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Abstract— This paper describes a time-to-digital converter
(TDC) architecture with fine time resolution, self-calibration and
self-testing, and these features are realized by the following:
(1) Encoder circuit that ensures monotonic characteristics.
(2) Self-calibration circuit for linearity improvement.
(3) Stochastic architecture for fine time resolution.
(4) Self-testing for reliability requirements.
These features can be implemented with an advanced fine CMOS
process using digital design methodology. The circuit structure
and operation are described, and MATLAB simulation results
are presented.
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I. INTRODUCTION

A Time-to-Digital-Converter (TDC) measures the time in-
terval between two edges, and time resolution of several
picoseconds can be achieved when the TDC is implemented
with an advanced CMOS process. TDC applications include
phase comparators of all-digital PLLs, sensor interface cir-
cuits, modulation circuits, demodulation circuits, as well as
TDC-based ADCs [1]-[12]. The TDC will play an increasingly
important role in the nano-CMOS era, because it is well suited
to implemention with fine digital CMOS processes; a TDC
consists mostly of digital circuitry, and resolution improves as
switching speed increases.

This paper reports on a new TDC architecture suitable for
implementation with fine digital CMOS; it achieves fine time
resolution and high linearity, and has self-calibration and self-
testing features.

II. CONVENTIONAL TDC ARCHITECTURE

Basic TDC: Fig.1 shows the configuration of a basic TDC:
the reference CLK passes through a buffer delay line, which
consists of a chain of inverters, and the delayed reference CLK
signals are used as the data input for some flip-flop (DFF)
circuits. The measured signal is used as the clock signal of
the flip-flops. We obtain the outputs of the flip-flops as a
thermometer code, according to the rise-edge-timing interval
between the reference“START” edge and the ”STOP” edge,
and the encoder transforms it into a binary code. The time
resolution is determined by the gate delay 𝜏 .

Vernier Delay Line TDC : Fig.2 shows a vernier delay line
TDC which uses two delay lines: one, with a buffer delay of
𝜏1, for the reference edge, and the other, with a buffer delay of
𝜏2, for the edge under measurement. Time resolution is given
by 𝜏1 − 𝜏2 (gate delay difference) which can be smaller than
that of the basic TDC, but note that it uses 2N buffers (N
buffers of 𝜏1 and N buffers of 𝜏2) for an input range from 0
to N (𝜏1 − 𝜏2).

Problems of Conventional TDCs : The vernier delay line
TDC can have fine time resolution, but its monotonicity is not
guaranteed. Both the basic and vernier delay line TDCs may
show some nonlinearity due to buffer delay mismatches.

III. PROPOSED TDC ARCHITECTURE

A. Encoder Circuit

Our TDC architecture is based on the basic TDC architec-
ture (Fig.1), which is similar to a flash ADC. The outputs of
DFFs may have so-called bubble errors due to setup and hold
time mismatches among DFFs [8]. We use an encoder circuit,
which counts the number of ”1” outputs from the DFFs, to
ensure monotonicity of the TDC, and we have designed the
encoder using an array of full adders (Fig.3).

B. Self-Calibration

The basic TDC in Fig.1 may show nonlinearity character-
istics due to delay-time mismatches among delay buffers; the
proposed TDC has self-calibration circuits to compensate for
this nonlinearity Our TDC uses a two-ring-oscillator config-
uration in the self-calibration mode, as shown in Figs. 4 and
5. Since the oscillation frequencies of the two oscillators are
different from each other and not synchronized, the histograms
in all bins would be equal, after collection of a sufficiently
large number of data, if the TDC had perfect linearity [9],
[10]. We performed MATLAB simulation to confirm that the
above statement is valid for the basic TDC architecture (Fig.6).
(However, we found from simulation that it is not valid for the
vernier-type TDC architecture.) In reality there is nonlinearity
(due to factors such as buffer-delay mismatches) and the
histogram in each bin fluctuates being proportional to DNL:
this is analogous to an ADC histogram test with a precise ramp
input (which is difficult to generate on-chip), however in the
TDC test case just a ring-oscillator configuration is sufficient
because the signal is “time” instead of “voltage”.

Fig.7 explains the principle of the self-calibration.

∙ In self-calibration mode, the histogram engine collects
histogram data as DNL values, and obtains INL by
accumulating the DNL values. Then it calculates the
inverse function of the INL values and stores them in
memory.

∙ In normal operation mode, the encoder output is corrected
by the inverse function of the INL values in memory, to
obtain linear TDC input-output characteristics.

The above self-calibration can be done using all-digital meth-
ods, and Fig.8 shows simulation results.
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We note that the above self-calibration is to compensate for
the buffer delay relative mismatches and obtain high linearity,
and the calibration of the absolute average delay of the buffers
can be done using a delay-locked loop [11].

C. Stochastic TDC Structure

Next we consider to utilize the large variation in circuit
characteristics of fine CMOS to obtain fine time resolution. We
connect each delay buffer output to the data inputs of several
DFFs (Fig.9, [12]). Since setup and hold times of the DFFs are
not identical due to process variations, the edge timing which
changes DFF output from 0 to 1 can be different among these
DFFs. Then their statistical variation becomes the effective
time resolution of the TDC, which is generally finer than the
buffer delay 𝜏 .

This stochastic TDC may be highly nonlinear, but its
nonlinearity can be compensated by the above self-calibration
method; in other words, the self-calibration makes the stochas-
tic architecture practical for realizing a linear TDC with fine
(sub-pico second) time-resolution.

Also note that since the stochastic TDC utilizes the variation
in characteristics positively, each MOSFET in DFFs and
delay line buffers can be implemented with minimum channel
length and width, which reduces power consumption and is
advantageous in a high-switching-speed fine CMOS process.

D. Self-Testing Function

A self-testing function is often required in automotive appli-
cations [13], [14], and here we consider how to incorporate it
in the proposed TDC. The following self-testing configuration
and operation check whether DFFs have some faults (Fig.10).

In self-testing mode, the DFF arrays are configured as
Johnson counters (or ring counters, linear feedback shift
registers), and all flip-flops are reset. Also the clock for the
DFFs is generated by the ring oscillator. Then the Johnson
counters operate and their outputs are compared using digital
comparators (EXORs) with the expected value stored in the
memory. If an output disagrees with the expected value, then
the corresponding set-reset FF is set to 1. After some clock
periods, the diagnostic output is read, and if it is ”1” we know
that there are some faults in DFFs.

IV. CONCLUSIONS

We have proposed a TDC architecture with fine time
resolution, high linearity, self-calibration and self-testing. We
described circuit structure and operation, and presented MAT-
LAB simulation results.

We conclude this paper by noting that the proposed TDC
can use completely digital methods for design, verification,
self-calibration, testing, layout (hence even FPGA implemen-
tation is possible), and receives more advantages with fine
digital CMOS implementation.
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Fig. 1. Basic TDC architecture and operation.

Fig. 2. A vernier delay line TDC.
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(a)

(b)

(c)

(d)

Fig. 3. Encoder circuit to compensate for bubble error. (a) TDC with encoder
to compensate for bubble error. (b) Thermometer code and bubble error. (c)
Encoder which counts number of 1’s from DFF outputs. (d) Simple encoder
design example with full adders.

Fig. 4. Proposed TDC architecture with self-calibration.

(a)

(b)

Fig. 5. Operation of the the proposed TDC architecture with self-calibration.
(a) Self-calibration mode. (b) Normal operation mode.

1029



Fig. 6. Simulation result of histograms in self-calibration mode. Ideally linear
TDC case (left). Nonlinear case (right).

Fig. 7. Principle of the self-calibration.

Fig. 8. Simulation result of the self-calibration. Histogram before calibration
(left). Histogram after calibration (right).

(a)

(b)

Fig. 9. (a) Stochastic TDC architecture. Timing offset of each DFF is
assumed to be random. (b) Coarse time resolution of the conventional TDC
(left). Fine time resolution of the stochastic TDC (right).

(a)

(b)

Fig. 10. Self-testing function. (a) First, all flip-flops are reset at start. (b)
Next, Johnson counter configuration starts self-testing.
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