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ABSTRACT Time-to-Digital Converters (TDC) are popular circuits in many applications, where high
resolution time measurements are required, for example, in Positron Emission Tomography (PET). Besides
its resolution, the TDC’s linearity is also an important performance indicator, therefore calibration circuits
usually play an important role on TDCs architectures. This paper presents an all-digital TDC implemented
using Structured Datapath to reduce the need for calibration circuitry and cells custom design, without com-
promising the TDC’s linearity. The proposed design is fully implementable using a Hardware Description
Language (HDL) and enables a complete design flow automation, reducing both development time and
system’s complexity. The TDC is based on a Delay Locked Loop (DLL) paired with a coarse counter to
increase measurement range. The proposed architecture and the design approach have proven to be efficient
in developing a high resolution TDC with high linearity. The proposed TDC was implemented in TSMC
0.18um CMOS technology process achieving a resolution of 180ps, with Differential Non-Linearity (DNL)
and Integral Non-Linearity (INL) under 0.6 LSB.

INDEX TERMS Structured data path, time-to-digital converters, TDC, ASIC.

I. INTRODUCTION
Time-to-Digital Converters (TDC) are devices used to con-
vert the difference between the arrival time of two signals to
a digital value [1], [2]. TDCs have long been used in physics
experiments for Time-of-Flight (TOF) measurements, and
laser range finders [1]–[5]. Lately, TDCs are becoming more
popular and its range of applications has been growing.
In CMOS image sensors, TDCs are used in combination
with Analog-to-Digital Converters (ADC) to shorten the
conversion time without decreasing the dynamic range of
the ADC [6]. With the appearance of LiDAR systems in
the automotive industry, the high resolutions achieved by
TDCs enable for higher precision in object detection and
tracking [5]. Finally, time-based accelerometers also benefit
from the use of a TDC, as it enables to further enhance the
overall system resolution due to a more precise pull-in time
measurement [7].

The associate editor coordinating the review of this manuscript and
approving it for publication was Gian Domenico Licciardo.

The main performance figures of a TDC are resolution,
differential non-linearity (DNL), and integral non-linearity
(INL) [6]. Recently, some research works have reported
resolutions under 10ps with DNL and INL under ±1 LSB
[1], [3]. Perktold and Christiansen [3], claims to be the first
to achieve a single-shot precision of 3 ps-rms. The research
work by Ko et al. [1], proposes a Vernier sub-ranging TDC
with DNL calibration, achieving a 5 ps resolution. A more
recent work [2] presents a hybrid architecture TDC based
on residual time extraction and amplification. According to
the results reported, high linearity was achieved, although the
320 ps resolution is far from the current state of the art.

Modern applications, like the use of LiDAR in the automo-
tive industry, demand for readout systems capable of achiev-
ing both high resolution and long measurement range. As the
number of sensors and sub-systems in a car increases, small
die size and low power consumption are usually desired in
automotive applications as well. With the ever-increasing
market competition, short development cycles are also an
issue to consider when designing a new system. The cur-
rent CMOS TDC architectures, although achieving high
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resolutions and linearity, usually require custommade cells or
blocks to calibrate the system to compensate for power, volt-
age, and temperature (PVT) variations. Therefore, although
some architectures are fully digital, the design of transistor-
level specific cells is required. This greatly increases the
development cycle when compared to a fully digital Verilog
or VHDL implementation.

This paper proposes an all-digital TDC architecture based
on a Delay Locked Loop (DLL) that takes advantage of the
computer aided design (CAD) tools Structured Data Path
feature, implemented in Cadence Innovus, to achieve high
linearity. With this approach, no extra hardware is required
for the TDC calibration, improving both die size and power
consumption. Moreover, as the design is fully implemented
using a Hardware Description Language (HDL), the system’s
design and validation time is greatly reduced. In order to
increase measurement range, the proposed TDC was paired
with a coarse counter, implementing a two-stage measure-
ment. The proposed TDC was implemented in the TSMC
0.18 µm CMOS process.
The remainder of this paper is structured as follows.

Section II presents the current state of the art for CMOS
TDCs. In Section III, the proposed architecture and design
process are explained, together with a description of themajor
blocks that compose the proposed TDC. The results achieved
are presented in Section IV. Finally, Section V provides the
main conclusions and future research paths.

II. STATE-OF-ART
Several architectures have been proposed to address the
increasing time measurement resolution and linearity
requirements of TDCs. While in the beginning, high reso-
lution TDC systems were only possible using Application-
Specific Integrated Circuits (ASIC), with the evolution of
Field-Programmable Gate Arrays (FPGA) technology, some
architecture started to be ported to these platforms. The
fast prototyping cycles enabled by FPGA implementations,
results in less expensive solutions. In the following subsec-
tions, the main architectures for ASIC and FPGA imple-
mentations are summarized, together with the major results
reported in the literature.

A. TIME-TO-AMPLITUDE CONVERTER (TAC) TDC
A simple implementation of a TDC can be achieved by
pairing a Time-to-Amplitude Converter (TAC) and an ADC.
In this architecture, a capacitor is charged by a current source
during the time interval (Ti), resulting in a capacitor charge
proportional to Ti. This value is then converted to a digi-
tal value by the ADC. Although simple to implement, this
architecture has a large deadtime and the final system res-
olution is limited by the ADC resolution. Due to its ana-
logue nature, this architecture is not implementable in FPGA
platforms.

The work from Cossio [8] reported a 50 ps resolution using
this architecture with a power consumption of 10 mW per
channel and a deadtime under 17µs.

B. TAPPED-DELAY LINE (TDL) TDC
The TDL architecture uses the intrinsic propagation delay of
a digital cell to create multiple interpolation stages. By sam-
pling a signal that has been delayed by a chain of multiple
digital cells with similar propagation delays, it is possible to
obtain a so-called thermometer code which has information
regarding the time difference between the sampling and the
delayed signal. The thermometer code is then decoded to a
binary format. As the cells propagation delays are affected
by PVT conditions, and the TDC linearity deteriorates as
the delay chain length increases, it is usual to implement
this architecture in a Delay-Locked Loop (DLL) or Phase-
Locked Loop (PLL) schema in ASIC platforms [9], [10].
In this configuration, the delay chain is built as a Voltage Con-
trolled Oscillator (VCO) with a fixed frequency, controlled
within the PLL. To reduce the size of the chain, a digital
counter, clocked by the VCO, is also implemented. When a
sampling signal arrives, the state of the delay chain, together
with the VCO clocked counter, have the time measurement
information. Since it is not possible to implement variable
delay cells in FPGA, this architecture is often used together
with a calibration mechanism, most commonly decimation
[11], [12] or histogram-based calibration [13], [14], to com-
pensate for the PVT conditions and increase system linearity.
Nevertheless, TDL architectures are by far the most used for
both ASIC and FPGA platforms. As the achievable resolution
is closely coupled with the technology being used, resolu-
tions in the range of 500 ps [15], [16] and 50 ps [17]–[19]
are frequently reported. When this architecture is used with
second-stage subgate delay techniques, resolutions of 5 ps
with DNL and INL values in the range of +/−1 LSB can be
achieved [20].

To extend the system measurement range, TDL archi-
tectures are frequently coupled with global clock counters,
usually called coarse counters. In these, it is possible to have
a sampling event at the same time the coarse counter is
changing. To avoid metastability issues, two coarse counters
are usually implemented. Each counter is incremented in
different clock edges, one at rise clock edge and the other
at the clock falling edge. The value to use i.e. the value that
is not metastable, is chosen depending on the value presented
on the delay line [21], [22].

C. VERNIER DELAY LINE (VDL) TDC
One of the problems of the TDL architecture is that the maxi-
mum achievable resolution is technology dependant and can-
not go below the intrinsic cell’s delay. To address this issue,
Vernier Delay Lines (VDL) were proposed. This architecture
delays both the start and stop signals using two different delay
lines. It is therefore possible to achieve subgate delay resolu-
tion, given by the difference between the delay of the cells
used in the two chains. It is important to assure that the cell’s
delay of the stop signal chain is smaller than the cell’s delay of
the start signal, otherwise the stop signal would never be able
to catch-up with the start signal, making it impossible to get a
valid measure. As the size of the delay chain tend to be much
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larger than in the TDL architecture, the VDL is usually built
in a two DLL or PLL (one for each delay line) schema, paired
with a loop counter. Resolutions in the range of 30 ps [9] and
20 ps [23], both with DNL and INL under +/−1 LSB, were
already reported. ASIC implementations of VDL are quite
challenging, as the PVT conditions are complex to calibrate
between delay chains. Regarding FPGA implementations,
the VDL architecture is usually implemented using a dual
ring oscillator schema, paired with a phased detector. In this
architecture, the frequency difference between the two oscil-
lators is the resolution defining element, rather than the dif-
ference between cells’ propagation delay. Lee andMoon [24]
were able to achieve a 1.45 ps resolution using a 0.18 µm
CMOS process at 1.8 supply voltage, by combining a VDL
architecture with a single time amplifier.

D. PULSE SHRINKING TDC
Pulse shrinking architectures’ principle of operation is based
on the mismatch between the rising and falling transition time
of a cell. Using this mismatch is possible to build a delay line
capable of shrinking an input pulse gradually until it ceases
to exist. The shrinking factor, i.e. the amount the input pulse
is shrunk each iteration, gives the TDC resolution. These
architectures are implemented using a delay line configured
in a loop with a counter clocked by the last delay stage of
the loop. When the pulse starts propagating in the delay line
loop, it is shrunk at each loop cycle, until it reaches a point
in which the oscillation in the loop extinguishes, stopping
the clock of the loop counter. The number of loop iterations,
times the shrinking factor, gives the length of the input pulse.
Although this architecture offers good resolution and low
power consumption, it requires the custom development of a
shrinking element. Resolutions close to 40 ps [10] have been
reported with linearity values of +/−0.6 LSB.

As in the case of TAC TDCs, this architecture is not
suitable for FPGA platforms, since the resources on FPGA
are fixed and it is not possible to create custom cells, greatly
limiting the control of the shrinking factor.

E. PHASED CLOCKS TDC
A popular architecture, especially for FPGA implementa-
tions, when resolution requirements are in the range of a few
nanoseconds is phased clocks TDCs. In FPGA platforms,
several research works have reported resolutions of 1ns using
the FPGA’s PLL blocks to generate multiple phased clocks,
all sampling the same signal. By identifying which phased
clock first sampled the input signal, or by sampling the
phased clocks state at the arrival of an input signal’s rise
edge, it is possible to achieve sub clock frequency resolutions.
In this architecture, the phase difference between clocks is the
TDC’s resolution defining element. This solution does not
offer the best resolution, but it has high linearity, does not
require a calibration block and has low hardware resources
count. Recently, the work from Wang et al. [25] reported an
ASIC implementation with a 780ps resolution on a 0.13um
CMOS technology.

More recently, a novel resistive interpolation TDC was
introduced by Mauricio et al. [5], [26], reporting a 15ps
resolution with +/−0.31 LSB DNL and +/−0.68 LSB INL.
The research work reports a system implemented in 0.18 µm
CMOS technology, with a power consumption of 11.3 mW.

III. DESIGN OF THE ALL-DIGITAL TDC
From the analysis presented in the previous Section, it can be
concluded that the available architectures offer great resolu-
tions, high linearity and large measurement range. Although
all ASIC implementations offer both high resolution and
good linearity, it demands for a custom-made design pro-
cess, where specific delay cells and calibration mechanisms
must be implemented. This customization process leads to
an increase on the development time, power consumption,
and circuit area. In applications where the required resolution
does not go below the intrinsic gate delay, the use of standard
technology cells, like clock buffers, can be advantageous in
terms of development time and design complexity. By using
these standard cells, a complete HDL design flow can be
adopted, taking advantage of the CAD tools functionalities
for both optimization and verification.

The proposed design flow aims to create a TDC design
with resolutions that can compete with the current state of
the art TDCs, without the need for extra calibration circuitry
or PVT compensation. The complete TDC architecture is
depicted in Fig. 1. The architecture is based on a two-stage
counting schema, using a coarse counter (coarse counter 0◦

in Fig. 1) for extended measurement range and a DLL for fine
time measurement, below the system clock (sys clk) cycle
period. The TDC circuit also includes an edge detector block,
a second coarse counter, phased 180◦ regarding the main
coarse counter, for metastability correction (coarse counter
180◦ in Fig. 1), and a merge block.
The results of a timing simulation are presented in the

diagram of Fig. 2 (simulation results represented in a hex-
adecimal notation). The measurement process starts when
a rise edge of the signal to be measured (denoted as hit)
is detected. This event triggers the DLL of the start signal
(start DLL). A simplified RTL view of the DLL is shown
in Fig. 3. A logic ‘1’ starts propagating throughout the delay
line cells until it reaches the end of the delay line. At this
point, the signal is inverted and used as feedback signal to
the beginning of the delay line, triggering the propagation of
a logic ‘0’. The DLL will maintain this oscillating behavior
until the next system clock rise edge, moment in which the
oscillations are stopped, and the state of the DLL, represented
by a thermometer code (T0 to T31 in Fig. 3), is sampled.
In the presented simulation example (Fig. 2), the hit signal
had enough time to propagate until the 8th delay cell. On the
next system clock cycle, the thermometer code is stored in
a second set of registers (Start Therm. Code in Fig. 2) where
it is kept stable for proper thermometer to binary conversion,
performed by a priority decoder. Two 4-bit binary counters
(see Fig. 3) are clocked by the last stage of the DLL. One
incremented every time a ‘1’ finishes to propagate in the
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FIGURE 1. ASIC block diagram.

FIGURE 2. Timing simulation results (waveform diagram representation).

FIGURE 3. Delay locked loop architecture simplified RTL view.
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FIGURE 4. Measurement 34-bit data packet structure.

DLL (a 0-to1 transition on the last buffer of the DLL), and
another one incremented when ‘0’ finishes to propagate in
the DLL (a 1-to-0 transition on the last buffer of the DLL).
This loop counting mechanism increases the TDC channel
flexibility since it allows a lower system clock frequency,
which increases the maximum dynamic range of the system,
while maintaining the same resolution. The counters’ values
are sampled on the first system clock cycle subsequent to
the hit signal arrival. After that, the values are added, and
the result is stored in a second set of registers (Start DLL
Counted Cycles in Fig. 2). In the presented example, the sum
of the two loop counters is 2, which means that the hit signal
had enough time to propagate two times throughout the entire
DLL. Together with the binary value of the DLL state (Start
Binary Code in Fig. 2) provides the fine measurement value
for the start event. The rise edge of the hit signal also triggers
the sampling of the values presented in both coarse counters
(0◦ Start Sampled Counter Value and 180◦ Start Sampled
Counter Value in Fig. 2). These counters are free-running
counters being one incremented at every system clock rise
edge and the other incremented at each system clock fall edge.

The end of the measurement is triggered by the fall edge of
the hit signal. This event starts theDLL of the stop signal (stop
DLL), and its value will be sampled in the next system clock
rise edge and stored for decoding in the second system clock
rise edge (Stop Therm. Code in Fig. 2). At the same time, the
stop DLL loop counters are sampled and stored (Stop DLL
Counter Cycles in Fig. 2). Once more, the final value of the
loop counters and the binary value of the DLL state (Stop
binary Code in Fig. 2) are used to get the fine measurement
value for the stop event. The fall edge of the hit signal also
triggers the sampling of the coarse counters (0◦ Stop Sampled
Counter Value and 180◦ Stop Sampled Counter Value in
Fig. 2). The final measurement value is obtained on the third
clock cycle after the hit’s fall edge event, and it is the result
of merging all the mentioned values in a single 34-bit frame
(see Fig 4). The 34-bit TDC value is retrieved as follows:
1 - the stop and start coarse counter values are subtracted
(in this example 0x26-0x0D) and the result is placed in the
first 16 Most Significant Bits (MSB) of the output word. The
process of selectingwhich coarse values to use between the 0◦

and 180◦ counters will be further explained in sub-section B;
2- the values from the start and stop DLLs are merged in the
remaining bits in the order depicted in Fig 4. In the presented
example, the final TDC value is 0x000649025.

A. TWO-STAGE TIME MEASUREMENT
The time measurement unit is composed by a coarse counter
and a 32-interpolation stage DLL. The course counter is

FIGURE 5. Verilog representation of the DLL TDC channel.

a simple binary counter, incremented at each system clock
cycle and sampled by the signal to be measured (the hit signal
in the architecture block diagram of Fig. 1).

Because the hit signal is completely asynchronous to the
system clock it is possible to have a scenario where the
value in the counter is sampled while it is being incremented
(depicted in Fig. 2, the 180◦ Stop Sampled Counter Value is
shadowed due to a metastable state). As it is not possible to
guarantee that all the bits in the counters update simultane-
ously and since the hit signal can arrive inside the flip-flops
setup and hold timing window, it is mandatory to implement
a method to rectify these uncoherent states of the counter’s
value. Therefore, a second binary counter, incremented at the
falling edge of the clock signal, is used.

The sub-clock timemeasurement, hereafter referred as fine
measurement, is done by an interpolation circuit, built by
connecting buffers in chain, forming a loop. Each interpo-
lation stage output is connected to a flip-flop that samples
its state at each clock cycle, and to the next delay element
on the chain (see Fig. 5 for the Verilog code responsible for
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generating the DLL and respective sampling stage). The last
delay element of the loop is used as clock on two 4-bit binary
counters. One of the counters is incremented at the rising edge
and the other at the falling edge. The simplified version of the
RTL view of the described delay locked loop is depicted in
Fig. 3. The time measurement can be obtained according to
the following equations:

tfine = (start − stop)τ + (Cystart − Cystop)32τ (1)

tmeas = (Cntstop − Cntstart )T + tfine (2)

being tfine the time measured by the DLL, start and stop,
the binary value from the fine measurement for start and stop
signals respectively (Start Binary Code and Stop Binary Code
in Fig. 2), τ , the delay line basic element propagation delay,
Cystart and Cystop the values of the binary loop counters at the
start and stop sampling event respectively (Start DLLCounter
Cycles and StopDLLCounter Cycles in Fig. 2), tmeas, the time
interval measured by the TDC,Cntstart andCntstop, the coarse
counter binary value sampled on the hit rise and fall edge
respectively, and T the period of the system clock.
Each DLL outputs a thermometer code for the decoder

block. The decoder has two priority encoders, one for detect-
ing falling edge transitions, corresponding to the cycle in
which the DLL is propagating a ‘1’ logic level, and another
for detecting rising edge transitions, for the case in which the
DLL is propagating a ‘0’ logic level.
The design of the DLL is the most critical part of the

TDC system development, since it is the block responsible
for defining the system resolution and linearity. Therefore,
some aspects must be taken into consideration. The longer
the delay chain, the higher it’s the non-linearity, as the mis-
match between gates propagation delay are adding across the
entire chain (i.e. PVT conditions). Also, due to non-uniform
gates’ rise and fall times, pulse stretching/shrinking effects
are magnified on longer delay chains.

To minimize non-uniformities on the cells’ rise and fall
times, clock buffers were selected as the delay element. These
cells are available in all technologies design kits and are
known for having a close match between rise and fall time,
in order to have very limited impact on the clock’s distribution
along a design’s clock tree. The selected gate to implement
the delay chain was a clock buffer from TSMC 0.18 µm
technology, with a 150 ps propagation delay, according to
TSMC documentation.

As technology scales down, and with it, the gates’ propaga-
tion delay time decreases, the RC parasitics of the connecting
wires can no longer be ignored. These play an important role
on the gates’ load capacity, affecting its charge and discharge
speeds, and therefore, its propagation delay. To tackle this
issue and secure a uniform delay across the delay chain,
the placement and routing of the delay elements must be done
precisely. Even with small delay chains, manually placing
and connecting all the elements is a monotonous and time-
consuming task. Furthermore, a fully scripted design process
is impossible to achieve. To address this issue, Structured

FIGURE 6. SDP file example.

Data Path (SDP) can be used to describe how the CAD
tools should place a given group of gates. According to
Cadence’s Innovus user guide [27], the main advantage of
using Structured Data Path capabilities is that it ensures a
uniform routing, which in the case of implementing a TDC,
is amuch desired feature.With the gates placed in a structured
manner, the CAD tools are capable of automatically perform a
structured routing, that, although not identical between cells,
have similar effect in terms of RC parasitics, resulting in
gates with identical propagation delays. The SDP function
allows the placement of a group of cells in rows and/or
columns improving clock latencies, area usage and system
performance. The main disadvantage of using SDP is the
need for a deep knowledge on the design being implemented,
although, this is a common issue in all TDC designs.

A Structured Datapath can be described using a SDP
file, which can then be read by the CAD tool using Tool
Command language (TCL) commands. Therefore, a full
scripted design flow can be adopted. Part of the used SDP
file is presented in Fig 6 and the resultant ASIC layout is
depicted in Fig 7. In the example file, a row (named top)
is created with 3 columns, one for the start DLL elements
(startdelayline), and two for the first and second sampling
stages (startsampleline and startsecondsampleline respec-
tively). In each column, the name of the instances to be
placed are defined using the keyword inst. Wildcards can be
used to define multiple instances in one line. For example,
the line inst dllstat_inst/delay_cell_∗_delay_cell_delay_cell
will place all the instances that belong to module dll-
start_inst, as well as all the cells which the name starts
by delay_cell_ and ends with _delay_cell_delay_cell. When
multiple instances are defined in the same column, the place-
ment is done in the following order: the first instance to be
described is the first to be placed, the following instances are
placed on top of the previously placed instances. If multiple
instances are defined in the same line, by means of wildcards,
the placement is done alphabetically, so in the aforemen-
tioned scenario, the delay_cell_0 would be placed first, fol-
lowed by delay_cell_1 and so on. In the layout, the physical
placement is done from the bottom of the floorplan to the top
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FIGURE 7. Placement result using the SDP file example.

and the width of the column is defined by the width of the
largest cell placed in that column.

The influence of SDP placement and routing on the lin-
earity of the delay chain was studied and the results will be
presented and discussed in Section IV.

B. EDGE DETECTOR AND MERGE BLOCK
The edge detector block is responsible for generating control
signals at every rising and falling edge event. These signals
are used to enable the store stage and to sample the value on
the loop counters of the DLL. The falling edge event signal
is also used to identify the end of conversion.

The merge block receives all the measurement values
and performs the required calculations and synchronization
checks. This block is responsible for checking in which stage
of the DLL the hit signal arrived. This information is used
to decide which of the coarse counters has the correct value.
To ensure a stable coarse counter, a large synchronization
window was implemented with a time interval of 4 ns (2 ns
before or 2ns after the system clock rise edge), which corre-
sponds to approximately 20% of the system’s clock period.
The process used to choose the synchronization window is
as follows: First, a time interval greater than the setup and
hold time of the used cells must be added before and after the
clock rise edge. Sincewe are using TSMC180nm technology,
500 ps are more than enough. Second, because the output bits
of the counter have different routing, it is needed to secure an
extra time to account for skew between these nets. The higher
the value selected the easier is to attain a skew in-between our
synchronization window. A quick layout was made to under-
stand the typical skew in these nets, and based on the results,
it was decided that an extra 1.5 ns should be added to each
side of the synchronization window. Therefore, all the DLL
values sampled in the range equal to 2 ns before or 2 ns after
the clock rising edge, indicate that the main coarse counter
may be metastable. Following this methodology, we can be

sure that if any value from the DLL of the TDC is outside
the synchronization window the value on the main coarse
counter is completely stable and it is safe to use it. Otherwise,
the value on the second coarse counter is used since it has a
phase difference of 180◦ and therefore is far from metastable
when the values of the DLL are inside the synchronization
window.

The correct thermometer decoded value is selected based
on the value from the two DLL loop counters. If the loop
counter has an even number, then the DLL was propagating a
‘1’ and the value from the decoder responsible for detecting
a 1-to-0 transition in the thermometer code should be used.
When the loop counter has an odd number, then the DLL was
propagating a ‘0’ and the value from the decoder that detects
a 0-to-1 transition is the one to be used. These values are
then merged together, and a final 34-bit measurement value
is created. The final 34-bit measurement value has the format
presented in Fig 4: the 16 most significant bits hold the result
from the subtraction of the start and stop coarse timestamps;
the remaining bits have the value of the start and stop fine
measurements.

C. SYSTEM INTEGRATION
The layout of the DLLs using Structured Datapath is depicted
in Fig. 8-a, where the two DLLs (start and stop) are high-
lighted. In Fig. 8-b, the layout without using Structured Dat-
apath is shown. It is possible to verify that, in the case were
the the DLL placement was not constrained, the dispersion
of the DLL’s building cells is higher, resulting in differ-
ent routing patterns, which ultimately leads to higher non-
linearities across each interpolation stage. The DLL blocks
are less than 25% of the total circuit area. The full TDC layout
including the TDC channels and some auxiliary circuits, like
the Serial Peripheral Interface (SPI) protocol circuit, has a
0.17 mm × 0.17 mm total area, and was implemented using
TSMC 0.18µm, six metals technology process.
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FIGURE 8. Highlight of the TDC channels placement (a) using Structured
Datapath placement (b) using default placement.

In the next Section, the results for post-layout simulation
are presented and discussed to address the effectiveness of the
proposed design methodology for all-digital TDCs.

IV. RESULTS
The design of the proposed TDC architecture was entirely
implemented using Verilog HDL. To synthesize the archi-
tecture, the Synopsys’ Design Compiler was used, and the
extracted netlist was then used as the input for Cadence’s
Innovus Place & Route tool, together with the SDP file
responsible for constraining the TDC placement. Once fin-
ished, the layout’s parasitics were extracted in the form of
a Standard Delay Format (SDF) file which was used lat-
ter in Cadence’s NCVerilog to perform post-layout timing
simulations (Fig. 2).

To validate the proposed design method, two layouts were
used. The first one was constrained by a SDP file and the sec-
ond was left completely unconstrained. The post layout sim-
ulations were performed assuming a 50 MHz system clock,
and a power supply voltage of 1.8 V. In such conditions,
the measurement range of the TDC is 1,31 ms, corresponding
to the 16-bit coarse counter implemented. The resolution of
the TDC is defined by the propagation delay of the cells used
in the Delay Locked Loop, which, in the voltage conditions
aforementioned and at ambient temperature, is approximately
equal to 180 ps in the worst-case conditions (30 ps more than
the documented value).

To validate system’s operation, post-layout simulations
were performed using the SDF files with the design extracted
timing information. This simulation with annotated timings
also allows the evaluation of the proposed design methodol-
ogy. The layout of the synthetized designwas done as follows:
first, a typical place and route flow was used, with no con-
straints applied to the design tool regarding cells’ placement;
after extracting the post-layout timing information, another
run was made. In this run, a SDP file with information regard-
ing the DLL placement was used in the Innovus tool, leaving
the remaining design unconstrained. Again, the post-layout
timing information was recorded. The collected data was then
analysed using a MATLAB script in order to calculate the

DNL and INL, assuming a LSB of 180 ps, which corresponds
to the DLL cell’s mean propagation delay. The worst-case
scenario, for start and stop DLLs, was considered for both
layouts. The results are presented in Fig. 9.

Ideally, the time between two consecutive delay line steps
should be equal. However, due to changes in PVT conditions,
these values change. The differential non-linearity is the devi-
ation of a given cell’s propagation delay from its ideal value,
and can be calculated, referring to LSB, as follows:

DNLi =
tpi − τ

τ
(3)

being tpi the real propagation delay of the ith delay line cell,
and τ the ideal propagation delay. The Integral non-linearity
can be defined as the cumulative error across the delay line,
and can be obtained by adding the delay line DNL values,
as follows:

INLi =
N−1∑
i=0

(tpi − τ )
τ

(4)

in which N is the total number of cells used to build the DLL.
The Structured Datapath design shows a very similar

behaviour between start and stop chains. This similarity
results in a reduction on the measurement offset error. More-
over, the smaller DNL values across the DLL were achieved
on the Structured Datapath layout. The maximum INL value
was also greatly reduced.

As expected, the unconstrained design presents a much
higher non-linearity, with DNL reaching 0.84 LSB and a
maximum INL of 1.24 LSB. The constraint design, on the
other hand, has a maximum DNL of 0.6 LSB and INL lower
than 0.6 LSB for the worst-case conditions. These values
represent a 50% improvement on the system’s INL and a
30% improvement on the delay locked loop DNL. The results
obtained highly support the premise that Structured Datapath
should be used as a design methodology in order to achieve
high linearity TDC without requiring extra calibration
circuitry.

From the results presented, it is possible to notice, for both
TDC layouts, that the higher DNL values are obtained at the
first and last interpolation stages. This is because the first
interpolation stage is built using the NAND and NOT gate,
while the remainder of the DLL is built using clock buffers.
In the case of the last interpolation stage, the discrepancy is
due to the routing pattern used, which is different from the
pattern of the remaining DLL, as well as the additional input
load of the NAND gate used in the first stage. Again, these
results highlight the impact of routing on the chain’s linearity.

Another important aspect on the design is the clock skew
between the flip-flops sampling the DLL. The system’s clock
tree was generated to guarantee a skew below 50 ps between
the sampling flipflops. This way, it is secured by design
that the TDC will not have thermometer codes with bub-
bles, which would make the decoding circuitry much more
complex.
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FIGURE 9. a) Non-constrained TDC placement DNL and INL and b) Structured Datapath Placed TDC DNL and INL.

TABLE 1. Performance summary and comparison.

It is important to notice that, with technology scaling down,
the use of Structured Datapath can be preponderant in achiev-
ing an all-digital TDC without any calibration mechanism.
In lower size technologies, the effect of the routing RC para-
sitics has higher impact on gates’ propagation delay. In such
cases, DNLs higher than 1 LSB are expected when SDP is not
use. In such scenarios, the existence of missing codes in the
TDC is also expected and therefore, calibration mechanisms
will be required.

When considering only one TDC channel, comprising the
delay locked loop, the sample flip-flops, the loop counters,

and the decoder, the total power consumption (internal and
switching) is 0.375 mW, according to the post-layout reports
generated by the CAD design tool.

A comparison between the proposed TDC post-layout
results and some of the current state of the art TDCs is
presented in TABLE 1. The proposed TDC can reach lin-
earity values better than some state of the art TDCs [2], [3],
using a fully automated design process, which greatly reduces
the system implementation complexity and the develop-
ment time, when compared to the adopted custom approach
from the literature. Regarding resolution, the obtained results
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can also compete with some of the state of the art TDC
works [2], [15]. Nevertheless, even though a smaller area is
used, as well as a lower system clock frequency, the power
dissipation reported here is higher when compared with [15].
In [15] the delay cells used to build the TDC were designed
specifically for that application, and therefore optimized for
their needs. In this work, standard clock buffer cells from
TSMC 0.18 technology library were used. These cells are not
optimized for this application and therefore may justify the
worst performance in terms of power dissipation. Although,
our approach with the use of standard buffer cells greatly
reduces the TDC design complexity, reducing development
time.

V. CONCLUSION
In this paper a high linearity all-digital TDC designed using a
Structural Datapath approach in TSMC 0.18 µm CMOS pro-
cess technology was presented. The proposed TDC achieved
a LSB resolution of 180 ps and a DNL and INL lower
than 0.6 LSB, for the worst-case scenario. The TDC’s power
consumption is 0.375 mW when supplied at 1.8 V.

The majority of the research that can be found in literature
uses a full-custom approach, with PLLs or DLLs schemas
to stabilize the delay line and reduce the system suscep-
tibility to PVT conditions and thus increase its linearity.
These approaches cannot be fully targeted by a HDL design
and greatly increase the design complexity. In this work
we propose the use of Structured Datapath which proved
to be able to achieve high linearity without the need for
extra calibration circuitry, thus reducing circuit area, power
consumption and design complexity. The presented design
can be fully implemented in HDL enabling for a full digital
automated flow. Furthermore, no custom cells need to be
designed. These factors contribute for a large reduction on
system’s development time.

With technology scaling down, and with it, an increasing
impact of the routing on gates’ propagation delay, the benefits
of using SDP is expected to be even greater. The main chal-
lenge will be to secure low skew on the system clock tree that
samples the registers of the TDC’s delay line. If calibration
could not be avoided, the proposed design can easily be
extended to have software calibration. To do so, it is only
needed to add a test input to the delay line that is multiplexed
with the real input signal. The test signal can be used to build
a histogram in software based on the code density method.
These values can then be used to calibrate the output from
the TDC when in normal operation.
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