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ABSTRACT

High-speed analog-to-digital converters (ADCs) with medium resolutions find
various wideband applications in wireline and wireless communications, radar systems,
and electronic test instruments. While time-interleaved (TI) successive-approximation
register (SAR) ADCs have been widely investigated to achieve low-power and high-
speed performance, the large number of sub-ADC channels makes the TI-SAR
architecture more susceptible to mismatches including offset and gain mismatches
among the sub-ADC channels and timing skew of the clocks distributed to them. The
objective of this dissertation is to investigate power-efficient high-speed flash ADCs
while alleviating the timing skew and inter-channel mismatches.

Flash ADC provides the highest conversion speed. However, the flash ADC
requires a large number of comparators to carry out the quantization process. As the
ADC resolution increases, the number of comparators increases exponentially, resulting
in high-power consumption. To improve power efficiency while benefiting from the
high-speed performance of the flash architecture, three flash ADCs are developed in
this research, including an ADC with a partially active 2-stage comparison and 2% time-
domain latch interpolation (TDI), a 2-way TI-flash ADC with voltage-domain
interpolation, and a pipelined flash ADC with a ping-pong structure in the second stage.

The first flash ADC employs a partially active 2-stage comparison and 2x TDI
to reduce power consumption while avoiding PVT-sensitive calibrations, such as time
reference and voltage reference calibrations. To enhance the conversion speed of the 2-
stage structure, the stringent timing constraint is resolved by a 25%-75% duty-cycle

clock scheme, a 0.5-bit redundancy in the first comparison stage, and an embedded
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second-stage slice selection logic. The bandwidth requirements of the track-and-hold
(T/H) and T/H buffer under the 25%-75% duty-cycle clock are also analyzed. Fabricated
in a 28-nm fully-depleted silicon-on-insulator (FDSOI) CMOS process, the 5-GS/s 6-
bit ADC achieves a signal-to-noise and distortion ratio (SNDR) of 32.8 dB and a
spurious-free dynamic range (SFDR) of 41.82 dB at Nyquist frequency while
consuming 15.07 mW power, translating into a Walden figure-of-merit (FOMw) of 84.5
fJ/conv.-step. In the second work, a 2-way TI-flash ADC is developed, which employs
dynamic comparators with a pre-amplifier stage to achieve 10 GS/s conversion speed
for the sub-channel ADC and voltage-domain interpolation to reduce power
consumption. Fabricated in a 28-nm FDSOI CMOS process, the 20-GS/s 6-bit 2-way
TI-flash ADC achieves an SNDR of 31.2 dB and an SFDR of 38.5 dB at Nyquist
frequency, respectively, while consuming 204 mW power. The FOMy is 344 fJ/conv.-
step. To further increase the flash ADC speed, a pipelined flash ADC is also developed,
where the first stage employs current-mode logic (CML) comparators to enhance the
speed and the second stage employs a ping-pong structure with dynamic comparators to
achieve high power efficiency. Designed in a 22-nm FDSOI CMOS process, the 15-
GS/s 7-bit pipelined single-channel flash ADC achieves an SNDR of 41.34 dB and an
SFDR of 49.36 dB at Nyquist frequency with a power consumption of 97.5 mW. The
corresponding FOMw is 72 fJ/conv.-step.

Furthermore, an on-chip comparator offset calibration approach based on a
successive-approximation (SA) search algorithm and the FDSOI back-gate bias is
developed to provide sufficient comparator offset calibration range while avoiding

comparator speed degradation.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Analog-to-Digital Converter (ADC) is used to convert analog signals into digital
data as shown in Fig. 1.1. ADCs with tens of giga-samples-per-second (GS/s) conversion
speed nowadays find various high-speed applications. In wireline communication systems,
a front-end ADC is often employed to support advanced equalization techniques,
mitigating inter-symbol interference (ISI) caused by high-speed signaling over bandwidth-
limited channels. Direct RF sampling receiver in a wireless communication system
employs a high-speed ADC to digitize the received signal and avoid a down-conversion
process, achieving smaller form factors and lowering design costs. Other applications, such
as radar systems and modern electronic test instruments, also demand high-speed ADCs
for reliable detection and acquisition.

Latest works [1]-[20] have demonstrated that time-interleaved (TI) successive-

approximation-register (SAR) ADCs with advanced CMOS technologies can achieve a

NS A AT T T

Broadband Signal ADC Digital signal Communication
receiver conditioning processor interface

N

Clock _I_U_I_I—I_I—I_

generation

Fig. 1.1. Block diagram of converting an analog signal into digital data.



high conversion speed up to 90 GS/s with highly competitive power efficiency. However,
the required large number of sub-channels makes TI-SAR ADCs more susceptible to inter-
channel offset, gain, bandwidth mismatches, and timing skew, which require substantial
on-chip [21] or off-chip calibration techniques [22] to mitigate performance degradation.
Besides, the inter-stage buffers, the multi-channel reference generation, and multi-phase
clock generation and distribution cause a substantial amount of power consumption in the
TI-SAR ADCs. With these considerations, it is motivated to develop a faster sub-channel
ADC, thus reducing the total number of sub-channel cores.

Flash ADC provides the highest conversion speed as compared to other ADCs,
which can be used as a sub-channel ADC of a TI system to alleviate inter-channel
mismatches, timing skews as well as the associated calibrations. However, flash ADC
suffers from low power efficiency. Flash ADC dissipates a high power due to the
exponentially increased number of comparators with the bit resolution. For the TI-flash
ADC to be competitive, reducing flash ADC power consumption is mandatory. To improve
flash ADC power efficiency, various techniques have been proposed in the latest works.
[23], [24] develop a folding structure to reduce the number of comparators. However, the
use of chopper degrades conversion speed. Time-domain latch interpolation (TDI) is
widely investigated to reduce the number of comparators [25]-[30]. Yet, the voltage-to-
time conversion (VTC) nonlinearity affects the interpolation accuracy in high-order TDI.
[31]-[33] develop a 2-stage comparison structure to selectively activate comparators.
Nevertheless, the conversion speed is affected due to carrying out two consecutive

comparisons in one conversion phase.



Furthermore, comparator offset in flash ADC needs to be calibrated to ensure ADC
accuracy. Thus, developing an offset calibration with sufficient calibration range and no
comparator speed degradation is required. To calibrate comparator offset, various
techniques have been developed, such as capacitive DACs [34], [35], reference pair
redundancy [36], and combinatorial redundancy [37]. Yet, those approaches introduce
capacitive loads in the signal path, inevitably degrading comparator speed. [38] proposes
to apply transistor bulk voltage adjustment to calibrate comparator offset and avoid speed
degradation. Yet, the threshold voltage adjustment range in bulk CMOS is very limited. A
time-based comparator offset calibration approach is developed in [39], which avoids the

comparator speed penalty, yet is subject to process-voltage-temperature (PVT) variations.

1.2 Main Contribution

In this dissertation, three power-efficient high-speed flash ADCs are developed
including an ADC with a partially active 2-stage comparison and 2x time-domain latch
interpolation (TDI), a 2-way TI flash ADC with voltage-domain interpolation, and a
pipelined flash ADC with a ping-pong structure in the second stage. Three flash ADCs
achieve competitive power efficiency and high-speed performance as compared to the
state-of-the-art.

The first flash ADC jointly employs a partially active 2-stage comparison structure
and 2x TDI to improve power efficiency and avoid PVT-sensitive calibrations, such as
time reference and voltage reference calibrations. The stringent timing constraint of the 2-
stage structure is addressed by developing a 25%-75% duty cycle clock, a 0.5-bit
redundancy in the first comparison stage, and an embedded second-stage slice selection

logic. The bandwidth requirements of the T/H and T/H buffer under the 25%-75% duty-



cycle clock are also analyzed. Fabricated in a 28-nm FDSOI CMOS process, the 5-GS/s 6-
bit ADC achieves an SNDR of 32.8 dB and an SFDR of 41.82 dB at Nyquist frequency
while consuming 15.07 mW power, translating into a FOMw of 84.5 fJ/conv.-step

In the second work, a 2-way TI-flash ADC is developed, which employs dynamic
comparators with a pre-amplifier stage to achieve 10 GS/s conversion speed for the sub-
channel ADC and voltage-domain interpolation to reduce power consumption. Besides, an
on-chip comparator offset calibration approach utilizing a successive-approximation (SA)
search algorithm and FDSOI back-gate bias is developed, which provides sufficient
calibration range without impairing comparator speed. Fabricated in a 28-nm FDSOI
CMOS process, the 20-GS/s 6-bit 2-way TI-flash ADC achieves an SNDR of 31.2 dB and
an SFDR of 38.5 dB at Nyquist frequency, while consuming 204 mW power. The FOMw
is 344 fJ/conv.-step.

In the third work, to further increase the flash ADC speed, a pipelined flash ADC
is developed, where the first stage employs current-mode logic comparators to enhance the
speed and the second stage employs a ping-pong structure with dynamic comparators to
achieve high power efficiency. Besides, the partial activation of comparators and the 2x
TDI are also employed to improve power efficiency. Designed in a 22-nm FDSOI CMOS
process, the 15-GS/s 7-bit single-channel pipelined flash ADC achieves an SNDR of 41.34
dB and an SFDR 0f 49.36 dB at Nyquist frequency with a power consumption of 97.5 mW.

The corresponding FOMy is 72 fJ/conv.-step.

1.3 Dissertation Organization

The dissertation is organized as follows: Chapter II starts with a review of high-

speed TI-SAR and TI-flash ADCs. Then, the latest design techniques for flash ADC power



efficiency improvement and comparator offset calibration are analyzed, respectively.
Finally, the performance of the state-of-the-art flash ADCs are discussed.

Chapter III presents the design and implementation of the flash ADC with a
partially active 2-stage comparison and 2x TDI. The architecture of the 2-stage comparison
in conjunction with 2x TDI is firstly described. Then, the ADC power efficiency,
conversion speed, and bandwidth requirements for the T/H and T/H buffer are analyzed.
After that, the circuit implementations of major building blocks in this ADC are presented.
Finally, measurement results are provided and the ADC performance is compared with the
state-of-the-art.

Chapter IV elaborates on the implementation of the 2-way TI flash ADC. The
StrongArm latch comparator with a pre-amplifier stage to enhance speed and 2% voltage-
domain interpolation to reduce power consumption are firstly analyzed, respectively. Then,
the SA-based comparator offset calibration employing FDSOI back-gate bias is presented.
Next, the bandwidth requirement for high-speed T/H is discussed. After that, detailed
circuit implementations are presented. Finally, measurement results of the prototype flash
ADC are provided and compared with the state-of-the-art.

Chapter V details the design of the pipelined flash ADC. Firstly, the proposed flash
ADC architecture is presented. Then, the design considerations including ADC timing,
power efficiency, bandwidth, and comparator noise are analyzed. Next, implementations
of the major building blocks are shown. Finally, the simulated ADC performance and
performance comparison with the state-of-the-art are presented at the end of the chapter.

Chapter VI concludes this dissertation and discusses future directions.



CHAPTER 11

HIGH-SPEED ADC REVIEW

In this chapter, TI-SAR and TI-flash ADC architectures are discussed, respectively.
Then, timing skews and inter-channel mismatches in the TI structure are briefly introduced
and the corresponding calibration techniques are analyzed. To alleviate timing skews, inter-
channel mismatches, and the associated calibrations, TI-flash ADC is further discussed.
Next, the latest power-efficient techniques and comparator offset calibration methods for

flash ADCs are analyzed. At last, the state-of-the-art flash ADC performance is analyzed.

2.1 Time-Interleaved ADC Architectures

As shown in Fig. 2.1, a block diagram of M-way TI SAR ADC with an overall
conversion speed of f; is presented, where M identical SAR ADCs operate at the speed of

fs/M and their sampling phases (41...¢m) are equally spaced with an interval of 2n/M. With
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Fig. 2.1. The block diagram of the M-way time-interleaved SAR ADC.




a large number of sub-channel ADCs employed, the conversion speed of each sub-channel
ADC can be significantly relaxed, thus allowing the low-power SAR ADC to be applied.
As depicted in the figure, the sub-channel SAR ADC consists of a track-and-hold (T/H)
network, a feedback capacitive digital-to-analog converter (CDAC), a comparator, and
SAR logic. Since no active amplification is involved and only one comparator is required,
the sub-channel SAR ADC achieves a high power efficiency. However, TI-SAR ADC
suffers from inter-channel mismatches and timing skews, which require complicated

calibration approaches to mitigate performance degradation.

TI-flash ADC [40]-[44] is another approach to achieve a high conversion speed. A
block diagram of M-way TI-flash ADC with an N-bit resolution is depicted in Fig. 2.2,
where each sub-channel ADC consists of a T/H, a resistor ladder, 2N-1 comparators, and a
thermometer-to-binary encoder. The input sampled signal is resolved by 2N-1 comparators
in parallel and the N-bit conversion is completed in one clock cycle, thus achieving a high

conversion speed. With the high-speed advantage, the number of sub-channels can be
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significantly relaxed as compared to the TI-SAR ADC. However, a total number of 2N-1
comparators are activated in each clock cycle and only a few make a critical impact on the
final decision, thus degrading power efficiency [45]-[51]. Furthermore, due to device
mismatch, the random offset of the comparator can cause comparison error, thus resulting

in signal-to-noise-distortion-ration (SNDR) degradation of flash ADC.

2.2 Design Considerations of Time-Interleaved ADCs

2.2.1 Timing Skew

Timing skew among sub-ADCs results in the non-uniform sampling of the input
signal, which causes undesired input-frequency-dependent spurs at the ADC output
spectrum, thus degrading ADC SNDR. To reduce such spurs, timing skew calibration
consisting of timing skew detection and correction is required. Various approaches have
been developed to detect the timing skew. Reference [52] develops a sign-equality-based
(SEB) method for timing skew estimation. The principle of the timing skew estimation
method is depicted in Fig. 2.3. The timing skew polarity of sub-ADCs (leading or lagging

the ideal sampling phase) can be detected by observing the sign equality of two

A ® Adjacent ADC channel
---------------------------- O ADC (to be calibrated)
@ Reference ADC

r
S | rising input | Jalling input
__i___;_e lagging r>0, e>0 r>0, e<0
............ leading r=>0, e<0 r=>0, e>0

S leskew
[ [ [

(k-1T. kT, (kD)7

no change >0 e=0 r>0, e=0

Fig. 2.3. Principles of the sign equality-based estimation method [52], [53].
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Fig. 2.5. (a) Waveforms showing the effect of timing error. (b) Cross-correlation-based
timing skew detection block diagram [55].

coefficients, r, and e, which respectively represent the output difference between two
adjacent sub-ADCs, and the output difference between the sub-ADC to be calibrated and
a reference ADC. While the timing skew can be detected leveraging the SEB method, it
requires a reference ADC running at a full sampling speed, which consumes considerable
power, especially when the sampling frequency increases up to GHz. Reference [54]

introduces a simplified timing skew polarity extraction algorithm based on mean absolute



deviation (MAD), which requires no reference ADC. The principle of the timing skew
polarity extraction is shown in Fig. 2.4. The algorithm is to leverage the absolute value
difference between sub-ADC output data to detect timing skew polarity. When the sampled
signal is located near a zero-crossing point, the sub-ADC output should also be very close
to zero. Otherwise, it is the timing skew that deviates sub-ADC output from zero. While
this detection approach is low-cost, it requires the analog input signal to have zero-crossing
points and sufficient slopes, which are limited in practical applications. Reference [55]
develops a cross-correlation-based method to detect timing skew, which doesn’t require
reference ADC or specific input signal patterns. The principle of the cross-correlation
method is depicted in Fig. 2.5. However, post data process for cross-correlation

computations introduces a high power penalty.

After the timing skew is obtained, the timing skew correction is carried out either
in the analog domain or digital domain. One common approach is to adjust the sampling
clock delay to correct the timing skew. However, the multi-phase clock generation and the
distribution along with the programmable delay cells pick up clock jitter, thus exacerbating
the overall ADC signal-to-noise ratio (SNR). To correct timing skew without introducing
extra jitter to the sampling clock, adaptive finite-impulse-response (FIR) filters can be
used. But this approach implemented in the digital domain incurs high power dissipation.
To ensure that the timing skew residual can be tolerable by the ADC, the maximum timing

skew residual should meet the following equation [40]

= (N]Yl)'<3.§28)'<(2nlf)2)’ 2.1
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where o7, N, B, and f represent the standard deviation of the timing skew, the number of
interleaved channels, the bit resolution, and the frequency of the input sinusoidal signal,

respectively.

2.2.2 Gain and Offset

In the TI structure, gain and offset mismatches between sub-ADCs cause spurs at
the ADC output spectrum, which degrade the time-interleaved ADC performance. While
gain and offset mismatches can be detected and corrected by leveraging adaptive FIR
filters, the corresponding power overhead highly relies on the activity factor of logic gates
[56]. With the number of sub-ADC channels increasing, the power overhead due to the

gain and offset mismatch calibrations is increased, thus limiting ADC power efficiency.

2.2.3 Bandwidth

The bandwidth of TI ADCs is heavily affected as multiple capacitive loads from
sub-channel ADCs are connected to the input at the same time. To alleviate bandwidth
degradation, the common approach is to insert track-and-hold amplifiers (THAs) to drive
sub-channel ADCs, isolating the capacitive loads from the TI ADC input. For applications
requiring a large number of sub-channel ADCs to achieve several tens-of-GS/s conversion
speed, inserting THAS to relax input bandwidth incurs tremendous power dissipation. An
inline demux sampling network is proposed in [6] to reduce the capacitive loads at the
ADC input. As depicted in Fig. 2.6, the inline demux sampling network stacks multiple-
stage samplers, where the first stage tracks and samples the analog signal while the rest
stages serve as de-multiplexers. The inline-demux sampling network reduces the number

of sub-channel ADCs connecting to the input by turning on a fraction of samplers.

11
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Fig. 2.6. Inline demux sampling network [6].

However, inter-stage buffers are still required in the inline demux sampling network, which

inevitably degrades ADC power efficiency.

2.2.4 Summary

TI-SAR ADC achieves a high conversion speed with a large number of sub-
channels. Due to the low-power characteristics of the SAR structure, the overall power
efficiency is improved. However, the large number of sub-channels inevitably makes the
TI-SAR ADC susceptible to timing skews and inter-channel mismatches, such as offset,
gain mismatches. This requires substantial on-chip or off-chip calibrations as discussed
above. The timing skew and inter-channel mismatch calibrations become even more

complicated with the number of the sub-channels increased to achieve higher conversion

12



speed. Therefore, TI-flash ADC is investigated and due to the reduced number of sub-
channels, the timing skew and inter-channel mismatch calibrations are relaxed. However,
the flash ADC power consumption penalty is large. The following discusses the latest
power consumption reduction methods and comparator offset calibration approaches for

the high-speed flash ADC.

2.3 Review of Power Efficient Flash ADC Structures

2.3.1 Folding Flash ADC

Folding flash ADC [23], [24] completes an N-bit conversion by carrying out 2-
stage comparisons where the first- and the second-stage resolve K most significant bits
(MSBs) and L least significant bits (LSBs), respectively (N=K+L). The number of
comparators is reduced from 2N-1 to 2X+2L-2. To achieve this 2-stage comparison, the
sampled signal must be rectified into a L-bit subrange based on the K-MSB quantization
results, thus requiring a chopper or a folding amplifier. Fig. 2.7 shows the corresponding

flash ADC block diagram with K=1, where the chopper rectifies the sampled signal if the
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Fig. 2.7. Folding flash ADC block diagram [23], [24].

13



quantization result of the MSB comparator is 0. This requires the K-bit comparators to
cover only half of the signal range, thus reducing the power consumption by half.

While the folding technique improves power efficiency, ADC conversion speed is
significantly affected due to the signal rectification process. The rectified signal must be
settled to N-bit accuracy for the second-stage quantization and the settling process degrades

the ADC conversion speed.
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2.3.2 Partially Active Two-stage Flash ADC

To avoid the signal rectification process and relax the speed degradation effect, a
partially active two-stage N-bit (N=K+L) flash ADC is proposed [31], [32], where the
second stage employs N-bit comparators to cover the full-scale range, but only L-bit
comparators are activated at a given time based on the first-stage outcomes. The partially
active 2-stage flash ADC structure is depicted in Fig. 2.8. Due to the full-scale range
coverage by the second-stage comparators, the partially active two-stage structure doesn’t
require the signal rectification process, thus relaxing the conversion speed degradation.
Meanwhile, flash ADC power efficiency is improved by activating only a fraction of the
second-stage comparators. However, the conversion speed of the two-stage structure is still

limited due to two consecutive comparisons in one conversion phase.
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Fig. 2.9. Sub-ranging flash ADC block diagram [33].
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2.3.3 Sub-Ranging Flash ADC

Sub-ranging flash structure with an N-bit resolution also applies coarse K-MSB and
fine L-LSB quantizations. However, different from the two-stage comparison structure that
employs N-bit comparators to cover the full-scale range at the second stage, the sub-
ranging flash ADC employs L-bit comparators with adjustable references to dynamically
cover the full signal range. The sub-ranging flash ADC structure is depicted in Fig. 2.9.
Such structure reduces the core ADC size. Besides, a reference-embedded comparator can
be developed to further reduce ADC power consumption [33]. However, the conversion
speed is still affected due to two consecutive comparisons in one conversion phase.
Furthermore, the foreground reference calibration of the comparator is susceptible to

voltage-and-temperature (VT) variations, thus making the design less robust.
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Fig. 2.10. (a) Voltage-domain interpolation [57]-[59] and (b) time-domain interpolation
[25]-[30].
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2.3.4 Interpolation in Flash ADC

Flash ADCs can adopt interpolations to reduce the number of pre-amplifiers or
dynamic comparators. Interpolations are categorized into voltage-domain interpolation
(VDD [57]-[59] and time-domain interpolation (TDI) [25]-[30]. Voltage-domain
interpolation is illustrated in Fig. 2.10(a), where the output voltage levels of adjacent pre-
amplifiers are used to generate extra zero-crossing points, thus achieving the interpolation.
The number of pre-amplifiers is reduced with the VDI. TDI leverages the input-dependent
latching time difference between adjacent dynamic comparators to extract LSBs
information as depicted in Fig. 2.10(b). The nonlinearity of the VTC, however, degrades
the interpolation accuracy in high-order TDIs. In [29], an 8x TDI is developed with the
VTC operating in the linear region to alleviate the VTC nonlinearity problem. The method,
however, requires heavy time reference calibrations, which are sensitive to PVT and incur

more power consumption.

2.4 Flash ADC Offset Calibration Techniques

In designing high-speed flash ADCs, comparators must achieve a high operation
speed while maintaining low offset error. While CMOS technology scaling has greatly
enhanced comparator speed, yet, the comparator offset becomes worse. To calibrate
comparator offset, several techniques have been developed in the latest works as shown in
Fig. 2.11. Reference [36] proposed to apply current DACs, introducing current imbalance
on the signal path to compensate for the offset. Combinatorial redundancy is another
approach to perform offset calibration proposed by the reference [37], where the size of

input pairs is trimmed to cancel out the offset. It is also popular to apply the capacitive

17



loading imbalance to calibrate comparator offset as presented in reference [34], [35]. The

aforementioned comparator offset calibration approaches, however, inevitably increase

capacitive loads to the signal path, thus degrading comparator speed. Transistor bulk

voltage trimming is used to calibrate comparator offset and avoid speed penalty [38].

Nevertheless, the threshold voltage adjustment range in bulk CMOS is limited, which can

hardly be used to support practical applications. A recent publication [39] proposes a clock-

skew-based offset calibration approach, which provides a wide calibration range and
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avoids speed penalty. The delay cells for clock skew adjustment, however, are sensitive to

PVT variations.

2.5 State-of-the-Art Flash ADCs

The Walden figure-of-merit (FOMw) is used to quantitatively evaluate ADC overall
performance, which considers ADC power consumption, conversion speed, and the

effective number of bits (ENOB). The FOMw is expressed in the following equation

Power

FOMy, = JENOB

: 2.2
x Speed (22)

With the latest power-efficient flash structures and comparator offset calibrations,
the reported flash ADCs have achieved very low FOMw. In [33], a 4-GS/s 6-bit flash ADC
is developed in a 28-nm FDSOI CMOS technology, employing a sub-ranging structure and
reference-embedded comparator to achieve a FOMw of 26.8 fJ/conv.-step. Reference [29]
develops a 6-GS/s 6-bit flash ADC in a 65-nm CMOS technology, which applies an 8%
TDI with the VTC operating in the linear region to alleviate the VTC nonlinearity problem.
The 6-GS/s 6-bit flash ADC achieves a FOMw of 85 fJ/conv.-step. While achieving such
low FOMw and high conversion speed, respectively, yet, [29], [33] require complex
architecture-level calibrations including time reference calibration and embedded reference
calibration. Besides, those are foreground architecture-level calibrations, thus sensitive to
PVT variations. In this dissertation, a power-efficient flash ADC structure employing
partially active 2-stage comparison in conjunction with the 2x TDI is developed, which
avoids the architecture-level calibrations. The timing constraint in the 2-stage comparison

structure is also resolved to enhance the conversion speed.
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Time-interleaved flash ADCs are often adopted [31], [32], [40]-[44] to achieve
higher conversion speed. [41] develops a 20-GS/s 6-bit flash ADC with 8 sub-channels,
which achieves a FOMw of 130 fJ/conv.-step. While the timing skew calibration has been
greatly relaxed due to the reduced number of sub-channels as compared to the TI-SAR,
yet, it still requires calibrating the timing skews between 8 sub-ADCs. This timing skew
calibration becomes even more complicated as the overall conversion speed keeps
increasing. Therefore, further increasing the sub-channel ADC conversion speed to reduce
the number of sub-channel cores and the timing skew calibration is needed. In this
dissertation, a high-speed sub-channel flash ADC with a reasonable power efficiency is
proposed, which employs the StrongArm latch comparator with a pre-amplifier stage to
enhance the speed to 10 GS/s and 2x voltage-domain interpolation to reduce power
consumption. The sub-channel flash ADC is utilized in a two-way time-interleaved
structure, which achieves an overall conversion speed of 20-GS/s with a significantly
reduced timing skew calibration as compared to [41]. To further enhance single-channel
flash ADC conversion speed, a pipelined 2-stage flash ADC with a ping-pong comparison
structure in the second stage is developed, where the first stage employs CML comparators
to enhance speed and the second stage employs a ping-pong structure with dynamic

comparators to achieve high power efficiency.
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CHAPTER III

FLASH ADC WITH PARTIALLY ACTIVE 2-STAGE

COMPARISON AND 2x TIME-DOMAIN INTERPOLATION

3.1 Motivation

The latest 2-stage work [33] applies an embedded-reference comparator to further
reduce power consumption, which yet requires architecture-level calibration to ensure the
embedded reference accuracy. Besides, such architecture-level calibration is foreground-
based and thus sensitive to VT variations. Furthermore, the conversion speed is still
affected due to the two consecutive comparisons in one conversion phase. In this work, a
partially active 2-stage comparison structure in conjunction with 2x time-domain
interpolation (TDI) is developed to reduce ADC power consumption. The 2x TDI further
reduces the number of comparators almost by half and avoids any architecture-level
calibration. To enhance the conversion speed of the 2-stage comparison structure, a 25%-
75% duty-cycle clock, a 0.5-bit redundancy in the first comparison stage, and an embedded
second-stage slice selection logic are developed. The T/H and T/H buffer bandwidth
requirements under the 25%-75% duty-cycle clock are also analyzed. The 5-GS/s 6-bit
flash ADC prototype is designed and fabricated in a 28-nm FDSOI CMOS process.
Measurement results show that this ADC achieves an SNDR of 32.8 dB at Nyquist
frequency with a power consumption of 15.07 mW, translating into a FOMy, of 84.5
fJ/conv.-step. This chapter is organized as follows. Section 3.2 describes the proposed flash

ADC structure. Section 3.3 presents the design considerations of the 2-stage comparison
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Fig. 3.1. (a) The block diagram of the proposed flash ADC, (b) the timing diagram of the
proposed flash ADC, and (c) the slice selection mechanism.

structure in conjunction with 2x TDI. Section 3.4 analyzes the T/H tracking bandwidth

requirement under a 25%-75% duty-cycle clock. Section 3.5 introduces the transistor-level

design of the proposed flash ADC. Section 3.6 provides the ADC testing methods and

experimental results and Section 3.7 summarizes the ADC performance.

3.2 ADC Top Level Architecture

Figs. 3.1(a) and (b) depict the block and timing diagrams of the proposed flash

ADC. An external 5 GHz clock terminated with an on-chip 50-Q resistor is converted to a
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25%-75% duty cycle clock, allocating 50 ps to the T/H and 150 ps to the 2-stage
comparison. A T/H buffer is designed to drive the comparators. The first stage carries out
a 2.5-bit coarse quantization utilizing 4 voltage-domain comparators and 2 interpolation
latches (ILs), dividing the full-scale range into seven subsections, Viefi~12, Vref13~20, Vref21~28,
Vie20-36, Vief3s7-44, Vretas-s2, and Vierss-64. The second stage consists of 32 voltage-domain
comparators and 32 interpolation latches, which are segmented into eight slices, CMP.s,
CMPy-16, CMP17-24, CMP25.32, CMP33-40, CMP3s1-43, CMP49-56, and CMPs7-6s. Two
adjacent slices are activated at a given time to carry out the 4-bit fine quantization. The
partial activation of the second-stage slices is achieved by a slice selection logic, which
generates a 1-out-of-N selection signals S1-7 based on the first-stage comparison results D1
6. The slice selection mechanism as depicted in Fig. 3.1(c) shows +4 LSBs redundancy to
tolerate the T/H buffer settling error. The slice selection logic circuit consists of a 1-out-
of-N encoder followed by an OR logic stage. To meet the timing requirement in the 2-stage
structure, the OR logic is embedded in the second-stage comparator circuit. The
comparator offset is calibrated by adjusting the input pair’s back-gate bias voltages through
a successive-approximation (SA) algorithm. To start the back-gate bias from the middle
point of the adjustment range, a modified R-2R digital-to-analog converter (DAC) is

developed.

The operation mechanism of the proposed flash ADC is depicted in Fig. 3.2. With
Vin=Vrens, the first-stage comparison identifies that Vi, falls into the region between Viep:
and Vieps. Then, the second-stage slice [3] (CMP17-24) and slice [4] (CMP2s-32) are active

to perform a fine 4-bit quantization. The 2-stage comparison results are aligned and added
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Fig. 3.2. Partial activation mechanism of two-stage comparators with 2x time-domain
interpolation and 0.5-bit redundancy.

to generate the final 6-bit output. Both the first- and second-stage comparators utilize 2x

TDI to reduce the number of comparators by half.

3.3 Design Considerations of 2-Stage Comparison and 2x TDI

The 2-stage comparison in conjunction with 2x TDI activates 12 voltage-domain
comparators and 10 interpolation latches to complete a 6-bit conversion. As shown in Fig.
3.3(a), the voltage-domain comparator is implemented using a StrongArm latch and the
interpolation latch is implemented using a set-reset (SR) latch. Since the power
consumption of the SR latch is much less than that of the StrongArm comparator, the power
efficiency is thus improved. For a dynamic latch comparator, the relation between input

difference Vin-Vier and regeneration time Tcomp 1s expressed by the following equation
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Fig. 3.3. (a) 2xTDI implementation. (b) Voltage-to-time conversion in 2x TDI.

ngcomp) ’ (31)

Vout = (Vin' Vref) XeXp( Cl d
oa

where gm, Cload, Vou, and Vier are the transconductance of the cross-coupled inverters, the
load capacitance, the output voltage, and the reference voltage, respectively. With some

derivations from (3.1), Tcomp can be expressed as

Cload Vout
T, = o ( ) 32
omp gm ! Vin'Vref ( )

Fig. 3.3(b) shows the regeneration times of comparators CMPy and CMP», and the
regeneration time difference A7cmp. As shown in the figure, even though ATcmp versus Vi
is nonlinear, yet, when Vin<Veer1, ATcmp<0. Therefore, the SR latch output is set to 0, and
vice versa. The 2% TDI is achieved by comparing the regeneration time of CMPg with that
of CMP: without a time reference, thus avoiding the time reference calibration. The gm

mismatch between CMPo and CMP; can affect the interpolation accuracy. Monte Carlo
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Fig. 3.4. The 25%-75% duty-cycle clocking scheme and timing budgets.

simulation is performed, and the results show that the 3-6 gm mismatch between CMPy and
CMP; is about 14%. This causes an interpolation error of 0.58 mV (0.074 LSB) as shown
in Fig. 3.4, which can be neglected.

The 2-stage comparison structure, while reducing the number of activated
comparators, poses a stringent speed requirement to the comparators. To solve this problem,
a 25%-75% duty-cycle clock scheme is developed as depicted in Fig. 3.5, where a total of
120 ps is assigned to the first- and second-stage comparators. The T/H buffer and the

second-stage slice selection logic occupy 11 ps and 19 ps, respectively. The 25%-75%
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Fig. 3.6. T/H buffer settling error tolerance (a) without 0.5-bit redundancy and (b) with 0.5-
bit redundancy.

clock scheme increases the power consumptions of the clock generation and the T/H circuit
by 0.52 mW and 0.2 mW, respectively. On the other hand, the power saving by the
activated comparators due to the relaxed speed requirement is around 4.9 mW. Hence, the
overall ADC power efficiency is improved. The metastability error rate of this 2-stage work
is around 3-1077. To further reduce the metastability error rate, soft-decision selection [32]
or metastability detector and bypass logic [60] can be applied. It should be mentioned that
2-stage pipelined structure can also relax the comparator speed requirement. However, the
overall conversion speed is typically limited due to requiring an inter-stage residual
amplifier (RA) [61]. While passive residual transfer with a TI structure on the second stage

eliminates RA [62], it requires inter-channel mismatch calibration and increases die area.
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With an 11-ps timing budget, the T/H buffer requires a high bandwidth in order to

maintain the effective resolution of the ADC. However, it is difficult to achieve a high

bandwidth as the buffer needs to drive the first- and second-stage comparators. To address

this problem, a 0.5-bit redundancy is developed in the first comparison stage. As depicted

in Fig. 3.6, both cases start the coarse quantization when the T/H buffer output has a 4-

LSB settling error. Only the case with a 0.5-bit redundancy carries out a correct digital

output leveraging the redundant +4-LSB coverage. The following quantitatively analyzes

T/H buffer bandwidth [GHZ]

T/H tracking

T/H buf settling

\

AVbuf,settle
v :
— T/H buf input
— T/H buf output -
t
(a)
40 ] 1 1 [] 1 [ []
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35T -~ 0.5-bit redundancy |[]
30 F (11 ps, 26.2 GHz) -
25 -
2r .
15 L (44 ps, 9.9 GHz)
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5 : : : — L -
5 10 15 20 25 30 35 40 45

Settling time At; [ps]
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Fig. 3.7. (a) T/H buffer input and output waveforms. (b) T/H buffer bandwidth vs. settling
time with 5-GHz sampling frequency and 6-bit accuracy.
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the T/H buffer bandwidth requirement with and without redundancy bit. Fig. 3.7(a) depicts
the T/H buffer input and output waveforms. At the end of the tracking period, the maximum

voltage deviation AVwur between the input and the output of the T/H buffer can be obtained

24 xsin <0.5 tan’! <j{i ))‘ , (3.3)
bu

where A4 and fi, are the amplitude and frequency of the input signal applied to the T/H, and

as [46]

A Vbuf =

Jout 1s the T/H buffer bandwidth. During the hold period, the input signal of the buffer is
constant, and the output signal approaches the constant input exponentially over time. After
a settling time of Az, the AVuur is reduced to AViuf, settle. The AVput, settle 1S designed to be

less than 0.5 LSB. Such a requirement can be described as

: 24
‘2A Xsin <0.5 tan! <J{bl_nf ))‘ e ™ Msfour < AN (3.4)
u

where N is the resolution of the ADC. From (3.4), Af versus four in the Nyquist condition

1s obtained as

38 4 4. *—_1
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m |
o 32
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28 - w/o redun. 5
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Fig. 3.8. Simulated SNDR versus T/H buffer bandwidth w/ and w/o 0.5-bit redundancy.
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At, >

1 N N <O.5fS )l}
2“J%uf1n {2 sin lO.S tan I , (3.5)

where f; is the sampling frequency. In this design, the 0.5-bit redundancy in the first stage
is used to tolerate the settling error AVous, sette up to 24 LSBs as described in Section 3.2.
This is equivalent to a 3-bit redundancy when referred to the LSB. As a result, the effective
N in (3.5) is reduced by 3. With f;=5 GHz, the fyur versus Ats with and without the 0.5-bit
redundancy in the first stage are plotted in Fig. 3.7(b). As shown in the figure, with an 11-
ps timing budget, the 0.5-bit redundancy greatly relaxes the T/H buffer bandwidth
requirement from 26.2 GHz to 9.9 GHz. The analysis results are also validated by a 2-stage
(2.5 MSBs + 4 LSBs) flash ADC behavior model simulation as depicted in Fig. 3.8. With
the ADC maintaining an SNDR of 37.88 dB, the T/H buffer bandwidth requirement is
alleviated from 26.8 GHz to 9.6 GHz by employing the 0.5-bit redundancy, which is in line
with the analysis results. Although the 0.5-bit redundancy requires two more comparators
and one more interpolation latch, yet, the power consumption of the T/H buffer is
substantially reduced due to the alleviated bandwidth requirement, which overall reduces
the ADC power consumption by about 2.3 mW.

Under the 9.9 GHz T/H buffer bandwidth condition, we next compare the
comparator speed requirement in the proposed two-stage structure with the conventional
single-stage design. As shown in Fig. 3.7(b), the T/H buffer requires a settling time of 44
ps in the conventional structure, and thus the timing budget available for the comparator is
56 ps. In the proposed 2-stage flash structure, a total of 120 ps is allocated to both
comparator stages. Thus, the averaged timing budget for each stage is 60 ps, which is

comparable to that of the conventional structure.
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The second-stage slice selection logic, consisting of a 1-out-of-N encoder followed
by an OR logic stage, has a timing budget of 19 ps. In this design, the OR function is
embedded in the second-stage comparator as shown in Fig. 3.9(a). The comparator in slice
[4] is used as an example. It has two clocked tail transistors controlled by S3 and Sa,
respectively and only one selection signal is active at a time. Similarly, each reset transistor
is implemented by two series-connected transistors which are also controlled by S3 and Sa.
The slice selection logics with and without the embedded OR function are simulated, and

e
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Fig. 3.9. (a) Slice selection logic with OR function embedded in the second-stage
comparator. (b) Selection signal with embedded OR saves 16 ps.
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the result is plotted in Fig. 3.9(b). As shown in the figure, the embedded OR function saves

the selection logic time by 16 ps. The 19 ps timing budget is sufficient for the 1-out-of-N

encoder, which is implemented using AND logic.

3.4 Bandwidth Analysis of the T/H with A 25%-75% Duty-Cycle Clock

The 25%-75% duty-cycle clock, while alleviating the comparator speed

requirement, reduces the T/H tracking time by half. This demands a higher T/H tracking

bandwidth to maintain the tracking accuracy. The tracking bandwidth requirement of the

T/H under the 25%-75% clock is studied in this section. As depicted in Fig. 3.10(a), where

T= fl,, the sinusoidal signal applied to the T/H can be expressed as

78

Vin, () = A[1+Sin(2nfint + %)]’
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Fig. 3.10. (a) T/H input and output under the 5-GHz 25%-75% duty-cycle clock condition.
(b) T/H circuit during the tracking period and its equivalent first-order RC model.
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where ¢, is the phase of the input signal at the sampling clock rising edge, /=0. During the

tracking period, the T/H can be modeled as a first-order low-pass filter with a time constant,
7=Ron*(CstCg), as depicted in Fig. 3.10(b). The Ron is the drain-to-source on resistor of
the NMOS transistor, and Cs and Cg are the sampling capacitor and the T/H buffer gate
capacitance, respectively. The T/H output Vou, 71 (t) can be derived using the following

equation,

- d Vout, T/H (t)

o + Vour, tn(®) = Vip, 1 (©). 3.7

Solving (6), Vou, T/ (t) can be obtained as

sin(p,+ Ap)] _t
Vourtm(0) — A —A¥ ez, (3.8)

sin( 2nf t+ o, A(p)l N
a

Vour, () = A4 l”

where Agp=tan’! (2mfin) and a= / 1+(211:rfin)2 are the phase shift and the signal amplitude
attenuation, respectively. Vou,/m(0) is derived with Vou,mm(0)=Vour,tm(—0.75T)=~Vin,tm(—
0.75T) as shown in Fig. 3.10(a). Since 2nzf, <1, Ag and a are thus approximately equal to

0 and 1, respectively. Therefore, Vou,/H(t) can be approximated as

Vout, u(®) = Vip 1 () +4

sin <— 3;?“ + goO) — sin(goo)l e_;, (3.9

where the first term is the desired T/H output signal, and the second term is the tracking

error, AVm(t). It can be shown that in the Nyquist condition, f; = 0.5 f, the worst-case

AV1m(t) happens at ¢ = %n, and is

t
|AVT/H, Worst(t)| =~ 1.8484-¢ = (310)

Under the 25%-75% clocking condition, the tracking time is 50 ps. In this design, the
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Fig. 3.11. (a) First-stage comparator with kickback noise mitigation. (b) Simulation results
of the kickback noise mitigation.

tracking error at the end of the tracking period is designed to be less than 0.1 LSB, and thus

the T/H tracking bandwidth requirement is derived as

2f,1n(9.24-2")

1

ftracking, T/H — (31 1)

With £=5GHz and N=6, the T/H tracking bandwidth requirement under the 25%-75% clock

is obtained as 20.32 GHz according to Eq. 3.11. It should be mentioned that although
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sinusoidal waveform is used in the above analysis, the methodology is also applicable to
other input waveform scenarios. With a step input, the tracking bandwidth requirement is
20.56 GHz. The proposed ADC has a sufficient T/H tracking bandwidth due to the

substantially reduced T/H load capacitance as a result of the T/H buffer.

3.5 Circuits Implentation

3.5.1 T/H and T/H Buffer

The T/H and T/H buffer schematics are illustrated in Fig. 3.11. The T/H circuit is
bootstrapped to achieve a Ron of 12 Q and has a loading capacitance of 62 fF, including 40
fF from the sampling capacitor and 22 fF from T/H buffer parasitic. Moreover, a pair of
cross-coupled dummy switches are employed to avoid the signal coupling [63]. The T/H
buffer is based on a source follower structure with an embedded RC degeneration filter to
improve the bandwidth [32]. The T/H buffer drives a total capacitance of 380 fF including

234 fF from routing interconnects and 146 fF from the comparator bank input parasitic.

3.5.2 Comparator with Kick-Back Noise Mitigation

Both the first- and second-stage dynamic comparators utilize StrongArm latch
structure, where MOS capacitors are employed to mitigate the kickback noise [64]. Using
the first-stage comparator as an example, as shown in Fig. 3.12(a), cross-coupled MOS
capacitors M1 and M are employed to neutralize the kickback noise from the cross-coupled
inverters (M3-Mg), and MOS capacitors M7 and Mg are utilized to mitigate the kickback

noise from the tail transistor (My). The simulated kickback noise is depicted in Fig. 3.12(b),
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which shows that the kickback noise is significantly reduced by 5x with the MOS

capacitors when |Vis-Vied reaches the full-scale voltage of 500 mV.

3.5.3 25%-75% Duty-Cycle Clock Generation

Fig. 3.13 shows the schematics of the input clock buffer as well as the generation
of the 25% duty cycle sampling clock. The input clock buffer along with the differential to
single-ended converter converts the sinusoidal signal to the squarewave clock. The 25%-
75% duty cycle clock is generated with an AND gate using a 50% duty cycle clock and its
50-ps-delayed version as inputs. This delay is generated by inverter-based delay cells with
MOS capacitor loads. To compensate for the PVT variation, the MOS capacitors are
programmable with 6-bit control registers and the LSB MOS capacitor is sized to be 2
um/30 nm, which is equivalent to 1.8 fF. The 25%-75% duty cycle clock circuit consumes

a power of 0.52 mW under a 0.9 V power supply.

/ CK. 4 \
|
|

E 2 »;Tf; Z »;T»; . |

\ T T - J

_ /

Fig. 3.13. Block diagram of 25% duty cycle clock generation.




3.6 Measurements

3.6.1 Measurement Setup

The 5-GS/s 6-bit 2-stage flash ADC prototype design is fabricated in the 28-nm

FDOSI CMOS process. The ADC die photo and layout are presented in Fig. 3.14(a) and

1.406 mm - Calibration

Clock path =~ ||

1.406 mm
2" stage'CMPS

Fig. 3.14. (a) Die photo, (b) chip layout, and (c) PCB.
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Fig. 3.15. Measurement setup block diagram.

(b) with an active area of 240 umx390 um. To reduce the signal and clock path routing
parasitics, the ADC core is positioned in the upper left corner of the chip. The T/H buffer
and the two-stage comparator banks layout are placed closely to minimize the parasitics as
well. Both the first- and the second-stage comparator bank layout are in vertical strip shape
to simplify the subsection activation encoder routing. The offset calibration blocks are
grouped into 2 parts which are placed at the top and bottom of the core area, respectively.
The bare die is packaged using the quad flat no-lead (QFN) technique and then surface-
mounted on a custom-designed PCB board. The overall PCB board is shown in Fig.
3.14(c). The ADC measurement setup diagram is illustrated in Fig. 3.15. Two high-
performance RF and microwave signal generators SMA 100B-B112 and MG3692B are
used to generate the ADC input signal and the clock source, respectively. Two broadband

baluns HL9402 are employed to convert the single-ended high-frequency signals into fully
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Fig. 3.17. Lab measurement setup.

Tektronix

we G Wiy Mep

Fig. 3.16. Data capture.

differential ones. The ADC output data is decimated by a factor of 55 and the decimated
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data is captured by the Tektronix 8-channel MSO58 oscilloscope. The laptop is used to
analyze the captured data from the oscilloscope and evaluate the ADC performance. The
Xilinx SP6 FPGA is used to program the ADC chip through the SPI (Serial Peripheral
Interface) for initial ADC configuration, offset calibration, and measurement. The
measurement setup in the laboratory and the data capture are presented in Fig. 3.16 and

Fig. 3.17, respectively.

3.6.2 Measurement Results

Fig. 3.18 shows the measured differential and integral nonlinearities (DNL/INL).

Before calibration, the peak DNL and INL are +1.27/-1.02 and +2.48/-1.42 LSB,

1.5 - : ' . '
w/o calibration
1.0 | — w/ calibration -
2 \/\/\,\/\/_/\/\/\_/L,\/\/\/\j\*\/v\/\/\/\
=
IO |
p
005} |
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Output code
2.5 i : : . .
20| w/o calibration ]

15— w/ calibration
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1 o —
> © oo
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Output code

Fig. 3.18. Measured DNL and INL before and after offset calibration.
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respectively. They are reduced to +0.5/-0.41 and +0.54/-0.71 LSB after calibration. The
FFT plots before and after comparator offset calibration with a 117.18 MHz input are
illustrated in Fig. 3.19. Since the ADC output codes are decimated by 55, the signal tone
in the output spectrum is folded back to 26.28 MHz. With the comparator offset calibration,
the SNDR and SFDR are improved from 27.8 dB and 33.97 dB to 36.1 dB and 43.1 dB,

respectively. With a 2.451 GHz input, the signal tone in the output spectrum is folded back

0 1 L] n T T T I I

10 Before calibration

R fin: 117.18 MHz
= 20 F SNDR: 27.8 dB -
3. 30| ENOB: 4.32
() 3rd SFDR: 36.1 dB
©
3 -40 } E
S 50} 5th i
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S,-30 } ENOB: 5.35 -
2 40} ard SFDR: 43.1 dB
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©
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Fig. 3.19. Measured output spectrum before and after comparator calibration with a low
frequency input (decimated by 55).
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Fig. 3.20. Measured output spectrum before and after comparator calibration with a near
Nyquist frequency input (decimated by 55).

to 3.545 MHz after a decimation of 55. As depicted in Fig. 3.20, after the comparator offset
calibration, the SNDR and SFDR are improved from 27.4 dB and 32.8 dB to 35.46 dB and
41.82 dB, respectively. The dynamic performance of the proposed ADC at 5 GS/s is shown
in Fig. 3.21, where the ADC achieves an SNDR greater than 32.8 dB over the entire
Nyquist bandwidth. The measured SNDR versus the sampling frequency with a 200 MHz

input is depicted in Fig. 3.22. It shows an SNDR over 33.6 dB with the sampling frequency
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Fig. 3.22. Measured SNDR/SFDR vs. input frequency at 5 GS/s.

increasing up to 5 GHz. However, when the sampling rate reaches 5.5 GS/s, the SNDR is
decreased to 23.3 dB due to insufficient time for the second-stage comparison. The
prototyped ADC achieves an SNDR of 32.8 dB and an SFDR of 41.8 dB at Nyquist
frequency and consumes 15.07 mW power, translating into a Walden FOM of 84.5
fJ/conv.- step. Fig. 3.23 shows the power breakdown of the ADC, where the first- and

second-stage comparators consume 51.6% of the total power. Table 1 summarizes the ADC
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Fig. 3.23. ADC power breakdown at 5 GS/s.

performance and compares it with recently published multi-GS/s 6-bit flash ADCs. The
proposed ADC achieves an SNDR of 32.8 dB at Nyquist frequency with competitive power
efficiency. With the timing constraint addressed by the 25%-75% duty-cycle clock, the 0.5-
bit redundancy, and the embedded slice selection logic, the conversion speed of the
proposed ADC reaches 5 GS/s, which is the highest as compared to other 2-stage works
[31]-[33]. Furthermore, as compared to [29], [33], which require PVT-sensitive and
complex architecture-level calibrations, the proposed ADC only calibrates the comparator
offset without the need for architecture-level calibration. The comparator offset is
calibrated by adjusting the transistor back-gate bias voltages and the adjustment is
conducted with a successive-approximation search algorithm, which will be discussed in

the next chapter.
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Table 1 Performance Summary and Comparison with State-of-the-Art Flash ADCs.

Wang [23] Liu [28] Cai [32] Yi [29] Yang [33]
Specifications This work
TCASII 17| ASSCC 15* | JSSC 17> | JSSC21° | TCASII2I’
Subrange | 2-Stage with
Architecture 2% Folding 4x TDI 2-Stage 8x TDI
with ER® 2x TDI
Technology [nm] 16 65 65 65 28 FDSOI 28 FDSOI
Resolution [bits] 6 6 6 6 6 6
Sampling Rate [GS/s] 4.0625 34 3.125% 6 4 5
Supply Voltage [V] 0.9 1 1 1 1 0.9
SNDR @nyquist [dB] 30.6 34.2 29.57 31.8 30.7 32.8
SFDR @Nyquist [dB] 40.8 46.08 41* 41 40 41.82
ENOB@nyquist [dB] 4.79 5.39 4.62* 4.99 4.8 5.15
Power [mW] 344 12.6 7.025% 15.1 3 15.07
FOM [fJ/c.-s.] 306 89 90* 85 26.8 84.5
Core Area [mm?] N/A 0.034 0.222 0.021 0.034 0.094
. . On-Chip
Comparator Offset Cal. | Off-Chip On-Chip Off-Chip Off-Chip On-Chip (SAY)
Architecture-Level Cal. No No No Yes Yes No

Single channel, *embedded reference, and “successive approximation (SA).

3.7 Conclusion

This presents a 5-GS/s 6-bit 15.07-mW flash ADC in 28-nm FDSOI CMOS
technology. The ADC jointly employs partially active 2-stage comparison and 2x time-
domain latch interpolation to improve power efficiency and avoid architecture-level
calibration. To address the stringent timing constraint in the 2-stage comparison structure,
three methods are developed including a 25%-75% duty cycle clock, a 0.5-bit redundancy
in the first comparison stage, and an embedded second-stage slice selection logic. The T/H
and T/H buffer bandwidth requirements under the 25%-75% duty-cycle clock condition

are theoretically analyzed. Measurement results show that the ADC achieves an SNDR of
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32.8 dB and an SFDR of 41.82 dB at Nyquist frequency, respectively, leading to a Walden

FOM of 84.5 fJ/conv.-step.
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CHAPTER 1V

TWO-WAY TIME-INTERLEAVED FLASH ADC WITH

SUCCESSIVE-APPROXIMATION COMPARATOR OFFSET

CALIBRATION

4.1 Motivation

To achieve tens of giga-sample-per-second speed, TI-flash ADC has been widely
studied [31], [32], [40]-[44]. While [41] has achieved a competitive FOMw of about 130
fJ/conv.-step, yet, the applied 8 sub-channels operating at 2.5 GS/s still require the timing
skew calibration. [46] develops a single-core flash ADC to achieve a conversion speed of
24 GS/s in a 28 nm LP CMOS process. Although timing skew calibration is eliminated in
that work, the ADC power dissipation is about 0.4 W. In order to further alleviate the timing
skew calibrations as compared to [41] and at the same time avoid a high power
consumption [46], a two-way time-interleaved flash ADC with voltage-domain
interpolation is developed. The speed of this sub-ADC, as compared to that of the ADC in
Chapter 111, is increased to 10 GS/s by employing a pre-amplifier stage to the StrongArm
latch comparator. Meanwhile, to maintain ADC power efficiency, the 2x voltage-domain
interpolation (VDI) is developed to reduce the number of pre-amplifiers by half. To
calibrate comparator offset and avoid speed penalty, the FDSOI back-gate bias is applied.

The comparator offset calibration loop is designed with a successive-approximation (SA)
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algorithm and implemented on-chip. Fabricated in a 28-nm FDSOI CMOS process, the 20-
GS/s 6-bit two-way time-interleaved flash ADC achieves an SNDR of 31.2 dB at Nyquist
frequency with a power consumption of 204 mW, translating into a Walden FOM of 344

fJ/conv.-step. This chapter is organized as follows. Section 4.2 describes the architecture

10 GS/s 6-bit ADC}—+—
A A
THcIkp CIV’Pclkp 3 —
3 o
¥ |
o S
Vin ©— °ls
Clock distribution | © b= Dot
CKioghz > " <
S 1 &
k3) =]
A? @]
THcIkn C’V,Pclkn G
\ Y
10 GS/s 6-bit ADC|—+—
/--«—:--------------------‘---‘\\

~
-

Dsu b-out
——F

Encoder

- - e - - - - - - - - - - e - e - - - - -

Fig. 4.1. The proposed 2-way time-interleaved flash ADC with SA-based comparator
offset calibration scheme.
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of the proposed 2-way time-interleaved flash ADC. Section 4.3 presents the high-speed
comparator design and 2x voltage-domain interpolation. Section 4.4 introduces the SA-
based comparator offset calibration scheme and design details. Section 4.5 presents the
details of the wideband T/H bandwidth analysis and derivations. Section 4.6 briefs the
circuit implementation of the major block in this ADC. Section 4.7 provides the ADC

testing methods and experimental results, and Section 4.8 concludes the chapter.

4.2 ADC Top Level Architecture

Fig 4.1 depicts the block diagram of the proposed flash ADC with 2 sub-channels
driven by a 10-GHz differential clock. In the sub-channel, the high-frequency analog input
signal is directly sampled by a 48 um/ 30 nm Low-Vta NMOS transistor with a 1V forward
back-gate bias to reduce the transistor’s on resistance to around 14 Q. The total sampling
capacitance consisting of the sampling capacitor and the parasitics from the T/H buffer is
around 100 fF. The T/H buffer employs an RC source-degenerated structure to improve
the bandwidth and drive the 6-bit comparator array with 2x VDI. Each comparator is
developed with a pre-amplifier followed by a StrongArm latch. Each comparator has a
dedicated on-chip offset calibration loop which stores the comparator offset polarities
information and then adjusts the input pair’s back-gate bias of the StrongArm latch to
compensate the comparator offset. Thermometer data from this 6-bit comparator array are
converted to binary codes by utilizing a static logic fat-tree encoder. The high-speed
comparison data from both sub-ADCs are decimated by a ratio of 113 and then multiplexed

for the off-chip measurement.
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4.3 High-Speed Comparator with 2x Voltage-Domain Interpolation

Fig 4.2 illustrates that the high-speed comparator consists of a pre-amplifier
followed by a StrongArm latch. The objectives of the pre-amplifier are to improve the
comparator gain to enhance regeneration speed and isolate the T/H output signal from the
kickback noise. In this work, the pre-amplifier is designed to achieve 7-dB gain with a
bandwidth of 12 GHz, which supports the comparator to achieve a speed of 10 GHz. To

further enhance speed, a fully CML comparator [46] can be developed. Yet, the power

consumption is significantly increased.

Vign,

0

b A

V.

i

Vin Vi 1 Ve
T
VPD_I'E]L VcIkD_I
m StronaA_rm latch

Fig. 4.3. Schematic of the pre-amplifier and the StrongArm latch.
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Fig. 4.2. (a) Interpolation block diagram and (b) voltage interpolation curve.
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To reduce comparator power consumption, the 2x VDI is applied to the comparator
array as depicted in Fig. 4.3(a). Since the output signal of the pre-amplifier is proportional
to its input signal, the zero-crossing of the adjacent pre-amplifiers outputs can be used to
extract the LSB as shown in Fig. 4.3(b). The power consumptions of the pre-amplifier and
the StrongArm latch are 0.8 mW and 1 mW, respectively. Half of the pre-amplifiers are
saved due to the interpolation and thus the power consumption of the 6-bit comparator

bank is reduced by 19% as compared to the conventional 6-bit design.

4.4 Comparator Offset Calibration Analysis

Due to transistor mismatches, comparator random offset is a critical issue that
significantly degrades the flash ADC performance. Various offset calibration approaches
have been proposed to calibrate the comparator offset. However, they either introduce a
speed penalty to the comparator or have a limited calibration range. In this section,
transistor back-gate bias in the FDSOI CMOS technology is investigated to perform the
comparator offset calibration, providing a sufficient calibration range without impairing
speed performance. Furthermore, the comparator offset calibration loop is designed with a

successive-approximation (SA) search algorithm and implemented on-chip.

4.4.1 Transistor Threshold Voltage Adjustment with FDSOI Back-Gate Bias

Adjusting the transistor bulk voltage Vs changes the transistor threshold voltage

V'tu accordingly. The body bias effect can be expressed as follows

Vi = Vrno + Y(\/lVSB+2¢F| - \/|2¢F|>a 4.1
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where Vsg is the transistor source-to-bulk voltage, Vo is the threshold voltage when the

Vs is OV, v is the body effect coefficient, and ¢, is the Fermi level. While body biasing

can be employed in both bulk CMOS and FDSOI CMOS, the latter enables a much wider

P-Substrate
(b)
Fig. 4.4. Simplified cross-sections of (a) Bulk CMOS and (b) FDSOI CMOS [65].
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Fig. 4.5. (a) Simulation results of the threshold voltage vs the back-gate voltage of LVT
NMOS in 28nm FDSOL. (b) Simulated input-referred offset of the comparator.
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adjustment range. Fig. 4.4 shows the simplified cross sections for both the bulk CMOS and
FDSOI CMOS. Unlike the bulk CMOS, where the maximum body bias voltage is
constrained by the source-to-bulk P-N junction leakage and potential latch-up, FDSOI
CMOS employs a buried oxide (BOX) layer for isolation and a ground plane (GP) implant
for improving the body biasing efficiency. In addition, the isolation property due to the
BOX layer enables a much higher bulk voltage Vs, therefore achieving a wider Vru
adjustment range. The Vtu of the low threshold voltage (LVT) NMOS with a feature size
of 6um/30nm versus the back-gate bias voltage Vg in the 28-nm FDSOI technology is
simulated as shown in Fig. 4.5(a), where the transistor Vru adjustment ratio is
approximately 84 mV/V. Meanwhile, Monte-Carlo simulations show that the 6-c input-
referred offsets of the comparator in this design is £48.6 mV as shown in Fig. 4.5(b). The

FDSOI back-gate bias provides a sufficient calibration range covering the 6-c offsets and

Initialization SA-search calibraiton

|
|
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(VSAL[l] p=1,VsaLii | N_O) (VSAL[i]_P=OyVSAL[i]_N=1)
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Fig. 4.6. The SA-based offset calibration flow.
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Fig. 4.7. Calibrated comparator input-referred offset over PVT variations.

is thus adopted. The back-gate bias-based offset calibration does not introduce any

capacitive load in the signal path, and therefore the comparator speed is not affected.

4.4.2 Offset Calibration Loop Using the SA-Search Algorithm

Since flash ADC consists of a large number of comparators, manually calibrating
each comparator’s offset is time-consuming and prone to error. To address this issue, a
foreground comparator offset calibration loop employing a successive-approximation (SA)

algorithm is developed. It automatically calibrates the comparator's offset at power-up.

The SA calibration loop consists of 6 latches (SAL[1-6]) to store the offset
polarities, 2 customized R-2R DACs to generate the back-gate bias voltages Vsp and Van,
and 6 enable logics (EN[1-6]) to sequentially carry out the 6 SA cycles. The offset
calibration flow chart is depicted in Fig. 4.6. In the initialization phase (Rst=1), Vsp and
Ve~ are reset to 0.492Vpp, the middle point of the back-gate bias adjustment range. The
outputs of the SA latches and the enable logics, Vsar[i-6] p, Vsar[i-6] N, and VEenyi-e), are all
reset to 0. The first SA cycle starts by setting Rst=0 and Venji=1. The offset polarity

indicated by the comparator output, Vcwme p and Vewp N, is saved into SAL[1]. If the offset
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polarity is positive, Vsp is reduced by 0.25Vpp and V3 is increased by 0.25Vpp, and vice
versa. Meanwhile, Veny is turned into O to complete the first SA cycle and Venp=1 is
generated and synchronized with a clock signal to enable the second SA cycle. The rest of
the SA cycles are carried out in the same manner. The offset calibration range is designed
as 66 mV at the nominal condition (0.9V, 27°C, TT corner). With the back-gate bias
voltages obtained under this condition, the input-referred offset residual over PVT is

simulated. As shown in Fig. 4.7, the worst-case input-referred offset residual is 0.28 LSB.

4.5 Bandwidth Analysis of the High-Speed T/H

As the sampling frequency goes to 10 GHz, a high T/H tracking bandwidth is
demanded to maintain the sampling accuracy. This section analyzes the T/H tracking
bandwidth requirement at the 10-GHz sampling frequency. Similar to section 3.4, the input

sinusoidal input signal applied to the T/H can be expressed as
Vio, 1 (1) = A[1+sin(2n £, t+ ¢,) |- (4.2)

The T/H output Vou, Tu(t) can be obtained as

sin(p,+ Ap)] _t
Vourtm(0) — 4 —A¥ T, (4.3)

sin( 2nf t+ o, A(p)l N
a

Vour, u(®) = 4 l”

where Agp=tan™! (2mfin) and a= / 1+(211:rfin)2 are the phase shift and the signal amplitude

attenuation, respectively. Under the 50%-50% duty-cycle clock condition, Vou,u(0) is
derived with Vou,1/u(0)=Vou,1/u(=0.5T)=Vin/u(-0.5T). Since 2nrf, <1, Ag and a are thus

approximately equal to 0 and 1, respectively. Therefore, Vou,/u(t) can be approximated as

Vout, u (0 = Vip 1 (6) +4

sin (— ﬂ];n + (p0> - sin((po)l e_é, (4.4)
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where the first term represents the desired T/H output signal, and the second term
represents tracking error, AV1m(t). It can be shown that in the Nyquist condition, fin=0.5 fs,

the worst-case AV1/mu(t) happens at g,= g, and is

t
AVT/H, worst(t) = - \/EAQ_;. (45)

With the sampling frequency being 10 GHz, the tracking time is 50 ps. AVtm, worst(?) 1S
designed to be less than 0.1 LSB. Thus, the T/H bandwidth requirement can be expressed

as

N _f; ln(2N+0.5_5)

f3-dB, sin — T (46)

With £=10 GHz and N=6, the T/H tracking bandwidth requirement is obtained as 19.46
GHz. The designed T/H has a Ro, of around 14 Q and a loading capacitance of around 100

fF, thus sufficiently meeting the T/H tracking bandwidth requirement.

Ver| R-2R
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Vewp p
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Divide- [T Clk_p (ENI1,3,5) |
by-2 Clk_n (EN[2,4.6]) =
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Fig. 4.8. SA-based automatic comparator offset calibration diagram.
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4.6 Circuit Implementation

4.6.1 Comparator Offset Calibration Circuits

Fig. 4.8 shows the diagram of the SA-based comparator offset calibration circuits.
The comparator offset polarities saved into SAL[1-6] are used to control the R-2R DAC1
and DAC2, and the EN[1-6]. The DAC1 and DAC2 generate the back-gate bias voltages,
Ve and Ven, respectively. Fig. 4.9 depicts the schematics of the SAL and the EN circuits.
The SAL is implemented using the cross-couple inverters (Mi—Ma) to store the offset
polarity. The SAL output can be reset to Vss using Ms and Me. The comparator outputs are
written to the SAL using M7 and Mi». As depicted in the figure, the Vi) is generated by
using the output signals of SAL[i-1], Vsari-1] p and Vsari-1] N, through a NOR gate, which
is further synchronized with the clock signal, Clk n or Clk_p. The EN[i] enables the i-th
SA cycle and also turns on transistors M7 and M2 passing the i-th polarity result to the
SALJi]. Once the offset polarity is saved into the SAL[i], Vsarfij p and Vsargij v will set

Venri to be 0, thus ending the i-th SA cycle.

Enable logic (EN) SA-latch (SAL)

T o E

Vewr p Ms :I X Mio Vewr N
( (: o Vs p
X

o Loy

M; M, Me
I

Rst

Va1 p

VsaLgi-1] N

Clock (Clk_p, Clk_n)

Fig. 4.9. Schematics of the enable logic and the offset sign latch.
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Fig. 4.10. Schematic of the modified R-2R DAC with split-2R units.

Fig. 4.10 shows the circuit implementation of the customized R-2R DAC. To ensure
that Vep and Ve~ search starts at 0.492Vpp, each 2R unit is split into two paralleled 4R
resistors, thus providing 3 voltage levels, Vss, Vpp, and 0.5Vpp. In the initialization phase,
each split-2R unit has one of the 4R resistors tied to Vpp and the other tied to Vss, thus
generating the back-gate bias voltage of 0.492Vpp. The back-gate bias generation in the
initialization phase is depicted in Fig. 4.11. During the first SA cycle, if Vsarpj p=1 and
Vsari1; n=0, Vap is then reduced by 0.25Vpp, which is achieved by having the DAC1’s first
4R resistor pair tied to Vss. Meanwhile, Vgn is increased by 0.25Vpp and this is achieved
by connecting the DAC2’s first 4R resistor pair to Vpp. The rest of the Vgp and Van
generations follow the same manner. The Vgp and Vgn generations are expressed using the

following equations

0.492-Vpp Rst=1 (reset)
Vap=1 Vep — 0.5"Vpp Vsarpi p > VsaLil N, 4.7
Vap + 0.5 “Vpp  Vearp p < Vsargi N
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0.492-Vpp Rst=1 (reset)
and Vgy=14 Vep t+ 0.5""-Vpp Vsaviip p > VsaLri] N. (4.8)
Vap — 0.5V Vsariy » < Veari N

Fig. 4.12 shows an example of the offset calibration loop, where the comparator

input-referred offset (Vos) is initially set as 30.4 mV. After 6 SA cycles, the Vos is reduced

Vep

Vep

Step 6

Fig. 4.11. Back-gate bias voltage generation in the initialization phase.
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Fig. 4.12. Simulated back-gate bias voltages and input-referred offset of the SA calibration
process with an input-referred offset being 30.4 mV.
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Fig. 4.13. Simulated comparator offset calibration range.

to 0.46 mV. The simulated calibration range is depicted in Fig. 4.13, which sufficiently
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covers the 6-c comparator offset.

4.6.2 Wideband High-Speed Dynamic Encoder

The thermometer outputs of the comparator array are converted into 6-bit binary

data utilizing a thermometer-to-binary encoder. In this work, a fat-tree structure [66] is

Binary codes

Thermometer codes

Fig. 4.14. Fat-tree based 4-bit high-speed encoder.
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adopted to implement this high-speed encoder. The main advantage of the fat-tree encoder
is its high encoding speed. Algorithmically, the fat-tree circuit signal delay is O(log:N)
whereas the ROM-based encoder signal delay is O(N) and the Wallace tree encoder signal
delay is O(logi.5N), making the fat-tree encoder have the fastest speed. For simplicity, a 4-
bit fat-tree encoder is depicted in Fig. 4.14. The encoder consists of two stages. The first
stage converts the thermometer code to one-out-of-N code using 3-input AND gates, which
reduces bubble errors. The second stage converts the one-out-of-N code to binary code

using OR gates.

4.6.3 High-Speed Clock Generation and Distribution

In this work, a differential 10 GHz clock, c/k n and clk p, is used to drive the 2
sub-ADCs. The differential clock with a non-50% duty cycle causes the sampling time of
the 2 sub-ADC:s to be deviated from the ideal ones, thus incurring a systematic timing skew.
To address this issue, duty-cycle correction circuits are employed. Fig. 4.15 depicts the
schematic of the input clock buffer and the clock distribution circuit. The input clock buffer

is source-degenerated and employs a replica bias. The distribution clock circuits utilize

Replica bias Input CLK bufer CLK distribution
Vekp § § Voo r : }-Iﬁj {>¢ . I: Vckoutp
b I:_| I}II = LAY \V4
—1 ’ {>¢ | Vckoutn
sy IO

Fig. 4.15. Schematic of the input clock buffer and clock distribution circuits.
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cross-coupled inverters to correct the non-50% duty cycle problem. Another consideration
for the clock generation and distribution is that the clock root mean square (RMS) jitter,
trms, should be small to meet the ADC speed and SNR requirements [67]. Such requirement

can be expressed using the following equation

SNRapc= = 20%log (20f, - tiny) 4.7)

where finNyquist 1S the Nyquist input frequency. To achieve the 20-GS/s conversion speed
and 6-bit resolution, this requires #ms to be less than 200 fs according to Eq. 4.7. The input

clock buffer along with the distribution circuits is simulated and shows the #ms of 86 fs.

4.6.4 Decimation Network

In this ADC, a decimation network is applied to down-sample the high-speed data,
which facilitates the off-chip measurement. Fig. 4.16 shows the block diagram of the

decimation network. The mode 113 counter is implemented with CML logic and triggers

Vekp (10 GHZz)
Decimation network

—_< ADC1 DFFs
| ,|Mode 113
counter

Vin L Mode 2 VDout
—| OR ™1 counter [7] MUX

Mode 113
counter

—_< ADC2 DFFs

Vekn (10 GHz)

Fig. 4.16. Decimation network block diagram.
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the DFFs to down-sample the high-speed data from the sub-ADCs. The down-sampled data

are then muxed and brought out off-chip with a speed of 176 MS/s.

4.7 High-Speed Flash ADC Measurement

4.7.1 ADC Chip and PCB Board

The 20-GS/s 6-bit 2-way interleaved flash ADC prototype is fabricated in a 28-nm
FDOSI CMOS process. The ADC chip has 48 pins and its core occupies an active area of
500 umx600 um as shown in Fig. 4.17. It should be mentioned that the comparator array
layout is a “C” shape avoiding an extremely long strip layout. One major advantage of
using the “C” shape structure for the comparator array layout is that the routing of analog
input to each comparator is the same as that of the clock to each comparator in length. Such
routing makes sure that the signal and clock can be distributed to comparators with the
same delay. This is very critical to the high-speed flash ADC as the delay difference

between the input signal and the clock may result in different sampled input voltages to

i Offset calibration
CMPs with'2x /DI

Offset calibration

1481 pm
500 um

Offset calibration

600 um

Fig. 4.17. Chip micrograph.
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Fig. 4.18. Measurement setup block diagram.

comparators. The bare die is surface-mounted on a custom-designed PCB board using a

chip-on-board (COB) technology and the PCB board is depicted in Fig. 4.18.
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Fig. 4.20. Lab measurement setup.

4.7.2 Measurement Setup

The general measurement setup block diagram is illustrated in Fig. 4.19. High-
performance RF and microwave signal generators SMA 100B-B112 and MG3692B are
used to generate the ADC input signal and the clock source, respectively. Two broadband
baluns HL9402 are used to convert the single-ended signal and clock into fully differential
ones. Phased-matched cables are used to avoid any phase imbalance to the input and clock
signals. The input signal and clock trace on the PCB board have been minimized to reduce
the losses as much as possible. The 176 MS/s 6-bit decimated data stream from the ADC
output is captured with the MSOS58 oscilloscope. The laptop is used to analyze the captured
data from the oscilloscope and evaluate the ADC performance. The Xilinx SP6 FPGA is

used to program the ADC chip through the SPI for initial ADC configuration, offset
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Fig. 4.21. Data capture.

calibration, and measurement. The measurement setup in the laboratory is presented in Fig.

4.20. The ADC data captured by the MSO is presented in Fig. 4.21.

4.7.3 Measurement Results

Fig. 4.22 shows the DNL/INL before and after comparator offset error calibration.
The measured DNL/INL before and after comparator offset calibration are 2.89/-5.91 LSB
and 0.58/-0.61 LSB, respectively, which validates the effectiveness of the comparator
offset calibration based on the back-gate bias adjustment in the FDSOI technology. The
FFT plots with and without comparator offset calibration and timing skew calibration when
the fin is 0.2343 GHz are illustrated in Fig. 4.23 and Fig. 4.24. The ADC SNDR is improved
from 26.8 dB to 33.1 dB and the SFDR is improved from 35.8 dB to 39.8 dB. When fi,

reaches a near Nyquist frequency, 9.921875 GHz, the ADC output spectrums with and

67



DNL [LSB]

2 | — Beforecal. — Aftercal. |7
_3 ] 1 1 ] ] 1
10 20 30 40 50 60
Output code
(a)
4 1 I 1 I 1 I
| — Beforecal. — Aftercal. |
2
)
v 0
|
z -2
4
-6 1 1 1 1 1 1
10 20 30 40 50 60

Output code
(b)

Fig. 4.22. Measured (a) DNL and (b) INL before and after offset calibration.
without comparator offset calibration and timing skew calibration are depicted in Fig. 4.25
and Fig. 4.26. The SNDR is improved from 25.57 dB to 31.2 dB and the SFDR is improved

from 29.26 dB to 38.5 dB.

The measured dynamic performance of the 20 GS/s 6-bit flash ADC is illustrated
in Fig. 4.27. The ADC achieves an SNDR of 33.1 dB and an SFDR of 39.8 dB at low input
frequencies. At Nyquist input, the ADC achieves an SNDR of 31.2 dB and SFDR of 38.5
dB. The power breakdown of the ADC at 20 GS/s is shown in Fig. 4.28. The 6-bit

comparator array consumes 79.8% of the total power. The clock buffers, T/H buffer, and
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Fig. 4.24. FFT plot when fi, is 0.2343 GHz with comparator offset calibration and timing
skew calibration (decimated by 113).
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Fig. 4.23. FFT plot when fi, is 0.2343 GHz without comparator offset calibration and
timing skew calibration (decimated by 113).

the rest circuit blocks consume 9.8%, 6.4%, and 3.9% of the total power, respectively. With

the 2x VDI, the total power consumption of all pre-amplifiers is reduced from 82 mW to
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Fig. 4.26. FFT plot when fi, is 9.921875 GHz with comparator offset calibration and timing
skew calibration (decimated by 113).
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Fig. 4.25. FFT plot when fi, is 9.921875 GHz without comparator offset calibration and
timing skew calibration (decimated by 113).

43 mW. Since only 2-interleaved sub-ADCs are employed, the timing skew calibration and

its related hardware are greatly relaxed.
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Fig. 4.27. ADC power breakdown.

comparison summary is generated as depicted in Table 2. As can be seen from the table,
while [31], [32], and [41] achieved a low figure of merit by utilizing relatively large
factors, the ADC cores running at 2.5 GS/s or 3.125 GS/s limit their practical

use when a higher sampling rate is required. It is not possible to apply the time interleaving
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Table 2 Performance Summary and Comparison with State-of-the-Art Flash ADCs.

Specifications Tretter [46] | Yang [31] Cai [32] Chen [41] This work
MTT 16> | TCASI 14> | JSSC17° | JSSC 14’
Architecture Flash TI-flash TI-flash TI-flash TI-flash
Technology (nm) 28 65 65 32 28 (FDSOI)
Sample rate (GS/s) 24 10 25 20 20
Interleave factor 1 4 8 8 2
Resolution (bits) 3 6 6 6 6
Power supply (V) 1.4 N/A 1 0.9 1
SNDR@nyquist (dB) 15 32 29.7 30.7 31.2
SFDR@nyquist (dB) N/A 45 40 394 38.5
Power (mW) 400 83 88 69.5 204
FOM (fJ/conv.-s.) 3600 259 143 124 344
Active area (mm?) 0.1 0.2 0.2 0.25 0.3
Comparator offset cal. Off-chip Off-chip Off-chip On-chip On-chip

architecture at an arbitrary scale due to jitter in multi-phase clock generation and
distribution, clock transition times, input capacitance, and the bandwidth requirements on
the T/H and the T/H buffer. While the single-core flash ADC in [46] avoids the
forementioned issues, yet, it dissipated a significantly high power consumption. The
presented flash ADC employing two 10 GS/s sub-ADCs provides a reasonable tradeoff
between the interleaving factor and power consumption. The proposed ADC facilitates a
larger interleaving factor for a higher conversion speed. The foreground comparator offset
calibration in this work is implemented on-chip using the SA search algorithm and FDSOI

back-gate bias without degrading comparator speed. With the back-gate bias voltages
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obtained under the nominal condition, the worst-case comparator input-referred offset

residual over PVT is 0.28 LSB.

4.8 Conclusion

This chapter presents a 20 GS/s 6-bit flash ADC in a 28-nm FDSOI CMOS process.
A 2-way time-interleaved structure is adopted to tradeoff the interleaving factor and the
power efficiency. To enhance sub-channel speed, the StrongArm latch comparator with a
pre-amplifier stage is employed. Meanwhile, to maintain flash ADC power efficiency, the
2x voltage-domain interpolation is applied to reduce the number of pre-amplifiers by half.
An on-chip successive-approximation-based comparator offset calibration employing
FDSOI back-gate is also developed, providing sufficient calibration range without
impairing comparator speed performance. Measurement results show that the ADC
achieves an SNDR of 31.2 dB and an SFDR of 38.5 dB at 20 GS/s, which dissipates 204

mW from a 1.0 V power supply, translating into a Walden FOM of 344 fJ/conv.-step.
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CHAPTER YV

PIPELINED FLASH ADC WITH A PING-PONG

STRUCTURE IN THE SECOND STAGE

5.1 Motivation

With the number of sub-channels reduced, the calibrations of timing skew and inter-
channel mismatches are alleviated in TI-flash ADC. However, the higher speed
requirement to the sub-channels poses higher power consumption. To further increase
ADC speed while maintaining a high power efficiency, a pipelined flash ADC is developed
where the first stage employs CML comparators to enhance the speed and the second stage
employs a ping-pong structure with dynamic comparators to achieve high power
efficiency. Besides, the partial activation of comparators and the 2x TDI are also employed
to improve power efficiency. A 15-GS/s 7-bit pipelined flash ADC with a ping-pong
structure in the second stage is designed in 22-nm FDSOI CMOS technology. Post-layout
simulation results show that this ADC achieves an SNDR of 41.34 dB and an SFDR of
49.36 dB at Nyquist frequency with a power consumption of 97.5 mW, translating into a
FOMy, of 72 fJ/conv.-step. This chapter is organized as follows. Section 5.2 describes the
architecture of the proposed flash ADC. Section 5.3 presents the analysis and design
considerations of the proposed pipelined flash ADC. Section 5.4 introduces the circuit

implementations of the major building blocks. Section 5.5 provides the ADC simulation
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results and Section 5.6 summarizes the ADC performance and compares it with the state-

of-the-arts flash ADCs.

5.2 ADC Tope Level Architecture

Fig. 5.1 depicts the architecture of the proposed pipelined flash ADC. An external
15-GHz clock, Ve, is terminated by an on-chip 50-Q resistor and converted into a square-
wave clock, Vs, with a CML-to-CMOS conversion logic. Vs is used to drive the 2.5-bit
coarse flash ADC, as well as a divide-by-two circuit. The divide-by-two circuit generates
a differential 7.5-GHz clock, Vs, and Vi, to drive two 7-bit flash ADCs, which are
partially activated to carry out the 5-bit fine conversion in a ping-pong manner. The 2.5-

bit coarse flash ADC is implemented with the T/H; and 6 CML comparators, dividing the
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Fig. 5.1. The proposed pipelined ping-pong flash ADC architecture.
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full signal range into 6 subsections, Vieri~24, Vier25-40, Vieta1~56, Viets7~72, Vret73~88, Vrefso~104,
Vietios-128. The 7-bit flash ADC with 2x TDI is implemented with the T/Hzi, T/Ha, 64
dynamic comparators, and 64 interpolation latches (ILs), which are segmented into eight
slices, CMPi-15, CMP17-32, CMP33-43, CMP19-64, CMPg¢s5-30, CMPgi~96, CMP97-112, and
CMP13-128. Only two slides are activated at a given time to conduct the 5-bit conversion.
The partial activation is enabled by employing a slice selection logic, which generates 1-
out-of-N selection signal S1.7 to the eight slices based on the outcomes of the 2.5-bit coarse
flash ADC. The comparator offset is calibrated by the proposed SA-based calibration loop

employing FDSOI back-gate bias.

5.3 Design Considerations of the Pipelined Flash ADC

The proposed pipelined flash ADC reduces the power consumption by employing
the partial activation to the 7-bit flash ADC, enabling a power-efficient dynamic
comparator design due to the ping-pong structure. Furthermore, the 2x TDI to the 7-bit
flash ADC also reduces the ADC power consumption without the need for architecture-
level calibrations. However, several design considerations of the pipelined flash ADC need

to be analyzed and are detailed in the following sections.

5.3.1 ADC Timing Analysis

Fig. 5.2 (a) and (b) depict the simplified block and the timing diagrams of the
proposed pipelined flash ADC structure. The 2.5-bit coarse comparison and the 5-bit fine

comparison are carried out in two consecutive clock cycles. Driven by the 15-GHz clock,
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Fig. 5.2. (a) The simplified pipelined flash ADC block diagram and (b) the timing diagram.

the T/H1 in the 2.5-bit coarse flash ADC is assigned with 33 ps for tracking the input signal
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and 33 ps for holding the sampled signal, respectively. During the holding period, the 2.5-
bit comparators resolve the sampled signal. Based on the outcome of the 2.5-bit
comparators, two slides in the 7-bit flash ADC are activated in the next clock cycle to
complete the 5-bit quantization. To ensure that the coarse and fine comparators resolve the

same sampled signal, T/Hz1 and T/Hz: are utilized.

Due to the ping-pong operation in the second stage, only one of the two T/Hs is in
the tracking mode and the other is in the holding mode at any time, which ensures that the
two 7-bit flash ADCs are not connected to the input port simultaneously, thus avoiding
significant input bandwidth degradation. Furthermore, the applied 2x TDI reduces the
number of dynamic comparators by half, not only reducing the power consumption but
also reducing the input loading capacitance by half. The output data from the ping-pong
flash ADCs are multiplexed and then re-sampled, which are further aligned and added with

the data from the 2.5-bit coarse flash ADC.

5.3.2 ADC Power Analysis

In the proposed pipelined flash ADC, three techniques are developed to
substantially reduce power consumption including applying a ping-pong structure with

dynamic comparators, the partial activation of the slides, and the 2x TDI.

In the 2.5-bit coarse quantization, six CML comparators are adopted to achieve
high-speed performance. In the 5-bit fine quantization, a ping-pong structure is employed,
thus allowing two sets of comparators to alternately resolve the sampled signal. Such a
method relaxes the pipelined second-stage comparator speed requirement by half and helps

to design the comparator using a dynamic StrongArm latch structure for improving power
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Fig. 5.3. Simulation result of the comparator power vs. speed.

efficiency. Fig. 5.3 depicts the simulation result of the comparator power versus its speed
performance. With the same speed, two ping-pong dynamic comparators consume much
less power than the high-speed CML comparator does. In this work, the CML comparator
with a 15-GHz operation speed consumes a power of 2.45 mW. As a comparison, two ping-
pong StrongArm latch-based comparators consume a total power of 1.24 mW to achieve

the equivalent high-speed performance.

The pipelined structure enables the partial activation of the 7-bit flash ADC based
on the outcomes of the 2.5-bit coarse flash ADC. It should be noted that the 2-stage
comparison structure achieves a similar partial activation but requires the coarse and the
fine quantization to be completed in one clock cycle, thus limiting the overall ADC
conversion speed. In this work, the partial activation is achieved in a pipelined manner,

which allows the coarse and fine comparisons to be completed in two consecutive clock
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cycles. To further reduce power consumption, 2x TDI is employed in the pipelined second
stage, which reduces the number of the StrongArm latch-based comparators by half. To
complete a 7-bit conversion, this structure only requires to activate 6 CML-based
comparators, 32 StrongArm latch-based comparators, and 32 interpolation latches. As a

comparison, the conventional flash ADC activates 127 CML-based comparators.

5.3.3 Analysis of the 0.5-Bit Redundancy in the Coarse Flash ADC

The 0.5-bit redundancy in the coarse flash ADC is used to tolerate the comparators’
offset errors, thus requiring no comparator offset calibration in the coarse flash ADC. As

depicted in Fig. 5.4(a), due to the 8-LSB offset in the coarse flash ADC, the slice [5] and
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I I Slice[8
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I Slice[7] | | I slicel7]
Vref96 - _I : Vref95 Vref88 _ >_:__
— | Slice[6
I [slicefs] || —>icele]
I I & v I B Vietgo
I Slice[5] refr2 — = >T : SIICG[S]
I I
Vieoa (Ideal)— — V, m
Vin - Vrefeo ref64 T ref65 y (Ideal) B _I_ L
ref56 ) _ ref56 |71 — Slice[4]
Slice[4] Vin = Viesa———
[ || & Vref4§\—} | Vietas
8-LSBoffset | | |slice[3] 8-LSB offsel =
I Vietao — — >_I_ | Slice[3]
Viers2 ——I I | H
I . | | = slice[2]
I SIICEIZI Vietoa — — >_I__
(I I
| Slice[1] [ Slice[1]
I I
(a) (b)

Fig. 5.4. (a) The conversion error induced by comparator offset and (b) the 0.5-bit
redundancy tolerates the comparator offset.
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Fig. 5.5. Simulated input-referred offset of the comparator in the coarse flash ADC.

[6] in the fine flash ADC are activated, thus causing a 5-LSB decision error. The 0.5-bit
redundancy in the first comparison stage provides a +8-LSB coverage to absorb the
comparator offset as shown in Fig. 5.4(b). While the comparator offset calibration can be
applied to address this issue, yet, the calibration hardware for the coarse flash ADC is larger
than that of the 0.5-bit redundancy. The LSB in this work is 6.25 mV and the +8-LSB
coverage due to the 0.5-bit redundancy in the coarse flash ADC can totally tolerate £50

mV offset, which sufficiently covers the CML-based comparator’s 6-c offset of +48 mV

as depicted in Fig. 5.5.

5.3.4 ADC Bandwidth Analysis

With the Nyquist sampling theorem, the proposed pipelined flash ADC should
achieve an input bandwidth of at least 7.5 GHz. The proposed ADC input network is
depicted in Fig. 5.6. The input signal Vi, is transmitted through a 50-Q transmission line.
The inductance of the wire bond is considered to be 1 nH. The ESD and pad parasitics are

around 350 fF. The Vi, is terminated by an on-chip 50-Q poly resistor and then sampled by
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Fig. 5.6. ADC input network

the T/Hi in 2.5-bit coarse flash ADC with a Ron of 3 Q and a loading capacitor of 84 fF.
The loading capacitor includes the sampling capacitor, the 2.5-bit coarse comparators’ gate
capacitance, and the interconnect parasitics. The sampled signal is then transferred to the
T/H (TH21 or T/Hz2) in the fine flash ADC with a R, of 3 Q and a loading capacitor of 310
fF. The loading capacitor includes the sampling capacitor, the 7-bit comparators’ gate
capacitance, and the interconnect parasitics. With the T/Hz1 and T/Hz2 operating in a ping-
pong mode, only one is turned on, thus avoiding doubling the loading capacitors at the
pipelined ADC input. The 3-dB bandwidth of the ADC is simulated to be 7.68 GHz. To

further improve the bandwidth, T-coil [68], [69] or internal signal buffer can be applied.

5.3.5 Comparator Noise Analysis

With the ADC resolution increased from 6 bits to 7 bits, the comparator noise
requirement becomes more stringent. The CML-based comparator has a pre-amplifier
which is designed to achieve a 7 dB gain to improve the noise performance. The StrongArm

latch-based comparator is modified to improve the noise performance. The modified
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Fig. 5.7. Modified StrongArm latch to improve noise performance.

StrongArm latch schematic is depicted in Fig. 5.7, where 2 tail switches and 2 sets of reset
switches are used to realize the embedded OR logic for the partial activation logic. To
improve the comparator noise performance, the reset switches (M34 and Msgo) are
controlled by S3 ¢ and S4 4, respectively, which are the delayed versions of S3 and Sa. This
effectively extends the amplification phase of the comparator, leading to reduced input-

referred noise.

Conventionally, M3_4 or Mg_9 are turned off simultaneously along with Maz,5 or M7 10.
This causes the comparator amplification phase to come to an end once the drains of the
input pair are discharged to Vpp-|Vrup|. Therefore, the amplification time, Ata, is
expressed as

_ CP'| VTH,Pl
9

Aty
Ing

5.1
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Fig. 5.8. Simulated input referred noise of the conventional and improved StrongArm
latches.

where Cp is the parasitic capacitance at the drain of the input pair and /Ips is the averaged
current flowing through the input pair during the amplification phase. The gain of the

dynamic amplifier can then be expressed as

A=Sm A, (5.2)

Ipg

With M34 and Mgy controlled by the delayed signals, S3 4 and S4g4, the
amplification phase can be effectively extended. As depicted in Fig. 5.8, simulation results
show that the modified StrongArm latch with a delay of 13 ps achieves an extracted RMS
input-referred noise of 0.85 mV as compared to the conventional StrongArm latch whose

RMS noise 1s 0.96 mV.

5.4 Circuits Implementation

5.4.1 Source-Follower Based Bootstrapped T/H

To achieve a 7-bit tracking accuracy while maintaining a high sampling speed,

source-follower-based bootstrapped T/H is employed [31]. As depicted in Fig. 5.9, when
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Fig. 5.9. Simulated SNDR vs. input frequency of the source-follower based bootstrapped
T/H.

the T/H is in the sampling phase, the gate-to-source voltage of the sampling switch M; is
approximately constant, which is achieved by the source follower implemented by Ma_s.
When Mg is on and Ms is off, the gate voltage of the sampling switch is Vss, thus making
the T/H turn into the hold mode. As shown in the figure, a voltage booster is applied to

double the clock voltage to turn on or off Ms. Simulation results are plotted in Fig. 5.10,
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which shows that the T/H achieves an SNDR of 45 dB at the Nyquist frequency over PVT

with a power of 7.1 mW.

5.4.2 Comparator Offset Calibration Loop

The successive-approximation (SA) based comparator offset calibration employing

FDSOI back-gate bias is also used in this work. As the ADC resolution is increased to 7
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Fig. 5.11. The 7-bit SA-based comparator offset calibration diagram.
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Fig. 5.12. The schematic of the 7-bit modified R-2R DAC.
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bit and the LSB is 6.25 mV, the comparator offset calibration is also increased to 7 bit with
an accuracy of 0.5 mV (0.08 LSB). The comparator offset calibration diagram is depicted
in Fig. 5.11, which includes 7 latches (SAL[1-7]) and 7 enable logics (EN[1-7]). The R-
2R DAC is also modified to achieve a 7-bit resolution as shown in Fig. 5.12. As compared
to the 6-bit SA calibration, the hardware increment of the 7-bit calibration is 1 more SAL,

I more EN, and 1 more split-2R unit.

5.4.3 Clock Generation and Distribution

The clock generation and distribution circuit is depicted in Fig. 5.13. The 15-GHz
differential signal is terminated by an on-chip 100 Q and then buffed by the input clock

buffer. The output signal of the clock buffer is firstly converted into square-wave signals,

Replica bias Input CLK bufer CLK distribution
g § | >o—vér||
1
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Fig. 5.13. The schematic of clock generation and distribution circuit.
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Fig. 5.14. Block diagram of the high-speed data alignment and process.

Vtm and Veme, which drive the coarse flash ADC’s T/H; and the 2.5-bit comparators,
respectively. Secondly, the clock buffer’s output signal is used to drive the divide-by-2
circuit, generating a differential 7.5-GHz clock for the T/H21 and T/Haz» in the fine flash
ADC:s. To achieve 15-GHz speed and 7-bit accuracy, the maximum tolerable RMS jitter is
130 fs. With simulations, the RMS jitter of the clock signal, V1, is 60 fs, thus meeting the
requirement. The clock generation and distribution consume a total power of 18 mW under

a 0.9V power supply.

5.4.4 Data Alignment and Process

The 2.5-bit coarse and the 5-bit fine data, MSB[1:3] and LSBJ[1:5], are aligned and
processed at the digital backend as depicted in Fig. 5.14. The data are firstly aligned by the
true single-phase clock (TSPC) logic D flip-flops. After that, the aligned data are added by
using dynamic half adders. Besides, multiple delay cells are inserted in the data path to

match the delay generated by the half adders. Therefore, each bit of D[1:7] has the same
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delay, facilitating the output measurement. The high-speed data alignment and process

consume a total power of 3.2 mW under a 0.9V power supply.
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Fig. 5.15. The layout of the proposed ADC.
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5.5 Simulation Results

The proposed 15-GS/s 7-bit power-efficient pipelined flash ADC is designed in the
22-nm FDSOI CMOS technology. As depicted in Fig. 5.15, the ADC core layout occupies
an area of 1160 um x 380 um. The proposed ADC is simulated with ESD parasitics and
wire-bonding inductance considered. The overall on-chip decoupling capacitance is around

1.1 nF. Fig. 5.16 shows the simulated differential and integral nonlinearities (DNL/INL).
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Fig. 5.17. Simulated output spectrum before and after comparator offset calibration with a
low-frequency input.
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Before calibration, the peak DNL and INL are +1.09/-1.44 and +2.62/-1.48 LSB,
respectively. They are reduced to +0.43/-0.63 and +0.72/-0.88 LSB after comparator offset

calibration.

Fig. 5.17 shows the simulated output spectrums with a low-frequency input before

and after comparator offset calibration. After comparator offset calibration, the SNDR is
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Fig. 5.18. Simulated output spectrum before and after comparator offset calibration with a
Nyquist-rate input.
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improved from 35.11 dB to 42.24 dB and the SFDR is improved from 41.68 dB to 53.2 dB,
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respectively. Fig. 5.18 shows the simulated output spectrums with a near Nyquist-rate input
before and after comparator offset calibration. After comparator offset calibration, the
SNDR is improved from 32.51 dB to 41.34 dB and the SFDR is improved from 39.64 dB

to 49.36 dB, respectively.

The ADC dynamic performance at 15 GS/s is shown in Fig. 5.19. The ADC
achieves an SNDR greater than 41.05 dB over the entire Nyquist bandwidth. Fig. 5.20
shows the power breakdown of the ADC. The total power consumption of the proposed
ADC is 97.5 mW, 43% of which is consumed by the comparators in coarse and fine flash

ADCs. Table 3 summarizes the ADC performance and compares it with recently published

Table 3 Performance Summary and Comparison with State-of-the-Art Flash ADCs.

Specifications Tretter [46] | Lotfi [70] | Cai[32] | Chen [41] This work
MTT 16> |ISCAS 19’| JSSC 17° | JSSC 14°
Architecture Flash Flash TI-flash TI-flash Flash
Technology (nm) 28 22 (SOI) 65 32 22 (FDSOI)
Sample rate (GS/s) 24 18.5 25 20 15
Interleave factor 1 1 8 8 1
Resolution (bits) 3 5 6 6 7
Power supply (V) 1.4 0.9/1.5 1 0.9 0.9/1.6
SNDR @nyquist (dB) 15 28.5% 29.7 30.7 41.05*
SFDR@nyquist (dB) N/A 40%* 40 394 49*
Power (mW) 400 140 88 69.5 97.5
FOMy (fJ/conv.-s.) 3600 348 143 124 72
Active area (mm?) 0.1 N/A 0.2 0.25 0.44

*Simulation results.
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tens-GS/s flash ADC. The proposed single-channel ADC achieves 15-GS/s conversion
speed and 7-bit resolution with highly competitive power efficiency. The proposed flash
ADC power is significantly reduced by jointly employing a ping-pong structure with

dynamic comparators, the partial activation of the comparators, and the 2x TDI.

5.6 Conclusions

This chapter presents a 15-GS/s 7-bit pipelined flash ADC in the 22-nm FDSOI
CMOS technology. To improve ADC speed while maintaining a high power efficiency,
the pipelined first stage employs current-mode logic comparators and the pipelined second
stage employs a ping-pong structure with dynamic comparators. Besides, the partial
activation of comparators, and 2x TDI are employed to reduce ADC power consumption.
Post-layout simulation results show that the proposed ADC achieves an SNDR and an
SFDR of 41.34 dB and 49.36 dB, respectively, at the Nyquist frequency, with a power

consumption of 97.5 mW, translating into a Walden FOM of 72 fJ/conv.-step.
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CHAPTER VI

CONCLUSION AND FUTURE DIRECTIONS

6.1 Conclusions

High-speed ADCs with medium resolutions find various applications in wireline
transceivers, wireless communication systems, and electronic test instruments. To achieve
high power efficiency and high-speed performance while alleviating the timing skew and
inter-channel mismatches, three flash ADCs are developed in this research including an
ADC with a partially active 2-stage comparison and 2x time-domain latch interpolation
(TDI), a 2-way TI-flash ADC with voltage-domain interpolation, and a pipelined flash
ADC with a ping-pong structure in the second stage.

The first work employs a partially active 2-stage comparison and the 2x TDI to
improve flash ADC power efficiency and avoid PVT-sensitive calibrations, such as time
reference and voltage reference calibration. To enhance the conversion speed of the 2-stage
structure, the stringent timing constraint is resolved by a 25%-75% duty-cycle clock
scheme, a 0.5-bit redundancy in the first comparison stage, and an embedded second-stage
slice selection logic. The bandwidth requirements of the T/H and T/H buffer under the
25%-75% duty-cycle clock are also analyzed. Fabricated in a 28-nm FDSOI CMOS
process, the 5-GS/s 6-bit ADC achieves an SNDR of 32.8 dB and an SFDR 0f41.82 dB at
Nyquist frequency while consuming 15.07 mW power, translating into a FOMw of 84.5

fJ/conv.-step.
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In the second work, a 2-way TI-flash ADC is developed, which employs dynamic
comparators with a pre-amplifier stage to achieve 10 GS/s conversion speed for the sub-
channel ADC and voltage-domain interpolation to reduce power consumption. Fabricated
in a 28-nm FDSOI CMOS process, the 20-GS/s 6-bit 2-way TI-flash ADC achieves an
SNDR of 31.2 dB and an SFDR of 38.5 dB at Nyquist frequency, respectively, while
consuming 204 mW power. The FOMy is 344 fJ/conv.-step.

To further increase the flash ADC speed, a pipelined flash ADC is also developed,
where the first stage employs current-mode logic comparators to enhance the speed and the
second stage employs a ping-pong structure with dynamic comparators to achieve high
power efficiency. Designed in a 22-nm FDSOI CMOS process, the 15-GS/s 7-bit pipelined
single-channel flash ADC achieves an SNDR of 41.34 dB and an SFDR of 49.36 dB at
Nyquist frequency with a power consumption of 97.5 mW. The corresponding FOMyw is

72 fJ/conv.-step.

6.2 Future Directions

To further improve flash ADC power efficiency, the comparator with an embedded
reference can be investigated, which reduces comparator power by half. To achieve the
reference embedding, comparator input transistor size imbalance can be explored, which
intentionally generates an offset as the embedded reference to the comparator. To further
improve flash ADC conversion speed while maintaining a high power efficiency, a
moderately time-interleaved flash ADC utilizing the proposed 5-GS/s 6-bit power-efficient
flash ADC as the sub-channel can be developed. The number of sub-channels in this
moderately TI-flash ADC is reduced as compared to the TI-SAR ADC, thus alleviating

timing skew and inter-channel mismatches calibrations.
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The proposed comparator offset calibration employing FDSOI back-gate bias is a
foreground methodology and the offset calibration residual can be varied from 0.13 LSB
up to 0.28 LSB over PVT variation as shown in Fig. 4.7. To address this calibration residual
variation problem, a mechanism to sense the PVT variation and re-calibrate the comparator
offset accordingly can be further developed. To achieve the PVT sensing, one dedicated
comparator along with its calibration circuits including SALs, EN logics, and R-2R DACs
can be used. The dedicated comparator is firstly calibrated and then keeps operating with
Vin=0. Given a duration of time, the comparator output data are collected and the
probabilities of Pou=vda and Pou=vss are calculated. If Pou=vdd = Pou=vss =50%, then PVT
variation is not detected. Otherwise, PVT variation is detected and all the comparators will

re-calibrate the offsets to ensure their accuracy.
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