
Current status and applications of time-to-digital converters 

Hanzhi Huang 

School of science, Hebei University of Technology, Tianjin, 300401, China 

errday1230@gmail.com 

Abstract. Time-to-Digital Converter (TDC) is widely used to realize time interval measurement. 

The high-precision time measurement technique has important applications in the fields of laser 

ranging, particle identification, and radioactive nuclear medicine engineering. Based on the 

existing literature research and data, this paper studies the application areas of TDC in the present 

development and analyzes the future prospects of TDC applications. The research results showed 

that: TDC, based on signal screening, realizes time interval measurement as the ultimate purpose 

of building the system and, at the same time, completes the function of multi-pulse time interval 

measurement, which can meet the needs of more diversified measurements in the experiments. 

In the circuit structure, it can identify the feedback output in the all-digital phase-locked loop 

(ADPLL) and the reference clock phase and frequency information between the feedback output 

and the reference clock in an ADPLL. It is also promising for use in other areas of high-precision 

time measurement and processing of circuit signals. 

Keywords: Time-to-digital Converters, All Digital Phase-locked Loops, Field-programmable 

Gate Arrays, Time Pulses. 

1.  Introduction 

Nowadays, the vast majority of TDC is implemented by fully digital circuits, usually including counters 

and delay units. Initially, it was mostly implemented on Application Specific Integrated Circuits 

(ASICs). The current research is mostly based on Field Programmable Gate Array (FPGA) to implement 

TDC, which has higher performance, higher flexibility, and shorter development time. Scholars Zhao 

Xuepeng, Su Shujing, and Gao Peng designed TDC based on FPGA, which combined direct counting 

with Time Amplitude Conversion (TAC) method for time interval measurement under external driving, 

achieving precise measurement of large time ranges [1]. Scholars Mhiri, M., Saad, S., Hammadi, A. B., 

and Besbes, K. used a ring oscillator with gate control and a frequency divider for time conversion and 

measurement to realize a novel TDC design that can be applied to a wide range of RF applications [2]. 

This paper summarizes the current research and application areas of TDCs. The first is the development 

of the three generations of TDCs and their research history, in chronological order, to express the ever-

increasing architecture and resolution, as well as the changes in the factors affecting the performance of 

each generation of TDCs. The second part is the basic principles of TDC and its applications, which can 

be categorized into the precise measurement of time and as phase and frequency discriminators in an 

all-digital phase-locked loop. Then, the significance of TDC time resolution enhancement to the 

application field is analyzed from these two aspects. Studying the development and application status 
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of TDC technology can provide application and enhancement ideas for many related fields. It can 

provide a reference for some fields that need precise time measurement. 

2.  History of development 

The first generation TDC began in the 1980s. TDC began to be applied in the field of high-energy 

particles, using complementary metal oxide semiconductor (CMOS) technology, but the measurement 

of time intervals was first processed using analog circuits. Analog circuits were susceptible to the 

influence of power supply voltage, so analog-to-digital conversion (ADC) was also required to digitize 

analog values. The accuracy is affected by the resolution of the timer performing the measurement [3]. 

The structure of the second-generation TDC uses all digital circuits and does not involve the problem of 

analog circuits, and the intervals of time can be directly converted into digital codes. It is divided into 

counter-based TDC and delay line-based TDC, the accuracy of which depends on the frequency of the 

clock and the accuracy of which depends on the delay time of a single delay cell on the delay line. There 

are not many TDCs based on delay lines alone, and in order not to be limited by the limited number of 

delay cells, the length of the time interval that can be measured can be extended by connecting the delay 

cells into a ring. 

The third generation of TDCs, also based on all-digital circuits, uses a variety of ways to reduce the 

delay of individual gates in many applications, thus improving the time resolution and making the gate 

delays independent of the manufacturing process of the integrated circuits. For example, by using an 

impulse response based TDC structure and a three-stage conversion scheme, higher accuracy and faster 

conversion of the TDC can be achieved by introducing clock edge control circuits and accelerated 

conversion circuits [4]. 

Nowadays, the development of integrated circuit CMOS fabrication processes continues to carry out 

nanoscale research and development, while the need for accuracy in time-dependent measurements is 

increasing with the development of physical experiments and other application scenarios. In this case, 

the resolution of the TDC needs to be continuously improved, and larger ranges are also required. 

3.  Applications and rationale 

3.1.  Rationale 

A TDC typically consists of an input stage circuit, a time-amplitude converter circuit, an analog selector, 

a coarse counting module, a register bank, and an ADC. TDCs can also be used in conjunction with 

counters, capture modules in microcontrollers, and other devices (As shown in Figure 1). 

 

Figure 1. Principle diagram of time-to-digital converter [5] 

TDC, as a working structure closely related to time signals, accurately measures the time interval 

between two events and quantifies it into a digital code, which is widely used in many application 

scenarios for precise time measurement. More TDC architectures that extend on the basic principles. 
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3.2.  Application 

3.2.1.  Accurate time measurement. Measuring time pulses and calculating lengths from measured times 

are common needs in many scientific and practical applications. The main application area of TDC is 

the accurate measurement of time. Nowadays there are four main methods to measure time, which are 

Time Expanded Counting (TEC), TAC, Time Vernier and Tap Delay Line. They are all based on the 

time-to-digital conversion module to measure the length of time, and after the time-domain information, 

further measurements of other physical quantities are also possible [3]. 

The pixel detector is one of the most advanced position-sensitive detectors available and has a wide 

range of applications in areas such as internal diameter trace detection systems for gas pedal physics 

experiments and X-ray imaging. There is a great role in readout electronics, and many experiments in 

readout electronics are based basically on TDC to realize measurements [6]. 

The TDC can measure the arrival time of the rising edge of a scintillation pulse as the time 

information of the scintillation pulse at a lower threshold. The time resolution of the TDC directly affects 

the accuracy of the time information extraction of the readout circuitry, and thus the signal-to-noise ratio 

of the system. As a time reference, it can be used in analog-to-digital conversion circuits to process time-

domain signals. Based on this, the scholars Chenhao Liu and Ge Jin realized the time measurement by 

combining the time interpolation technique to measure the multiple "stop" signals corresponding to a 

start pulse in a single time [7]. 

3.2.2.  Characterize phase or frequency in ADPLLs. In addition to processing time-domain signals, an 

important application of the TDC in electronic circuits is as a phase discriminator between the reference 

clock and the feedback output of a numerically controlled oscillator in an all digital phase-locked loop 

(ADPLL). Figure2 shows an ADPLL architecture with the components of the structure being a digital 

phase detector (PD), a time-to-digital converter (TDC), a digital proportional-integral controller (PIC), 

a digitally controlled oscillator (DCO), a digital PIC and a DCO. This is a nonlinear negative feedback 

control system that synchronizes the output with the input in frequency and phase. Based on this purpose, 

TDC and and the adder can play a role in measuring frequency and phase. The TDC quantizes the error 

signal and combines it with the sign bit to output the corresponding error code, which gets fed back to 

the digital phasor, which will make a phase comparison with the reference signal. At the same time, the 

output signal of the DCO also serves as the output signal of the whole ADPLL circuit. The control code 

of the DCO is continuously corrected according to the phase error, completing the adjustment of the 

output signal frequency, realizing the output signal and the reference signal frequency to reach the same. 

 

Figure 2. Structure diagram of one kind of all-digital phase-locked loop [8] 

A TDC based on the CMOS process is introduced [9-10]. Chen et al. propose this monitoring scheme 

that can be used to monitor the clock cycle variation of phase-locked loops. The clock cycle variation is 

an important health status indicator of phase-locked loops, and this detection scheme can be used with 

the TDC to monitor the health status of PLLs. 
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4.  Discussion 

Currently, TDC is very well researched and new breakthroughs in accuracy are constantly being made. 

There are new applications in many architectures, and there are great research advances in the fields of 

electronics, physics, and information, which can specifically help the development of aerospace, readout 

electronics, hardware security, distance measurement, and many other fields. Nowadays, simultaneous 

integrated phase-locked loop applications are becoming more and more widespread, such as smart 

sensors based on integrated phase-locked loops, which can be applied in the field of automation. Not 

only that, the gradual digitization of traditional analog systems and the further increase in the accuracy 

requirements of time domain conversion and time measurement all indicate that new architectures and 

high-precision research on TDCs are crucial for the future development of science and technology. 

5.  Conclusion 

In this thesis, TDC is described from three aspects: development history, principles, and applications. 

However, with the rapid development of TDC research and the wide range of applications of TDC with 

cross-disciplines. With the ultimate goal of attaining time interval measurement, TDC develops a system 

based on signal discrimination. Additionally, TDC completes the function of multi pulse time interval 

measurement, which can accommodate a wider range of measurement requirements in experiments. The 

All Digital Phase Locked Loop (ADPLL) circuit construction allows for the identification of the phase 

and frequency information between the feedback output and reference clock. It also offers a wide range 

of potential applications in other sectors of high-precision time measurement and circuit signal 

processing. The selection of literature should be more comprehensive, and future research should 

continue to explore the transformation of TDC's practical applications and the enhancement of 

architectural performance. 
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