous signals to the channels 3 and 4 by usijged resources and/or the dead time increased, when methods

ng . . . .
a flat-band cable instead a shielded twisted pair cable. Wlﬁ? improving the resolution on a given FPGA were used
. e . — the use of several channels for one measurement or the
this modification a shift of the mean value of about 170

. F‘R/ave Union method. The usage of the latter method indeed
was observed (Fig. 10). ;
allows to save the resources for an other delay chain but
necessitates simultaneously a more complex encoder design
V. CONCLUSION In our design this method worked fine with the same amount
A new FPGA-TDC based on the TDL method has beesf resources by using only one rising and one falling edge for
implemented. With the use of newly proposed methods thanimalist Wave Union. With this scheme 48 channels could
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be implemented on the target FPGA, each channel showing
the same performance as presented above.

The experimental results on the influence of the voltage
and temperature variations demonstrate that those can have
a significant impact on the performance of the TDC and
have to be taken into account during the design of the setup.
However, these influences can be eliminated by using common
calibration methods and technology. The supply voltage of
the FPGA-TDC can be stabilized with commercial DC/DC
converters over the full operating range intal2 mV region
without any special precautions on the PCB design. So, the
maximum shift of the mean value can be limited to 7 ps in
the worst case. On our hardware we didn't measure supply
voltage variations above 2 mV. Temperature variationsvbelo
5 °C have no impact on the performance. For larger variations
a calibration with the current measurement data is neggssar

VI. OUTLOOK

The use of the Wave-Union method is a trade-off between
resource usage, dead time and resolution. It should beljpessi
to increase the resolution of the TDC by using more than 2
transitions. So, the Wave Union is going to be extended in the
next step. For this purpose a new encoder is needed. A new
efficient encoder that allows to maintain the low dead time
and the high channel number is currently under construction
Additional measurements will be done to characterize the
power consumption of the TDC.
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