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Abstract: Time-to-digital converters (TDCs) are electronic devices used in systems that require precise measurement of time 
intervals. These devices transform temporal information into digital form. Traditionally, the resolution of TDCs built on 
general-purpose microcontrollers (MCUs) has been limited by the reference clock frequency, which typically does not exceed 
80 MHz. Recent advances in quasi-digital techniques offer practical solutions to overcome this limitation, primarily through 
time-stretching and analog interpolation. This article presents a new high-resolution TDC architecture that incorporates a 
time-stretching technique within a 16-bit MCU and two analog interpolators, implemented via direct-interface circuits. A time 
interval resolution of 4 ns was achieved over a range of 10 µs to 16 ms using a 4 MHz reference clock. This performance is 
comparable to that of a 240 MHz digital counter, representing a sixty-fold improvement in effective clock resolution. The 
proposed architecture is well-suited for portable, low-power applications that do not compromise measurement accuracy. 

Keywords: Time-to-digital converter, Analog interpolator, Time-stretching, Direct interface circuit, Microcontroller  
Unit (MCU). 

1. Introduction

A time-to-digital converter (TDC) is an electronic
device that converts temporal information into a 
digital form in systems that require measuring the 
elapsed time between two events. Fig. 1 depicts a 
block diagram of a TDC, where the time interval of 
interest, Tₓ, is encoded from the time domain into a 
digital output, Dₒᵤₜ, for subsequent processing. 

Applications of TDCs include electronic 
instrumentation [1], Time-of-Flight (ToF) systems 

such as laser radar [2, 3], Light Detection and Ranging 
(LiDAR) [4], distance measurement [5], spectrometry 
[6–8], particle detection [9], and on-chip sensing 
[10–12], among others. 

Henzler [13] described traditional TDC as a simple 
counter that measures time intervals by counting the 
cycles of a reference clock; however, the resolution of 
such a counter is limited by the frequency of the 
reference clock, which is constrained by hardware 
capabilities (e.g., 300–500 MHz in commercial 
FPGAs or approximately 80 MHz in most MCUs). 

https://www.sensorsportal.com/p_3389.html
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Fig. 1. TDC Block diagram and its time interval diagram. 
 
 

Although higher clock frequencies improve TDC 
resolution and reduce quantization errors in the start 
(ΔTstart) and stop (ΔTstop) triggers, they also increase 
power consumption. 

TDCs share characteristics with Analog-to-digital 
converters (ADCs); the key difference lies in 
measuring a continuous voltage by an ADC versus 
discrete time intervals by a TDC. In ADCs, the input 
voltage is compared to a reference Vref, which defines 
the maximum level without saturation. This reference 
is typically supplied externally, yielding a  
least-significant-bit (LSB) voltage defined as  
VLSB = Vref/2N, where N denotes the device’s resolution 
in bits. In contrast, TDCs lack an explicit reference 
time, Tref; instead, a quantization time, TLSB, is defined 
as the smallest detectable time increment. 
Consequently, the maximum measurable time span of 
a TDC can be expressed as Tref = 2N×TLSB. These 
parameters illustrate the relationships among 
reference time, time resolution, and bit depth in  
TDC design. 

TDC architectures are classified into generations 
based on their underlying techniques [13–15].  
First-generation TDCs employed quasi-digital 
approaches, such as converting time intervals into an 
amplitude (e.g., time-to-voltage converters [5, 16, 17]) 
or using single-, dual-, and triple-slope integration 
followed by digital counting, with resolution enhanced 
through time-stretching and interpolation methods 
[18–22]. Second-generation TDCs utilized direct 
measurement techniques by comparing time intervals 
against known reference values, which are commonly 
implemented using delay lines [23, 24], Vernier delay 
lines [25–27], or pulse-shrinking lines [28, 29]. 

The increasing demand for compact,  
energy-efficient systems calls for high-resolution, 
precise time-measurement solutions. For example, 
Bengtsson proposed a low-cost, high-resolution TDC 
based on quasi-digital techniques implemented with 
an MCU [30]. Additionally, time-stretching is 
achieved through a direct-interface circuit that uses a 
capacitor for charging and discharging, enabling 
accurate time interval estimation [31, 32]. 

Later, a Vernier method was implemented using 
two oscillators with slightly differing frequencies, 
whose pulse synchronization yielded time-interval 
estimation [33]. 

This article proposes another TDC approach using 
a mid-range MCU and a few electronic components as 

direct interface circuits [31, 32], time-stretching [30], 
and interpolation techniques [20-22] to mitigate 
uncertainties in the start and stop trigger signals 
caused by reference clock limitations, achieving high 
resolution with low complexity and low cost. 
 
 
2. Materials and Methods 

 
This article presents a hardware circuit that reduces 

time quantization error in the embedded timer of a 
general-purpose MCU, which is affected by the 
reference clock's resolution. To achieve this, Fig. 2 
shows the block diagram of the hardware circuit, 
organized into three main modules: 

1. An analog interpolator: Enhances the 
resolution by capturing fine details of the start 
and stop trigger signals of an entire time 
interval; 

2. A Time-to-Voltage Converter: Converts the 
time interval uncertainties into a proportional 
voltage; 

3. A time-stretching circuit: Expands the time 
interval for precise quantization, effectively 
reducing the uncertainty at start and stop 
triggering signal errors. 

 
 

 
 

Fig. 2. Block diagram of the proposed circuit. 
 
 

These modules provide a complete implementation 
on a printed circuit board (PCB) that is directly 
connected to the Texas Instruments development 
board with an MCU MSP430F5529. Additionally, RF 
communication with a computer (PC) is achieved 
using an XBee module transceiver, specifically the 
XB24CZ7WIT-004. 

The following sections describe the hardware 
circuit and its main characteristics for each module. 

 
 

2.1. Analog Interpolator 
 
When measuring a time interval Tx with the 

MCU’s embedded digital timer, a quantization error, 
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commonly known as uncertainty, is introduced when 
detecting the start and stop trigger signals (TStart and 
TStop), as shown in Fig. 3. 

 
 

 
 

Fig. 3. Quantization error in a time interval measurement 
with a digital timer. 

 
 

This uncertainty is due to synchronization errors 
between the reference clock Tref and the digital timer 
during Tx detection. These discrepancies can result in 
inaccuracies in timing measurements. 

An improvement to the 8-bit MCU-based TDC by 
Bengtsson [30], which corrects uncertainties at TStart 
and TStop, is presented in Fig. 4. The timing diagram 
shows the proposed analog interpolator, a 
modification of the technique described in [17-19]. 
The aim is to capture the uncertainty into two 
asynchronous signals by synchronizing the rising and 
falling edges to estimate TStart and TStop. Thus, it allows 
assessing the synchronized time interval Ts based on 
the number of counts N and the MCU's reference clock 
Tref: Ts = Tref × N. 

 
 

 
 

Fig. 4. Timing diagram of the analog interpolator. 
 
 

The analog interpolator obtains the TStart and TStop 
signals by modifying the electrical circuit, reducing 
the number of two-D-type flip-flop chains required to 
capture the start trigger signal, TStart, and the stop 
trigger signal, TStop. In other words, the circuit is 
simplified by eliminating four flip-flops and removing 
an EXOR gate from the traditional design. 

Fig. 5 shows the electrical circuit and its 
operational stages for obtaining TStart using fewer 
components, comprising a D-type flip-flop, a buffer 
inverter, and an OR gate that interact with the MCU 
reference clock. 

 
 

Fig. 5. Electrical circuit for capturing the start  
trigger signal. 

 
 

 Stage 1. A D-type flip-flop is used to 
synchronize the input of Tx (identified as 
START) with an input Tref from the MCU 
reference clock at 4 MHz; 

 Stage 2. A voltage divider is applied to the  
D-type flip-flop due to its architecture, which 
operates in Positive Emitter-Coupled Logic 
(PECL) mode, with logical state transitions in Q 
at 25 °C occurring at VoLow = 1.55 V and  
VoHigh = 2.35 V. Therefore, VoLow is adjusted close 
to 0 V; 

 Stage 3. TStart is captured with an inverter OR 
gate to detect the start trigger signal of Tx and 
compares it with the signal coming from the flip-
flop (input 1B) to extract the small-time  
fragment TStart. 

To obtain TStop, the same components used for the 
TStart circuit are employed, with only one additional 
element at stage 1: an inverter buffer gate. This gate 
inverts the level of the stop-edge Tx signal to work with 
a rising-edge signal. From this point forward, the 
following stages are the same as outlined for TStart. 

 
 

2.2. Time-to-voltage Conversion 
 

Time-to-Voltage conversion translates minor 
uncertainties of the time intervals TStart and TStop into 
the amplitude domain. Fig. 6 shows the primary 
schematic, in which the conversion is performed by 
charging and discharging a reference capacitor, as 
described in direct interface circuits [31, 32]. 

 
 

 
 

Fig. 6. General representation of the proposed  
time-to-voltage converter. 

Time 
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The charging process is performed through analog 
switches S1 and S2, which switch charging through a 
current-limiting resistor RCharge and interact with the 
MCU to initiate a time-stretching process with a 
current-limiting discharge resistor, an improved 
adaptation of the initial stretching technique proposed 
in [30]. C1 and C2 are charged to Vcc with respect to the 
time period of TStart and TStop. The transient voltage 
response across the capacitors is shown via the 
exponential function described in Eq. (1). 

 

𝑉ୡሺ𝑇ୗ୲ୟ୰୲ሻ  ൌ  𝑉ୡୡሺ1 െ 𝑒ି
೅౏౪౗౨౪

ೃ಴ ሻ, 

𝑉ୡ൫𝑇ୗ୲୭୮൯  ൌ  𝑉ୡୡሺ1 െ 𝑒ି
்౏౪౥౦

ோ஼ ሻ 
(1) 

 
The MCU embedded timer operates in VTL and 

VTH. If a time interval in the amplitude domain falls 
below VTL, as shown in Fig. 7, capturing the capacitor's 
discharging time becomes impractical in terms of 
capacitor voltage charging. 

Therefore, the time constant of an RC network 
must satisfy the thresholds of the MCU's Schmitt 
trigger; this means that the capacitor voltage charge 
(VCharge) must be greater than VTL, and the capacitor 
voltage charge must not saturate (0.99Vcc) to avoid 
losing information, as shown in Eq. (2). 
 
 

 
 

Fig. 7. Voltage below the threshold 𝑉୘୐. 
 
 

𝑉୘୐ ൏ 𝑉େ୦ୟ୰୥ୣ ൏ 0.99𝑉ୡୡ (2) 
 

To address this issue, a software-based offset 
voltage is developed to correct the uncertainty in both 
capacitors associated with the start and stop trigger 
signals. This ensures that the capacitor remains 
charged to the VTL voltage. Fig. 8 shows the charging 
process for the stretching capacitor, Cstretch. 

 
 

 
 

Fig. 8. Offset voltage to VTL of the stretching capacitor,  
and a start trigger signal TStart. 

In stage 1, the voltage offset is established from  
0 V to Vcc, and in stage 2, the capacitor discharges to 
capture the low voltage threshold VTL range of the 
MCU, before the arrival of a time interval. 

Additionally, to satisfy Eq. (2) by ensuring the 
capacitor charge does not exceed 99 % saturation. The 
charging characteristics of the stretching capacitors 
are governed by the current-limiting resistances  
R1 + RDSON, which is an external current-limiting 
resistor in series with the RDSON resistor of the analog 
switch. Fig. 9 shows the electrical circuit for both 
stretching capacitors: one for the start trigger signal 
and one for the stop trigger signal. 

 
 

 
 

Fig. 9. The electrical circuit of the stretching capacitors  
at start and stop trigger signals. 

 
 

Each capacitor's charge is limited to one MCU 
clock cycle (not exceeding 250 ns) plus an offset to 
reach the threshold voltage VTL as shown in Eq. (3), 
which is delimited based on the capacitor charge 
voltage (VCharge) in terms of time (t) at the R1Cstretch 
network by rearranging Eq. (2). 

 

െ𝑅ଵ𝐶ୱ୲୰ୣ୲ୡ୦ ln ൤1 െ
𝑉୘୐

𝑉େେ
൨ ൏ 𝑡 ൏ 

൏ 4.606ሺ𝑅ଵ𝐶ୱ୲୰ୣ୲ୡ୦ሻ 
(3) 

 
R1Cstretch network is directly proportional to the 

thresholds described by Eq. (2), specifically the values 
of the current-limiting resistance R1 and the stretching 
capacitor Cstretch represents that meet the timing 
constraints of Eq. (3), which are derived by 
rearranging in terms of the ratio of R1Cstretch to meet the 
values needed for the passive components as shown in 
Eq. (4) to ensure that the capacitor voltage charge must 
not be saturated to avoid losing information. 

 
െ𝑡

ln ቂ1 െ
𝑉୘୐
𝑉େେ

ቃ
൏ 𝑅ଵ𝐶ୱ୲୰ୣ୲ୡ୦. ൏ 0.2171ሺ𝑡ሻ (4) 

 
 
2.3. Time-stretching 
 

The time stretching module is related to the VTL 
and VTH thresholds of the MCU's embedded timer, 
which acts as comparators that detect the rising and 

or

Stage 1 Stage 2
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falling edges of a time interval to initialize, reset, or 
stop the timer. Time stretching is initiated through 
software by manipulating the MCU's pins to start 
timers in capture mode, as shown in Fig. 10. 

 
 

 
 

Fig. 10. Voltage-to-digital conversion of 𝑇ୗ୲ୟ୰୲ To  
a time-stretching process. 

 
 

Fig. 11 shows the timing diagram for the 
charge/discharge process of both stretchable 
capacitors, which is used to determine the uncertainty 
of a time interval based on a given stretch factor. This 
uncertainty is used to satisfy the time-stretching 
requirement for determining the TStart and TStop. 

The primary function of the discharge capacitor is 
to capture the information encoded in the amplitude 
domain and to process it into a digital value by the 
MCU, which means stretching the time interval by a 
factor of k. 

 
 

 
 

Fig. 11. Timing process of time stretching for TStart  
and TStop. 

 
 
Eq. (5) is obtained to determine the stretching 

factor (k) of the voltage in the capacitor C1 for a time 
interval TStart, given a slow discharge time (td) through 
the current-limiting resistor R2, and a charging time 
through the current-limiting resistor R1. Note that the 
discharging time is defined by td = R2C1・ ln(V1/VTL).  

𝑘ଵ ൌ
𝑡ୢ

𝑡
ൌ െ

𝑅ଶ𝐶
𝑡

ቐln ቎
𝑉୘୐

𝑉େେ ቀ1 െ 𝑒
ି௧

ோభ஼ൗ ቁ
቏ቑ (5) 

 
The stretching factor of the capacitor C2 for a time 

interval TStop, given a slow discharge time (td) is 
obtained using Eq. (5) in terms of R4C2. 

To calculate the current-limiting resistances R2 and 
R4, it is necessary to consider the maximum time 
interval tdmax that the MCU's embedded timer can 
measure. This corresponds to a frequency of 4 MHz, 
with a period of 250 ns, in a 16-bit embedded timer, 
allowing 65,535 counts. Therefore, tdmax = 16.38 ms. 
By establishing the time limits for the discharge of the 
stretchable capacitor, the value of the current-limiting 
resistance can be directly obtained from Eq. (5) to 
achieve the total margin of counts, as shown in Eq. (6). 

 

𝑅ଶ ൌ 𝑅ସ ൌ 𝑘
𝑡ୢ୫ୟ୶

ln
𝑉 ௅
𝑉஼஼

ሺ𝐶ሻ
 (6) 

 
 
2.4. Linear Interpolation 
 

The charging and discharging processes of a 
capacitor exhibit nonlinear behavior; the voltage 
across the capacitor's terminals over time, as expressed 
in Eq. (1), follows an inverse exponential 
(logarithmic) function during the charging phase. In 
contrast, the voltage during the discharging phase over 
time Vc(t) described in Eq. (7), follows an exponential 
function, as shown in the timing diagram in Fig. 12. 

 

𝑉ୡሺ𝑡ሻ ൌ 𝑉ୡୡሺ𝑒ି
௧

ோ஼ሻ (7) 
 
 

 
 

Fig. 12. Behavior of charging and discharging capacitors 
throughout an RC network. 

 
 

A solution to correct and estimate values is to 
correlate the input data with the TDC’s output 
response by calibrating the system with a known 
reference instrument. Experimental data points are 
stored (x1,y1) and (x2,y2) as reference values for the 
lookup table, and software is used to search in the 
lookup table the corresponding values across the entire 
range considered, ensuring accurate interpolation 
using Eq. (8). During operation, the system references 
the lookup table to find the closest matching value (y), 

Start Signal

Stop Signal

Time Interval

MCU Timer
V1

VTL

VTH

t

Timer start

Timer stop

Charge Discharge
Tc Td
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enabling precise linearization via software and 
correction of the TDC’s output response. 

 

y ൌ  yଵ ൅
x െ xଵ

xଶ െ xଵ
∙ ሺyଶ െ yଵሻ (8) 

 
 
2.5. Time-to-digital Conversion 
 

The proposed circuit shown in the diagram in  
Fig. 2 operates across four functional measurement 
stages: (i) initialization of the time measurement 
system, (ii) measurement of the time interval 
synchronized to the MCU reference clock (Ts),  
(iii) measurement of the time stretching value of TStart, 
and (iv) measurement of the time stretching value of 
TStop. Eq. (9) represents the sum of the three 
measurements, which together reduce the uncertainty 
in measuring the entire time interval (Tx) as shown in 
Fig. 13. 

 
𝑇୶  ൌ  𝑇ୱ ൅ ሺ𝑇ୗ୲ୟ୰୲ െ 𝑇ୗ୲୭୮ ሻ (9) 

 
 

 
 

Fig. 13. Time capture for a time interval 𝑇୶. 
 
 

The TDC for TStart and TStop is achieved by solving 
Eq. (5) for tdmax = N×Tref and determining the time at 
which the stretchable capacitor was charged, based on 
its time stretching as shown in Eq. (10). 

 

ሾ𝑁ሿሾ𝑇୰ୣ୤ሿ  ൌ  െ𝑅ଶ𝐶 ቐln ቎
௏౐ై

௏಴಴ቆଵି௘
ష೟

ೃభ಴ൗ
ቇ
቏ቑ  (10) 

 
Solving Eq. (10) in terms of time, its digital 

expression for TStart (or TStop) can be expressed as 
 

𝑇ୗ୲ୟ୰୲  ൌ  െ𝑅ଵ𝐶 ln ቈ1 െ 𝑒
ሾேሿሾ்౨౛౜ሿ

ோమ஼ ା୪୬൤
௏౐ై
௏ిి

൨
቉ (11) 

 
The process of obtaining time intervals (Ts, TStart, 

and TStop) involves using three timers on the MCU, 
each performing a specific task in a specified order: 

1. System initialization system using Timer A2 on 
pin 2.4, waiting for an interrupt service in capture 
mode on the rising edge (capturing of TStart); 

2. Time interval (Ts) synchronized to the reference 
clock Tref using Timer A2 on pin 2.4 in capture 
mode on the falling edge (capturing of TStop); 

3. Time stretching due to the uncertainty of the start 
trigger signal TStart using Timer A0 on pin 1.3 in 
capture mode on the falling edge; 

4. Time stretching due to the uncertainty of the stop 
trigger signal TStop using Timer A2 on pin 1.5 in 
capture mode on the falling edge. 

 
 

3. Results 
 
Results are based on the validation and 

characterization of the implemented novel  
high-resolution TDC hardware circuit, as shown in 
Fig. 14. 

 
 

 
 

Fig. 14. Hardware circuit. 
 
 

According to the block diagram in Fig. 15, the 
MCU serves as the system's brain, implementing the 
conversion algorithms and managing interactions 
among the hardware modules. 

A Keysight 33500B function generator was used to 
generate a series of time intervals. Through a wireless 
transceiver (X-Bee), the MCU communicates with a 
LabVIEW program to control functionality, visualize 
measurements, and record data. 

 
 

 
 

Fig. 15. Time interval measurement validation. 
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3.1. Analog Interpolator 
 
The analog interpolator circuit shown in Fig. 16 is 

characterized using a Keysight DSOX3014A 
oscilloscope with a 2 µs time interval, Tx, supplied by 
the Keysight 33500B function generator. 

 
 

 
 

Fig. 16. Electrical circuit of the analog interpolator. 
 
 

This interval is compared to the reference clock 
Tref, sourced from the MCU's 4 MHz clock. The 
interpolator captures both the start TStart and stop TStop 
trigger timers, which are shorter than one reference 
clock cycle, as shown in Fig. 17. 

 
 

 
 

Fig. 17. Experimental results of the analog interpolator  
for a 2 µs time interval. 

 
 

3.2. Time-to-voltage Conversion 
 

The time-to-voltage conversion stage was crucial 
for converting time-domain information into 
amplitude-domain information. Therefore, working 
conditions were established to prevent information 
loss during the conversion process. The VTL level in 
the MCU was adjusted to capture the capacitor charge 
and discharge using an oscilloscope; Fig. 18 shows the 
VTL being controlled by software. 

The measured threshold was close to VTL = 1.2875 
V, and it was stored in a dynamic variable to capture 
the start and stop trigger times as digital values, 
ensuring that the capacitor voltage charge satisfies  

VTL < VCharge < 0.99 Vcc from the MCU's  
Schmitt trigger. 

 
 

 
 

Fig. 18. Capture of 𝑉୘୐ with the oscilloscope. 
 
 

The capacitor's charging is directly related to the 
time constant R1Cstretch. In terms of time, Eq. (4) is used 
to establish the limits for converting time to voltage in 
a capacitor and to ensure a maximum charge at 5RC. 

Using a Keysight 34450A 5 ½-digit digital 
multimeter, Table 1 presents the measured values of 
R1, RDSON, and Cstretch, along with the estimated 
charging times. 

 
 

Table 1. RC network practical values and time  
interval ranges. 

 
Time  𝐑𝐚𝐧𝐠𝐞𝐬 

𝑻𝐒𝐭𝐚𝐫𝐭 
𝑅ଵ ୗ୲ୟ୰୲ ൅ 𝑅ୈୗ୓୒ 𝐶ୗ୲ୟ୰୲ିୱ୲୰ୣ୲ୡ୦ 

64.9 Ω + 2.50019 Ω 1.0314 nF 
4.22 ns ൏ 𝑇ୗ୲ୟ୰୲ ൏  321.14 ns 

𝑻𝐒𝐭𝐨𝐩 
𝑅ଵ ୗ୲୭୮ + 𝑅ୈୗ୓୒ 𝐶ୗ୲୭୮ିୱ୲୰ୣ୲ୡ୦ 

64.9 Ω + 2.50019 Ω 1.0197 nF 
34.05 ns ൏ 𝑇ୗ୲୭୮ ൏  317.17 ns 

 
 
The time required to reach the VTL level in both RC 

circuits is approximately 34 ns, and this correction 
shifts the voltage from 0 V to VTL = 1.2875 V, allowing 
the remaining time interval to reach its maximum 
charge. Specifically, for the RC networks at  
TStart = 286.92 ns, and = 283.12 ns. It is sufficient to 
detect any uncertainties below one clock cycle on the 
MSP430F5529 MCU running at 4 MHz. Therefore, 
we can conclude that the RC network can capture 
uncertainties below 250 ns without saturating  
VCharge < 0.99 Vcc. 

Fig. 19 presents the uncertainty of a start trigger 
time TStart from a time interval Tx with a pulse width of 
2 μs to the reference clock Tref. 

Time-to-voltage conversion was performed based 
on the pulse width of the start trigger's uncertainty, 
VCharge(TStart). It was observed that the capacitor 
voltage is approximately 2.7 V for a charging time of 
TStart = 120 ns. Therefore, the voltage across the 
capacitor, as stated in Eq. (8), is VCharge(t) = 2.7097 V. 
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Similarly, Fig. 20 shows the capture of uncertainty 
in the stop trigger time, TStop, of the time interval Tx, 
followed by its conversion to voltage, VCharge(TStop). 

 
 

 
 

Fig. 19. Time-to-voltage conversion of the start trigger 
uncertainty. 

 
 

 
 

Fig. 20. Time-to-voltage conversion of the stop trigger 
uncertainty. 

 
 
The charge level in capacitor C is approximately 

2.9 V for a charging time of 139 ns, as indicated by 
TStop. Thus, according to Eq. (8), the voltage across the 
capacitor with respect to time is VCharge(t) = 2.86 V. 

 
 

3.3. Time-stretching 
 
Time-stretching is performed through software. 

The capacitor's discharges, CStart-stretch and CStop-stretch, 
are initialized so that the time stretch is long enough to 
be detected by the MCU timers. A maximum time 
stretch of no more than 650 μs is established for a 
maximum time of 250 ns, resulting in a stretching 
factor of k = td / t = (650 μs) ∕ (250 ns) = 2600. The 
discharge time in the capacitors, denoted as td, is the 
duration required to measure a specific time interval. 

The discharge resistance values were selected 
using Eq. (7) and are shown in Table 2. 

Therefore, commercial resistance values of 732 kΩ 
were chosen and measured with the digital multimeter, 
yielding RdStart = 731.47 kΩ and RdStop = 731.22 kΩ. 

These values resulted in a maximum time 
stretching of 690 μs, with both uncertainties at 250 ns. 
Fig. 21 shows the behavior seen at both stretching 
capacitors, which was analyzed using 50 samples 

taken over a time interval defined by the Keysight 
33500B function generator in LabVIEW. 

 
 

Table 2. Discharge capacitor stretching resistor value  
for start/stop trigger signal. 

 

Time 
𝑻𝐒𝐭𝐚𝐫𝐭 𝑻𝐒𝐭𝐨𝐩 

𝑅ୢୗ୲ୟ୰୲ ൌ 687.778 Ω  𝑅 ୢୗ୲୭୮ ൌ 695.676 Ω 

 
 

 
 

Fig. 21. Graphical interface in LabVIEW to control  
time-stretching periods. 

 
 
Fig. 22 shows the trend curve of the time-stretch 

characterization obtained during the capture of 
uncertainty in the start and stop triggers. Thus, we can 
graphically observe the inverse exponential 
(logarithmic) trend in the response to the 
measurements, similar to the charging of a capacitor. 

 
 

 
 

Fig. 22. Characteristic curve of uncertainty capture  
for the start and stop trigger signal (TStart and TStop). 

 
 

Results were compared between the average 
counts per time of the MCU's timer and its standard 
deviation, calculated to analyze its stability and 
characteristic curve over specific time intervals. 
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Note: Practically, the characterization of the time 
stretching for different periods in TStart or TStop was 
obtained using stimuli ranging from 30 ns to 250 ns. 

The reason for starting at 30 ns was the function 
generator's stability, which cannot produce square 
waves shorter than 30 ns with good stability. 

Regarding the uncertainty of the start trigger, it 
was observed that at smaller time intervals, 
specifically at 30 ns, the maximum tendency to vary 
was below 13.33 counts. In contrast, at larger time 
intervals up to 250 ns, the minimum tendency was 
below 0.91538 counts. Due to the uncertainty of the 
stop trigger, it was observed that the maximum 
tendency was below 15.6 counts. The minimum 
tendency to vary was below 3.4 counts. 

To analyze the voltage-to-time conversion for the 
start and stop trigger, 50 samples were obtained at 
consistent time intervals, and the time for each trigger 
was estimated, specifically for TStart and TStop—directly 
from Eq. (12). Fig. 23 shows the graphs of the results 
obtained for TStart and TStop, featuring a linear trend line 
fitted using the least squares method in Microsoft 
Excel, which achieved coefficients of determination of 
up to 0.9994 and 0.9996 applying the linear 
interpolation technique with lookup tables. 

 
 

 
 

Fig. 23. Graph of the start and stop trigger's input time  
vs output time. 

 
 

The maximum variability observed for the start 
trigger was 2.02 ns at a 250 ns interval, while the 
minimum was 0.4469 ns at a 50 ns interval. On the 
other hand, the maximum variability captured for the 
stop trigger was 4.17 ns at a time interval of 250 ns. In 
comparison, the minimum variability recorded was 
0.1156 ns over a 30 ns time interval. Measurements 
were obtained from the time-stretching process.  
Fig. 24 shows the stretching behavior, characterizing 
the uncertainty in the start and stop triggers across 
different time intervals, expressed as k = td/t. 

Linear interpolation based on the data from the 
start and stop trigger uncertainty characterization 
calibrated the TDC's time-stretching response using a 
lookup table. Initially, the measured and ideal time 
ranges were mapped to a 216-count margin, allowing 
them to be processed as a lookup table containing  
28 ideal input time data points for linear interpolation. 

Consequently, the system was linearly scaled from 
0 counts to 65535 counts, considering potential time 
values ranging from 0 to 250 ns, including both 
measured and ideal values. 

 
 

 
 

Fig. 24. Time stretching of the TStart and TStop uncertainty. 
 
 

The counts/ns relationship was derived based on 
the maximum possible uncertainty, calculated as  
216 ∕ 291.32 ns = 224 counts/ns. This results in a 
resolution of 4.46 ps per count. For the stop-trigger 
uncertainty, the counts/ns relationship was similarly 
derived, yielding 216/252.78 ns = 259.26 counts/ns, 
yielding a resolution of 3.857 ps per count. The data 
obtained were conveniently rounded to integer values 
due to the significant memory requirements for storing 
floating-point data in a general-purpose MCU. 
Consequently, the data were stored in two arrays of  
28 values each in the MCU's static memory to 
facilitate processing through software-based linear 
interpolation. The time was determined using the 
specific experimental data points (x1, y1) and (x2, y2), 
and the relevant elements in the lookup table were 
identified via linear interpolation, as described by  
Eq. (8), allowing the corresponding value to be found. 

 
 

3.4. Complete Implementation  
       of the High-resolution Time-to-digital  
       Converter 
 

As part of the characterization, the minimum input 
time interval, Tx, that the TDC can measure was 
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analyzed, which is considered the minimum allowable 
input time. This limitation is due to the initialization 
time required for processing the interrupt vector in the 
capture mode of the MCU timers. The interrupt vector 
handler for the timer of the MSP430F5529 MCU is 
constrained by a certain number of machine cycles 
needed by the CPU to execute an interrupt and jump 
to the appropriate instruction, along with different 
interrupt modes that introduce latency, quantified in 
machine cycles as: 

- Capture/compare module TA0CCR0 register 
requires 11 machine cycles; 

- Capture/compare module TA0CCR1, 
TA0CCR2, TA0CCR3, TA0CCR4, TA0CCR5, 
and TA0CCR6 registers requires 16 machine 
cycles; 

- Timer overflow TA0IFG register flag requires  
14 machine cycles. 

Therefore, capturing a time interval of 16 machine 
cycles or fewer, that is, 16 × 250 ns = 4 µs, is 
insufficient to initialize a time-stretching sequence. 

Consequently, this time was considered as 
initialization time because time intervals shorter than 
4 µs cannot detect an interrupt in capture mode, and in 
any case, the timer's counter overflows. When the 
measurement of a time interval Tx is initialized, the 
TA0 timer on physical pin 2.4 is set to count from 0 to 
65535 possible counts, with an interrupt in capture 
mode triggered by the rising edge of the signal. When 
a time interval occurs, the interrupt vector searches for 
the correct interrupt vector, which introduces a delay 
of 11 machine cycles before entering capture mode on 
the rising edge of the clock. During this process, the 
exact time is captured upon entering the interrupt and 
stored in a software variable. Within the same 
interrupt, another interrupt is configured to operate in 
descending edge mode, stopping the counter and 
obtaining the synchronized time value Ts. These code 
statements consume a total of 4 equivalent code 
instructions, corresponding to 16 clock cycles, plus an 
additional 11 clock cycles to access the correct 
interrupt vector to capture the precise time based on 
the MCU's resolution when entering capture mode on 
the descending edge and stopping the counter. Thus, it 
was concluded that the minimum/maximum time 
intervals, Tx, that the TDC can capture are presented 
in Table 3. 

 
 

Table 3. Time consumption for a stretching sequence. 
 

Time 
Interval 

Time stretching 
for the start 

trigger signal 

Time stretching 
for the stop 

trigger signal 
30 ns 0.31096 ms 0.297975 ms 

250 ns 0.6545 ms 0.65155 ms 

 
 
As part of characterization, time stretching was 

analyzed. The sum of both times provides an overview 
of the time required for processing the time stretching 
defined by Eq. (11). Table 3 presents the times for a 

time interval at its minimum and maximum  
stretching points. 

The maximum uncertainty at both edges never 
exceeds 1.30605 ms during stretching processing. 
Therefore, the total processing time of the TDC for 
measuring a time interval is the time interval plus the 
stretching processing for the maximum uncertainty, 
expressed as Ttotal = Tx + Tmax_start-stretch + Tmax_stop-stretch. 
The characterization of the TDC for measuring a time 
interval followed the procedure outlined in  
Section 2.4, using the Keysight 33500B function 
generator to generate the time interval. An output 
pulse width of 15 μs was configured, with 5 ns 
increments between measurements, allowing the 
synchronized time interval to be measured relative to 
the MCU clock. The uncertainties generated at both 
the start and end edges of the time interval Tx were 
captured and interpreted as a digital value for  
further analysis. 

The TDC implementation was presented as a PCB 
sub-assembly for the MSP430F5529 MCU 
development platform. The current consumption from 
the MCU on its platform in low-power mode (LPM4) 
was measured at 2.05 μA, while in normal operating 
mode, it consumed 1.042 mA. The current 
consumption of the TDC circuit was recorded at  
150 μA in idle mode and averaged 1.77 mA during 
operation. 

Finally, the current consumption of the XBee 
communication module was noted at 38 mA during 
communication and at 8.95 μA in low-power mode via 
the sleep mode pin, which was controlled by the 
physical pin P7.4 on the MCU. In a scenario without 
using the development board, the proposed TDC and 
MCU's current operational consumption is estimated 
to be no more than 3 mA, with an average low 
consumption of 160 μA. 

 
 

4. Comparison and Discussion 
 
A direct comparison of the high-resolution TDC 

with a general-purpose MCU versus related works is 
summarized in Table 4, highlighting improvements at: 
1) achieving practical high-resolution by reducing the 
quantization errors due to synchronization between the 
reference clock Tref and the start and stop trigger 
signals (TStart and TStop) of the time interval Tx, and  
2) a wide measurement range, achieved by the 
interpolation, time-to-voltage conversion, and  
time-stretching by measuring separately the time 
intervals Ts, TStart and TStop to obtain Tx. 

Related works, such as the high-resolution TDC 
with time-stretching technique with a general-purpose 
MCU [30], which achieves a practical resolution of 
0.17 ns by stretching the time interval by a factor of 
1000, resulting in an extensive, time-consuming 
process for small operating time measurement ranges, 
On the other hand, A TDC with a vernier technique 
[33], which achieve a resolution of 2.02 ns with an 
external oscillator running slightly different to the 
main MCU oscillator, this proposal ideal, but in a 
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practical application the detection of the coincidence 
moment between the timers could introduce latency 
because the comparison algorithm proposed consumes 
multiple instruction cycles to execute, leading to 

uncertainty about the exact moment the timers 
coincide, reducing the precision of any single 
measurement. 

 
 

Table 4. Comparison of related TDC MCU-based works. 
 

Work Tref Method Measurement ranges Resolution Conversion time 
[30] 200 ns Time-stretching 1 µs to 10 μs 0.17 ns 1 ms to ~10 ms 
[33] 200 ns Vernier 16 µs to 132 µs 2.02 ns up to ~132 μs 

This work 250 ns 
Interpolator, time-to-voltage 

conversion, and time-
stretching 

10 µs to 16 ms 0.1 - 4.14 ns 650 μs to ~18 ms 

 
 
The TDC implemented in this work is based on the 

design of an interpolator, a time-to-voltage conversion 
stage, and a time-stretching to get high-resolution, the 
prototype dimensions are 58 mm × 62 mm with the 
main limitation to measure intervals shorter than 10 µs 
due to the MCU’s embedded digital timer, which 
requires 38 clock cycles (~9.5 µs) to initialize an 
interrupt service routine, attributed to the interrupt 
vector handler of MSP430F5529 MCU embedded 
timers, these constrains due to certain number of 
machine cycles needed by the CPU to execute an 
interrupt service routine and jump to the appropriate 
instruction as described as follows: a) 11 machine 
cycles to entering to capture mode on the rising edge 
of the reference clock for an oncoming time interval 
Tx, b) another interrupt service routine is configured to 
operate in descending edge mode, stopping the counter 
and obtaining the synchronized time value Ts. These 
code statements consume a total of 4 equivalent code 
instructions, corresponding to 16 clock cycles, and  
c) an additional 11 machine cycles to access the 
correct interrupt vector to capture the precise time 
based on the MCU's resolution when entering capture 
mode on the descending edge and stopping  
the counter. 

This can be mitigated by using an MCU with faster 
interrupt handling or a higher oscillator frequency. 
The TDC is adaptable to different reference clocks 
through adjustments in the RC network. However, 
slower clocks significantly increase the  
time-stretching effect. For example, stretching 
increases from 650 µs with a 4 MHz reference clock 
to 17 ms with a 1 MHz reference clock. Thus, 
applications requiring slow clocks must carefully 
consider this trade-off. 

The uncertainty detected is directly related when 
measuring start and stop trigger signals (TStart and 
TStop), associated with the time stretching technique, 
pointing out to a maximum start-trigger uncertainty at 
216 ∕ 291.32 ns = 224 counts/ns, what it means a  
4.46 ps resolution per count, and for the stop-trigger 
uncertainty, the counts/ns relationship was similarly 
derived, yielding 216/252.78 ns = 259.26 counts/ns, a 
resolution of 3.857 ps resolution per count. 

The digital values of the start and stop trigger 
signals are interpolated using a lookup table to 

linearize them with respect to the stored data, using 
two known data points. These data points were stored 
in the MCU’s EEPROM, along with the linearized 
values, to locate new incoming data. This tool helps to 
address the nonlinear behavior of a capacitor's 
charging and discharging, enabling precise 
linearization and correction of the TDC’s output 
response. 

As part of the experimental results, it was found 
that the maximum variability observed for the  
start-trigger was 2.02 ns over a 250 ns interval. In 
comparison, the minimum was 0.4469 ns in a 50 ns 
interval. On the other hand, the maximum variability 
observed for the stop-trigger was 4.17 ns over a 250 ns 
time interval. In comparison, the minimum variability 
recorded was 0.1156 ns over a 30 ns time interval. This 
shows that the effective resolution of the entire 
hardware is around 0.1-4.14 ns. 

However, another similar approach is the TDCs 
implemented with an FPGA, which is a more complex 
solution. Table 5 provides a general overview of recent 
TDC FPGA-based methods, including the measured 
ranges and resolutions. It is demonstrated that the 
FPGA's ability to run at a high clock reference allows 
high-resolution operation with embedded hardware 
methods, such as delay-line techniques,  
pulse-shrinking, or a combination of multiple 
techniques. The authors do not report power 
consumption results, but in theory, implementing 
TDCs in FPGAs often consumes a significant portion 
of the FPGA fabric due to the use of numerous logic 
cells and routing resources that would otherwise be 
used for application logic, thereby increasing power 
consumption. 

A brief discussion of the TDC MCU-based 
proposal in this work highlights several advantages 
over FPGA-based implementations. MCUs typically 
consume less power, making them ideal for  
battery-operated and portable applications where 
energy efficiency is crucial. The integration within a 
general-purpose MCU simplifies system design by 
reducing the complexity of inter-chip communication 
and synchronization, which is often a challenge in 
FPGA-based systems. Furthermore, MCUs generally 
cost less and have smaller form factors than FPGAs, 
making them more cost-effective for low- to  
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medium-volume applications. From a development 
perspective, MCUs provide mature, easy-to-use 
development environments and debugging tools, 
facilitating faster prototyping and deployment. 

TDCs with MCU-based designs may have 
limitations in achieving the highest resolution and 
speed available from FPGA implementations. 

However, the proposed TDC MCU-based approach 
offers a balanced solution that combines energy 
efficiency, integration, ease of development, and  
cost-effectiveness across a wide range of precision 
TDC applications, including sensor-to-MCU 
interfacing. 

 
 

Table 5. Comparison of TDC FPGA-based works. 
 

Work Tref Method Measurement ranges Resolution 
[24] 1.83 ns Merged delay lines 50 ns 4.26 ps 
[29] - Pulse shrinking 11.5 ns 42 ps 
[34] 5 ns Multi-Phase clock TDC 625 ns 625 ps 
[35] 1.04 ns Vernier loop shrinking 10 ns 8.5 ps 
[36] 3.3 ns Multi-Phase clock TDC 5 ns to 205 ns 84 ps 

 
 
In general, this capability enables the 

development of lightweight, battery-powered 
devices that can be deployed across diverse 
environments, enhancing the practicality and 
versatility of sensor-based systems in real-world 
applications. 

 
 

5. Conclusions 
 
A high-resolution, low-cost TDC was 

implemented on a general-purpose MCU using 
analog interpolation and time stretching. This 
demonstrates the feasibility of achieving high 
resolution in TDCs with minimal discrete 
components. In the proposed hardware, the MCU 
timer measures time intervals synchronized with a  
4 MHz reference clock, capturing uncertainties in 
the start and stop triggers through two analog 
interpolators. These interpolators use capacitors to 
store the pulse-width uncertainty in a  
time-to-voltage conversion, which the MCU 
processes via time stretching, governed by a current 
ratio in which the capacitor's discharge current is 
much lower than its charging current, thereby 
enhancing resolution. The TDC achieves an 
effective resolution of 4 ns over an interval range of 
10 µs to 16 ms, representing a 60-fold improvement 
over the MCU's clock resolution. This performance 
is comparable to a 240 MHz clock. 

This proposal is particularly well-suited for 
sensor-to-MCU interfacing applications, where 
portable solutions are essential. The combination of 
high resolution and low-cost implementation makes 
it ideal for scenarios that require efficient data 
acquisition from various sensors while minimizing 
the footprint and power consumption. 
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