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ABSTRACT This article demonstrates a digitally friendly time-based analog-to-digital converter (ADC)
exploiting Dickson charge-pump (CP) as part of a voltage-to-time conversion (VTC) implemented in
28-nm CMOS. In the proposed technique, the Dickson CP generates a ramp signal that is compared with
the input voltage to generate a pulse of commensurable widths, which is then fed to a D-type flip-flop
(DFF)-based time-to-digital converter (TDC). The TDC is composed of CMOS DFFs and digital circuits
for digital conversion without any use of analog-intensive circuits, e.g., amplifiers or current sources.
Thanks to the robustness of Dickson CP characteristics, the digital outputs of the proposed ADC can be
corrected through a low-complexity deterministic digital mapping with improvements of 1.5-bit in peak
effective number of bits (ENOB) and 9dB in peak signal-to-noise-and-distortion ratio (SNDR) verified
over three measured sample prototypes.

INDEX TERMS Analog-to-digital converter (ADC), time-based ADC, Dickson charge pump (CP), time

quantization, voltage-to-time converter (VTC), ADC calibration, distortion correction.

. INTRODUCTION
ESPITE the continual CMOS scaling in favor of higher
speed and integration of digital circuitry, the reduc-
tion of transistor dimensions results in lowering of available
voltage headroom, thus unavoidably causing deterioration
of analog circuitry, such as ADCs. As gate length shrinks,
shorter gate delay and therefore finer time resolution can be
achieved in nanoscale CMOS. Instead of directly quantizing
voltage/current information, ADC architectures which utilize
time/frequency information could offer better solutions [1].
The time-domain approach can be exploited by means
of a voltage-controlled oscillator (VCO) [2]. A VCO in
such an ADC generates a clock whose frequency is propor-
tional to the analog input voltage. The clock’s phase is then
sampled and differentiated such that the ADC’s digital output

is ideally proportional to the analog input. Unfortunately, the
nonlinearity of the VCO’s voltage-to-frequency conversion,
which originates from the active devices, will directly affect
the ADC’s nonlinearity, thus requiring extensive calibration
due to PVT variations [3].

An alternative time-domain ADC implementation is an
intermediate conversion of the input analog voltage into time
information using a voltage-to-time converter (VTC) prior to
digitization using a time-do-digital converter (TDC) [4]—[8].
Most of the proposed topologies are, however, hardly
amenable to a low supply voltage operation, given their
analog-intensive implementation, i.e., operational transcon-
ductance amplifiers (OTAs) and current sources [4]. In [8],
the compact nature of the inverter-based VTC presents
a potential for high-speed time-based ADCs. In [9]-[13],

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 2, 2021

23


HTTPS://ORCID.ORG/0000-0001-8028-3757
HTTPS://ORCID.ORG/0000-0002-4533-3576
HTTPS://ORCID.ORG/0000-0003-1658-9596
HTTPS://ORCID.ORG/0000-0001-6093-8269
HTTPS://ORCID.ORG/0000-0001-9848-1129

ESMAILIYAN et al.: DICKSON-CHARGE-PUMP-BASED VOLTAGE-TO-TIME CONVERSION FOR TIME-BASED ADCS IN 28-nm CMOS

“hybrid” converters that make use of time-domain quantiz-
ers show promising performance but using analog intensive
circuits brings limitations at finer CMOS nodes. In [13],
a highly linear current source is required for a time-
residue amplification. In order to increase the resolution in
time-domain ADCs, a time amplifier is employed in [14].
However, complex calibration to correct the time amplifier’s
nonlinearity is necessary. Although [15], [16] demonstrated
power-efficient time-domain data conversions using a linear
current source for the time amplification without an expen-
sive residue amplifier, there were restrictions in performance
to either low bandwidth [15] or limited resolution [16]. In
our previous work [17], we use a Dickson charge pump
(CP) as a VTC but the system still needs a multitude of
VTCs to overcome the non-linearity of the generated ramp
signal. Event-based ADC in [18] can reduce the system sam-
pling rate and power consumption but still requires analog
comparators of high performance.

In this work, we propose a new architecture of a time-
based ADC in which a sampled input voltage uses a reference
ramp, generated by means of a Dickson CP, to produce a
PWM signal whose width is inversely proportional to it.
Thus realized voltage-to-time conversion (VTC) can be free
from any highly linear current sources. The input-modulated
pulse-width signal is fed into simple latches and digital logic
for digital conversion. Due to the precise characteristics of
Dickson CP, the digital outputs can be compensated through
a deterministic digital mapping. At a nominal 1V supply,
the proposed ADC achieves a sample rate of 0.6 MS/s, while
consuming 209 uW, in a highly digital implementation. The
digital distortion correction is identical for all the measured
samples and improves ENOB from 4.21 to 5.7 bits. Likewise,
SNDR improves by up to 9 dB.

This article is organized as follows. Section II presents
the proposed VTC exploiting Dickson charge pump and the
distortion correction technique for linearizing its character-
istics. Section III presents detailed implementation of the
proposed ADC. Section IV describes measurement results.

Il. DICKSON CHARGE-PUMP-BASED VOLTAGE-TO-TIME
CONVERSION

In this section, we first study a working principle of
the Dickson CP as a ramp reference signal generator
for the proposed ADC. Then, top-level modeling and
SPICE/MATLAB simulations of the effects of Dickson CP
non-idealities are presented.

A. WORKING PRINCIPLE OF DICKSON CHARGE-PUMP

Dickson CP has been widely used in power management
applications, in which a DC supply voltage, Vpp, is multi-
plied by a factor of N that is equal to the number of cascaded
stages. Due to the charge-transfer operation of a Dickson
multiplier, the steady-state output voltage Vs is a linear func-
tion of Vpp, and its time behavior can be well approximated
by an RC exponential transient, increasing asymptotically
towards Vs and with a time constant which depends on the
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FIGURE 1. Dickson charge-pump: (a) schematic diagram (N = 4 for the sake of
illustration), (b) corresponding waveforms, (c) equivalent model of (a), and (d) output
voltage Vramp Vs. time.

CLK frequency (fcLk), number of stages N and by the value
of internal capacitance C. Thus, Dickson CP can operate as
a voltage-slope generator which can be employed as a key
building block in a VTC. Since it is composed of switches
and capacitors, the proposed technique is suitable for highly
scaled CMOS processes.

Figs. 1(a) and (b) show the schematic of Dickson charge-
pump based on four cascaded stages and their corresponding
signals, respectively. Each stage is composed of an NMOS
switch in parallel to a diode-connected NMOS and a capac-
itor C. During the initial exponential transient, charge is
transferred along the chain towards the output Viymp. The
voltages between each stage across the inter-staged capac-
itors (V7 to Vy4) are gradually charged as CLK signal of
amplitude V[, ~ Vpp is toggling at the bottom plates of
inter-stage capacitors until their voltages reach their respec-
tive steady-state values of Vpp — Von, Vip + Vbp — 2Von,
2Vip + Vop — 3Ven, and 3V + Vpp — 4Von, where Vo,
is the voltage drop caused by the on-resistance of switches,
and V[, &~ Vpp is the voltage shift at each of the following
nodes (Vi to V4) due to the clock switching action. V[
is slightly below Vpp (i.e., 1 V) as it is attenuated by the
effect of parasitic capacitances from the switches. In this
design, the supply rail voltage Vpp is tied to the CP input.
Based on simulations of this 8-stage Dickson CP, Vg, which
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FIGURE 2. (a) Simplified diagram of the proposed time-domain Dickson CP ADC,
(b) equivalent model, (c) generated ramp signal for a specific input analog voltage.

is the steady-state output voltage of the Dickson CP, is esti-
mated to be 5V. V4 transfers the generated voltage to Viamp
output through the last-stage switch. The overall waveform
of Viamp shown in Fig. 1(d) behaves as a charging ramp
starting from O to Vs exceeding the supply voltage Vpp.
Thanks to the proposed technique, it can be observed that
the effective region from 0 to Vpp (shown in Fig. 1(d))
can exhibit better linearity as, for example, when using
only a simple capacitor-resistor network that charges from
zero to Vpp.

B. PROPOSED EQUIVALENT MODEL
As presented in the simplified model of the proposed system
in Fig. 2(a), Viamp generated by means of the Dickson CP
is used as a reference to compare with samples Viys of the
input voltage Vi, (f). The output of comparator captures the
timestamp tin when Viamp intersects with Viy s and it is further
converted to digital domain by means of a TDC. Figure 2(b)
shows the equivalent model of the ADC, consisting of a
linear ADC that converts Vi, (¢) to its equivalent normalized
digital code djip, i.e., 0...Vpp — 0...dnax. By adding the
non-linearity of the Dickson CP ramp signal, which is due to
the exponential charge transfer characteristic of the Dickson
CP, the equivalent model generates the final output digital
code, dyncal- In the second part of the model, the deterministic
distortion correction look-up table (LUT), implemented off-
chip, is used to compensate the non-linearity derived from
the exponential charge characteristic of the Dickson CP.
Based on the derived model of the Dickson CP shown in
Fig. 1(c), the generated ramp can be written as:

Veamp(® = Vs(1 = ¢7%) ()

Vs is the steady-state equivalent voltage of the Dickson
CP and 7t represents the equivalent time-constant. Fig. 2(c)
shows the generated CP ramp that maps the input signal
Vin to its equivalent timestamp f#,. With an assumption that
all the interface blocks, i.e., S&H and TDC, are ideal and
the only source of non-linearity is the Dickson CP, #; can
be mapped as the un-calibrated digital code, i.e., dypcal in
Fig. 2(b).
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FIGURE 3. (a) Comparison of the theoretical modelling vs. simulated results of the
derived reversed function of the voltage ramp generated from Dickson CP shown in
(3) and the calibrated ramp derived in (5). (b) Digital post-processing to linearize
Dickson CP characteristics.

Due to the exponential/logarithmic mapping transfer function
of Vi to tij, and then eventually to dypcal, the latter has a
logarithmic format:

Vs
duncal = Kide - T - 1n(m>

Equation (3) derives from (2) by inserting dyncal into ti, with
a time-to-digital converter (TDC) gain [LSB/sec], K. It
makes an assumption that the only source of non-linearity
in the proposed model is from the Dickson CP. As a result,
tin can be mapped into the normalized output digital code.
Therefore, the linearized CP ramp signal can be derived

from (3) as:
_ duncal
deal = VS<] —e thC‘T)

where d., represents the final output code after the afore-
mentioned distortion correction method. Following this
approach, the correction LUT can be derived from the inverse
of known characteristics of the Dickson CP, and implemented
fully in the digital domain. If the nonlinear characteristic of
Dickson CP can correctly match the proposed digital map-
ping, the normalized output code will be fully calibrated and
so the output code will be linearized as follows:

dcal (duncal) = dlin

as a result of inserting (3) into (4).

Figure 3(a) shows simulation results of the normalized out-
put signal of the Dickson CP vs. time. The CP of Fig. 1(a)
is designed in 28 nm CMOS with N = 8 stages. It runs at
ferk of 400 MHz. Capacitors Coy; and C are 2 pF and 30fF,
respectively. The critical node in terms of noise is the input
of the VTC which has a smaller capacitor (i.e., C). By choos-
ing 30fF, the equivalent K7/C noise will be <400 ;£ Vrms,
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FIGURE 4. (a) Detailed schematic of the proposed voltage-to-time converter (VTC) exploiting Dickson charge pump and pulse-width modulator. (b) Timing diagram and

corresponding waveforms.

which is sufficient for the required design specifications.
Comparison of the results from theoretical modelling (with
reference to (2), (3) and (5)) vs. simulated results of the
derived reversed function of the CP voltage ramp shown
in (4) and the calibrated ramp derived in (5) are also shown
in Fig. 3(a). It can be observed that the simulation results
for the implemented Dickson CP are in compliance with
the derived model. The inverse and calibrated characteristics
of the proposed technique are extracted from the previously
derived (3) and (4).

The ramp generated by the CP is used as a reference to a
comparator for pulse-width modulated output as it is com-
pared to the sampled input voltage. To compensate for the
CP non-linearity effects, the generated ramp signal (Vyiamp)
and its corresponding inverse function are combined to gen-
erate the calibrated ramp signal, which can be accurately
pre-determined. Based on (4), a deterministic LUT is con-
structed to represent d., and nonlinear digital output codes
can be corrected as shown in Fig. 3(b).

lll. PROPOSED ARCHITECTURE

A. HARDWARE ARCHITECTURE

Fig. 4 illustrates a detailed diagram of the Dickson-CP-based
voltage-to-time converter (VTC) used in the proposed time-
domain ADC. The CP is composed of N = 8 stages. This
helps improving the linearity of Viamp as higher N results in
increased Vg, as illustrated in Fig. 1. Furthermore, smaller
Cout results in weaker filtering of the generated ramp. This
can effect the ADC performance by increasing the ripple on
the Dickson CP output due to its high-frequency clocking. A
faster CP clock, CLKyTc, results in lower #,4q, allowing to
use a faster ADC sampling clock, CLKRgF, but it also leads
to higher power consumption while requiring more sensitive
TDC due to the steeper slope of the generated ramp.

The CLKrgr and CLKytc signals terminate on the
D-flip-flop (DFF) to generate a synchronized clock, CLKsyq,
which enables PWM and eventually resets all the Dickson
CP capacitors when the generated ramp signal reaches Vpp.
The CP is clocked at 400 MHz by CLKytc. As it is toggling,
output voltage Viamp keeps on increasing. The time at which
Viamp crosses the sampled input signal, i.e., Vin,s will trigger
the PWM pulse. At a later instance when the ramp signal
Viamp crosses over Vpp, the output of the following latch
comparator, in turn, triggers the reset of the Dickson CPs
by shorting to ground their Vj.g internal nodes (shown in
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FIGURE 5. Detailed diagram of the proposed time-mode ADC.

Fig. 1), until the next CLKgyq rising edge in order to avoid
further increase in the Viump which can damage the devices.
S&Hsgig feeds the AND gate to generate the falling edge of
the PWM’s signal and is also being used as a controlling
signal for the active-low S&H circuit in the proposed ADC.
The falling edge of the PWM signal is being controlled not
by the sampled input analog signal (Vin,s) but by the dis-
charging signal of the Dickson CP (i.e., S&Hsig), in order to
avoid intermodulation with the input analog signal which can
increase the noise. Fig. 4(b) shows more details of the timing
behavior of the controlling signal of the proposed ADC.

The detailed diagram of the proposed top-level architecture
is shown in Fig. 5. It is composed of the core ADC operating
at Vpp = 1V, an LVDS receiver for the Dickson CP clock
(CLKvyTc), output voltage level shifters for transmitting the
output code D < 8:1 > to the off-chip data acquisition and
off-chip digital mapping which linearizes the un-calibrated
output code, as discussed in Section II. The core circuit
is composed of the Dickson CP as VTC, sample and hold
circuit (S&H), clock generator block, and TDC.

Fig. 6 reveals the schematic of the TDC which comprises
an asynchronous 8-bit counter. It starts counting at the rising
edge of PWM until the next rising edge of CLKgsyq. The
generated quantized digital output D < 8:1 > bus will be sent
to the level shifter at the falling edge of S&Hgig, while the
counter still keeps counting, which helps relaxing the timing
constraint between the counter resetting and data transferring
phases, as shown at the bottom of Fig. 6.

B. DESIGN PROCESS

As shown in Fig. 1(c), increasing the number of stages, N,
can result in a higher steady-state voltage Vs. From Fig. 1(d),
higher Vg leads to a more linear ramp within the effec-
tive region spanning from the ground to the nominal supply
voltage Vpp. This leads to a more accurate voltage-to-time
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FIGURE 6. Detailed schematic of TDC and corresponding timing diagram.

conversion and ultimately to a more faithful PWM. To prove
the concept described above, the time-domain equation of
the generated ramp signal is derived as follows. From (1),
assuming V, is negligible, as well as the peak-to-peak volt-
age of the clock buffers is equal to Vpp, Viamp can be
derived as:

(6)

Assuming, Viamp(#) reaches Vpp at time ¢ = ty4d, as shown
in Fig. 1(d), (6) can be re-written as:

—t
Viamp (1) = (N + l)VDD<1 — eRScout)

Tydd
1
n(1+ )
For a fair comparison of the Viayp linearity, we adjust Coy
such that Vpp is reached at the same #,4q across all different

cases of N. The deviation Ve (¢) of the generated ramp from
the ideal linear ramp can be calculated as:

RS . Cout = (7)

Vpop - t

Verr(t) = (N + 1)VDD(1 — eRS%f)ul) — 8)

tvdd

The instantaneous voltage error during t = 0...#q4q can be
re-written by substituting (7) into (8):

Verr(t) = (N+1) - Vpp - (1_<N+1)fvdd>_ Vbp - ¢

N tyvdd

€))

It can be observed that by adjusting C,, for the ramp
to hit Vpp at ty4q, the case of utilizing a larger number
of stages (e.g., N = 8) will result in better linearity than
when N is lower (e.g., N = 4). This is illustrated in Fig. 7,
which compares the ideal ramp with the ramps generated
with N = 4 and 8 based on SPICE simulations in this TSMC
28 nm LP CMOS technology.

By utilizing a higher frequency fcLk of clock CLKyTc to
quickly reach the desired voltage level at the output of the
Dickson CP, as described in Fig. 1(c), a faster sampling rate
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FIGURE 8. Quantization error in the Dickson CP ramp signal as a function of fypc.

can be achieved. However, the higher sampling rate entails
higher charging current with wider switching transistors as to
reduce the on-resistance. Unfortunately, the larger transistors
also increase the parasitic capacitance, ultimately resulting
in larger voltage losses in the switches [19]. Additionally,
the high-frequency clocking driving the capacitors in the
Dickson CP (i.e., C in Fig. 1) may generate ripples at the
output due to the AC coupling from the clock generator to
the Dickson CP output capacitor (i.e., Coyt), deteriorating the
linearity of the generated ramp signal. To avoid these issues,
an appropriate ratio between the frequencies of CLKyTc and
CLKRgr should be carefully defined to achieve the targeted
ADC resolution (Napc) within the corresponding input range
(Vrange)~

Fig. 8 illustrates how the quantization effects at the out-
put ramp of the Dickson CP can be lowered by increasing
Jfvtc. The quantization step is a function of a time step at
the pumping stages which is inversely proportional to fyrc.
Assuming the same slope of the generated ramps, the quan-
tization steps can be finer with increased fytc. To achieve
this goal, the ratio of fyrc over frgr must be much higher
than the total number of voltage steps within the range of
the ADC convergence time. Unfortunately, this will lead to
a difficult tradeoff with the efficiency of the CP switches
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and can contribute to unnecessary high power consumption.
A condition to minimize the quantization effects caused by
the high frequency clock can be written as:

@ > < VoD x 2NADC>
JREF

By plugging in into (10) the design numbers (fyrc =
400MHz, frgr = 0.6 MHz, Vpp = 1V and Vipge = 0.3V,
and Napc=6bits), assuming that the analog input voltage
range is one-third of Vpp, we obtain (11) that meets the
design specifications.

400MHz Vo
0.6MHz ~ \ 0.3V

On the other hand, the TDC comprises the DFF counter
which counts the number of CLKyTc edges within the period
of pulse generated (i.e., PWM) by the prior-stage Dickson
CP VTC. As a result, the frequency of CLKytc should be
chosen such that the TDC gain matches with the maximum
range of PWM. To meet the required specification, it can be
written as:

(10)
Vrange

Y

Vrange % fVTC < 2NTDC
Vbp  fREF

In this design, it can be shown that the condition can be
met as:

12)

0.3V 400MHz 3
— X — <2
1v 0.6MHz
It can be concluded that the given specifications meet the
system design requirements for the resolution of the TDC
(i.e., NTDC)'

Regarding the noise requirements, there are two sepa-
rate parts to consider, i.e., kT/C noise of the capacitors
in the Dickson CP at 1) the output capacitance Coy, and
2) the pumping capacitors in the intermediate stages (i.e.,
C), see Fig. 1. The sum of these two noise contribu-
tions must satisfy the SNR requirements of the system.
Assuming Coy = 2pF and C = 30fF, the thermal noise
budget for each section can be calculated as 45 uV,y,,; and
370 Vs, respectively, which is much smaller than the tar-
get specification, i.e., 4.6mV LSB (Napc = 6, and Viange
= 300mV). Note that the noise of the charge pump circuit
is limited by the output capacitor, i.e., Coy;, as described
in [20]. A similar conclusion was obtained in [21] for a
re-programmable switched-capacitor filter with a complex
network of capacitors.

As far as the jitter requirement is concerned, Fig. 9 plots
the conceptual diagram of the generated ramp from the
Dickson CP VTC in the interval of t = 0...#yq. It can
be observed that the timing error or jitter (Aferor) Of the
high frequency clock CLKyTc can be translated into volt-
age noise. Assuming a linear characteristics of the generated
ramp, the slope can be written as Vpp /#vdqq. To avoid the jitter
affecting the targeted ADC resolution (Napc), the equivalent
voltage error should be less than 1 LSB. For Napc = 6, the
condition can be written as:

(13)

fvdd
Aterr < VLSB X ’
Vbbp

(14)

28
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FIGURE 9. Dickson CP ramp signal with the effects of timing error of CLKyc
leading to the voltage error.
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FIGURE 10. VTC comparator: (a) schematic, (b) SPICE Monte Carlo simulation
result of the comparator’s time offset.

By inserting the targeted performance into (14), it can be
ascertained that the timing error of CLKyTc should be less
than 7.9 ns.

Fig. 10 shows the 500-run Monte Carlo circuit-level sim-
ulation of the comparator’s timing offset. The standard
deviation (STD) of the timing offset reads 19ns. Since it
is constant and independent of the input, the comparator
delay will merely add a constant timing offset equally for
all the generated PWMs. Hence, the system linearity will
not be affected.

IV. MEASUREMENT RESULTS

The microphotograph of the proposed ADC is shown in
Fig. 11. It is fabricated in TSMC LP 28nm CMOS and
occupies 0.04 mm?. The total consumed power at the max-
imum conversion rate of 0.6 MS/s is 209 uW, including
input buffers and output voltage-level-shifters. The consumed
power is broken down as: 25% for the clock buffer, 60%
for the VTC, including the comparators and the Dickson CP,
and 15% for the TDC and the level-shifter.
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FIGURE 12. DNL/INL measurement results: (a) before distortion correction, and
(b) after distortion correction.
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FIGURE 13. Dynamic characterization measurement result for f;, = 23kHz, (a)
before distortion correction, (b) after distortion correction.

The static linearity characterized at the 1V nominal
supply, 0.6 MS/s sampling rate and using a 3kHz input
sine-wave is shown in Fig. 12, demonstrating a differential
(DNL) and integral nonlinearity (INL), respectively, equal
to +1.3/—0.45LSB, and +1.5/—1.3LSB, after the correc-
tion. The dynamic linearity characterization of the converter
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FIGURE 14. Dynamic characterization measurement results for f;;, = 293 kHz:
(a) before distortion correction, and (b) after distortion correction.
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FIGURE 15. Dynamic variation vs. input frequency: (a) before distortion correction,
and (b) after distortion correction.

is presented in Figs. 13 and 14, before and after the dis-
tortion correction, respectively. Two input frequency cases
are applied: low-frequency (23 kHz) input sine-wave and a
near-Nyquist 0.293 MHz at the maximum conversion rate
of 0.6 MS/s. Note that matching of coefficients in the LUT
could partially cancel out the second harmonic, but for the
higher harmonics the task would be much more challenging
due to the mismatch between LUT and process variation in
the fabricated chip.

Fig. 15 shows the measured SFDR, SNR and SNDR across
the sine-wave input frequency. The SNDR characterization
over three different IC chips at 0.6 MS/s sampling frequency
is shown in Fig. 16. Less than 15% performance variation can
be observed, which indicates the robustness of our approach.
Fig. 15 shows almost 15 dB improvement in the SFDR after
the distortion correction, which is due to the suppression
of the second harmonic of the output power spectrum, as
shown in Figs. 13 and 14.
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TABLE 1. Comparison table of state-of-the-art time-domain ADCs.

Lin, Wang, Danesh, Shen, Chen, Straayer, Song, Wang, This Work
JSSC'15 | TCASIN09 | JSSC'13 | TCASIM1 | VLSIM6 | VLSF07 | JSSC'00 | JSSC'09
) . Dickson-CP
Architecture | Pipeline ZCBCTime | Time- |op Pipeline Two- | CT Delta- | Current Pipelined Time
Domain interleaved stepTD Sigma Interpolate Domain
Technology 1) 180 130 2 180 130 350 350 28
SamplingRate | 44, 20 250 100 34 40 50 40 06
(MHz) ' :
s(r;g)R 37.88 442 49.95 37.1 59.1 55 27 70.2 36.11
ENOB 6 7.04 8.0 58 95 8.8 4.2 1.4 5.7
FoM 0.23 1.76 0.40 0.25 1.16 2.13 10.9 44 6.70
(pJlc-s)
F(’;"“,’;)’ 243 4.64 253 1.39 29 38.0 10 231 0.21
(‘::]f) 025 0.84 0.55 0.04 0.07 0.19 438 75 0.04
| . ‘ r ==l makes use of a well-behaved transient behavior of the
- - ' T «~ T o Chi .| . . .
577 O -‘/’- A LN Aons | Dickson CP to generate a ramp signal as a VTC and transmit-
s * - ~ . . . . .
gzs* ':,'/ RS =—— ‘_"_:’\ ' 1 ting the modulated signal to a TDC for quantization. Using
ﬁzj ' ' ' ' 2N | the Dickson CP as a VTC can potentially relieve various
0 I — | . . . . .
) I ‘xa{;‘ types of ADCs from using intensive analog circuits, such as
2 - s pres 200 250 00 current sources or OTAs, which can be rather challenging in
Freuency s advanced CMOS nodes. The proposed distortion correction
* ' PR ' ' ‘ - technique generates look-up table values without any need
% ! S ‘, "'"'—.\ :z“"’z 1 for individual fine-tuning.
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FIGURE 16. SNDR variation for three different samples vs. input frequency:
(a) before distortion correction, (b) after distortion correction.

The generated LUT, based on the proposed model and
equation, was kept identical for all the three measured sam-
ples. It shows almost an identical performance improvement
for all the three samples. Table 1 summarizes the ADC
performance after the correction and compares it with state-
of-the-art time-domain (TD) ADCs. The ADC achieves more
than 1.5-bit and 9-dB improvement in ENOB and SNDR,
respectively, thanks to the proposed affordable and digi-
tal friendly distortion correction technique to linearize the
predictable non-linearity of the designed passive Dickson-
CP-based VTC. Without any use of analog-intensive circuits
for the VTC ramp generation, the proposed ADC can achieve
good SNDR among state-of-the-art TD ADCs under a lower
power consumption.

V. CONCLUSION

This article presents a time-based ADC employing a Dickson
charge-pump (CP) for the purpose of ramp generation in
a voltage-to-time conversion (VTC). The proposed ADC
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