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This article presents the design and analysis of a resistive sensor interface with three
different designs of phase noise-energy-resolution scalability in time-based resistance-to-
digital converters (RDCs), including test chip implementations and measurements,
targeted toward either minimizing the energy/conversion step or maximizing bit-
resolution. The implemented RDCs consist of a three-stage differential ring oscillator,
which is current starved using the resistive sensor, a differential-to-single-ended amplifier,
and digital modules and serial interface. The first RDC design (baseline) included the basic
structure of time-based RDC and targeted low-energy/conversion step. The second RDC
design (goal: higher-resolution) aimed to improve the rms jitter/phase noise of the oscillator
with help of speed-up latches, to achieve high bit-resolution as compared to the first RDC
design. The third RDC design (goal: process portability) reduced the power consumption
by scaling the technology with the improved phase-noise design, achieving 1-bit better
resolution as that of the second RDC design. Using time-based implementation, the RDCs
exhibit energy-resolution scalability and consume a measured power of 861 nW with 18-
bit resolution in design 1 in TSMC 0.35 μm technology (with 10ms read-time, with one
readout every second). Measurements of designs 2 and 3 demonstrate power
consumption of 19.2 μW with 20-bit resolution using TSMC 0.35μm and 17.6 μW with
20-bit resolution using TSMC 0.18μm, respectively (both with 10ms read-time, repeated
every second). With 30ms read-time, design 3 achieves 21-bit resolution, which is the
highest resolution reported for a time-based ADC. The 0.35-μm time-based RDC is the
lowest-power time-based ADC reported, while the 0.18-μm time-based RDC with speed-
up latch offers the highest resolution. The active chip-area for all three designs is less than
1.1 mm2.
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1 INTRODUCTION

In recent years, low-power sensing devices have presented great
potentials for many technology applications including diagnosis,
physiological monitoring, and health care systems (Lorussi et al.,
2004; Rairigh et al., 2009; Tavakoli et al., 2010; Lin Shu et al., 2015;
Kwon et al., 2016). The pursuit of convenience for continuous
monitoring in sensing applications requires these devices to have
a small form of factor and low power consumption for battery-
powered wearable/portable use. Thus, integrated circuits (ICs)
are needed in sensing fields in order to create sensing
applications. The most critical requirement of sensing devices
is the accurate transmission of data/information, which requires
high bit-resolution. The key challenge in designing high-
resolution sensing ICs derives from system/circuit/ambient
noise and power, exhibiting trade-offs among achievable
resolution, noise, and power (Harrison and Charles, 2003).

1.1 Motivation and Related Works
Figure 1 shows the fundamental advantages provided by the
time/frequency-mode analog-to-digital converter (ADC) over
voltage/current mode ADC for low-speed and high-resolution
applications in the noise- and supply voltage-limited regime.
Although digital signal processors and integrated circuits take
advantage of technology scaling to achieve improvements in
power, speed, size, and cost, scaling of supply voltage causes a
significant disadvantage to the available voltage dynamic
range. In addition, the voltage/current-mode ADC interface
requires signal-conditioning circuits such as analog amplifiers
and filters between the sensor devices and the ADC, thus
making it challenging to reduce power. Also, voltage/
current-mode ADCs need sophisticated noise-canceling
techniques to diminish the quantization noise as displayed
in Figure 1A, which improves the signal-to-noise ratio (SNR)
and bit-resolution. On the other hand, the reduction of gate
delays has led an improvement in “time-resolution” in scaled
devices. Furthermore, the time/frequency-mode ADC can

achieve high resolution with increased enable time which
can integrate residues over more time, leading to a time-
domain averaging of the noise which is displayed in
Figure 1B. Thus, sensing the data/information through
time-based techniques (which is a time difference between
two rising or falling edges) can potentially represent a better
solution than sensing in voltage mode (which is a difference
between two node voltages), when ADCs are implemented in a
scaled process (Elsayed et al., 2011). The time-domain ADC
can be as simple as a ring oscillator (that converts resistance to
frequency by starving the ring oscillator with the resistive
sensor), the output frequency of which can be provided to a
multi-bit digital counter with a predefined enable time. The
output of the counter would be a direct digital representation
of the resistance.

Along with the popularization of sensing applications and
their increasing demands, devices with low power consumption
and high-resolution sensor have been increasingly preferred.
Resistive sensors possess numerous strengths, including good
stability, low cost, and ease to be interfaced by readout circuits.
Due to these strengths, resistive sensors have been extensively
practiced and utilized in diverse fields such as physiological
monitoring and environmental and biomedical analysis (van
den Heever et al., 2009; Gardner et al., 2010; Saxena et al.,
2011; Lv et al., 2013). As devices that include a resistive sensor
are widely adopted in sensing applications with diverse dynamic
range requirements (such as temperature, pressure, and
radiation), this article aims to analyze energy-resolution
scalability of the proposed time-based resistance-to-digital
converter (RDC).

1.2 Contribution
Specific contributions of this article are:

• This article presents the lowest-power and the energy/
conversion step time-based RDC for low-frequency
applications.

FIGURE 1 | Inherent advantages provided by time/frequency-mode ADCs over voltage/current-mode ADCs for low-speed high-resolution resistive-sensing
applications: (A) traditional voltage/current-mode ADC sensor-interfacing circuits and (B) time/frequency-mode ADC sensor-interfacing circuits.
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• This article presents the ways to enhance the energy-
resolution trade-offs in the time-based RDC, improving
the rms jitter/phase noise with help of speed-up latches,
to achieve higher bit-resolution.

• This article presents the power/performance trade-off in
experiment through three different design variations
(optimized toward lowest energy baseline, higher
resolution, and process portability), tapeout, and IC
measurements.

This article is organized as follows: Section 2 describes the
operating principle and system architecture of three designs of
energy-resolution scalable time-based RDC. Section 3 presents
the details of the circuit design with the simulation. Section 4
explains and describes the system-level simulation and result of
time-based RDC. Section 5 shows experimental results of the
implemented chips along with a comparison with the state of the
art. Finally, concluding remarks are presented in Section 6.

2 SYSTEM ARCHITECTURE

Figure 2 shows the operating principle of the proposed RDC with
time-based architectures that help to achieve better bit-resolution
with more measurement time (Tmeas.). The proposed time-based
RDC converts an input signal to a corresponding frequency and
then measures this frequency over a longer period of time. It
focused on maximizing the resolution and exploring the jitter-
dominated resolution limit. The bit-resolution of the time-based
RDC is determined by the scaled quantization error (which is the
ratio of one counting cycle with the total measurement time,
i.e., T

Tmeas.
) and the accumulated jitter around desired frequency

measured as described in Figure 2A. The scaled quantization
error (SQE) decreases with an increase in (Tmeas.), where T refers
to a time-period of the oscillator. On the contrary, the
accumulated rms jitter/phase noise of the ring oscillator
linearly increases with Tmeas. When the overall phase noise is

dominated by the flicker noise of the tail current sources, which
slowly change, the cycles of oscillation of the oscillator constantly
change, either accelerating or decelerating, due to the correlated
supply and substrate noise. It ends up accumulating a large
difference in phase. The correlated nature of noise generates
the increased difference quadratically with the total time of
accumulation. This results in a rms jitter proportional to
Tmeas. (Hajimiri et al., 1999; Abidi, 2006). Combining the
effects of SQE with jitter/phase noise, we can write the total
scaled quantization error with jitter (SQEJ) as given by Eq. 1.

SQEJ � T + k × Tmeas.

Tmeas.
, (1)

where k refers to the slope of the linearly accumulating rms jitter/
phase noise with Tmeas. The bit-resolution can be defined by Eq. 2
(Chatterjee et al., 2019b).

bit_resolution � log2
1

SQEJ
( ). (2)

Even though Tmeas. increases, the bit-resolution is eventually
saturated at log 2(1k). There are two ways to enhance the energy-
resolution trade-offs in this architecture. One way is to improve
the absolute value of the SQE, as shown in Figure 2B, which
results in an unchanged maximum achievable bit-resolution at a
lower (Tmeas.), thereby reducing the energy required for
measurement as well as the energy per conversion step. The
other way is to improve the rms jitter/phase noise as shown in
Figure 2C, which will result in a lower slope and better bit-
resolution. In this article, we focus on the latter way of improving
rms jitter/phase noise for increasing the bit-resolution from
design 1 to designs 2 and 3 of the proposed architecture. The
first design provided the basic structure (Chatterjee et al., 2019a;
Chatterjee et al., 2019b) of time-based RDC which is aimed at
having a low energy consumption. With the baseline established,
the research question was how to further improve resolution or
improve energy efficiency. Toward that goal, the second design

FIGURE 2 |Operating principle of the time-based RDC: (A) resolution trade-offs between scaled quantization noise and jitter/phase noise of the ring oscillator in the
design: quantization error decreases with time, whereas jitter accumulates with time, resulting in a saturated maximum achievable resolution in the jitter-dominated
region; (B) reduction in measurement time (and hence measurement energy and energy/conversion step) by reducing the scaled quantization error of the ring oscillator;
(C) improvement in resolution resulting from improving jitter/phase noise of the ring oscillator.
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included a speed-up latch-based rms jitter/phase noise
improvement technique to improve resolution. A third design
with the goal of analyzing process portability of time-based RDCs
also used the rms jitter/phase noise improvement technique but in
a scaled technology and offered lower power consumption with
even higher resolution. Figure 3 shows the system architecture.
The simplified system architecture of the wearable node composed
of a resistive sensor, a current-starved ring oscillator, and a digital
counter as described in Figure 3A. The current-starved ring
oscillator converts the sensor resistance value to oscillation
frequency of the current-starved ring oscillator as a clock
output. The clock is supplied to the counter. Figure 3B

describes the timing of the RDC and counter. During
measurement time (Tmeas.), the counter counts the rising edges
of output. The counter output represents the integer number of
output cycles in one readout period.

The proposed time-based RDC architecture is a suitable
approach for the extremely low-frequency (or effectively
almost a DC quantity) signal input application. The high-
oversampling ratio enabled by low-frequency input signals and
by the availability of time, in modern CMOS process technology,
can be leveraged to reduce the scaled quantization error (SQE)
with the increased measurement time, which leads to the two key
benefits, i.e., energy-resolution scalability and ultralow power.

FIGURE 3 | System architecture: (A) simplified diagram of time-based ring-RDC-based sensor node and (B) the timing of the RDC and counter.

FIGURE 4 | Implemented circuit schematic: (A) a resistive sensor, a current-starved three-stage differential ring oscillator, and a differential-to-singled-ended
amplifier and (B) improving the slope of rising and falling edge of a three-stage ring oscillator using the speed-up latch.
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3 CIRCUIT DESIGN

3.1 0.35-μm Time-Based RDC
Figure 4A shows the 0.35-μm time-based RDC, which includes
resistive sensor devices that are integrated in the same chip, a
current-starved three-stage differential ring oscillator (DRO),
which has a tail transistor seperately for each stage, and a
differential-to-single-ended amplifier in order to convert the
resistance to frequency, which directly depends on the delay
introduced by each inverter stage. Limiting the amount of current
is a way to control the delay. In this architecture, the resistive
sensors are designed in a way that the generated frequency
primarily depends on the amount of current allowed by the
resistance and not on other factors such as the load
capacitance CL. From the concepts of impulse sensitivity
function (ISF) and noise modulating function (NMF)
(Hajimiri et al., 1999), the phase noise at a particular offset
increases with the number of stages for a DRO with given
power dissipation and frequency. In order to minimize the
issues, the number of stage was fixed at a minimal required
number (3) for implementation of a DRO. The phase noise for the
single-ended ring oscillator (SRO), on the other hand, would not
have the issue of increasing phase noise with number of stages
(Hajimiri et al., 1999; Abidi, 2006).

However, the effects of common mode supply and substrate
noise would have been more severe for the SRO because of the
nonsymmetric structure. Symmetry was considered to be an

important factor during layout as it contributes to minimizing
the effects of supply and substrate noise. The differential-to-
single-ended converter which is connected to the output of the
three-stage DRO does not require voltage gain, since the input
of the differential-to-single-ended converter is rail-to-rail. This
means that the transconductance (gm) requirement of the
differential-to-single-ended converter is small. As a result,
the power consumption of the differential-to-single-ended
converter is small with extremely relaxed design constraints
which makes the overall design almost digital and scaling-
friendly. The 0.35-um time-based RDC has the phase noise of
−106.3 dBc/Hz at 1 MHz offset and oscillation frequency of
63.8 MHz with 94.4 uW non-duty cycled power consumption
(when continuously on) in simulation (Chatterjee et al.,
2019b).

3.2 0.35-μm Time-Based RDC With the
Speed-Up Latch
Figure 4B shows how the speed-up latch is implemented with the
0.35-μm time-based RDC. The single-side band (SSB) phase noise
of the DRO is defined by Eqs 3–5 (Hajimiri et al., 1999).

L Δf( ) � 8
3η

N
kT

P

VDD

VChar
+ VDD

RLItail
( ) f2

o

Δf2
; (3)

VChar long channel � ΔV
γ
; (4)

FIGURE 5 | Simulation results for the time-based RDC in 0.35μm and 0.18μm technology: (A) power (design 2), (B) frequency (design 2), (C) phase noise (design
2), (D) minimization cost function vs. sizing of the DRO transistors (design 2), (E) power dDesign 3), (F) frequency (design 3), (G) phase noise (design 3), and (H)
minimization cost function vs. sizing of the DRO transistors (design 3).
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VChar_short_channel � EcL

γ
, (5)

where η is the ratio of stage delay of rising/falling time, N is the
number of DRO stages, k is the Boltzmann constant, T is
temperature, P is the power dissipation, RLItail is the output
swing, fo is the output frequency, and Δf is the offset
frequency at which phase noise is calculated. Increasing power
reduces phase noise, and reducing frequency of the operation will
also reduce phase noise at a particular offset. Improving the slope
of rising and falling edge of a three-stage ring oscillator enhances
the phase noise performance by improving the swing. Using
speed-up latches at the output of each stage of the DRO, we
improve the white-noise-induced phase noise to −124.5 dBc/Hz
at 1 MHz offset, as verified through simulations. The speed-up
latch provides positive feedback, improving the slope of rising
and falling edge of a three-stage ring oscillator as shown in
Figure 4B (Baert and Dehaene, 2020).

In Figures 5A,B,C, the simulated power consumption,
frequency, and phase noise are presented, respectively, as a
function of the sizing of the transistors in the speed-up latch
and the DRO. Since the current is limited by the resistive sensor,
increasing the size of the DRO transistors capacitively loads the
circuit and reduces the frequency. However, since the output of
the latch provides positive feedback, the slope of output of each
stage of the DRO increases (increasing the swing and frequency),
which is described in Figure 5B. The phase noise improves with
the level of power dissipation. However, the best design points are
different in terms of power consumption, frequency, and phase
noise in 0.35-μm time-based RDC with the speed-up latch. For
this reason, a cost function is defined by Eq. 6.

Cost_Function � log10
10PN/10

F
× P( ), (6)

where PN, F, and P represent the scaled linear phase noise,
frequency, and power of the DRO, respectively. Reducing this
cost function would mean reducing PN at a high frequency of
operation but at lower power. In Figure 5D, the minimized cost
function and the optimized sizing of the speed-up latch and sizing
of the W/L ratio of the NMOS in the ring oscillator are presented.
For the best performance, the NMOS (W/L) ratios of the speed-
up latch is determined to be 4, and the NMOS (W/L) ratios of the
DRO is determined to be 25 at 83.2 MHz with 1.83 mWnon-duty
cycled power consumption (when continuously on) in
simulation. The PMOS W/L ratios are two times of the
NMOS W/L ratios in both cases (DRO and speed-up latch)
because both the DRO and the speed-up latch are inverter-
based. The length L for design 2 is the minimum specified by
the technology files.

3.3 0.18-μm Time-Based RDC With the
Speed-Up Latch
Technology scaling is the decisive factor that leads to a high-
performance circuit. The threshold voltage of the device must be
reduced proportionally as supply voltage reduces to sustain the

output performance of the transistor. Technology scaling has also
reduced the gate delay, the parasitic capacitances, and the energy
and active power per transition. From Eq. 3, improving the delay
of a three-stage ring oscillator enhances the phase noise
performance by improving the ratio of stage delay of rising/
falling time. Scaling down from 0.35μm to 0.18μm technology
with the use of speed-up latches at the output of each stage of the
DRO improves the power dissipation and the phase noise to
1.3 mW (when continuously on) and −130.5 dBc/Hz at 1 MHz
offset, respectively, as verified through simulations. More
specifically, Figures 5E,F,G show how the simulated power
consumption, frequency, and phase noise change according to
the size of the transistor in the speed-up latch and the DRO in
0.18 um. Compared to 0.35-μm time-based DRO with speed-up
latch, power dissipation, and phase noise are improved, which
accordingly improved the cost function. In Figure 5H, the
minimized cost function and the optimized sizing of the
speed-up latch and sizing of the W/L ratio of the NMOS in
the ring oscillator are presented. For the best performance, the
NMOS (W/L) ratios of the speed-up latch is determined to be 16,
and the NMOS (W/L) ratios of the DRO is determined to be 25 at
61.3 MHz frequency with 1.3 mW non-duty cycled power
consumption (when continuously on) in simulation. The
PMOS W/L ratios are two times of the NMOS W/L ratios in
both cases (DRO and speed-up latch) because both the DRO and
the speed-up latch are inverter-based. The length L for design 3 is
the minimum specified by the technology files.

3.4 Resistive Sensor of the
Time-Based RDC
A RDCmeasures the resistance value of a resistive sensor, and the
input range is a relevant parameter for an RDC. For determining
the range of the sensing resistance, the Widlar current source
configuration employed in the proposed design was analyzed.
Figure 6A shows the Widlar configuration. The output current
(ISS) in the saturation region is defined by Eq. 7 (Gray et al., 2001).

ISS �
��������������������������
2

βM2
+ 4Rsensor VSG,M1 − VTp,M1

∣∣∣∣ ∣∣∣∣( )√
−

���
2

βM2

√
2Rsensor

⎛⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎠
2

. (7)

ISS is controlled by the resistive sensor (Rsensor), and oscillation
frequency (which is a function of the delay of the ring oscillator
stage, and hence a function of the current through the stage)
becomes a function of Rsensor. This simulation was carried out for
the strong inversion and saturation region. Figure 6B shows the
DRO oscillation frequency of the 0.35-μm time-based RDC
(design 1), the 0.35-μm time-based RDC with the speed-up
latch (design 2), and the 0.18-μm time-based RDC with the
speed-up latch (design 3) as a function of Rsensor. The
oscillation frequency of DRO is saturated beyond around
20 kΩ in all three cases. Therefore, the input range of the
RDCs is < 20 kΩ.

In this architecture, the resistive sensors are designed in a way
that the generated frequency primarily depends on the amount of
current allowed by the resistance. When the values of the three
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resistive sensors are the same (R: fully matched scenario), the
oscillation frequency would befosc � 1

2Ntp
, where N is the number

of stages, and tp is the stage delay corresponding to R. On the
other hand, when the values of the three resistive sensor are not
equal (R1 ≠ R2 ≠ R3), the oscillation frequency would be
fosc � 1

2(tp1+tp2+tp3), where tpi is the i–th stage delay
corresponding to Ri. This means that the final frequency is a
function of the average resistance. Due to a delta amount of
change in the resistance of the sensor, DRO delay of each stage
would be determined by R1 + ΔR1, R2 + ΔR2, and R3 + ΔR3. The
final output frequency can be expressed as
fosc � 1

2 (tp1+Δtp1)+(tp2+Δtp2)+(tp3+Δtp3){ }, which is again the average

of each delay. Given that the resistances of all three sensors
increase (or decrease) simultaneously, it is not necessary to have
matching as a requirement.

3.5 Digital Modules
In order to convert the change in resistance to equivalent frequency
and subsequently to digital bits (Daniels et al., 2010; Sacco et al.,
2020), digital modules are implemented using 24-number of D-flip-
flops to count, load, and shift out a 24-bit RDC reading, as shown in
Figure 7. When the enable signal is high, the flip-flops operate in the
counting mode. When the enable signal is made low, the flip-flops
load and shift the count value in subsequent clock cycles.

FIGURE 6 | Simulation results for the time-based RDC: (A) one stage of the DRO and DRO with the speed-up latch for analysis of Rsensor range and circuit design
and (B) DRO frequency as a function of Rsensor.

FIGURE 7 | Detailed circuit schematic of digital modules with count, load, and shift modes (frequency to digital conversion).

Frontiers in Electronics | www.frontiersin.org April 2022 | Volume 3 | Article 7923267

Seo et al. Energy-Resolution Scalable Time-Based RDC

https://www.frontiersin.org/journals/electronics
www.frontiersin.org
https://www.frontiersin.org/journals/electronics#articles


4 SYSTEM-LEVEL SIMULATION

Figure 8 describes physics of the resolution limit and the
corresponding simulation process. Many noise factors influence
the rms jitter of this system. For example, the rms jitter of the
system is all affected by flicker noise up-conversion in the tail current
source and flicker noise from the correlated supply and substrate
noise. The rms jitter accumulates linearly with the measurement
time (Tmeas.). The linear increase in the rms jitter was theoretically
shown in Hajimiri et al. (1999), Abidi (2006). However, importantly,
the counting number of the rising edges of output does not linearly
increase, even if the (Tmeas.) increases, primarily due to rms jitter, and
which is caused by noise. This subsequently explains the resolution
limit of the system, as shown in Figures 8A,B, which describe the
simulation process to demonstrate the limit of the bit-resolution.
Simulations are computed and verified via SpectreTM simulations
using TSMC 0.35μm and 0.18μm technology. A total of 10
individual transient simulations were performed with different
noise seeds. The transient noise analysis simulation includes
device noise such as flicker, thermal noise, and shot noise. The
maximum frequency of noise is set at 1 GHz in this simulation. The
result of simulations, which refers to the rising edges of the output
bits, is read at specific times. The counting numbers, represented by
the 10 separate simulation results along with a different noise seed,
are compared at specific times, respectively. The maximum bit-
resolution can be obtained from the point in which the fluctuation of
the counting numbers compared becomes severe.

Figure 9 shows the system-level simulation result of the 0.35-
μm time-based RDC (design 1), the 0.35-μm time-based RDC with

the speed-up latch (design 2), and the 0.18-μm time-based RDC
with the speed-up latch (design 3). Figures 9A,D,G show that the
counting number, which can be obtained from the rising edges of
output, increases with the simulation time. The counting number
increases, and the count value remains the same for all noise seeds
with the simulation time until it reaches at a certain simulation
time, 12, 20, and 35ms. However, beyond that simulation time, the
count value diverges for different noise seeds rather, and it changes
randomly in all three cases. This happens for two reasons. One is
that 10 different noise seeds were implemented to each individual
simulation. The other is that the oscillation frequency of this system
constantly changes, either by accelerating or decelerating, due to
noise. In order to show the result of simulation, both the average
and standard deviation of the counting number, which were
derived from 10 individual transient simulations performed with
different noise seeds, were calculated as shown in Figures 9B,E,H.
Until the specific simulation time of 12ms, 20, and 35ms, the
standard deviation for the counting number is zero. However,
beyond that simulation time, the standard deviation increases as the
simulation time increases in all three cases. The bit-resolution of the
three designs of time-based RDC is plotted against the time of
simulation in Figures 9C,F,I. The results show a linear increase in
resolutionwith simulation time on log scale until they saturate in all
three cases. The maximum bit-resolution can be calculated using
Eq. 8

bit_resolution � log2 N( ), (8)
where N refers to the maximum counting number of the rising
edges of output before the count value diverges for different

FIGURE 8 | System-level simulation steps for the time-based RDC: (A) physical principle of the resolution limit and (B) simulation process to get the maximum bit-
resolution.
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noise seeds. This simulation shows that the maximum
counting number of the rising edges of output for design 1,
design 2, and design 3 is 765,959, 2,101,999, and 3,126,546,
respectively. As a result, the maximum bit-resolution of design
1, design 2, and the design 3 is achieved as 19.54 bits with
12 ms, 21 bits with 20 ms, and 21.55 bits with 35 ms,
respectively.

Figure 10A shows the simulation results for the relationship
between phase noise and energy consumption of the three
designs. The phase noise from design 1 to design 3 is
improved, even though energy consumption increased
significantly. Based on these phase noise simulation results, the
accumulated RMS jitter for integrated time can be calculated. The
RMS jitter is calculated using Eq. 9 (Drakhlis, 2021).

RMSJitter �
��������
2 · 10A/10√
2 · π · fo

, (9)

where A refers to the integrated phase noise power, and fo is the
oscillation frequency. Figure 10B plots the accumulated RMS jitter
over the integrated time. Themaximum achievable resolution can be
calculated from the slope of the accumulated RMS jitter. The value of
the slope for design 1, design 2, and design 3 is 1.88 × 10–6, 3.67 ×
10–7, and 1.55 × 10–7, respectively. For calculating the average slope,
two points at 0.1 and 10ms are considered. Even though integrated
time increases, the bit-resolution is eventually saturated at log2(1k) as
shown in Figure 10C. Figure 10D presents the relationship between
the slope of the accumulated RMS jitter and energy consumption of
the three designs. Although the energy consumption is increasing

FIGURE 9 | System-level simulation results for the time-based RDC: (A) 10 individual counting numbers obtained from the rising edges of output for the 0.35-μm
time-based RDC (design 1), (B) average and standard deviation of counting numbers for all 10 noise seeds (design 1), (C) change rate of the counting number (design 1),
(D) 10 individual counting numbers obtained from the rising edges of output for simulation of the 0.35-μm time-based RDC with the speed-up latch (design 2), (E)
average and standard deviation of counting numbers for all 10 noise seeds (design 2), (f) change rate of the counting number (design 2), (G) 10 individual counting
numbers obtained from the rising edges of output for simulation of the 0.18-μm time-based RDC with the speed-up latch (design 3), (H) average and standard deviation
of counting numbers for all 10 noise seeds (design 3), and (I) change rate of the counting number (design 3).
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gradually, the decrease in the slope of the accumulated RMS jitter
does not keep up with it and is gradually saturated. For our
application, we have put priority on resolution instead of the
expense of energy consumption, and hence we are exploring the
limit on high resolution with this RDC design. From the system
simulation results, the 0.35-μm time-based RDC targeted toward
maximizing the energy/conversion step, while the 0.18-μm time-
based RDC with the speed-up latch targeted the highest resolution.

5 SYSTEM-LEVEL MEASUREMENT
RESULTS

Figure 11 describes the block diagram of the measurement setup
with three designs of energy-resolution scalable time-based RDC.
The implemented time-based RDC chip was measured by using
the chip-on-board (COB) setup on a customized printed circuit

board (PCB) with wire-bonding. The counter output represents
the integer number of output cycles during one readout within
the predefined measurement time Tmeas.. The measurement time
signal is generated from a RIGOL DG4200 Arbitrary Waveform
Generator (AWG). Alternatively, a serial interface with a
microcontroller could be utilized for the readout. Since the
input signal is an extremely low-frequency signal or effectively
almost a DC quantity signal, standard spectrum plots used for
voltage-based ADCs are not directly applicable in this case.
Because there is nonlinearity in the nature of the resistance to
frequency transfer function in all the three resistance-to-digital
converter (RDC) designs, calibration and post-processing are
required for the proposed RDC. In addition, an error due to
this calibration becomes a dominant factor in the performance
and linearity representation. Hence, instead of providing a
standard spectrum plot for performance, we explain the
method of the resolution and dynamic range measurement:

FIGURE 10 | Simulation results for the three time-based RDCs: (A) phase noise vs. energy consumption, (B) the accumulated rms jitter vs. time of measurement,
(C) equations, and (D) the slope of the accumulated rms jitter vs. energy consumption.
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1 Resolution:

The method of resolution measurement is as follows—we take
several measurements (for example, 10 measurements) each for
every measurement. For a particular measurement, we record (a)
integrated time of measurement and (b) calculated counting
numbers. Because the input signal is an extremely low-
frequency signal (effectively DC, which can be emulated by a
fixed resistance in our case), we should expect the same count
value for same integrated time of measurement. However, the
count numbers may be different for each measurement because of
jitter of the differential ring oscillator (DRO), temperature
variations, voltage variations, or reference clock drift, and
hence we take only the most significant bits (MSB) of the
count values that remain constant over different readouts and
ignore the least significant bits (LSB) that are changing over
multiple measurements. This provides maximum resolution in
total number of bits, starting with the first one in the MSB side,
unaffected by jitter of DRO, temperature variations, voltage
variations, or reference clock drift. If the counting number
does not change for several measurements, the resolution is
calculated by log2 (non-time varying counting number).

2 Dynamic range:

The dynamic range can be found from the range of the count
value from the RDC (or the range of the frequencies with respect
to the operating range of the resistive sensor). We measure the
count value at a particular value of the resistive sensor in the
operating range (i.e., 10 kΩ) and measure the count value at
another operating point of the resistive sensor (i.e., 15 kΩ). The
ratio of the total range of resistances applicable to the minimum

detectable change in the resistance, when converted to dB, gives
the dynamic range.

5.1 Power and Resolution
Figures 12A–C show the microphotograph and chip-on-board
(COB) of the implemented 0.35-μm time-based RDC (design 1),
0.35-μm time-based RDC with the speed-up latch (design 2), and
0.18-μm time-based RDC with the speed-up latch (design 3). The
active area of the chip of all three designs is less than 1.1 mm2

excluding pads. Figures 12D,E present the implemented circuit
diagram of each time-based RDC. Figure 12F describes the
detailed circuit schematic that consists of the speed-up latch
technique. The speed-up latch improves the slope of rising and
falling edge of a three-stage ring oscillator and as a result,
enhances the phase noise performance by improving the
swing. The bit-resolution of the three designs of time-based
RDC is plotted against the time of measurement in Figures
12G–I, respectively. The results show a linear increase in
resolution with measurement time on log scale for three
supply voltages until they saturate as a result of jitter/phase
noise accumulation. The 0.35-μm time-based RDC with the
speed-up latch (design 2) increases the slope of the rising and
falling edges by providing a positive feedback of the output of the
latch. Compared to 0.35-μm time-based RDC (design 1), the
phase noise is improved which subsequently results in higher bit-
resolution. The 0.18-μm time-based RDC with the speed-up latch
(design 3) reduces the power consumption for the similar readout
time. As compared to design 2, 1-bit better resolution can be
achieved when the readout time is increased to 30 ms. The three
designs of energy-resolution scalable time-based RDC achieve
18 bit-resolution at 861nW, 20 bit-resolution at 19.1μW, and
21 bit-resolution at 52.8μW, respectively (designs 1–2 with 10 ms

FIGURE 11 | Measurement setup.
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readout time and design 3 with 30 ms readout time, with one
readout every second).

5.2 Nonlinearity
The fundamental nature of the resistance to frequency transfer
function is nonlinear as shown in Chatterjee et al. (2019b), and the
measured result for this transfer function for the three designs is
shown in Figure 13A. From the transfer function of the three
designs of RDCs, the measured resistance to frequency conversion

gain at around 10 k can thus be found as 2.2834 kHz/Ω,
3.2649 kHz/Ω, and 2.3833 kHz/Ω for the 0.35-μm time-based
RDC (design 1), the 0.35-μm time-based RDC with the speed-
up latch (design 2), and the 0.18-μm time-based RDC with the
speed-up latch (design 3), respectively. The three designs of RDCs
were operated in a region in which we are using that nonlinearity to
reduce the effect of the resistive sensor error. The effect of the %
change in a transduced quantity (resistive sensor in this case) to
output of a time-based ADC is nonlinear correspondence and

FIGURE 12 | (A)Chipmicrograph of the 0.35-μm time-based RDC (design 1), (B) chipmicrograph of the 0.35-μm time-based RDCwith the speed-up latch (design
2), (C) chip micrograph of the 0.18-μm time-Based RDC with the speed-up latch (design 3), (D) circuit diagram of 0.35-μm time-based RDC, (E) circuit diagram of the
0.35-μm and 0.18-μm time-based RDC with the speed-up latch, (F) detailed circuit schematic consisting of the speed-up latch technique, (G) resolution vs. time of
measurement of the 0.35- μm time-based RDC (design 1), (H) resolution vs. time of measurement of the 0.35- μm time-based RDCwith the speed-up latch (design
2), and (I) resolution vs. time of measurement of the 0.18- μm time-based RDC with the speed-up latch (design 3).
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calibration and post-processing are required for the proposed RDC.
With calibration and with a static tolerance in the transducer, the
error is negligible. When the transducer has a dynamic variation
without any variation in the input quantity, i.e., if the transducer has
a dynamically varying % error–it will affect the achievable resolution
as shown in Figure 13B. However, a large dynamic error (> 0.01%)
is not expected from the transducer and should be considered a
specification of the transducer design. This nonlinearity arises from
the ring-oscillator stage in the Widlar current source configuration
which is utilized to convert the degeneration resistance to a
corresponding delay and hence to the frequency of the ring
oscillator. Because the input signal is of very low frequency (or
effectively almost a DC quantity as shown in the application of
Chatterjee et al. (2019b), the dynamic range can be found from the
range of the frequencies (or range of count values from the RDC).
This range is found to be about 103dB for the original 0.35-μm time-
based RDC (design 1) (Chatterjee et al., 2019b), 113.5dB for the 0.35-
μm time-based RDCwith the speed-up latch (design 2), and 121.1dB
for the 0.18-μm time-based RDC with the speed-up latch (design 3).
However, because of the nonlinear nature of the resistance to
frequency transfer function, calibration and post-processing are
required for the proposed RDC. The error due to this calibration
becomes a dominant factor in the performance and linearity

representation. Hence, instead of performing a traditional FFT (or
DNL/INL analysis) to represent linearity, we analyze the effect of the
nonlinearity calibration method on the overall readout error. The
calibration/correction for the nonlinearity can be carried out in three
ways:

1 Per-device off-line calibration:

This requires finding out the resistance to frequency transfer
function for each device during a pre-measurement (off-line)
calibration and applying the inverse of that function during
measurement to correct for the nonlinearity. This method
would result in better accuracy as the number of points used
for calibration increases. In the limiting case, the error will tend to
zero (resulting in extremely high linearity) as the number of
points approaches infinity. However, this incurs a high amount of
cost in terms of time and available manual resources.

2 Per-batch off-line calibration followed by an online
calibration:

This requires finding out the resistance to frequency transfer
function off-line, for one device out of a batch of devices, and

FIGURE 13 | (A) Measured resistance to frequency transfer function of the three RDC designs, (B) maximum achievable bit-resolution with respect to resistive
sensor error of the three RDC designs, (C)measured RMS resistance error (%) for per-device off-line calibration, followed by online three-point calibration for the 0.35-μm
time-based RDC (design 1), (D) measured RMS resistance error (%) for per-device off-line calibration, followed by online three-point calibration for the 0.35-μm time-
based RDC with the speed-up latch (design 2), and (E) measured RMS resistance error (%) for per-device off-line calibration, followed by online three-point
calibration for the 0.18-μm time-based RDC with the speed-up latch (design 3).
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eventually updates the transfer function for each device online
during measurement to take care of PVT (process, voltage, and
temperature) variations. However, the results might be largely
inaccurate due to small number of online data points for
calibration and large process variations.

3 Subset of per-device off-line calibration followed by an
online calibration:

As a compromise between methods 1 and 2, we can perform
per-device off-line calibration with a reduced number of points
(that will lower the test cost) and then perform an online update
of the transfer function during measurement to take care of the
VT (voltage and temperature) variations.

Figures 13C–E show the measured RMS resistance error (%) for
per-device off-line calibration, followed by on-line three-point
calibration for three designs. For calculating the RMS resistance
error, five frequency points were randomly selected from all
frequencies which correspond to resistances within the
2 kΩ–50 kΩ range. The inverse of the resistance to frequency
transfer function was applied on these frequencies to find out the
resistance. This resistance is compared with the original resistance
values to find the RMS error (%) for the five points. During this
process, the points used for calibration and for test were always kept
separate. The number of off-line calibration points is varied from3 to
20, while the number of online calibration points is set to 3 (which is
a feature of all 3 designs and is shown in detail in Chatterjee et al.
(2019b). With the additional automatic online calibration, the

FIGURE 14 | Resolution vs. supply noise measurement of (A) 0.35-μm time-based RDC with the speed-up latch (design 2) and (B) 0.18-μm time-based RDC with
the speed-up latch (design 3), showing > 18-bit resolution that is possible even with 10mV (peak-to-peak) supply noise.

TABLE 1 | Measured performance summary of the three-design time-based RDC and comparison table
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number of points required for off-line calibration reduces for the
similar amount of the rms error.

5.3 Power Supply Noise
Among the factors that degrade the phase noise performance
of oscillators, power supply noise is one of the most dominant
factors in terms of its effect on both the frequency and phase
of the oscillator. The power supply voltage affects the delay of
the ring oscillator. In a current-starved ring oscillator, the
power supply noise will reflect as current fluctuations.
Figure 14 shows the bit-resolution of the time-based RDC
with respect to the power supply noise amplitude. As the
amplitude of the power supply increases, the bit-resolution
decreases for all the designs. However, even with 10mV peak-
to-peak supply noise, the resolution of the designs 2 and 3 of
RDCs remains > 18-bit, which was the phase-noise limit of
design 1. When the sensors are powered from a battery for
wearable applications, the effects of supply noise would be
much lower.

5.4 Energy-Resolution Scalability
Table 1 summarizes the performance of the three designs of
energy-resolution scalable time-based RDC in comparison
with state-of-the-art high-resolution time-based ADC
architectures. The 0.35-μm time-based RDC consumes the
lowest energy, which is 861 nJ with 10 ms, among all ADCs,
and the 0.18-μm time-based RDC with the speed-up latch
offers the highest resolution, which is 21-bit with 30 ms,
among all ADCs. From the perspective of the energy/
conversion step, the 0.35-μm time-based RDC shows the
best performance which is 3.29 pJ/bit, among all ADCs.
This can be achieved because the proposed time-based
RDC architecture enabled by low-frequency input signals
and by the availability of time can be leveraged to reduce
the scaled quantization error (SQE) with the increased
measurement time, which leads to the two key benefits,
i.e., energy-resolution scalability and ultralow power. This
work, for the first time, explores the process scalability and
shows the measured limits for such designs.

6 CONCLUSION

In this article, we presented the design and analysis of a
resistive sensor with three designs of the energy-resolution
scalable time-based resistance-to-digital converter (RDC) with
test chip implementations and measurements. The
implemented RDC consisted of a current-starved
differential ring oscillator, a differential-to-single-ended
amplifier, and an off-chip counter in order to convert the
change in resistance to equivalent frequency. This article
presents that the 0.35-μm time-based RDC is the lowest-
power time-based ADC reported till date, while the 0.18-μm
time-based RDC with the speed-up latch offers the highest
resolution which is the way to enhance the energy-resolution
trade-off in the time-based RDC, improving the rms jitter/
phase noise with help of speed-up latches, to achieve higher
bit-resolution. Insights into the energy-resolution trade-offs,
scalability aspects, and effects of power supply noise are also
discussed in the article. We wanted to explore the power/
performance trade-off in experiment through three different
design variations, tapeout, and IC measurements. As a future
work, to improve the scaled quantization error would be
explored using the multiphase of the ring-oscillator,
(Watanabe and Terasawa, 2010; Pepe and Andreani, 2019),
thereby improving the energy/conversion step.
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