@ASTES

Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 2, 665-672 (2020)

www.astesj.com

ASTESJ
ISSN: 2415-6698

A Resolution-Reconfigurable Asynchronous SAR ADC with Segmented and Non-Binary Weighted

Capacitance DACs

Chih-Hsuan Lin*, Kuei-Ann Wen

Department of Electronic Engineering, University of National Chiao Tung (NCTU), Hsinchu 300, Taiwan

ARTICLEINFO ABSTRACT

Article history:

Received: 07 January, 2020
Accepted: 03 April, 2020
Online: 17 April, 2020

Keywords:
resolution-reconfigurable
asynchronous SAR ADC
segmented and non-binary
weighted

With the addition of thing of internet applications to 5G smartphones, mobile standby time
and ultra-low-power sensing systems have become increasingly important. Nowadays, such
sensing systems typically reduce power consumption to microwatts. This paper presents
segmented and non-binary weighted capacitance DACs, low power, high resolution, an
asynchronous clock, a spark-detect, vem-based switching and direct switching, and
reconfigurable 9- to 12-bit DACs to meet different sensing system applications. Multi-
voltage is used to achieve microwatt-level power consumption. The analog/digit voltage is
1.5V/0.9V, respectively and can adjust the 4-mode resolutions (9/10/11/12 bits). The
performance of the SNDR achieves 50.78, 58.53, 62.42, and 66.51db, respectively and

consumes 2.69uW and results in a figure of merit (FoM) of 30.4fJ/conversion step for 12-

bit mode.

1. Introduction

This paper refers to the previous paper titled “A Resolution-
reconfigurable SAR ADC with Partially Thermometer Coded
DACs.” [1] The Internet of Things uses multi-sensors recently.
Using CMOS MEMS process to integrate different electronic
systems are more and more frequent. The electronic system can
reduce power consumption and maintain high-efficiency
operations, which have always been important issues. The 3-
axis CMOS MEMS accelerometer are capacitive sensors and
capacitive sensitivities often less than 1fF/g. The circuit of the
readout need to own a variable conversion gain of the capacitance
to voltage to meet different needs. The circuit of the readout
include a gain amplifier, correlated double sampling (CDS) and
chopper, and a programmable gain amplifier (PGA). The readout
circuit adopts time division multiplexing to reduce power
consumption, and the output voltage of the three-axis
accelerometer is given to the asynchronous SAR ADC with
segmented and non-binary weighted capacitance DACs. This
paper chooses a low power, high resolution, internally generated
asynchronous clock, using a thermometer code to segment
capacitors of the higher bits and improve the linearity for 3 MSB
(the most significant bit), non-binary weighted DAC capacitance
array for lower bits to avoid incomplete settle issues caused error
and increase error correction capabilities, a spark-detect
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schematic to avoid meta-stability issues, vcm-based switching
and direct switching methodology to reduce the switching average
energy and delay time, and uses negative voltage switch to adjust
the resolution (12/11/10/9 bits), increase linearity and reduce
leakage for reconfigurable resolutions. However, the average
switching energy of the segment capacitance DAC array
architecture is the same with Merged capacitor switching (MCS)
and less than either the monotonic capacitor array or a
conventional capacitor array architecture. [2]

2. Successive approximation register analog-to-digital
converter architecture

2.1. The analysis of the The architecture of the vem-based
switching architecture

Figure 1 shows the architecture of the vem-based switching.
The following is the operation process of the vem-based switching
architecture. The capacitance DAC array on the top plate and
positive side of the bootstrapped switch to the input signal Vip
switches. The common-mode voltage Vem (common-mode
voltage) switch to the bottom plate capacitor. In the next phase,
the input signal (Vip) float, and the comparator can collect the
node voltages (vxp & vxn) and make decision directly and does
no switch any capacitor. The S10p (MSB) is high when the input
voltage Vxp is greater than Vxn. The maximum capacitor on
bottom plate and the positive side switch from Vem to Vref, and
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the maximum capacitance on the bottom plate and negative side
switch from Vem to GND. The SAR ADC will duplicate this

procedure until the least significan

t bit (LSB) make decision.

Figure 2 shows the vem-based switching functional flow diagram.
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Figure 1. The architecture of the

vem-based switching
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Figure 2. Vem-based switching

This paper proposes a new a

functional flow diagram

rchitecture use segmented

capacitance DAC array for higher bits (3 bits) and non-binary
weighted capacitance DAC array for lower bits (11 bits). In
addition, using the architecture of differential to eliminate the
effect of substrate noise and power noise to meet 12-bit accuracy.
The ratio of all the capacitance DAC array is
(256:256:256:256:256:256:256:112:64:32:20:10:8:4:2:2:1:1).
The higher bits (3 bits) divides the capacitor into 7 capacitors,
each 28fF . The segmented capacitance DAC array use a
thermometer code to segment and reduce the mismatch caused by
the capacitor. Then the lower bits (11 bits) uses the non-binary
weighted methodology. When the ADC which used binary
weighting capacitance DAC array is in conversion state, external
or internal interference maybe causes error decision and degrades
the ADC’s performance. This paper of the SAR ADC uses a non-
binary weighted methodology and has 2 more cycle operations
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than binary weighted methodology. It can continue to correct
ADC digit representation by using excess 2 cycle operations.
Figure 3 shows vcem-based switching architecture with both
segmented and non-binary weighted capacitance DAC array.

Non-Binary weighted

Boatstap Jorep |crsplGr4ploTsplcTaplgTiglTor  Jgip L} 10i1u>

EWTTTTTTT T*"“TTT
;

Segmented

v

Vref, I VCI
4o
GND

LTy [y

v

w2 1T 11111 1,11

Vref, X
4o
GND VCM
Figure 3. Vem-based switching architecture with both segmented and non-binary
weighted capacitance DAC array

CLK_COMP

Moreover, the formula of the average switching energy of the
vem-based switching architecture for this paper is “(1)” and
341 CVZ%¢, which is smaller than the conventional switching
method and the monotonic switching method. On the other hand,
the number of switches is 4(n+2) and the number of unit
capacitors is 2"~! which is also smaller than the conventional
switching method. [3,4]

Evem-basedavg = Zin=_11 2N (21 - 1) Cvrzef

(1
2.2. Analysis of linearity

To make the lower bits of the SAR ADC has no quantization
error, every split capacitor keeps "radix of 2" form. The non-
binary weighted of the lower bits is (112:64:32:20:10:8:4:2:2:1:1)
and 112C is 2°Cu + 25Cu + 2*Cu, 20C is 2*Cu + 22Cu, 10C is
23Cu + 2'Cu, 2Cis 2 Cu . The higher bits are implemented with
7 identical capacitor size which is 28Cu. The advantage of the
DAC with thermometer coded is that it can make the higher bits
have better linearity and DNL. The analysis of linearity is as
follows.

The non-binary weighted capacitor array, each weighted
capacitance can be expressed as [1][5]

C; = 271C, + 2171, = 2171C, + §; 2
where i is an integer representing bit position, & is the error term,

C,, is unit capacitor, Dn is the digital output, n is the number of

bits, y is the digital output.

then, subtracting both the no error term of the nominal value

AVy nominal and the error term of the AV, pinary - The error term
is expressed as follows

Verror = AVx,binau*y - AVx,nominall

__ 2Dn428n+1+2Dn418n+2Dp8n—1+2Dp—18n—2+2D;

8
o Vet (3)
differential nonlinearity (DNL) is the difference of two
adjacent code as shown in below:
Verror( )_Verror -1

LSB

666

VALID


http://www.astesj.com/

C. Lin et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 2, 665-672 (2020)

the maximum error is generated from 10....0 to 011...1, variance
of the maximum DNL error can be expressed as

VE[VZ10r (100 ...0) — VZ,,(011 ... 1)]
DNLmax(non—binary) = LSB

—1%u
T (5)

integral nonlinearity (INL) is the difference between the ideal
code and the actual code as shown below:

Verror
INL(y) = Yerrer®) (6)

the maximum error occurs during the code in ‘100...0°, so the

maximum INL is shown a
/E[Verm(mo 0] W o (g

the maximum error of the segmented DAC’s higher bits is
generated from 10....0to 011...1, variance of the maximum DNL
error can be expressed as

VE[VZ1:(100 ...0) —
DNLmax(segmented) = L LSB

INLyax(non—binary) =

ITOK‘ (0 1 1 1)]

-4 %u
e ®)
The variation of the variance of the maximum DNL error of the
binary weighted DAC and the variance of the maximum DNL
error of the segmented DAC as follows:

JZA=T%u

DNLmax(non—binary) ~ Cu __ /23 (9)
DNL ~ Ypn-a%u —
max(segmented) C

u

3. ADC Architecture Design

3.1. System architecture

Figure 4 shows the system architecture of the SAR ADC with
segmented and non-binary weighted capacitance DACs. It is
divided into analog part and digit part. The analog part includes
bootstrap switch, comparator, the negative voltage switch, and
negative voltage level shifter, the negative voltage switch power
generator. The digit part includes the vem-based switching and bit
register control logic, an asynchronous clock, error correction
schematic, and voltage level shifter. The digit part use VDDL
(0.9V) and analog part use VDDH (1.5V) to save power and
negative voltage NEG_H2(-1.5V). The segmented capacitor DAC
array has 3 bits and non-binary weighted capacitor DAC array has
11 bits. The capacitor DAC array include capacitor array and
switch. Moreover, the resolution scale (RS) control uses RS 1[1]
and RS 1[0] to generate RSO~2 and control the negative switch
on positive side and negative side of DAC capacitance array,
includes mux and a negative voltage switch. Both the power and
ground of the negative switch on DAC capacitance array’s
positive side are VDDH and VIP+NEG H2 and the negative side
are VDDH and VIN+NEG_H2. The VIP and VIN are input signal.
In addition, the voltage level shifter uses the contention mitigated
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level shift (CMLS) architecture [6] and the unit capacitance uses
ofF.
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Figure 4. The system architecture of the SAR ADC with segmented and non-
binary weighted capacitance DACs

3.2. Sample and hold

Figure 5 shows the bootstrap switch, which performs the
function of the sample-and-hold. Then the input signal (VI)
achieves near the full range and can suppress the signal distortion
to greater than 12 bits. [7] The operation of the bootstrap switch is
shown in Figure 6. When CLKS is high, the voltage of the node
VG fix at the voltage VDDH + VI to make the on-resistance of
M10 keeps a small constant value, which can improve the linearity,
reduce the significant distortion. When CLKS is low, the VG is
low and M7&M10 turns off. From the simulation, the sample rate
of 50Ks/s and get 8192 sample points in the Nyquist input
frequency. Then taking fast Fourier transformations (FFT) for the
bootstrap switch connect to the output load capacitor 18pf. The
signal to noise and distortion ratio (SNDR) of sample-hold is
87.2db and an effective number of bits (ENOB) is 14.29.
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Figure 5. The bootstrap switch
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Figure 6. The operation of the bootstrap switch

667


http://www.astesj.com/

C. Lin et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 2, 665-672 (2020)

3.3 Segmented control logic/RS control logic/negative voltage
switch/negative power generator

Figure 7 shows the proposed segmented capacitance DAC
array, non-binary weighted capacitance DAC array, and
resolution scalable (RS). The vem-based switching control logic
for segmented capacitance DAC array use 3- to 7-bit binary-to-
thermometer logic to divided into 7 equals 2" 1~ Tcapacitances,
and the T is 3. Moreover, the RS control logic uses 2- to 3-bit
binary-to-thermometer decoder to generate RSO~RS2 and control
the negative voltage switchs on top plate of DAC capacitance
array for higher bits. The 3- to 7-bit binary to thermometer code
conversion logic expression is as follows.

Te=D1-D;-D3 Ts5=D;-Dy T4:D1'(D2+D3)

T;=Dy

T,=Di+(D2-D3) Ti=Di+DyTo=D;+Dy+Ds

Segmented ( 3- to 7-bit binary-to-thermometer decoder ) Non-Binary weighted(CP1~CP11)
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Vref T‘VCM‘ M —
oo b B BRI BREERLBRLILL
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Joreplorseleraplomsp foraplcie JoTor {onilgeaceicrdcn @Pétmmﬁvg@mo Il

M)HO)IO TTTTTTTITTT T

RSI RSU
RS0,1,2 (2- to 3-bit binary-to-
thermometer decoder)
Figure 7. The segmented and non-binary capacitance DAC array on positive side

The negative voltage switch with both high linearity and low
leakage is SW (M16&M17). Figures 8 and Figures 9 show the
negative voltage switch schematic and operation. When SW turn
off, CTRL is VI+NEG_H2, and CTRLB is VDDH. When SW is
on, CTRL is VDDH, and CTRLB is VI + NEG_H2. This uses
VDDH (1.5V) and VO2 (VI + NEG_H?2) as the control switching
power supply generated from the negative power generator and
VI comes from VIP and VIN. Thus, the negative voltage switch
has high linearity and low leakage characteristics. Because VO2
(VI + NEG H2) can maintain, the junction voltage of SW
(M16&M17) remains less than 1.8V, and SW (M16&M17) are
1.8V components. Therefore, SW can contribute less parasitic
capacitance to the capacitance DAC array.

Moreover, Figure 10 shows the negative power generator of
the negative voltage switch. When VDDH is ready, the START x
is pulled from low to high, and both START x signal and CLK11
generate the START signal through “and gate” and negative
voltage level shifter. When START is low, the M11 is off to make
the NEG_H2 voltage store in capacitor CB2, and the voltage of
VO is VDDH. When START is high, the M11 is turn-on to make
sure the VI signal is formed from the capacitance DAC array, and
VO is VI+NEG_H2. The voltage of VO generates VO2 through
the unit gain buffer and generates the power supply of the negative
switch. The control signal (RS _I) of the negative switch generates
both CTRL and CTRLB through the VDDH and VO2 to control
SW (M16&M17). All components are 3.3v devices except SW
(M16&M17). Then the negative voltage NEG_H2(-1.5V) can be
generated by the charge pump circuit method. Figure 13 shows
the timing of the negative power generator.

WWwWw.astesj.com
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Figure 8. The negative voltage switch schematic with both high linearity and low

leakage
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Figure 9. The negative voltage switch schematic with high linearity and low
leakage operation.
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Figure 10. The negative power generator for the negative voltage switch

The negative voltage level shifter uses the CMLS architecture.
It has smaller power consumption and delay than the conventional
level shifter. As Figure 11 shows, all the schematics of the
negative voltage level shifter are 3.3v devices. Both the VDDH
and NEG_H2 are 1.5V/-1.5V, respectively.

VDDH

VDDH VDDH

VI
NEG H2 NEG_H2

Figure 11. Schematic of the negative voltage level shifter [6

VDDH

3.4 Asynchronous clock/multi-phase clock/phase generator/vem-
based switching and bit register control logic/spark-
detect/error correction

The previous paper describing the SAR ADC uses the
synchronous clock cycle to complete the conversion state as
follows. After sampling, the SAR ADC enters the conversion step
of the N cycle. At the rising edge of each clock cycle, the
comparator compares the voltage of both the capacitor DAC
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array’s positive (vxp) and negative sides (vxn). At the falling edge
of each clock cycle, the comparator resets the voltage and enters
the initial state. This action continues until the N clock cycle.
From the comparator comparison to the comparator reset, each
clock cycle is designed to be the same time. Because the
comparison time of the comparator is related to the input voltage
difference, when the input voltage difference is less than 1LSB,
the comparator will require a longer comparison time. When the
comparison time exceeds the clock cycle which is designed to be
the same time, this will cause poor DAC settle time and degrade
ADC performance. In addition, for N-bits SAR ADC, it takes N
+ 1 clock cycle to complete the conversion time, and an additional
clock generator is required. To solve these problems, this paper
uses an internally generated asynchronous clock to control the
signal. The sampling rate is the clock rate, so the extra clock
generator can be omitted. The asynchronous clock can adjust the
length of each clock cycle in different environment due to internal
circuit’s delay and comparator. When the input voltage difference
is larger than 1LSB, the comparator will have a shorter
comparison time, and the clock cycle is shorter. In contrast, the
input voltage difference is less than 1LSB, and the clock cycle is
longer. This allows more time to poor DAC settle time and save
time from fast DAC settle time.

The asynchronous clock generation process is as follows: The
voltages of vxp and vxn pass the comparator to generate VO _P1
and VO_N1. The differential signals (VO_P1 and VO_N1) can
form VALID signal via inverter, “nand gate”. Then the VALID
signal merges CLKS and CLK11 generates CLKC via “nor gate”.
Moreover, CLKC passes the delay line to increase the duty cycle
of the asynchronous clock and form CLK COMP. The
CLK_COMP signal is the feedback control generated by internal
circuit and the comparator. As Figure 12 shows, the generated
clock cycle can be used to compare and reset its own state, and it
can also be used to trigger vem-based switching and bit register
control logic.

I\\QDH
DAC VP -

capacitance
array

CrKi1
tCLKJ:OMP

Delay line
Figure 12. Asynchronous clock of this paper of the SAR ADC

When the sampling signal (CLKS) and the asynchronous clock
signal (CLKC) is ready, the asynchronous clock signal (CLKC)
controls vem-based switching and bit register control logic
generates the multi-phase clock, CLKO 3, CLKO 2, CLKO 1,
and CLK1~CLKI11. Then the CLK11 signal will reset the node
voltage of all the blocks of successive approximation register
analog-to-digital converter to avoid wasting power. Figure 13
shows the timing diagram of the successive approximation
register analog-to-digital converter. The multi-phase clock is
represented as CLKi and ~CLKi is CLKi plus inverter. The
number of i represent different multi-phase clock which are
0 3~0 1and 1~11.

The bit register control logic of the previous paper uses a
synchronous clock signal to trigger D-flip-flop to generate the
multi-phase clock and then uses D-flip-flop to switch the
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capacitance DAC array’s switch. [8] The bit register control logic
of this paper is both the voltage of vxp and vxn of the capacitance
DAC arrays that pass the comparator and inverter gate to generate
OCMP_P and OCMP_N and are controlled by the asynchronous
clock (CLKC). The OCMP_P and OCMP_N signals go directly
to the latch of the bit register control logic, as Figure 14 shows.
This latch is dynamic logic and controlled by CLKS, ~CLKi-1,
and PHASEB4, as Figure 15 shows. The PHASEB: signal is used
to control the latch and turn off and save power after the work is
completed. Then it generates the corresponding digital outputs
(LOLi and LORI) and enters the vem-switching control logic to
switch the specified capacitor of the capacitance DAC array. In
addition, the phase generator is controlled and generates
PHASEBI by CLKS, CLKi, and CLKi-1, as Figure 16 shows.
Because the latch is dynamic logic, the delay time of the bit
register is smaller than that of the previous version.

CLKS

9
7

CLKC

-

CLKO0_3

CLKO0_ 2

CLKO_I

CLKI

1

CLK2

CLK3

CLK4

a
g
~

T

CLK6

CLK7

CLKS

CLK9

CLK10

CLKI11

STARTi,

START__ |

Figure 13. The timing diagram of the successive approximation register analog-
to-digital converter
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Figure 14. Vem-based switching and bit register control logic and spark-code
detect schematic
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CLKS
CLKi
~CLKi-1

PHASEBIi

Figure 16. Phase generator

The asynchronous clock signal (CLKC) control bit register
control logic generates the multi-phase clock. Using multi-phase
clock triggers the vem-based switching logic, and the output
(LOLi and LORI) of the latch enters the vem-based switching
control logic. Then the output of the vem-based switching logic
generates CTO~CT6 for higher bits and CP1~CP11 for lower bits.
The vem-based switching control logic timing diagram for lower
bits is as follows: when CLKi is low, CPi is Vem (common-mode
voltage). Moreover, when CLKi is high, CPi is Data_in and CNi
is ~Data_in. The Data_in may be Vref or GND. This action is
repeated until the end of the lower bits. The vem-based switching
control logic timing diagram for higher bits is as follows: when
CLKO 3/CLKO 2/CLKO 1 is 0/0/0, the CT6~CTO is 0000000,
and the CT6~CTO from Vcem switches to GND. When CLKO_3/
CLKO 2/CLKO 1 is 1/0/0, the CT6~CTO is 0001111, and the
CT6~CT4 switches from Vref to GND and CT3~CTO switches
from Vem to Vref. Moreover, when CLKO 3/CLKO 2/CLKO 1
is 1/1/1, the CT6~CTO is 1111111, and the CT6~CTO0 switches
from Vcem to Vref. Figure 17(a), 17(b) shows the vem-based
switching control logic timing diagram for higher bits and lower
bits.

CLKS _,_l ,—I
SRS [y Iy Iy oy ) Iy
CLKO 3 _,_\_, I_
CLKO_2 I_
CLKO_1 I_
CLK_CTRL, CT()_,_‘
CLK_CTRL 7CT5_,_‘
CLK7CTRL7CT4_,_‘
CLK_CTRL_C l}_,_\_, I_
CLK_CTRL_C 12_,_\_, I_
CLK_CTRL, CTI_,_‘_, I_
CLK_CTRL, C’IU_,_“_,
cT6 _,_‘—,
CTs _,_‘
CT4 _,_‘
o 1] —
Figure 17(a). Vem-based switching control logic timing diagram for higher bits
axs_| | [l
2 I (A
CLK1 CP1=VCM CP1=Data_in; CN1=~Data_in I_
CLK2 CP2=VCM CP2=Data_in; CN2=~Data_in I_
CLK3 _,_I CP3-VCM [ CP3=Data i CN3=-Daa_in L
CLK4 _I_I CP4=VCM [cP4=Data in; CN4=Data in |_
CLKS _I_I CP5=VCM | CP5=Data_in; CN5=~Data_in |_
CLK6 _I_I CP6=VCM | CP6=Data_in; CN6=Data_in I_
CLK7 _I_I CP7=VCM |CP7:DnlaiinA CN7=Data_in |_
CLK8 _I_I CP8=VCM
CLK9 _I_I CP9=VCM Ngzipa;aii'n
CLKIO_I_I CP10=VCM m
CLK1 I_I_I ,_\_

Figure 17(b). Vem-based switching control logic timing diagram for lower bits

The previous paper uses a binary weighted capacitor array for
lower bits. In the first cycle, the capacitance DAC array of both
the positive side (vxp) and the negative side (vxn) enter the
WWwWw.astesj.com

differential input of the comparator. When the voltage of the
positive side is larger than the voltage of the negative side, the
output of the comparator is high. Then the output of comparator
enters vem-based switching and bit register control logic and
generate the corresponding output to control the capacitance DAC
array. In the next cycle, the voltages of both vxp and vxn are
reduced by a factor of 2. The ADC continues this process until the
end of the N-bits cycle. Finally, the difference of both the ADC
digit representation and the input analog signal should be less than
ILSB. When there is thermal noise or supply noise that affects
ADC, the ADC will have an incomplete settle caused error.
Finally, the difference of both the ADC digit representation and
the input analog signal may be greater than 1LSB. To solve the
issue, this paper uses a non-binary weighted capacitance DAC
array. In the first cycle, the action is as same as binary weighted
capacitance DAC array. In the next cycle, the voltage of both vxp
and vxn are reduced from 256 to 112, not a factor of 2. The ratio
of the capacitance DAC array for lower bits is (112: 64: 32: 20:
10: 8: 4: 2: 2: 1: 1) and 2 more cycles than the capacitance DAC
array for lower bits of the binary weighted capacitance DAC array.
When there is thermal noise or supply noise that affects ADC
during the conversion cycle, the voltage on the positive and
negative sides of the capacitance DAC array will be reduced by
the capacitance DAC array ratio in each bit cycle. The ADC can
continue to correct ADC digit representation by using excess 2
cycle operations until the N+2 cycle ends. Finally, the difference
of both the ADC digit representation and the input analog signal
should be less than 1LSB. Then the output digital level of SAR
ADC is converted to 12 bits through error-correction schematic.
Figures 18 and 19 show the error-correction schematic and error-
correction algorithm for higher bits and lower bits.
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Figure 18. The error-correction schematic for higher bits and lower bits
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Figure 19. The error-correction algorithm
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In addition, the comparator has a meta-stability issue. When the
input voltage difference is less than 1LSB and close to zero, the
comparator will take a longer comparison time. If the comparison
time is larger than the sample rate and not determined, the ADC
output digit code will generate a large error (sparkle codes). This
issue is caused by the occasional inability of the comparator. To
solve this issue, the spark detect schematic is designed. The
CLKC form CLK_COMP through buffer and mux. When the
input voltage difference is less than 1LSB and close to zero, the
comparator will take a longer comparison time. When the
comparison time exceeds 4us and the comparator is not
determined, the spark detect is low and CLK_COMP is high,
which will make the comparator reset to the initial state and then
continue to the next comparison until the N+2 cycles are
completed. The entire process loses 1~2 cycles, but there are still
other cycles that can perform the comparison cycle to reduce the
residual voltage that is the different voltages of both vxp and vxn
and reduce the spark-code probability. Figure 14 shows the
spark_detect schematic.

3.5 Scalable voltage design

This paper uses multi-voltage to reduce power consumption
and can be divided into two parts, include an analog part and a
digital part. The level shifter is the bridge between the analog
block and the digit block. Scaling down the supply voltage is a
way to lower energy. The supply voltages of the analog block and
digit block are 1.5V and 0.9V, respectively. The formula of the
energy-per-conversion is “(10)”. The Cr(n+2) is the effective load
"capacitance, and Vpp gigi¢ is the supply voltage of the digital part.
The comparator energy-per-conversion, which are Ecomp reg
and Ecomp reset in @ cycle of comparison and reset, can be derived
as “(11)”. [9,10] The n-bit SAR ADC needs n+2 comparison and
reset cycles per conversion, the Ciaa is the comparator’s
capacitive load, V.sr is the overdrive voltage of the transistor, and
the Vpp analog 18 the analog part’s power supply. The Vem-based
average switching energy is shown in Formula “(12)”, and the
average switching energy is proportional to the transistor
overdrive voltage squared and the capacitor dimension.

Epigek = CL(n + 2) * VB digital (10)
ECOMP,reset + ECOMP,reg = (n + 2)CloadV[%D,analog +
2In2-(n+ 2)2 ! CloadVeffVDD,analog 11

Zn 12n 3—- 21,(21_1) CV ref (12)

Evcm—based,avg

3.6 Comparator

The comparator consists of two stages, as Figure 20 shows. The
preamp of the first stage has a fixed current source (M5) and the
second stage of the voltage amplifier and a latch make the output
reach near full range. The offset voltage of the two differential
end (VIP&VIN) of the comparator is classified to static offset and
has no influence with the accuracy, but it will reduce the input
range and the signal-to-noise ratio. Using a Monte Carlo
simulation and add offset in the input differential pair (M1&M?2),
the SNR decreases slightly, and the effect of ENOB is little
influenced.
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Figure 20. comparator [11]

This paper includes segmented and non-binary weighted
capacitance DAC array, bootstrap switch, segmented control
logic, RS control logic, negative voltage switch, asynchronous
clock, vem-based switching and bit register control logic, spark-
detect, error correction, scalable voltage, comparator. The
measurement results are described as follows. The input
frequency is at the Nyquist rate and the maximum sampling rate
is 50 KS/s. Then the output waveform gets 65536 points for the
Fast Fourier Transform (FFT) analysis. The supply voltage of
analog part is at 1.5V and the supply voltage of digital part is at
0.9V. The clock duty cycle is 22% and the clock period is 20us.
The reconfigurable SAR ADC has 4 modes (12/11/10/9 bits), and
the corresponding effective number of bits (ENOB) is
10.76/10.22/9.43/8.14 Dbits in the Nyquist input frequency (fin)
and fin is 25/25/25/25 KS/s, respectively. The power of the SAR
ADC of this paper is 2.69uW for 12-bit mode and does not include
the negative power generator. Table I shows the comparison of
the SAR ADC results. Moreover, the input sine waveform with
frequency 9.17968Khz, the sampling rate is 50Khz, and the
number of sampling points is 65536. Then the sine waveform
obtained is differential linearity(DNL) +0.82LSB/-0.25LSB and
integral linearity(INL) +0.9LSB/-0.62LSB, as figure 21 shows.
The measurement data was reported by Taiwan Semiconductor
Research Institute (TSRI).

Table I: Comparison of the SAR ADC results

The previous | This paper of
of the the
(1] [12] synchronous | asynchronous
clock clock
Resolution 10 bits | 12 bits 12 bits 12 bits
Technology(um)| 0.13 0.18 0.18 0.18
Supply voltage
(V)(Analog/Digi| 1.0/0.4| 1.8/ 1.8/0.9 1.5/0.9
tal)
Area (mm?2) 0.19 | 2.38 0.35 0.35
Sampling Rate
(KS/s) 1 200 50 50
SNDR (dB) 56.54 | 69.6 68.6 66.51
Power (uW) 0.05 41.5 9.7 2.69
FoM
(f]/conversion) 94.5 84.6 88.4 30.4
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From the measurement results, the ENOB of the SAR ADC has
lost 0.4 to 0.7 bits for different resolutions. From comparison both
the measurement result and simulation result of the INL and DNL,
there are 0.2 to 0.4 LSB difference for 12-bit mode. The reason is
that the ground part of the power supplier is disturbed by external
noise. The solution is to use the linear regulator with ultra-low-
noise to generate an independent power supply to the SAR ADC
of this paper.
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Figure 21. The DNL and INL of the SAR ADC of this paper

The layout of the DAC capacitor array is placed by a common-
centroid method and add the dummy capacitors are around the
DAC capacitor array to decrease the influence of process variation.
The overall layout area is 810um x 430 um. Figure 22 shows the
layout plan of the SAR ADC ,including the segmented DAC
capacitor array for higher bits, non-binary weighted DAC
capacitor array for lower bits, negative voltage switch, comparator,
sample-and-hold (S/H), and switch and bit register control logic,
error correction.

Figure 22. A resolution-reconfigurable asynchronous SAR ADC with segmented
and non-binary weighted DACs layout plan
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