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1. Introduction 
 
Mankind has measured time since time immemorial. High precision time 

measurements are used in huge amount of applications around us today. Our 
key motivation was to develop suitable Time-to-Digit Converter (TDC) for 

space applications, especially, lidar applications based on photon counting 
approach (planetary altimetry, time synchronization, etc.). Such a TDC have 
to be radiation tolerant and compact with low power consumption. For this 

reason, an implementation of TDC in single FPGA chip was chosen as 
appropriate solution. Despite our original motivation, we try to develop as 

general TDC as possible with the constraints due to single FPGA approach. 
 

Architecture of a time-to-digit converter (TDC) is presented. TDC is an electronic 
device which measures time of arrival of discrete electronic pulses, with respect 

to reference time base. Our work on TDC is motivated by its applications in field 
of long-range laser distance measurement and time synchronization. 

 
Unlike earlier time interpolation methods, we have chosen all-digital approach 
based on pulse propagation through tapped delay line. We do not expect it could 

outperform recent invention of time interpolation using narrow-band filter 
excitation [1,2]. However, our approach relies on a standard digital circuitry 

only. With space applications in mind, we are implementing the TDC into a 
space qualified, radiation tolerant field-programmable gate array (FPGA). 
 

On top of related works on all-digital, delay line TDCs, we try to gather more 
complete information about the sampled pulse. It is done by sampling whole bit 

vector, corresponding to all of the delay line taps. A calibration method based on 
random pulse source is discussed, including preliminary results. Currently, the 
TDC prototype is in agreement with laboratory time interval counter up to 80 ps 

of systematic error plus 49 ps RMS of jitter. RMS deviation between actually 
measured jitter distribution and normal distribution function is 3 ps RMS, giving 

an insight of absolute accuracy limit of our approach within the given FPGA 
platform. 
 



 

2. Measurement approach 
 

2.1. What is TDC? 
 

General principle of time-to-digit conversion is as follows. Ticks of a high 
stable and low noise reference clock is counted by a digital counter. In this 
manner, time can be measured in chunks of reference clock period, which is, 

however, insufficient if precision higher than is required. For this reason, time 
interpolation is employed while measuring times with resolution higher than 

clock period. 
 
Analog interpolation and digital delay line approaches belong to usual time 

interpolation methods. Analog time interpolation is based usually on charging 
a capacitor with constant current between reference clock ticks. Elapsed time 

is then proportional to charge accumulated at the capacitor. Currently the 
best interpolator known to us is based on narrow-band (e.g. SAW) filter 
excitation by incoming pulse and sampling of impulse response by analog-to-

digital converter [1,2]. 
 

The digital approach employs tapped delay line on which the incoming pulse 
propagates. Each part of the line is sampled regularly by reference clock and 
the pulse position determine time elapsed since previous clock tick. The delay 

line can be either active or passive. 
 

Active line is formed by chain of active elements with defined delay such as 
buffers, latches, multiplexers, or gates [4]. The performance of active delay 
line may be improved using Vernier technique [3] where two delay chains of 

active elements are employed; each chain contain elements with different 
delay. One chain is connected to data inputs and the other to clock inputs of 

sampling flip-flops. In such a way, the resolution is improved to the order of 
difference in delay of respective elements. 
 

The passive delay is formed purely by a "slow" wire structure without any 
active elements [5]. Thereby the jitter (jitter means random part of 

uncertainity in time domain, i.e. signal noise projected into time domain) of 
delay elements is eliminated and only jitter of sampling elements remains. 

Less significant aging and temperature influence on TDC performance is 
expected, too. Moreover, each part of the delay line could have much lower 
delay (thus finer resolution) than any active component. Our goal is to reach 

such a resolution that the limiting factor will be jitter of the sampling 
elements. In order to obtain relevant data, it is necessary to ensure that the 

clock signal will propagate to sampling flip-flops by other speed (usually 
faster) than incoming pulse signal traveling through passive delay line to 
data inputs of sampling elements. 

 
 

 



2.2. Principle of operation 
 
Our TDC concept (Fig. 1) employs passive delay line naturally offering the 
best possible line granularity thus theoretically the ultimate TDC resolution in 

a given FPGA technology. The pulse to be measured propagates from an 
input through the passive line which is connected to a number of D-type flip-

flop inputs sampling (snapshotting) the line on clock edge. The position, 
spacing, and number of flip-flops are crucial aspects mostly affecting the TDC 
precision and linearity. The outputs of the snapshotting flip-flops are 

connected to bank of parallel shift registers, called "silo". 
 

The number of silo floors determines device dead time (In this context, the 
dead time is defined for medium-long time intervals. It means intervals 
longer than the total delay of the passive delay line. If two or more pulses to 

be measured come at interval shorter than the total line delay, the incoming 
times can be simply evaluated from information stored in a single silo.) or a 

number of possible multi-stop measurements. In other words, there is a 
cascade of flip-flops where bit information from a top level flip-flop (directly 
connected to the delay line) propagates through multiple levels of silos to the 

bottom flip-flops. The level-down shift operations are performed every clock 
cycle, no matter if the pulse came or not. To evaluate if there is a pulse 

propagating through the line, an edge detector logic is appended to the end 
of the delay line. If the logic detects a pulse the content of the whole silo is 
written into fifo memory. At first, the silo bits are partially serialized to match 

the fifo width being 16 bits and then 16-bit silo chips are sequentially loaded 
into the fifo each clock cycle. 

 
The fifo data are then fed into a computer interface (at the time, a dedicated 
USB 2.0 chip, FT2232H) and sent to a computer. The silo-to-fifo data transfer 

is a major bottleneck (together with USB capacity) of data throughput. As 
can be seen from the previous text, all flip-flop values are preserved and 

send to a computer compared to [5] where only the information on number 
of flip-flop's ones is considered for result evaluation. A knowledge of all flip-

flop states may be beneficially used for a self-calibration and more 
sophisticated time evaluation of an incoming pulse. Along the flip-flop 
information, the state of coarse counter is also transmitted to a computer. 

The whole measurement process is managed by a finite state machine. 



 
Figure 1. Block diagram of passive delay line TDC implemented in a single 

FPGA 

 
2.3. Implementation 
 
With space applications requirements in mind (low power consumption, 

volume, and mass requirements), all-digital implementation of TDC in single 
FPGA chip was chosen as the most appropriate solution. Finally, the 

A3PE1500 chip from ProASIC3E family by Actel company (recently acquired 
by Microsemi) was selected. ProASIC3E family commercial parts have their 
pin-compatible radiation tolerant equivalents, therefore all the development 

and tests can be performed on cheaper commercial platform, whereas space 
qualified part can be employed in final device without any changes. 

ProASIC3E family inner architecture includes nonvolatile flash memory cells. 
For this reason, no external flash memory to store configuration of FPGA is 

necessary unlike classic SRAM-based FPGAs. Moreover, flash cells exhibit no 
single-event upset in presence of heavy ion radiation, therefore no triple-chip 
redundancy to mitigate configuration upsets is necessary. This all leads to 

smaller and lighter design. 
 

According to Actel's radiation tests, an increase in propagation delay of 10% 
takes place after gamma ray total ionizing dose levels of 90 krad. This 
negative effect on timing could be reduced by means of the on-the-fly 

recalibration employing background photons and dark counts from photon 
detector as random pulse sources in photon counting lidar applications (see 

Sec. 3.2 for description of calibration by random source). 



 
As already mentioned, a precise position, spacing, and routing of 

interconnection nets and flip-flops are of crucial importance influencing 
measurement precision and linearity. Thus, the issue is to examine and find 

out an optimal distribution of flip-flops along the passive delay line and the 
position of the line itself. However, the problem becomes very complicated 
since the FPGA manufactures do not provide detailed information on line 

propagation delays and also the place-and-route tools do not allow manual 
net routing and even assigning a net to the specific net class. The only 

exception is a global clock net class. On the other hand, flip-flops may be put 
on arbitrary position in FPGA tile grid. It showed during the development that 
even the same net type does not have a uniform delay distribution. 

 
The net crossing structural boundary has about an order of magnitude times 

higher propagation delay than the same net between an adjacent flip-flops 
(see Sec. 4.2, Fig. 4). Owing to calibration, it is not necessary to have strictly 
regular routing of the delay line. However, placer-and-router timing "best 

effort" algorithms cause that the line is routed towards snapshotting flip-flops 
in the way it has the shortest possible delay. Nevertheless, this is an 

undesired behavior since it deteriorates line linearity and shortens the total 
propagation delay of the line. A posteriori analysis of placer-and-router tool 

designs showed that a flip-flop branch topology gives acceptable and 
promising routing results (see Sec 4.2, M=2400 design). Evenly and 
vertically spaced flip-flops deliver sufficient precision and compensate the 

increased inter-block delay simultaneously. 
 

The total delay of the line is apparently proportional to the line length. It is 
highly intended to implement as long line as possible with an appropriate 
number of snapshotting flip-flops. Essentially, the line should be substantially 

longer than reference clock period (Sec. 3.2), and higher number of taps 
increases time-domain sampling resolution. 

 
Owing to the impossibility of arbitrary routing, the maximum delay of the line 
is restricted by the dimensions of FPGA. It is about 5 ns for a given FPGA. 

Additional elements with a defined position may be inserted in the passive 
line to work around this issue; however, it brings certain trade-offs. 

Multiplexer elements are typically used. By these means, an arbitrary long 
delay line may be designed, the number of available flip-flops being the only 
restriction. 

 



Figure 2. Internal FPGA structure (tile grid); yellow, green, red, and blue 

lines denote the different net class of the passive delay line 
 

 

3. Calibration and testing 
 
A calibration is necessary to use passive delay line TDC implemented within 

FPGA. Since there is little control over FPGA net routing, there is no prior 
knowledge of actual tap delays. Even more, the exact time order of taps 
(flip-flops) along the line is not known until calibration. 

 

3.1. Calibration methods 
 
Given a TDC with reference clock and one event pulse input, following 

calibration tools are possible: 
 
- accurate time interval source; 

- accurate reference TDC instrument; 
- random pulse source. 

 
The accurate time interval source may consist of a pulse generator, providing 
pulses with defined delay with respect to reference clock edge. It may be 

also calibrated transmission line, cable of fixed length or variable line 
stretcher [5], whose are also capable to provide defined pulse delay. Another 

solution is to measure time intervals from some source with another, 
calibrated TDC. 
 

Both of the methods mentioned above require somewhat accurate or at least 
complex equipment. Completely different approach is to use a random pulse 

source as a base for calibration. Provided the reference clock is accurate, a 
huge amount of pulses arriving at random times is able to provide sufficient 

data for calibration by histogram. 
 



3.2. Calibration by histogram 
 
The calibration by histogram is based on following assumptions: 
 

- the frequency of reference clock is defined and stable; 
- incoming pulses have known probability distribution in time, modulo clock 

period; 
- the sample set of pulses is sufficiently large and representative. 
 

The most likely and simplest assumption is that pulse event time within one 
clock period follows uniform probability distribution: t ~ U(0,T0), where T0 is 

reference clock period and t is pulse arrival time modulo T0. Almost any 
signal source, which is not coherent with reference clock, will satisfy the 
assumption over long term measurement. 

 
After collecting the huge amount of data, a histogram is created. Each pulse 

yields a bit vector of length M, corresponding to M taps of delay line. The 
sum of all bit vectors yield histogram of M bins. 
 

Under assumption of negligible flip-flop jitter (σj << ∆t, where σj stands for 
timing uncertainity and ∆t is a representative inter-tap delay) and Tmax ≤ T0, 

the histogram tells us two important things [3]: 
 
- absolute order of taps along the line; 

- ratio of tap delays. 
 

The height of histogram in n-th bin is proportional to probability that t < tn, 
where tn is respective input to tap delay. Of course, the proportionality holds 
only when law of large numbers (LLN) apply. After sorting bins according to 

their height, first difference of sorted histogram is then proportional to ∆t 
between neighbour taps. Keep in mind, that neighbour is meant no longer in 

location sense, but in time domain. 
 

The task remaining for useful calibration is, how to determine absolute time 
quantities of the observed tap delays. Here the prior knowledge of T0 enters 
the game. In case Tmax < T0, some of the random pulse edges are not visible 

within the bit vector at all, it reads all zeros or all ones, since the event 
occured in Tmax < t < T0. Therefore, Tmax/T0 should be proportional to ratio of 

observed vs. missed pulses (under LLN). 
 
When Tmax > T0, the number of missed pulses should go to zero and it is 

more difficult to determine Tmax from T0. If Tmax > T0, the pulse will 
occasionaly appear twice in the following bit vectors. If Tmax > 2T0, the puls 

should always occur twice. Then, the Tmax may be inferred from histogram 
and the fact that the two occurences are displaced by T0. 
 

It should be noted, that TDC with property of Tmax < T0 is not much useful in 
practice, due to the missed pulses. On the other hand, it is easy to analyze 



and explain, and this is why we describe mostly such a design in following 
text. 

 
The last note should be said about the jitter mentioned. It is clear, that 

presence of jitter tends to smooth histogram by occurences of "leap" bit 
vectors, such as ...00010111..., ...000100111... etc. They cause systematic 
error in histogram and are not being canceled out by LLN. We still have not 

developed sound technique for jitter estimation and compensation during 
calibration, so we will continue with the plain method described above. 

 
 

4. Measurement 
 

4.1. Experimental setup 
 

In Fig. 3, there are configurations used for calibration and testing of the TDC. 
First of them is a practical realization of the random pulse source by an 
oscillator with large phase-noise, unrelated in frequency and not coupled by 

any means to the reference clock oscillator. In our case, the reference 
oscillator has been a crystal oscillator, while the random pulse source has 

been an RC astable generator formed around famous NE555 chip. The care 
was taken to isolate NE555 from the FPGA and crystal oscillator. Independent 
power supplies have been used. NE555's output has been buffered by a 

pulse/delay generator DG535, which served merely as a pulse shaper in this 
firt configuration. 

 
Second configuration employs DG535 as a delay generator which is triggered 
by pulse derived from reference clock. By means of DG535, various delays 

with respect to sampling clock can be set and each point of the delay line can 
be tested appropriately. 

 

 
 

 
Figure 3. Experimental setup; (a) calibration (b) measurement 
 

As confirmed by experiments, a particular care should be taken for the 
calibration procedure. First, it is necessary to feed the TDC with pulses of the 

same shape (logic standard, slope). Also, to obtain good statistical results 
even for rare phenomena, really huge amount of calibration data is required 
(several gigabytes of raw data has been taken during night). 



 

4.2. Results 
 
Let us first examine first difference of sorted histograms, generated overnight 

by NE555. Fig. 4 shows histograms for two different TDC FPGA designs. The 
first is M=320, one straight flip-flop string along the chip. The second is 

M=2400 (non-effective length cropped out), zig-zag lines around the chip.  
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Figure 4. Inter-tap delay histograms for two different TDC designs 

 
The most noticeable (and unpleasant) feature of the first design is presence 

of peaks, meaning long inter-tap delays and thus locally very low resolution: 
< ±88 ps, i.e. ∆t < 176 ps. The nine peaks correspond very faithfully to the 
chip topografy, where there are transversal ribs between ten spaced blocks of 

cells. The other disadvantage of this design is Tmax ≈ 3.5 ns, what is 
significantly lower than T0 = 10 ns, resulting in 65% event loss. However, 

such a large tap delay deviations have been considered a good challenge to 
judge calibration process, so this design will be further examined. 
 

The second design shows much smoother delay distribution. The worst-case 
of resolution is ±63 ps. However, overall error of this design is 28 ps RMS. It 

should be noted, that RMS (root-mean-square) quantity is conclusive only 
under assumption, that pulse arrival is not correlated with reference clock 
(otherwise, the longest delay division may apply more frequently in worst 

case). 
 

After calibration, the experiment with pulse generator has been performed. 
For each nominal pulse delay, preset on the pulse generator, a set of 
impulses has been recorded and again, a histogram calculated (called "preset 



histogram" in following text). Since bin numbers are already calibrated with 
respective tn times, it is now possible to plot each preset histogram with 

respect to absolute time axis. Since the pulse edge delays have been chosen 
to 0 < t < Tmax, each preset histogram has been normalized to maximum 

height of 1. See Fig. 5. 
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Figure 5. Preset histograms approaching pulse delay CDF 

 
Now, each preset histogram is an approximation of cumulative distribution 

function (CDF) of pulse arrival time, as measured by calibrated TDC. In ideal 
case of zero jitter over whole signal chain, the CDFs would be straight 
vertical 0 ―› 1 steps centered around measured time delay. The S-shaped 

slope of measured CDFs is caused by jitter of frequency divider, pulse 
generator, I/O buffers and TDC flip-flops, including impact of all analogue 

noise sources. 
 
The uneven spacing of "sampling points", i.e. histogram bins, is of no 

surprise, since it consists of peaks and valleys from Fig. 4. 
 

To judge, whether obtained measurement is consistent with expectations, the 
mean time delay and variance should be determined for each preset 

histogram and compared with expected accuracy of signal chain. Whereas 
there is no prior estimate of other signal chain components, the DG535 pulse 
generator is specified to have mean variation up to 50 ps and jitter of 50 ps 

RMS. 
 

Mean observed time delay should lie in center of the CDF curve. Variation 
then corresponds to its slope. Due to sparsity of data points, we have 
assumed normal model of probability distribution and fitted each CDF with an 

error-function. After rejection of five data sets suffering from delay line 
boundary conditions, the agreement in fitted standard deviation σ among all 

preset histograms was better than 10%. Therefore, following stochastic 
model has been adopted: 
 

- all of the presets exhibit the same probability distribution, only displaced in 
time; 

- the distribution is normal, with standard deviation σ. 
 



For model to perform best in the time domain, we have fitted unknown 
means tTDC_1 · tTDC_n and standard deviation σ according to following criterion: 

 

 
 

with i, j spanning over calibrated, normalized histogram points (ti,hi,j) 
(omitted where |ti-tTDC_i| > 2σ). I.e. the CDFs were fitted minimizing squared 
distances between points and model curve in time. 

 
First, we have examined mean times τk against nominal preset times of 

signal generator tPG. The result is plotted in left side of Fig. 6. Neglecting 
additive term, which is given by undefined clock to signal path delays, there 
is a strong linear trend visible in the plot. The trend slope is still large, 

compared to expected pulse generator accuracy and TDC's crystal oscillator 
frequency offset. Therefore, further investigation of this phenomenon is 

needed. 
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Figure 6. Mean delay time variation TDC vs. pulse generator 

 
The right part of Fig. 6 shows difference between nominal and fitted time; 

solid line is up to the constant term, dash-dotted line is with linear trend 
subtracted. After subtraction of linear term, the worst disagreement in mean 

pulse time is 80 ps. 
 
Finally, the CDFs have been compared to the normal CDF model after 

subtraction of the mean values, see Fig. 7. Solid line represents ideal normal 
CDF with points of all preset histograms superimposed. Standard deviation of 

the model is σ = 49 ps RMS, what is within pulse generator specification. The 
greatest difference between fitted model and preset histogram data point in 
time direction is 14 ps, overall agreement is 3 ps RMS. 
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Figure 7. Measured data fitted to normal distribution function 
 

Such a result supports our hope, that the normal jitter model is just, and that 
our TDC does not add significant amount of jitter compared to signal 

generator. 
 

5. Conclusion and outlook 
 

Comparison between our random source calibrated TDC and laboratory pulse 
generator has shown agreement in mean up to 80 ps, up to a linear trend, 
whose source is to be investigated. The overall jitter observed is 

characterized to follow normal distribution with standard deviation of 49 ps, 
the probability model is fitted with accuracy of 3 ps RMS. The overall 

precision of one of our designs estimated from measured histogram is 28 ps 
RMS (for signals uncorrelated with reference clock) and 63 ps worst case. 
 

Our future work should concentrate on following topics: 
 

- finalize TDC to become usable measurement instrument (Tmax>T0); 
- try to achieve faster clock (> 100 MHz) by FPGA design optimization; 
- characterize flip-flop jitter and its impact on calibration; 

- characterize temperature, radiation and aging stability; 
- investigate possible impact of metastability phenomenon on flip-flop 

sampling. 
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