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Abstract—The requirements for high-performance and low-
power sensing applications have recently pushed for utilizing
time-based approaches. Indeed, time-based circuits, such as time-
to-digital converters (TDCs), benefit from technology scaling
and improved time resolution with their highly digital nature.
For instance, ring-oscillator (RO) based TDCs have received
significant interest in embedded sensing applications due to
their simplicity of operation and low time resolution. However,
current RO-based topologies are not always suited for event-
triggered operations because they consume high power in free-
running mode, or suffer from several implementation challenges
in gated mode due to charge sharing, leakage or sampling errors.
To tackle these challenges, this work proposes an event-based
GRO TDC, to target low-power sensing and radar applications.
The proposed GRO TDC’s differential topology and gating
mechanisms maintain the performance and significantly reduce
power consumption, enabling efficient event-based operations with
negligible charge and sampling errors. The TDC is implemented
in 65-nm technology, occupying 100 um x147 pm. The oscillator’s
differential and integral non-linearity errors are kept below
0.17LSB. An SNDR of 53.9 dB at 50 kHz is achieved with a
115 ps raw time resolution. The power dissipation is proportional
to the operation frequency, with for instance 45.82 yW at 1 MHz.

Index Terms—Event-Triggered Applications, Time-to-Digital
Converter, gated ring oscillators, LIDAR, Time-based Sensors

[. INTRODUCTION

With the rapid growth of embedded sensing applications,
sensor interfaces are required to be highly efficient, compact,
and scalable. Thus, topologies allowing ease of integration
with all/mostly digital processing circuits and Al accelerators
are needed [1], [2]. This is the case for time-based circuits,
for which the information is encoded in the timing properties
of a pulse. In contrast, analog-intensive interfaces can have
performance limitations in modern technologies because of
the reduced voltage headroom and intrinsic gain [3]. In that
regard, time-to-digital converters TDCs are used to perform
analog and mixed-signal processing functions in applications
such as time-based analog-to-digital converters TB-ADC [4],
[5], all-digital phase-locked loops AD-PLLs [6], time-of-flight
ToF or biomedical sensors [7], [8], and jitter measurement [9].

Typically, a TDC comprises a delay generator or a time
reference that determines the time resolution, and a readout
circuitry that provides a digital output code D,,; proportional
to the input time ATj,, as shown in Fig.1. Free-running ring
oscillators (ROs) are often employed as a time reference, owing
to their simple structure and ability to generate multiple phases.
The RO’s phases form a quantization grid with a resolution
as low as the delay of a single inverting stage 74;. The delay

Quantization Grid
bo »o 4‘>OH J—
-
T H

start—) H
Dual-Edge r »DOUT
Counter
stop = Readout Circuitry
I
DOUT ATin = tstnp = tstare

Fig. 1: Ring Oscillator-Based TDC

elements in the loop are reused to enhance the dynamic range
and area efficiency. The readout circuitry accumulates phase,
e.g. through dual-edge counters, while the digital code D,
is obtained by summing the counters’ outputs.

Despite their advantages, free-running ROs are not optimal
for event-based embedded applications because they dissipate
high dynamic power (P;) when high time resolution is required.
To have a lower P, the oscillator’s activity factor (ON time)
can be lowered by employing a gated RO (GRO) [10]. Yet,
GROs suffer from several design challenges as they are prone
to errors arising from charge sharing, leakage or sampling. For
example, with longer times between measurements, leakage
can pull the oscillator phases into illegal states, corrupting the
quantization grid and introducing errors. Finally, special care
must be given to the errors introduced due to the asynchronous
sampling of the counters [11], [12].

To tackle these challenges, this paper proposes a TDC
architecture for low-power sensing applications, such as light
detection and ranging LiDAR sensors [13], time-based tem-
perature sensors [14], optical biosensors [15], and frequency-
modulated FM inertial sensors [16]. To minimize power and
allow event-based operation, the architecture uses a differential
GRO topology, enabling the RO only during the measurement
windows. The proposed gated topology maintains a linear
operation, while the controller and readout circuits offer a
scaling-friendly and easy-to-reconfigure solution with immunity
against sampling errors.

With this architecture, the performance is competitive with
existing implementations, achieving 0.17 LSB INL, an ENOB
of 8.66 bits and an effective time resolution %,, ;s of 15.66 ps
in the signal bandwidth. In addition, the mostly-dynamic power
consumption and event-based operation lead to an idle power
consumption of only 1.71 uW and 374.9nW (resp. at 1 MHz
and 10 MHz sampling frequencies), scaling up to 45.82 uW
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Fig. 2: Proposed TDC Architecture

and 448 uyW at half full-scale range.

The rest of this paper is organized as follows. Section II
details the proposed architecture focusing on the event-based
operation, linearity and minimization of various errors. The
simulation results of the proposed TDC and the conclusion are
given in Section III, and Section IV, respectively.

II. PROPOSED GATE RING OSCILLATOR-BASED TDC

Fig. 2 shows the proposed TDC architecture, composing a
13-stage differential gated ring oscillator, a 9-bit counter-based
readout, and an asynchronous controller. In this section, we
detail the techniques employed to ensure the TDC robustness
against non-linearity, charge leakage, and sampling errors.

A. Gated Ring Oscillator Design

Fig. 3a shows the 115-picosecond quantization grid
(T sp =115ps) generated by the proposed oscillator. Here, the
grid resolution is determined by the average time difference
between two consecutive edges. To limit the static non-
linearity errors when the oscillator is enabled, the transistor
sizes of the RO are chosen large enough to dismiss the
differential non-linearity DNL due to local process variation
(device mismatches) [17]. Additionally, in the layout, the order
of the inverting stages in the RO is shuffled to equalize
the horizontal wires between the stages, thereby reducing
systematic DNL errors arising from the layout asymmetry.
Fig. 3b shows the DNL and the integral non-linearity INL
covering 500 nanoseconds time measurement simulated with
the layout systematic mismatches (post-layout simulation) and
device transient noise enabled. The errors are kept below
0.17LSB (|[DN L|naz =0.11LSB and |IN L|,,q, =0.17LSB).

To enable proper event-based operation, the RO must retain
its state when paused. Yet, leakage and charge errors can
significantly affect the TDC performance, since leakage can
pull the oscillator phases to illegal states. This leads to counting
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errors in the following measurements when the RO is started
again. To reduce this effect, we employ latch loads (see Fig.
2) to pull the oscillator phases to the nearest legal state.

B. Counter-Based Readout and ELR Controller

The counter-based readout shown in Fig. 2 comprises 13
identical cells (1 cell for each oscillator tap) and an adder,
where each cell has a dual-edge counter and output sampler.
With an all-digital implementation, it is highly scalable and
easy to reconfigure, e.g., for different numbers of oscillator
stages and/or for different dynamic ranges (different numbers
of bits). In addition, the design allows for a fully asynchronous
and event-triggered operation, using the proposed Enable-Load-
Reset ELR state machine shown in Fig. 4a. The ELR’s timing
operation is described in Fig.4b. Triggered by the EN signal
representing the sensed time information ATj;,, the ELR waits
for a specific time defined by C'K (one or more times of
Tw arr) to allow enough processing time for the readout e.g.,
until the counters output is ready. Then, the load LD signal is
fired to trigger the samplers in the readout cells to capture the
counter outputs (see Fig. 4a). Finally, a reset RE signal resets
the counters and gets them ready for the next measurement.
The rising edge of the RE signal (or the falling edge of LD)
can be used to indicate that a TDC sample is ready. Here, both
the pulse widths of the LD and RE are defined by Ty as7.

Performing an asynchronous sampling of the counters
may result in large errors caused by partial sampling [11],
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[12], which occurs when the counter value changes around
the sampling instants. This typically requires the use of error-
correction algorithms introducing additional overheads in the
architecture. In contrast, the proposed architecture does not
require error correction, as the RO’s state is held unchanged
before sampling (see Fig. 4b). This allows enough time Ty 411
for the counter to settle avoiding the sub-sampling errors
without applying expensive correction algorithms.

III. CIRCUIT IMPLEMENTATION AND SIMULATION RESULTS

The proposed TDC is implemented in 1V 65-nm CMOS
technology. It occupies 100 um x147 um, and supports 44
nanoseconds input dynamic range.

The TDC’s operation and performance are verified by post-
layout transient simulations with device transient noise enabled.
The control signals (LD and RF), the oscillator phases
(¢1-¢13), and the digital outputs (D,,;) are monitored in
consecutive measurements, as shown in Fig. 5.

The power dissipation depends on the duration of the input
pulse AT}, and the sampling frequency f.;;. This dependency
is shown in Fig. 6. An average power (at half full-scale range)
of 448 yW at 10 MHz sampling frequency is dissipated (down to
51.4 uW when AT;,, = 1 ns). The average dissipation is reduced
to 45.82 uyW at 1 MHz sampling frequency (down to 5.14 uW).
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Fig. 5: TDC Transient Simulation

Since this work targets event-triggered applications, the power
dissipation is also characterized when no input is applied (idle
mode of operation). In this mode, the power dissipation is
reduced to 1.17uW and 374.9nW at the sampling frequencies.

To examine the linearity of the TDC, a more advanced
test scenario is implemented using the testbench shown
in Fig. 7. The testbench is built using a voltage-to-time
converter VIC which operates at 10 MHz clock/sampling
frequency (f.;x = 10MHz), and it has 7.324 kHz sinusoidal input
(fin=7.324 KHz) to generate 10 MHz pulses with sinusoidal
varying pulse widths (durations) ATj,.

The VTC output is applied to an ideal TDC model and the
proposed TDC. As shown in Fig. 8a, the proposed TDC output
AT,yt[n] successfully tracks the 7.324 kHz sinusoidal input
AT;, (=~ 10ns peak-to-peak) following the ideal model.

The frequency-domain (FFT) output in Fig. 8b shows that the
TDC achieves a signal-to-noise and distortion ratio SNDR of
53.91 dB at 50kHz bandwidth, and an effective number of bits
ENOB of 8.66 bits. This is equivalent to an effective time
resolution t,, yms of 15.66ps in the signal bandwidth. The
effective resolution is calculated from the total integrated noise

in the bandwidth = O.SATZ%WP /SNDR.
In this test, the signal frequency and bandwidth are inspired
by the speciations of FM gyroscopes but scaled up to shorten
the simulation time. Increasing the over-sampling ratio OSR
can further shorten ¢,, s (increase the effective resolution).

At 25kHz bandwidth (2x OSR), 10.22ps t,, s 18 achieved.

A comparison with the state-of-the-art relevant TDCs that
target sensing applications is conducted in Table I. As shown,
the proposed TDC achieves competitive metrics with a scaling-
friendly and reconfigurable architecture that suits low-power
and event-triggered sensing applications.
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TABLE I: Comparison of State-of-the-Art Time-to-Digital Converters

\ \ TCASII’16 [18] \ TVLSI'20 [14] TCASII’22 [19] \ TCASII’23 [13] \ This work
Technology (nm) 65 180 65 350 65
TDC Architecture Successive Approximation Pulse-Shrinking Oscillator-Based | Oscillator-Based Oscillator-Based
Applications Generic Temperature Sensing | ToF 3D Imaging LiDAR Event-Triggered Sensing
Number of Bits 10 10 12 11 9
Resolution (ps) 61 45 24.5 40 115 (15.66 %)
Range (ns) 31.5 40 100 82 b 44
INLpax (LSB) 2.38 0.85 6.12 1° 0.17
Rate (Hz) 29.4M 10k 125M © 100M 10M
Area (um?) Not Reported 19x103 1920 1350 14700
Power Dissipation (uW) 2769 550 1030 2190 448 4, (1.17 in Idle Mode)
FoM ¢ (pJ/conv) 0.311 99.37 0.014 0.021 0.102/
a F, 3 3 3 T Qe 3 > al 1 . ice 1 Qi - 3 . OISATETLPP
Effective Resolution considering oversampling, calculated from the total integrated noise in the signal bandwidth: ¢y, rms = “SNDR(OSK)~
b Estimated
“Limited by the serializer
4Input Dependent down to 51.4 uW
¢FoM = Power Diss./(Rate x 2104 Bits) 1 inear Bits = Number of Bits - logy(INL + 1)
fnput Dependent down to 0.012 pj/conv
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Fig. 7: VTC-Based Testbench

IV. CONCLUSION

This paper presents a low-power GRO TDC to target event-
triggered applications. The proposed TDC is implemented in
1V 65-nm CMOS technology, occupying 100 um %147 um.

The RO’s static non-linearity errors are kept below 0.17 LSB,
and the charge and leakage errors are minimized.

The proposed ELR controller and readout offer a scaling-
friendly and easy-to-reconfigure solution with immunity against

sampling errors.

The TDC dissipates 448 uW at 10 MHz sampling frequency.
The power dissipation is reduced to 45.82 uW at 1 MHz.

T
100
Frequency (MHz)

(b) Frequency-Domain (FFT) Outputs

Fig. 8: Post-Layout Simulation Results

The idle power dissipation is as low as a few hundred nanowatts.
An SNDR of 53.91dB is achieved at 50kHz bandwidth and
10 MHz sampling (ENOB of 8.66 bits, and effective time
resolution of 15.66 ps) verifying the TDC linearity. Higher

effective resolution can be achieved by increasing the OSR.
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With these metrics, the proposed TDC suits low-power and
event-triggered sensing applications.
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