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Abstract— This paper presents a low-power 12-bit 100-MS/s
asynchronous successive approximation register analog-to-digital
converter (SAR ADC). Several techniques are developed to
enhance the ADC performance. The nonbinary capacitor array
with small digital-to-analog converter (DAC) capacitors (total
394 fF) allows for reducing DAC settling time and power
consumption while maintaining extremely high hardware uti-
lization. The proposed nonlinear capacitance correction method
solves the nonlinear capacitance problems of the compara-
tor when the small unit capacitor is used. The latch out-
put glitch removal method ensures the speed and accuracy
of the comparator at the low supply voltage. Furthermore,
the proposed high-speed SAR logic and timing sequence
improved SAR logic’s operating speed by 75% compared with
traditional SAR logic. The prototype was fabricated using
a 40-nm CMOS technology. At a 0.9-V supply and 100-MS/s
sampling rate, the ADC achieves a signal-to-noise distortion ratio
of 67.3 dB and consumes 2.6 mW, resulting in a figure of merit
of 14.6 fJ/conversion-step. The ADC core occupies an active area
of only 50 × 280 µm2.

Index Terms— Glitch removal, high-speed successive approx-
imation register (SAR) logic, low supply, nonlinear capacitor
correction, SAR analog-to-digital converter (ADC).

I. INTRODUCTION

H IGH-SPEED and high-resolution analog-to-digital con-
verter (ADC) can be widely used in smart antenna

systems, mobile communications, and other fields [1], [2],
and at the same time, high energy efficiency is still required
in these ADCs [3]. With the feature size shrinking of the
CMOS technology, successive approximation register ADCs
(SAR ADCs) offer higher speed and lower power consumption
due to their simpler architecture and larger number of digital
blocks than other ADC structures, such as pipelined, flash,
sigma–delta, and hybrid [4], [5]. Thus, it is still one of great
interest in the ADC research at present. In addition, consid-
ering its structural feature, it is suitable for designing a small
and narrow size time-interleaved ADC (TI-ADC) channel [6].

There are many techniques that have been reported
for implementing high-performance SAR ADCs. In [7],
the SAR ADC uses multiple comparators to achieve high
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speed, where each comparator corresponds to a capaci-
tor. This method is at the expense of hardware complex-
ity in exchange for speed. In [8] and [9], the small unit
capacitor is used in the digital-to-analog converter (DAC)
capacitor array for high-speed and low power consumption
under the limitation of kT/C noise. However, with small
DAC capacitors, a variety of factors will limit the ADC
performance, such as capacitor mismatches, the top plate
parasitic capacitors, the comparator input nonlinear parasitic
capacitors, and the leakage and clock feedthrough of the
top plate switches. In [10] and [11], nonbinary capacitor
array and asynchronous timing are used to speed up the
entire ADC. Due to nonbinary redundancy and the appro-
priate capacitor switching scheme, incomplete settling of
DAC reference voltage is allowed. And asynchronous timing
allows for efficient use of spare time compared to synchronous
timing. In [12], a high-speed dynamic latch is proposed which
is used in the SAR cell to decrease delay. Combined with
the characteristics of DAC architecture, a switching logic to
directly control switches is introduced, which greatly increases
ADC’s operating speed. The switching method here is not
suitable for other DAC architectures, and the speed of the
latch has a lot of room for improvement. In addition, the use
of low supply voltages is effective to achieve low power
consumption as reported in [9] and [13]. But at the same time,
this makes the target of high-speed impossible. Our design is
to achieve both high-resolution and high-speed based on the
above-mentioned techniques while maintaining a state-of-the-
art figure of merit (FOM) at a low supply voltage.

This paper proposes a 12-bit 100-MS/s low-power SAR
ADC with a 0.9-V supply. The overall architecture and
the digital calibration enable the downsizing of DAC unit
capacitor Cu to that of the kT/C noise limit, yielding a wide-
band input network delivering an over 80-dB spurious-free
dynamic range (SFDR). To improve the accuracy and speed
of comparator at a low-power supply, the proposed nonlinear
capacitance correction method and latch output glitch removal
method are used. Furthermore, the proposed high-speed
SAR logic improved the operating speed by 75% compared
with traditional SAR logic [14]. The SAR ADC was fabricated
using a 40-nm CMOS technology. The ADC achieves a signal-
to-noise distortion ratio (SNDR) of 67.3 dB and consumes
2.6 mW at a sampling rate of 100 MS/s. The revised prototype
has a power efficiency of 14.6 fJ/conversion-step and occupies
an active area of 0.014 mm2.

The rest of this paper is organized as follows. Section II
describes the design concept and architecture of the proposed
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Fig. 1. Proposed asynchronous SAR ADC.

Fig. 2. Timing diagram of the proposed SAR ADC.

SAR ADC. Section III presents the implementation of key
building blocks. Section IV shows the measurement results.
Conclusions are given in Section V.

II. ADC ARCHITECTURE

Fig. 1 shows the proposed 12-bit fully differential asynchro-
nous SAR ADC with nonbinary capacitor array. The fully dif-
ferential configuration benefits from improved common-mode
noise rejection, a doubling of the signal voltage range, and a
reduction of even harmonic distortion. Moreover, all key mod-
ules in this SAR ADC are designed for low-voltage operation,
especially the DAC (nonbinary and small unit capacitor) and
the comparator (preamplifier and two-stage latches). Like most
asynchronous SAR ADCs, there are two key loops: Loop 1 and
Loop 2. The slowest loop determines the maximum speed of
the SAR ADC. For the SAR ADC shown in Fig. 1, the delay
of Loop 2 is the main factor that limits the ADC speed. The
proposed high-speed SAR logic is aimed at reducing the delay
of Loop 2 and improving the ADC speed.

Fig. 2 shows the timing diagram of the proposed SAR ADC.
To avoid using a high-frequency clock generator and make
full use of quantization time, asynchronous timing is used in
the ADC. The sampling rate of the SAR ADC is 100 MHz,
corresponding to a period 10 ns which is generated by a mul-
tiphase clock generator, where the frequency of master clock
mclk is 1.2 GHz. To simplify the multiphase clock circuits,

Fig. 3. Sample clock of sub-ADCs. (a) Pulse >833 ps. (b) Pulse <833 ps.

the sample clock clks of the ADC is a pulse of 10/12:10 ns,
where the width of sample pulse is about 833 ps. In order
to avoid errors caused by retiming, the pulsewidth is adjusted
to 800 ps. As shown in Fig. 3, when the pulsewidth of clks0
is bigger than Ts , the actual sample clock clkb0 is wrong.
After retiming, the real sampling phase is about 8.33% of the
whole clock period, which means that the sampling time is
about 833 ps. The remaining time is used for quantization
and reset. When sampling, the reset signal rst of SAR logic
is low, and all logic reset. After sampling, rst is set to high
and DAC starts settling. Then, the falling edge of sampling
clock triggers the comparator’s first comparison, and the
subsequent clock cycles are generated by the self-timed loop.
The DAC setup time before each comparison can be adjusted
by adjustable delay cell which will be described detail later.
When quantization finished, Q13 changes from low to high
and end of conversion (EOC) is pulled up. Then, the top plate
is in the reset state until the next sampling signal comes.
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Fig. 4. Digital correction block diagram of capacitor mismatch.

Fig. 5. Proposed nonbinary-weighted capacitor array.

The nonbinary radix of 1.87 is chosen primarily for digital
calibration of capacitor mismatch [8], [15]. In the designed
SAR ADC, capacitor mismatch is calibrated by using digital
foreground calibration, as shown in Fig. 4. When calibration
is enabled, the ADC samples at the rate of 50 MHz. Each
sampling is corresponding to two quantifications [15]: one
with direct switching and the other with reverse switching [8].
The bit weights are updated by the LMS convergence method
until the capacitor mismatch calibration is completed. During
the quantization phase, the ADC samples and quantizes at a
normal sampling rate of 100 MHz and keeps direct switching.
With the digital calibration of the bit weights, it is possible
to minimize the sampling capacitance to the kT/C noise limit
with a 1.8-V full-scale differential swing.

III. IMPLEMENTATION OF KEY BUILDING BLOCKS

The fundamental building blocks of the proposed SAR ADC
are nonbinary-weighted capacitor array, low-voltage and high-
speed comparator, and high-speed successive approximation
logic. The design considerations of the building blocks are
described in Sections III-A–III-C.

A. Nonbinary-Weighted Capacitor Array

Fig. 5 shows the proposed nonbinary capacitor array with a
fixed radix of 1.87, where VREF = 0.9 V and VCM = 0.45 V.
In order to reduce power consumption, area, and settling up
time, the choice of unit capacitor Cu is under kT/C noise con-
sideration [9]. The capacitors used in DAC are all customized
metal–oxide–metal capacitors of a small capacitance [16].

TABLE I

NOISE DISTRIBUTION AND RESULTING SNR

Fig. 6. π -type three-switch. (a) Schematic of one switch. (b) Equivalent
circuit.

The capacitance of a unit capacitor is about 100 aF. Therefore,
the total sampling capacitance of each side capacitor network
is about 394 fF. The distribution of the reference voltage noise
(VREFn ) and the comparator noise (CMPn) is equal to half of
the sampling kT/C noise energy which includes the noise of
DAC switches [16], and the noise distribution is described
in Table I. Under such a noise distribution, the resultant SNR
is 68.30 dB. In addition, the parasitic capacitance of the top
plate is about 100 fF, and the additional parasitic capacitance
introduced by the calibration capacitor is about 30 fF, and
the additional amplitude attenuation is 6%. The equivalent
attenuation of SNR is 0.54 dB.

In order to achieve high accuracy, the bottom plate sam-
pling structure is used and the bottom plate switches are all
controlled by a bootstrapped clock signal, as shown in Fig. 5.
The bootstrap circuit is proposed in [17], and it is suitable
for a low supply voltage. Although the small unit capacitor
provides the advantages as described earlier, it leads to the
charge injection and leakage problems of the top plate. CMOS
switches are used as the top plate switches in order to reduce
the charge injection and clock feedthrough where the ratio of
the size of the pMOS to that of nMOS (Wp/L p:Wn /Ln) is
equal to 3:2. And long channel length devices are adopted
to reduce leakage. The top plate switches are also controlled
by a bootstrapped clock signal to reduce ON-resistance of the
switches. In addition, the π-type three-switch is introduced
to further reduce the ON-resistance [18] and to improve
the settling speed and accuracy of VCM. Fig. 6 shows the
schematic of π-type three-switch and the equivalent circuit.
The idea is to place the main switch S1 between nodes VDACN
and VDACP, so that with differential swings at these nodes,
only half of RON1 appears in series with sampling capacitor,
as shown in Fig. 6(b). This allows a twofold reduction in the
switch width for a given resistance.

B. Low-Voltage and High-Speed Comparator

For high resolution and high speed at a low power sup-
ply, the comparator consists of a preamplifier and two-stage
dynamic latches. Fig. 7(a) shows the schematic of the com-
parator with the nonlinear parasitic calibration capacitors. The
dc offset is calibrated by 62 capacitors that are controlled
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Fig. 7. Proposed low-voltage and high-speed comparator. (a) Schematic of comparator including a preamplifier and two latches. (b) Effects of nonlinear
parasitic capacitors. (c) Correction principle of the nonlinear capacitor.

by dsp[3:0] and dsn[3:0], where the capacitance of the unit
capacitor is about 200 aF. During the reset phase, the outputs
of the preamplifier are equalized by M4. This is beneficial to
the next settling when the differential input voltage changes
from large signal to small signal. Considering the power
consumption, the dynamic latch is used in the comparator.
For reducing the circuit noise, the comparator uses a p-type
MOS input pair.

When shrinking the DAC unit capacitor to the level of
dozens to hundreds of aF for high-speed and low power
consumption, the input parasitic capacitor of the comparator
should be considered. Parasitic capacitors Cvar of input pair
are MOS transistor capacitors [19], which are nonlinear
capacitors. In the worst case, the nonlinear capacitor of
input pair may directly affect the comparator comparison
results, as shown in Fig. 7(b). The dashed line indicates that
Cvar is considered and the solid line indicates the situation
of no consideration of Cvar. From the Pi−1 phase to the
Pi phase, VXP decreases and VXN increases. Cvar,p increases
and Cvar,n decreases according to pMOS transistor
capacitance-voltage characteristics. It results in �VXP,i >
�V ′

XP,i and �VXN,i < �V ′
XN,i . Once �VXP,i − �V ′

XP,i >
(�V ′

XP,i − �VXP,i ) + (VXN,i − VXP,i ), the result of the
comparator may be wrong. To reduce the effects of Cvar,
an nMOS transistor is needed acting as a calibration
capacitor Ccal. As shown in Fig. 7(c), the size of Ccal is
the same as that of the pMOS transistor capacitor Cvar,
and Ccal uses the most suitable biasing condition. When
the two capacitors are connected in parallel, the equivalent
capacitance of both sides is almost a constant [20], which no
longer affects the result of the comparator [21].

Under low supply voltage, it is challenging to improve the
speed of the comparator. The voltage margin limits the use of

Fig. 8. Glitch phenomenon of the dynamic latch and its correction.

the inverter loading dynamic latches [8], [9]. The simplified
noninverter loading dynamic latch used in this design is
suitable for low-voltage conditions, but this latch makes the
glitch worse than the inverter loading dynamic latches. The
simplified latch (controlled by clkc1) produces a large glitch
during the regeneration phase which may induce a wrong
comparison result. As shown in Fig. 8(a), there is a large
glitch when a normal inverter follows the latch. Once this
glitch is larger than the threshold voltage VT of the following
logic circuit, the output of the logic circuit may be wrong
in a period of time. This may have a direct impact on the
comparison result and the subsequent conversions. It is a
common practice to replace a conventional threshold inverter
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Fig. 9. Influence of the variation of the reversal threshold on the delay of
an inverter.

Fig. 10. Self-timed loop circuit schematic and timing diagram of comparator
clocks.

with a customized threshold inverter, as shown in Fig. 8(b) [8].
This paper proposes a different solution. Another simplified
latch is used which follows the former latch, and the design
uses a delayed control clock clkc2 as shown in Fig. 8(c). Both
the two methods increase the delay of comparator additionally.
However, the latter is more reliable and has potential of work-
ing at low supply voltage than the former when considering
the process varieties. Fig. 9 shows the influence of the change
of the reversal threshold on the delay of an inverter. Under the
same threshold voltage (VT ) variation, the lower the threshold
voltage is, the greater the delay variation is. When the pro-
posed method is used, a maximum delay variation of 15 ps
is removed for all process–voltage–temperature conditions at
the expense of greater power consumption.

Fig. 10 shows the schematic of self-timed loop circuit
and timing diagram of comparator clocks. The choice of
the delay between two latches is to guarantee the speed
requirement and make the output spur of the second stage latch
as small as possible. The specific value is obtained through the
postsimulation verification. Fig. 11 shows the schematic of the
adjustable delay cell, and the delay adjustment is achieved by
changing the inverter loading capacitor. The value of dt [3:0] is
determined by judging whether the EOC signal is generated,
that is, whether ADC quantization is completed. Under the
premise that ADC can accomplish quantification, increase the
value of dt [3:0] manually and make the remaining time as
much as possible allocated to each bit DAC establishment
time. Its tuning range is from 44 to 222 ps according to
postsimulation results.

C. High-Speed Successive Approximation Logic

In the high-speed asynchronous SAR ADC, the delays of
two loops are key aspects of the design, as shown in Fig. 1. The
first loop (Loop 1) is the self-timed loop of the comparator, and
its delay is t1; the second loop (Loop 2) is from the SAR to the
switching control logic, finally to the DAC, and its delay is t2.

Fig. 11. Schematic of the adjustable delay cell.

Fig. 12. Block diagram of single SAR cell with the comparator.
(a) Traditional one. (b) Proposed one.

Fig. 13. Detailed timing diagram of a single comparison cycle.
(a) Traditional SAR. (b) Proposed SAR.

In this design, t2 > t1, and thus, t2 determines the maximum
achievable speed of the SAR ADC. One way to effectively
reduce t2 is to reduce the SAR cell’s delay tSAR. Fig. 12 shows
the traditional [14] and the proposed simplified block diagram
of single SAR cell with comparator, and Fig. 13 shows the
detailed timing diagram of a single comparison cycle tcycle
in traditional SAR and the proposed SAR, where tcmp is
the comparison time, tcmp_rst is the comparator reset time,
td0−3 are the additional logic delay in order to meet the timing,
tDAC is the DAC settling time, teol is the logic delay of the end
of latch (EOL) generation circuit, tclk is the logic delay of the
clock generation circuit, and tlatch is the logic delay of the data
register. In the traditional SAR shown in Figs. 12(a) and 13(a),
tSAR is equal to (teol + tclk + tlatch) which limits the
speed. In [22], a direct capacitor switching method has been
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Fig. 14. Proposed SARs.

Fig. 15. Timing diagram of the proposed SAR Cell.

proposed, where tSAR is greatly optimized. Similar to this
method, the proposed high-speed SAR logic is also aimed to
optimize tSAR. As shown in Figs. 12(b) and 13(b), tSAR was
optimized to leave only tlatch, while teol and tclk were com-
pletely removed. The following is the detailed consideration
of the circuit design and timing.

Figs. 14 and 15 show the proposed high-speed successive
approximation logic and the timing diagram of the proposed
SAR cell, respectively. The SAR cell consists of three parts:
the latch circuit, the clock generation circuit, and the eos
generation circuit. Quasi-dynamic latches are used in the
SAR cell in order to improve the speed. When clk1 is low,
the latch resets as shown in Fig. 14. When clk1 and clk2 are
high, latch cell latches the results (Dp/Dn) of comparator.
Then, clk2 is set to low, and clk3 is set to high. Thus, the result

is latched until rst is effective. Since the clock arrives early
as shown in Figs. 12 and 15, data latching can be done
when the data arrive. From comparator output to SAR cell
latching, the entire process is equivalent to one gate delay,
as shown in Fig. 14. Compared with the four-stage gate delay
of conditional SAR cell which consists of normal DFFs, there
is a large improvement of speed of 75%. When compared
with the SAR logic that is latch-based logic [12], there is
also a speed improvement of 50%. Due to the reduction
of state switching of logic circuits, the power consumption
is correspondingly reduced. Furthermore, once the latch is
finished, the enable signal rdy of the next stage SAR cell
is set to high. This method also reduces the delay of SAR
logic effectively. As shown in Fig. 14, the “rdy” and “eos”
generation circuits of the first-stage SAR cell are different
from that of the other stages.

In the traditional SAR cell, eos is enabled after the latch
is completed, as shown in Fig. 12(a). In order to reduce
the waste of time caused by the DAC (not switching at
the same time), it is necessary to make Q p , Qn , and eos
arrive at the same time. In the proposed SAR cell as shown
in Figs. 12(b) and 14, eos is generated by the comparator
output and latched by eos1. In the design at reset phase, eos
is pulled high by “rdy”(ens) signal of the superior SAR cell.
When the current SAR cell is enabled, the pMOS turns OFF

and the tail nMOS turns ON. Once the comparison result of
the comparator is obtained, eos is set to low. At the same time,
the OFF SAR cell finishes latching the result, and eos1 is set
to high. Then, tail nMOS turns OFF, avoiding the interference
between varieties of Dp/Dn and eos. This method ensures
that Q p , Qn , and eos arrive at the same time which is doing
good to reducing DAC settling time and the requirement of
reference buffer.
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Fig. 16. Chip photograph of TI-ADC and the layout of the proposed ADC.

Fig. 17. Layout of one side C-DAC.

IV. MEASUREMENT RESULTS

The prototype was fabricated in a TI-ADC by using a
one-poly-eight-metal (1P8M) 40-nm CMOS technology. The
chip photograph of TI-ADC and the layout of the proposed
ADC are shown in Fig. 16. The proposed ADC core takes
up only 50 × 280 μm2. Since this design was used in
a TI-ADC, the layout appears as a strip. The clock circuit
is placed at the left. Next parts are the input signal lines and
the DAC. The two capacitor networks occupy a total active
area of 25 μm × 40 μm, about 7% of the whole ADC and
Fig. 17 shows the layout of one side C-DAC. The switches for
capacitors are placed close to the capacitor arrays. To reduce
the noise in the digital circuitry, the comparator is placed
close to DAC and SAR logic is placed away from DAC.
In this paper, the logic control circuit has been optimized for
power consumption and speed. The measurement results of
the prototype are presented in the following.

A. Static Performance

The measured differential nonlinearity (DNL) and integral
nonlinearity (INL) of the proposed ADC are shown in Fig. 18.
With calibration, the peak DNL and INL are 1.13/−0.96 LSB
and 0.68/−0.93 LSB, respectively. Fig. 18 shows that the DNL
mostly distributes between −1 LSB and 1 LSB. The radix
of 1.87 is responsible for this inference. When transferring
13-bit internal codes into 12-bit final output codes and round-
ing on decimal results, additional ±0.5 LSB error will be
added to the output. The performance of the ADC is mainly
limited by this deterministic capacitor mismatch.

Fig. 18. Measured static performance with calibrations.

Fig. 19. Measured FFT spectrum with 2.11- and 47.11-MHz input
at 100-MHz sampling rate.

Fig. 20. Measured SNDR and SFDR values versus the input frequency
at 100 MS/s.

B. Dynamic Performance

Fig. 19 shows the measured fast Fourier transform (FFT)
spectrum with an input frequency of 2.11 and 47.11 MHz
at a 0.9-V supply and a 100-MS/s sampling rate. After
calibration, the measured SFDR/SNDRs are 81.8/67.3 dB and
82.3/65.6 dB, respectively. Fig. 20 presents the measured
SNDR and SFDR versus the input frequency at 100 MS/s.
At the low input frequency of 0.4 MHz, the measured SFDR
and SNDR are 82.3 and 67.4 dB, respectively. The resultant
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TABLE II

PERFORMANCE SUMMARY AND COMPARISON

Fig. 21. Measured SNDR and SFDR values versus the sampling frequency
with a 10-MHz sinusoidal stimulus.

Fig. 22. Power consumptions of each part.

effective number of bits (ENOB) is 10.9 bit. When the input
frequency was increased to 200 MHz, the measured SFDR
and SNDR were 80.9 and 65.1 dB, respectively. The effective
resolution bandwidth is higher than 200 MHz. Fig. 21 shows
the measured performance versus the sampling frequency with
a 10-MHz sinusoidal stimulus. When the sampling rate was
120 MS/s, the ENOB was still close to 10.5 bit. Furthermore,
increasing the sampling rate rapidly degraded the performance
because the conversion time was insufficient.

C. Comparison and Discussion

The ADC achieves a power consumption of 2.6 mW at
100 MS/s and the power of each part is shown in Fig. 22,
where the power consumption of the digital calibration is not
included in the total power consumption. When the ADC is
power down, the power consumption is 400 nW. To compare
the proposed ADC to other works with different sampling
rates and resolutions, the well-known FOM is used. The FOM
of the proposed ADC is 14.6 fJ/conversion-step at 100 MS/s
and a 0.9-V supply. Table II compares the proposed ADC
with other state-of-the-art ADCs [5], [23]–[26]. Compared
with these ADCs, this design has reached the level of the
research front. Moreover, the proposed design has the best
FOM among ADCs [5], [24], [26] fabricated in the CMOS
technology whose feature sizes is larger than 40 nm.

V. CONCLUSION

In this paper, a 0.9-V 12-bit 100-MS/s SAR ADC has
been presented. The small unit capacitor of DAC allows for
extremely high hardware utilization and yielding a wide-
band input network while reducing DAC settling time and
power consumption. In the comparator, the proposed non-
linear capacitor correction method and the latch output
glitch removal method are used, which help to improve the
accuracy and speed of comparator at a low-power supply.
In addition, the proposed high-speed SAR logic improved the
SAR ADC’s operating speed by 75% compared with the tradi-
tional SAR logic. The prototype achieves a power consumption
of less than 2.6 mW. It has a FOM of 14.6 fJ/conversion-step
and occupies an active area of only 0.014 mm2.
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