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Abstract—Accurate generation of picosecond-resolution wide
—-range time intervals has become a necessity for the
characterization of time-to-digital converters involved in time
resolved imaging. This paper presents the design and
measurement of a time interval generator based on FPGA
technology. Although it can be employed in different automatic
test setups, it has been designed to characterize an array of time-
to-digital converters. It can work as periodic pulse/ frequency
generator but also as a digital-to-time converter. The accuracy of
periodic pulse generator is around 20ps RMS jitter over a time
range of 600ps to 33us. The incremental time resolution is 8ps
and the repetition rate is up to 2MHz.The accuracy of the digital-
to-time converter is less than 0.8LSB DNL and 2LSB INL, whilst
the time resolution is 27ps. Full characterization of the module is
reported including a comparison with state-of-the-art
instruments in this field.

L.

In the last few years, Time-of-Flight (ToF) 3D imagers
based on Single-Photon Avalanche-Diodes (SPADs) are
featuring promising figures of power consumption and pixel
pitch towards high resolution integration [1]. Basically, the
elementary cell in this kind of systems incorporates a SPAD
detector and a Time-to-Digital Converter (TDC) [2]. This TDC
is meant to evaluate the time elapsed between two consecutive
electric pulses. The first one is given by the SPAD detector
when a photon detection event occurs, while the second pulse
comes from the synchronization signal that triggers the laser.

INTRODUCTION

From the testability point of view, specific issues have to be
addressed:

(1) The test bench has to provide the means for full
characterization of the TDCs array by estimating the time
resolution, uniformity and nonlinearities. A commonly used
method to measure the nonlinearities is the statistical code
density test. This can be done either by using a test
generator that delivers Poissonian distributed trains of
pulses, or by employing a SPAD detector exposed to an
uncorrelated light source. In both cases, the number of
measurements should be large enough to cover the whole
range with the maximum number of channels (i.e. time
interval bins). An effective alternative proposed in this
work is to use a linear Time-Interval-Generator (TIG), thus
minimizing the number of measurements per time bin.

(i1) For the sake of simplicity and flexibility, most of the
ToF imagers have the control signals provided off-chip.

(iii) Moreover, 3D image sensors rely on Time-Correlated
Single-Photon Counting measurement techniques [3].
Therefore a large amount of data needs to be compiled off-
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chip. One possibility is to send the data to a personal
computer using an USB link.

In order to have a compact setup for test and characterization
of a 3D imager, it is more convenient to embed in the same
FPGA board the TIG, the control logic of the unit under test
and the USB interface. This work is presenting only the design
and characterization of the TIG module based on phase shifting
method.

In order to properly characterize TDCs, the TIG has to
deliver picosecond-accuracy time intervals which are
delimited by the leading edge of successive START/ STOP
pulses. The simplest approach to generate a preset time
interval is to count a preset number of clock periods. To
achieve a time interval granularity of 8ps, the counter needs to
be driven by a clock reference of 125GHz. This is hardly
possible even using the top high speed CMOS technologies.
One possibility to avoid this limitation is to combine high
dynamic range with high precision by splitting the conversion
scheme in two stages. The first stage generates a coarse
approximation of the time interval whilst the second one
handles the fine tuning [4]. They are implemented by a large
depth ripple counter and a Delay-Locked Loop (DLL),
respectively. Our proposal is based on this approach.

The design is implemented on a Virtex-5 FPGA,
incorporated on a ML505 development kit [S]. This FPGA has
the advantage to incorporate Digital Clock Managers (DCMs)
of 256 steps phase shift and low-jitter Phase Locked-Loops
(PLLs) [6]. The TIG has been optimized to use the minimum
resources. It can be configured as Periodic Pulse Generator
(PPQG) or Digital-to-Time Converter (DTC). The accuracy of
the TIG running in the first mode is given by the FWHM or
RMS jitter over a large number of measurements. In the
second operating mode, the maximum value of the jitter
impacts the minimum time resolution of the TIG. In other
words, the jitter of the TIG as periodic signal generator traces
the lower bound of the single shot precision (or LSB) of the
DTC.

The proper functionality of the design has been proved by
measurements. The PPG has an incremental time resolution of
8ps which is close to the state-of-the-art instruments [8]. The
jitter of the pulse width is less than 20ps RMS, better than [7].
The 600ps lower limit of the time range is far below the 10ns
reported [7], [8]. The DTC has an LSB of 27ps, better than
previous implementation [7]. Moreover we achieved a better
accuracy per phase offset word, featuring less than 0.8LSB
DNL and 2LSB INL by averaging only 16 measurements.



These specifications allowed us to use the proposed TIG to
test an array of 64x64 TDCs with a dynamic range up to
460ns.

II.

The TIG (Fig. 1) is composed of the clock generator (CG —
Fig. 3), the pulse generator (PG-Fig. 4), and the additional
control logic. The first module provides CLK1 and CLK2
from an external reference clock. These two clocks have to be
stable before the synthesis of the time interval starts. The
second block generates the START, STOP and WIDTH
signals.
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Fig. 1. Block diagram of the TIG

The control logic is aimed to provide: (i) the reset and
trigger signals for CG and PG, (ii) the required signals for
phase shifting, (iii) the signals to control the fine and coarse
approximation. All the component modules have been low
level designed to use the minimum resources and keep the
signal path as short as possible.

Before any time interval generation starts, the PG module is
reset and the DLL is set with the appropriate phase. After the
DLL is locked, the internal trigger enables the time interval
generation. Further, on the positive edge of CLK1 a START
pulse is sent. When the preset number of T¢; is reached, the
STOP pulse is delivered on the first positive edge of CLK2 as
shown in Fig. 2. The coarse value of the synthesized time
interval is made by merely counting the full periods of CLK1.
Its fine value is obtained by delaying CLK2 against CLK1
with the proper time bin.
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Fig. 2. Chronogram of the TIG

As already mentioned in the previous section, the only way
to achieve picosecond time resolution is by applying time
interpolation [4]. In this paper time interpolation is based on
phase shifting, using the DCM of the FPGA as a DLL.
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(1)

where N, M are the integer number of coarse periods and time
bins of the delay line. The maximum number of N, M that can
be synthesized depends on the long term stability of the
reference clock and the maximum number of steps in the delay
line respectively.

A. The timing block

Tinte = Teoarse + Tfine =N XTcrgyr + M X Ty

The incremental resolution needs to be traded with the
linearity of the DTC. In other words, smaller incremental
resolution leads to stronger nonlinear behavior of the DTC. In
order to reach the smaller incremental resolution claimed
above, one has to use the maximum frequency allowed by the
DCM in Virtex-5 FPGA. This can be done by using a
PLL2DCM instance witch is a low jitter IP core [9].

If the single-shot linearity is more important, then there is
no need to push the incremental time resolution beyond the
maxim jitter. Therefore CLK1 can be lowered and only an IP
core of DCM set as a DLL is enough. Both possibilities are
considered below.

1) Clock generator based on PLL2ZDCM

In order to get a minimum incremental resolution of 8ps,
the timing block need to provide two clocks of 488MHz. This
scenario is obtained by using a PLL2DCM IP core block. The
schematic is depicted in Fig. 3. The PLL is fed by a reference
clock. The synthesized output CLK1 is used to trigger the
START pulse. The same clock is also driven the DCM. The
shifted version of this clock, CLK2 is used to trigger the
STOP pulse. The DLL is shifting the phase in 256 steps. In
this arrangement, the coarse and fine periods from (1) are the
PLL period and DLL tap respectively.
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2) Clock generator based on DCM
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Clock generator (CG) based on PLL2ZDCM IP core

The clock generator block in this case has only a DCM
configured as DLL. It is clocked by an external reference of
145MHz. This means a time bin, Ty;, of 27ps. On the positive
edge of CLKI it is triggered the START pulse. CLKI1 is
delayed by the DCM into CLK2 whose positive edge triggers
the STOP pulse.

Ting = N X Tergr + M X Tpiny + Toppser + PS )

Toser 18 the delay introduced on the signal paths of CLK1 and
CLK2. It is compensated by the fixed phase shift (PS) which is
set in the DLL.

B. The pulse generator block

The module is clocked by CLKI1 and CLK2 provided by
CG. The N bit counter, CNTN handles the coarse
approximation. It is enabled by an internal trigger, TRIG which
set up the START pulse on the positive edge of CLK1. This



counter is frozen when the desired coarse time interval is
reached. At the same time, the STOP pulse is set on the rising
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Fig. 4. Pulse generator

edge of CLK2. The 3-b counters are employed to configure
the width of the START and STOP pulses. The value of N
depends on the maximum range of the TIG. Thus N equals 25
for a time interval of 50ms.

C. TIG control modules

The main signals provided by the control unit are the
internal trigger (TRIG), reset of the pulse generator module
(R_PG), enable and clock of the phase shifting (PSEN,
PSCLK), end of the fine and coarse conversion (END PS,
END _TI) - Fig. 1.

The width and period of the first four signals are adjustable.
The TIG can be configured as PPG or DTC. For the first
operation mode, the desired time interval needs to be loaded on
21 bits. The 13 MSB and 8 LSB are the coarse and fine
approximation. In the second operation mode, incremental time
intervals are generated. The desired start (TI_START) and stop
(TL_STOP) values have to be set. Moreover there is the
possibility to repeat the each step for a certain number of times.
As the next section highlights, this helps to improve the DNL
and INL of the DTC.

III. MEASUREMENTS

Time resolution and jitter have been measured with
PICOHARP 300 with 4ps accuracy [10]. The external
reference clock is provided by a synthesized sub-picosecond
jitter clock generator [11]. Fig. 5 sketches the control signals of
the DCM and START, STOP, WIDTH signals of the TIG.
Also shown are the signals acquired by the digital D9, D10,
D12, D13, D14, D15 and analog CH1, CH4 channels are the
internal trigger (TRIG), local reset of the pulse generator
(R_PG), phase shift clock (PSCLK), clock enable (PSEN),
locking flag of the DCM (PSDONE), WIDTH, START and
STOP. The last 2 outputs are inverted and attenuated by the
STA400 module [12] to make them compliant with the input
channels of the PicoHarp 300. The rise and fall time of the
START and STOP pulses is about 600ps. The width of these
pulses is 2.4ns.

A. Periodic pulse generator (PPG)

In this setup the TIG is configured as PPG. The jitter is less
than 20ps RMS. The repetition rate is up to 2MHz. It is
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limited by the time needed for the DCM to lock on a new
phase. The incremental resolution is 8ps.
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Fig. 6. Measured jitter of the PPG based on a) PLLDCM, b) DCM

Fig. 6a sketches the jitter obtained with 33MHz internal and
external clock and 102.5MHz external clock. The ML505 on
board 33MHz reference clock does not provide enough
accuracy for this kind of application. Therefore it is better to
use an external reference. Moreover the measurements show
that CG features a lower jitter for the higher reference (see the
dot and cross markers in Fig. 6a). The FWHM-jitter below
64ps (dotted plot) is achieved with a smaller multiplication
factor of the PLL.



Fig. 6b has been obtained with the CG based on the DCM.
The characterization of the PPG is extended up to 33pus
because this is the maximum range that PICOHARP 300 can
measure. The value of the jitter is expressed both in RMS and
FWHM values.

B. Digital to time converter (DTC)

In this setup TIG operates as a linear DTC. To have a
monotonic single-shot converter, the incremental step has to be
larger than the maximum jitter which is less than 100ps. The
CG is based on DCM and the external reference clock is about
145MHz. Therefore the incremental step is set to 27ps. In this
case less than 3LSB DNL and 2.5LSB INL are obtained per
coarse time interval period. The DTC monotonicity is affected
by the jitter. At this point the only way to increase the accuracy
is by averaging different measurements. If each step is repeated
by M times then the accuracy improves VM times. The
improvement is shown in Fig. 7. The results are obtained by
averaging 16 measurements. Subplots a) and b) depict the DNL
and INL over 460ns range. The accuracy is less than 0.8LSB
DNL and 2LSB INL.
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Fig. 7. DNL (a) and INL (b) vs. decimal code

IV. CONCLUSION

Compact automatic control and test setup for 3D imagers is
highly desirable for portable applications. Both, the test,
control and data modules can be implemented on the same
FPGA development board. The design and characterization of
a TIG implemented on Virtex-5 FPGA is reported. It is based
on phase-shift method and is able to work as PPG or DTC. In
the first operating mode the jitter is less than 20ps RMS in the
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range of 600ps to 33us. The incremental resolution is 8ps. For
the second operating mode the LSB is 27ps. The accuracy over
16 measurements is less than 0.8LSB DNL and 2LSB INL. We
achieved better results in terms of jitter, lower time range limit
and accuracy than the implementation based on SPARTAN-3
FPGA [7]. The proposed TIG has been used to test a 64x64 3D
imager with in-pixel TDCs. The USB link still has to be
integrated on the FPGA in order to have a stand-alone test
board for this kind of image sensors.

TABLE L SPECIFICATIONS COMPARISON
Feat.\Ref. [8] [6] This work
Integration T5300U Spartan-3 Virtex-5
Range 10ns — 10s 4ns — 50ms 600ps — 33pus
Inc. resolution S5ps 35ps 8ps
Jitter <28ps RMS <65 <20ps RMS
LSB of DTC - 32ps 27ps
DNL/ INL - -/ 3LSB 0.8/ 2LSB
Trigger 10mHz - 1Mhz - 30.3kHz - 2Mhz
generator
ACKNOWLEDGMENT

This work has been funded by Office of Naval Research
(USA) grant No. N000141410355, the Spanish Government
through projects TEC2012-38921- C02 MINECO (European
Region Development Fund, ERDF/FEDER), IPT-2011-1625-
430000 MINECO, IPC- 20111009 CDTI (ERDF/FEDER) and
Junta de Andalucia, Consejeria de Economia, Innovacion,
Ciencia y Empleo (CEICE) TIC 2012-2338

REFERENCES

P. Kumar et al., “Low power time-of-flight 3D imager system in
standard CMOS”, 19" IEEE International Conference on Electronics,
Circuits and Systems (ICECS), pp. 941-944, 2012
M. Gersbach et al., “A time-resolved, low-noise single-photon image
sensor fabricated in deep-submicron CMOS technology”, IEEE Journal
of Solid-State Circuits, Vol. 47, No. 6, June 2012

W. Beker, “Advanced time-correlated single photon
techniques”, Springer-Verlag, Berlin, pp. 20-27, 2005

(1]

(2]

[3] counting
J. Kalisz, “Review of methods for time interval measurements with
picosecond resolution”, Institute of physics publishing, Metrologia, Vol.
41, No. 1, pp. 17-32, 2004

http://www.xilinx.com/support/documentation/boards_and_kits/ug347.p
df for using the ML505 evaluation platform, Xilinx 2011

http://www.xilinx.com/support/documentation/user_guides/ug190.pdf
for configuring the digital clock managers (DCM) and phase-locked
loop (PLL) primitives in Virtex-5 FPGAs, Xilinx 2012.

P. Kwiatkowski et al., “Accurate and low jitter time-interval generator
based on phase shifting method”, Rev. Sci. Instrum. 83, 034701, 2012
http://vigo.com.pl/index.php/en/english_menu/products/measurement in
struments/time_interval generators for data sheet of T5300U time
interval generators

http://www.xilinx.com/support/documentation/data_sheets/ds202.pdf for
DC and switching characteristics, Xilinx 2010

http://www.picoquant.com/products/category/tcspc-and-time-tagging-
modules/picoharp-300-stand-alone-tcspc-module-with-usb-interface for
PicoHarp 300 data sheet, PicoQuant GmbH.
http://www.thinksrs.com/downloads/PDFs/Catalog/CG635c.pdf for the
data sheet of the CG635 synthesized clock generator

(4]

(3]

(6]

(7]
(8]

(9]

[10]

(1]

[12] http:/www.picoquant.com/products/category/accessories/adapters-
splitters-cables-various-accessories-for-photon-counting-setups for data

sheet of the inverter and attenuator module, PicoQuant GmbH.




