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ABSTRACT The linearity of a stochastic flash analog-to-digital converter (ADC) with two groups of
comparators is improved by reference swapping. If the input offset of a comparator is larger than the linear
input range of its comparator group, the reference voltage of the comparator is swapped with the reference
voltage of the other comparator group. The reference swapping doubles the number of comparators providing
a meaningful result in determining the ADC output. A stochastic flash ADC linearized by the reference
swapping has been implemented in a 65-nm CMOS process. The peak signal-to-noise + distortion ratio is
39 dB, which is 3-dB higher than that without the reference swapping.

INDEX TERMS Analog-to-digital converter (ADC), CMOS, flash ADC, stochastic signal processing.

I. INTRODUCTION

Because the input offset and noise of comparators limit the
achievable resolution of conventional analog-to-digital con-
verters (ADCs), transistors and passive devices such as resis-
tors and capacitors are often designed to be much larger than
their minimum allowed sizes. The remaining input offset can
be cancelled by an offset cancelling circuit, which requires
additional power consumption, silicon area, and clock cycles
depending on the architecture of the ADC. In a stochastic
flash ADC, on the other hand, the device mismatch is utilized
to obtain a linearized transfer characteristic with sufficiently
a large number of comparators [1]-[7]. Because random vari-
ation is not a concern in a stochastic flash ADC, it may allow
a fully synthesizable design, which is highly desirable in a
scaled CMOS technology [6].

The basic architecture of a stochastic flash ADC is shown
in Fig. 1(a), where all the comparators have the same refer-
ence voltage Vger and the outputs of all the comparators are
summed together to obtain the digital output. If a sufficiently
large number of comparators are used, the probability density
function (PDF) of the comparator input offset Vpg would be
Gaussian by the central limit theorem, as shown in Fig. 1(b).
Then, the transfer characteristic of the stochastic flash ADC is
most linear for analog input smaller than the standard devia-
tion (o) of the comparator input offset, as shown in Fig. 1(c).
If the input offset of a comparator is larger than o, its out-
put is outside the linear range and becomes meaningless in
determining the ADC digital output. For this reason, a large

number of comparators have to be used in a stochastic flash
ADC to obtain the desired level of linearity, although many
of them are wasted [4].

Several schemes have been proposed to allow a stochastic
flash ADC to have the desired level of linearity with a reason-
able number of comparators. If the inverse Gaussian transfor-
mation is applied to the digital output code of a stochastic
flash ADC, its distorted transfer characteristic can be lin-
earized by simple digital post-processing logic [6], [7]. In [4],
two groups of comparators are used whose reference voltages
are separated by 20, as shown in Fig. 2(a). Then, the PDF of
the comparator reference + input offset is nearly uniform in
the linear input range, meaning there was improved linearity,
as shown in Fig. 2(b). The group-1 (group-2) comparators
in the shaded region of Fig. 2(b) always provide “1” (“0”)
output for analog input in the linear range; therefore, their out-
puts are meaningless in determining the digital output code.
In [5], the positive and negative inputs of the comparators in
the shaded region are swapped with each other to invert the
polarity of the input offset. This PDF folding is an effective
way of improving the linearity of a stochastic flash ADC
because the number of comparators providing meaningful
output is doubled.

In this paper, a stochastic flash ADC with two groups of
comparators is linearized by adaptively swapping the ref-
erence voltage of the comparators. The reference voltage
of a comparator of one comparator group is swapped with
the reference voltage of the other comparator group if its
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FIGURE 1. (a) Basic architecture of a stochastic flash ADC, (b) probability
density function (PDF) of the comparator reference + offset voltage
where the comparator reference Vggg is assumed to be zero, and (c) the
transfer function.

input offset is outside the linear input range. The reference
swapping provides the same level of linearization as the PDF
folding proposed in [5] with simple hardware. Section II dis-
closes the operation principle and the circuit implementation.
The experimental results are given in Section III. Finally,
Section IV concludes this paper.

Il. STOCHASTIC FLASH ADC LINEARIZED BY
REFERENCE SWAPPING
The proposed stochastic flash ADC has two groups of com-
parators, and the reference levels of the comparators in
group-1 and group-2 are —o and o, respectively, where o
is the standard deviation of the comparator input offset. The
PDF of the sum of the comparator reference and its input
offset can be drawn as shown in Fig. 3(a) and Fig. 3(b)
for group-1 and group-2, respectively. Each group has 4,095
comparators; therefore, there are 8,190 comparators in total.
In group-1, the outputs of the comparators with negative
input offset (in the shaded region of Fig. 3(a)) are always
“1” for analog input in the linear input range. In group-2,
the outputs of the comparators with positive input offset
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FIGURE 2. (a) Stochastic flash ADC with two groups of comparators
and (b) the PDF of the sum of the comparator reference and the input
offset of the comparator.

(in the shaded region of Fig. 3(b)) are always “0” for analog
input in the linear input range. Therefore, the comparators in
the shaded regions (the group-1 comparators with negative
input offset and the group-2 comparators with positive input
offset) provide meaningless outputs in determining the ADC
digital output code. To let them have meaningful outputs,
the reference voltage of the group-1 and group-2 comparators
in the shaded region is swapped from —o to +o0 and from
+o0 to —o, as shown in Fig. 3(a) and Fig. 3(b), respectively.
With this reference swapping, the PDF of the reference +
input offset of the two group comparators appears as drawn
in the solid line of Fig. 3(c). The reference swapping doubles
the number of comparators providing meaningful output for
the ADC digital output code, as shown in Fig. 3(c).

For the reference swapping, it is first determined whether
the input offset is positive or negative at power-up. For the
comparators in group-1, both the positive and negative inputs
are connected to the reference level —o. If the output of
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FIGURE 3. Swapping of the reference for the comparators of
(a) group-1, (b) group-2, and (c) the PDF before and after the
reference swapping.

a comparator is ‘1, it means the comparator has negative
input offset and is in the shaded region. The reference level
is then swapped to +o . For the comparators in group-2, both
the positive and negative inputs are connected to the reference
level +o. The reference level is swapped to —o for the
comparators whose output is “0”’, meaning the input offset is
positive. After this reference swapping is completed, normal
ADC operation begins with two groups of comparators and
adaptively swapped reference levels.

Fig. 4(a) shows the operation timing of the proposed
stochastic flash ADC. The comparator and reference swap-
ping control logic for group-1 and group-2 are shown
in Fig. 4(b) and Fig. 4(c), respectively. During the reference
swapping period determining whether to keep or swap the
reference, the calibration enabling signal CAL is set to be
“1” and the reset signal RESETB is initially “0” to set the
reference swapping signal SWAP to be “0”. Both the positive
and negative inputs of the comparators of group-1 (group-2)
are connected to —o (+0). If the input offset of a group-1
(group-2) comparator is negative (positive), its output Voyrp
would be “1” (“0”’). Then, the reset signal RESETB and the
calibration enabling signal CAL are set to be “1”” and “0”,
respectively, enabling the latch consisting of the NAND gate
and the inverter to store the comparison result in the latch. For
the reference swapping, one NAND gate, one inverter, and six
transmission gates are additionally required per comparator.
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FIGURE 4. (a) Timing diagram of the proposed stochastic flash ADC and
the architecture of the comparator and reference swapping control logic
for (b) group-1 and (c) group-2.

The comparators of group-1 and group-2 have different
reference voltages, which means their input common-mode
levels are different if conventional single-ended comparators
are used. Different input common-mode levels may result in
different shapes of the PDF of the reference 4 input offset
for group-1 and group-2 comparators. To fully exploit the
benefit of two comparator group architecture in improving
the linearity of a stochastic flash ADC, it is desirable for the
two comparator groups to have the same PDF of reference +
input offset. To allow this, the comparators are designed as
fully differential ones to have the same input common-mode
level regardless of reference voltage.

We have evaluated the strong-ARM latch-based structure
shown in Fig. 5(a) and the proposed one shown in Fig. 5(b)
to see which one is more suitable for this work [8]. The drain
nodes of the input transistors M| ~ My of the strong-ARM
latch-based comparator in Fig. 5(a) are discharged to 0-V
when CLK is “1”’. When CLK becomes “0”, the input dif-
ference is evaluated and initially the input transistors operate
in the saturation region. In contrast, the drain nodes of the
input transistors M| ~ My of the comparator used in this
work (shown in Fig. 5(b)) are pre-charged to Vpp when CLK
is “1””. When CLK becomes “0”, the input difference is eval-
uated and initially the input transistors operate in the linear
region, meaning there is a smaller gain of the input transistors
M; ~ M,. Because the mismatch of the other transistors
is divided by the gain of the input transistors when referred
to the input, the comparator in Fig. 5(b) shows a larger
input offset, as seen in the simulated probability density in
Fig. 5(c) [8]. While the comparators for a conventional flash
ADC are required to have as small input offset as possible,
a stochastic flash ADC can have better linearity with a larger
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FIGURE 5. (a) A four-input fully differential comparator with strong-ARM
latch architecture, (b) the comparator used in this work with larger input
offset, and (c) the simulated probability density of the input-referred
offset voltage.

comparator input offset and thus the comparator in Fig. 5(b)
is chosen for this work. All the transistors are sized to be at
minimum size.

Because the comparator outputs of a stochastic flash ADC
can have many sparkles, the Wallace tree adder shown
in Fig. 6(a) counts the number of “1” outputs from the
8,190 comparator outputs instead of using a conventional
thermometer-to-binary decoder. Registers are inserted after
every two consecutive full-adders (FA) to create a pipeline
structure for the maximum operation frequency. The FA in
the Wallace tree adder can be considered as a three-to-two bit-
compressor where the three inputs should have the same bit
weight. The outputs of the comparators are first re-timed by
F/Fs and applied to eight 1024-input adders. The 1024-input
adder shown in Fig. 6(b) has a regular structure and counts
the number of ““1”’s in the input to generate the corresponding
11-bit binary output code which is then applied to the back-
end adder. The back-end adder, consisting of seven addition
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FIGURE 6. Architecture of (a) the Wallace tree adder and (b) the
1024-input adder.

stages, as shown in Fig. 6(a), adds the bits with the same bit
weight to generate the final binary digital output ADCoyr.

Ill. EXPERIMENTAL RESULTS
To verify the effectiveness of the proposed reference swap-
ping in improving the linearity of a stochastic flash ADC,
a prototype chip has been implemented in a 65-nm CMOS
process. The chip microphotograph is shown in Fig. 7, and
the active silicon area is 0.756-mm?. The stochastic flash
ADC operates with a 0.9-V supply voltage and consumes
33-mW and 63.9-mW, respectively at a 100-MS/s and
200-MS/s sampling rate.

Fig. 8 shows the measured spectrum of the ADC output
for a 5.11-MHz sinusoidal input with a 100-MS/s sampling
rate. The linearity of the stochastic flash ADC is obtained
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FIGURE 9. Measured SNDR of 1.08-MHz sinusoidal input versus the input
amplitude before and after the reference swapping.

from the stochastic distribution of the comparator input offset.
Because the distribution may not be perfectly symmetric due
to the finite number of comparators, even-order harmonics
are observed in the output spectrum although the stochastic
flash ADC has a fully differential architecture.

As a function of the amplitude of the 1.08-MHz sinusoidal
input, the SNDR is measured before and after the refer-
ence swapping, as shown in Fig. 9. The maximum SNDR
is improved to 39-dB from 36-dB. Therefore, the effective
number of bits (ENOB) is 5.7-bit and 6.2-bit, respectively
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before and after the reference swapping. From the SNDR
measured for a 1.08-MHz sinusoidal input versus the sam-
pling rate shown in Fig. 10, the maximum sampling rate is
limited to be less than 200-MS/s. The maximum sampling
rate is thought to be limited by the operation speed of the
Wallace tree adder. At 100-MS/s, the SNDR is measured as
a function of the sinusoidal input frequency before and after
the reference swapping, as shown in Fig. 11. It can be seen
that the proposed stochastic flash ADC shows comparable
performance up to the Nyquist input frequency.

The performance of the proposed stochastic flash ADC
is compared with other stochastic ADCs in Table 1. The
proposed stochastic flash ADC shows the highest SNDR and
ENOB and the second largest linear input range. Although the
stochastic flash in [7] shows the largest linear input range by
employing 8-groups of comparators and applying the inverse
Gaussian transformation, it requires calibration to generate
multiple reference levels spaced by the standard deviation of
the input offset of comparators.

VOLUME 5, 2017



M.-K. Jeon et al.: Stochastic Flash ADC Linearized by Reference Swapping

IEEE Access

TABLE 1. Performance comparison of stochastic flash ADC.

This work [3] [4] [6] [7]

CMOS [nm] 65 90 180 90 130

2-group 8-group

Linearization | comp. w/ ) 2-group | Inverse | comp.w/
tech. reference comp. | Gaussian | inverse

swapping Gaussian

Peak SNDR

[dB] 39 23.97 33.59 35.89 328
ENOB [bit] 6.2 3.7 5.3 5.7 5.2
# of comp. 8,190 63 7,680 2,047 2,040
Supply [V] 0.9 1.2 0.9 1.2 1.0
Input range 440 100 280 280 800

[mVypair]

Area [mm’] 0.756 0.04 0.43 0.18 0.51
Power [mW] 33 23 0.631 34.8 87
Sampling rate

[MS/s] 100 1,500 8 210 320
FoM*
[pJ/conv.step] 4.5 1.2 2.0 32 7.4

*FoM=(Power/2"NOB)*fg

IV. CONCLUSION

The linearity of a stochastic flash ADC with two groups of
comparators is improved by adaptively swapping the ref-
erence levels between the two groups. A stochastic flash
ADC with 8,190 comparators has been implemented in a
65-nm CMOS process whose SNDR is improved to 39-dB
from 36-dB by the proposed reference swapping. This means
the number of comparators providing meaningful output is
doubled.
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