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Abstract: Herein, we present a noise shaping successive-approximation-register (SAR) analog-to-
digital converter (ADC) with an embedded passive gain multiplication technique. The noise shaping
moves the in-band quantization noise from the signal band to out-of-band for improved signal-
to-noise ratio (SNR). The proposed approach tackles the drawback of the previous active noise
shaping (increased power and extra noise) and passive noise shaping (limited noise suppression and
signal loss). Both noise shaping and gain multiplication are realized on-chip in an energy-efficient
manner without an opamp. This approach uses only capacitors and switches in the finite impulse
response (FIR) and infinite impulse response (IIR) filters. A comparator suppressing kickback noise is
presented to handle the tradeoff between noise suppression and the filter capacitor size. The energy-
efficient merged-capacitor switching (MCS) technique is effectively combined with rail-to-rail swing
comparator and thermometer-coded capacitor array, which reduces the settling error in the digital to
analog converter (DAC). The process-induced mismatch effect in the capacitive DAC is investigated
using a behavioral model of the ADC. Additionally, we propose dynamic element matching (DEM)
for the thermometer-coded capacitor array. The ADC is fabricated using a 0.18 um CMOS process
in an area of 0.26 mm?. Consuming 4.1 uW, the ADC achieves a signal-to-noise and distortion ratio
(SNDR) of 66.5 dB and a spurious-free dynamic range (SFDR) of 79.1 dB. The figure-of-merit (FoM)
of the ADC is 11.8 ]/ conversion-step.

Keywords: analog-to-digital converter; successive approximation register; noise shaping; signal-to-
noise; charge pump

1. Introduction

Demands for energy-efficient applications, such as the Internet of Things (IoT), battery-
operated sensors, and wearable electronics, are continuously increasing. Ultra-low power
consumption is required in these systems for signal sensing and processing to provide a
long battery life. An analog-to-digital converter (ADC) is a key component in the processing
of sensor output [1-3] and wireless communication [4,5]. Among various ADCs, successive
approximation register (SAR) ADC is suitable for achieving high energy efficiency with
low power consumption [6].

Typical SAR ADC consists of a digital-to-analog converter (DAC) realized using a
capacitor array, a comparator, and SAR logic. The digital output for the analog input is
obtained through charge redistribution in the capacitive DAC (CDAC). The SAR ADC
provides medium resolution using very low power since the clocked comparator and
capacitive switching consume only the dynamic power. One drawback of the SAR ADC
is that the area of the CDAC needed to realize the binary weight increases rapidly with
the resolution. When the number of CDAC bits is increased for high resolution, routing
becomes more complicated in the SAR ADC. Additionally, the comparator’s input-referred
noise and quantization noise limit ADC performance; designing high-resolution SAR ADC
with low complexity is a challenging task.
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The noise shaping technique has been actively investigated to address the challenge [7-22].
This technique moves the in-band quantization noise from the signal band to out-of-band for
improved signal-to-noise ratio (SNR). The number of capacitors in the DAC can be reduced
using noise shaping, simplifying the practical implementation of the SAR ADC. The
previous work on the SAR ADC realizes the noise shaping filter using opamp and achieves
a 10-bit effective number of bits (ENOB) using 8-bit CDAC [7]. The filter consists of finite
impulse response (FIR) and infinite impulse response (IIR) filters. This approach shows
that a relatively good noise shaping can be achieved even with a low-quality integrator for
the IIR filter.

The residue remaining on the DAC after completing the digital conversion is the
difference between the sampled input and a digital estimate. An opamp is used to process
this small voltage [7,9,10]; the opamp consumes static power and introduces extra noise. A
dynamic amplifier is used for the noise shaping filter to handle this issue [11,12]. A dynamic
structure realizing the passive FIR and IIR filters can remove the static power consumption;
however, the gain of the dynamic amplifier can be sensitive to supply voltage and temper-
ature, and additional calibration may be needed [12]. Additionally, power consumption
using this approach is still high, for example, 460 [11] and 84 pW [12]. Alternatively, a
voltage-time—voltage converter can be used to achieve process-insensitive active residue
processing [8]. Because there are two signal components, DAC output and filtered residue
at the comparator input, the comparator with multi-input pairs is used [7,15-17]. To handle
the small residue, the differential input pair for the residue is sized larger than the one other
receiving the DAC output. This approach provides the advantage of the increased gain for
processing the residue; however, the kickback noise of the comparator is proportionally
increased with the size of the input pair (or the capacitance). Additionally, a multi-input
comparator increases the input-referred noise.

The passive residue summation using a single input pair can be an alternative so-
lution [18]; however, this approach achieves relatively weak suppression of the in-band
quantization noise, and signal loss problems remain. In work [15], two capacitors added in
the integration path increase the zero of the noise transfer function (NTF) to 0.75; however,
the capacitor performing the residue sampling is reset after each conversion cycle, de-
grading the integration effect. Therefore, the previous approaches suffer from the tradeoff
between gain, kickback, and input-referred noise. These results indicate that the noise
shaping technique suitable for simple and power-efficient SAR ADC has not been fully
investigated.

This paper proposes a simple and power-efficient noise shaping technique, which
reduces the number of capacitors in the DAC. We embed a charge pump in the filter for
passive gain multiplication to deal with the residue attenuation in the previous passive
noise shaping. This approach uses only capacitors and switches in the FIR and IIR filters.
Thus, noise shaping and gain multiplication are realized on-chip in an energy-efficient
manner without an opamp. To handle the tradeoff between noise suppression and chip
area, we propose a comparator canceling the kickback noise. The energy-efficient merged-
capacitor switching (MCS) technique is effectively combined with the rail-to-rail comparator
and the thermometer-coded capacitor array, which reduces the settling error in the DAC.
The process-induced mismatch effect in the CDAC is investigated using a behavioral
model of the ADC, and we propose a dynamic element matching (DEM) technique for
the noise-shaping ADC. The proposed ADC fabricated in 180 nm CMOS demonstrates
that the passive noise shaping technique enables ADC operation with an effective number
of bits (ENOB) of 10.8-bit using a 9-bit CDAC. The measured result shows a significant
improvement in the signal-to-noise and distortion ratio (SNDR) and spurious-free dynamic
range (SFDR). Consuming 4.1 uW, the ADC achieves an SNDR of 66.5 dB and an SFDR of
79.1 dB with a figure-of-merit (FoM) of 11.8 {] /conversion-step.
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2. Design
2.1. ADC Operation

Figure 1 shows the functional signal-flow diagram of the proposed ADC. After the
sampling and conversion, the residue Vgrgs, which is the difference between the analog
input Vi, and the digital estimate Doy, remains on the top plate of the CDAC. Vggs is
integrated by the FIR and IIR filters. The ADC feedforwards Vi, to the quantizer, and
the integrated residue Vit is added with the Vi, to generate Doy [9]. Considering the
quantization noise Qn and the comparator noise VN comp, Dout can be expressed as

1
Dout = Vin + TL(Z) (O~ + Wn,comp) (1)

where L(z) = ViNT(2)/ VRES(2) is the filter transfer function. Using the proper NTF = 1/[1+
L(z)], both Qn and VN comp can be reduced at the expense of bandwidth. Because Vrgs is
less than one least significant bit (LSB), proper processing of VRgs is important to achieve
noise shaping. In this work, VRgs is boosted by passive multiplication inside the FIR
filter. The multiplication is realized using the capacitive charge pumping. Switches are
controlled to sample VRgs in parallel, and the connection is changed to series to achieve the
multiplication of 1, which is the number of FIR capacitors. The IIR filter is realized using a
single capacitor for integrating the output of the FIR filter.

l Qn,Vn,comp

’VRES - xn - Vint & Doy

Vin

i o} o l>
Pl B i >
mm
----- CDAC _I%%E:?'Z__L Integrator  Comparator
-Ll s
1 Charge pump

Figure 1. Functional representation of the proposed ADC.

Figure 2a shows the block diagram of the proposed ADC. Top-plate sampling is
performed using a bootstrapped switch [23]. The MCS technique is used for the DAC,
chosen for its high energy efficiency and constant common-mode (CM) operation [24].
To realize noise shaping, the FIR and IIR filters are located between the CDAC and the
comparator. The integrated residue is handled using the residue-summation technique [18],
which allows processing the residue using the comparator having a single input pair.

Figure 2b shows the schematic of the proposed ADC with the related timing wave-
forms. The Vpacp and Vpacn are the top plate voltages of the positive and negative DAC,
respectively. The settling error in the DAC can be reduced using the thermometer coding,
which is used for the upper 3-bit. Binary coding is used for the remaining 6-bit; the DAC
consists of seven thermometer-coded capacitor array C; (i = 6 to 12) and six binary-weighted
array C; (j = 0 to 5). We note that the seven thermometer-coded elements represent a 3-bit
binary code. Therefore, overall DAC consists of a 9-bit. When the comparator determines
the LSB, the result of the last decision (ninth decision) is not fed back to the DAC. This
operation explains why the 9-bit DAC generates the digital output having 8-bit accuracy.
Additionally, a residue remains at the top plate of the DAC, which is the difference between
the sampled input and an 8-bit digital estimate [7]. Each FIR filter consists of residue sam-
pling capacitors Crgs. Each IIR filter consists of an integrating capacitor Cyyt. The sampling
clock CLKS is used for the bootstrapped switch, and the ADC operates synchronously with
the clock signal CLK. After sampling and conversion operations are performed, the noise
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shaping (NS) cycle follows. Residue processing is performed using the two-phase signals,
DRgs for residue sampling and Pyt for residue integration.
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Figure 2. (a) Block diagram of the proposed ADC; (b) schematic of the proposed noise-shaping SAR
ADC with timing waveforms. The Vrgp = 1.8 V is the reference voltage.

2.2. Noise Shaping Operation

Figure 3a shows the sampling and conversion operations in the (k — 1)y, cycle. During
conversion, Vpac,p and Vpacn change around the CM voltage Vom. After the digital
conversion, there are residue voltages, VRgsp and VRrgsn, on the positive and negative
DAC, respectively, which is the difference between the sampled input and an 8-bit digital
estimate. The previous conversion cycle sets the voltage Vint[k — 1] across Cint. Switches
are controlled to connect Crgs in series, which is in parallel with Cint. Then, the voltage
Vereslk — 1] across each Crgs is Vint[k — 1]/n. Here, n is the number of Crgs, and the case

of n = 3 is shown.
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Figure 3. Operation of the noise shaping ADC. (a) (k — 1)y, cycle for sampling and digital conversion,
(b) (k — 1), cycle for residue capture, and (c) ky, cycle for charge pumping and residue integration.
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Vereslk] =

Vint[k] =

Cpac

Cpac + nCrgs

CINT

Figure 3b shows the operation during the NS cycle when ®ggs is high (P is low).
During this time, the residue is captured. The residue 2Vggs = (Vresp — VREsn) on
the top plate of the differential DAC is sampled on Cgrgs. At this time, six Crgs are
connected in parallel with the DAC. The Vs is transferred from the DAC to Crgs by
charge redistribution. Therefore, Vs is scaled by a factor a, which is the ratio of Cpac
and nCggs as c

DAC
: Cpac + nCres @)
where Cpac is the sum of the DAC capacitors. To obtain Vrgs, we need to consider
another charge from Ciy. In the previous cycle, we have Vcgrpslk — 1] = Vintlk — 1]/n.
Considering that the charge from Cinr is shared between nCrgs and Cpac, we can express

VCREs as

nCres  Vinr[k —1]

= 20 - Vgpslk —1] + (1 —a
Cpac + nCggs n Res| b+ )

Vinr[k —1] 3)
n

The first term considers the charge transferred from Cpac to Crgs. The second term
accounts for the charge sharing between nCgrgs and Cpac, occurring when the charge
stored in Cyyr is transferred to nCggs.

Figure 3c shows the operation during the NS cycle when ®ggs is low (Pynr is high).
During this time, both voltage multiplication and residue integration are performed. After
the residue capture, switches are controlled to connect nCggs in series. Then, Vcggs is
charge pumped and multiplied by n. The boosted voltage is scaled by the factor 3, which
accounts for the charge sharing between n series-connected Crps and CiNT as

_ (1/n)Cres
Cint + (1/n)Cres”

4)

The integration with a gain of § is performed during the high ®iy cycle. By adding
the value Vint[k — 1] of the previous cycle, which is charge shared between Ciyt and
Crgs/n, we can express Vint[k] of the kth cycle as

Cint + (1/1)Cres

Cint + (1/1)Cres nVereslk] = (1—B) - Vintlk —1] + B - nVeres[k]. (5)

Using (3) and (5), we obtain
Vinr[k] = (1 —ap)Vinr[k — 1] + 2n(ap) Vres[k — 1] . (6)
The L(z) is obtained by rearranging (6) as

2nafz !

S I

@)

After the integration is finished during the NS cycle, the next kth cycle for the sampling
and conversion starts. At this time, the integrated residue is added to the CDAC at the
comparator input.

Figure 4 shows the flowchart of the proposed ADC operation. After sampling the
analog input, the DAC is determined by the binary search algorithm. Using the comparator
output, the DAC switch is connected to either Vrgp or gnd, repeated seven times for the
thermometer-coded capacitor array C; (i = 6 to 12) and six times for the binary-weighted
array C; (j = 0 to 5). Then, the noise shaping cycle follows, consisting of one cycle for residue
capture (Prgs = high) and another cycle for residue integration (®yyt = high). After the NS
cycle, the integrated residue is added to the CDAC at the comparator input during the next
ki, cycle for the sampling and conversion.
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Figure 4. Flowchart of the proposed ADC operation during (k — 1)y, cycle.
2.3. Analysis of Noise Suppression
Using (7), we obtain the NTF as
1—(1—aB)z?
NTF = ( B) T (8)
1+ [2n+1)ap—1]z~

Using the magnitude of NTE, we obtain the in-band quantization noise reduced by
noise shaping. Considering the tradeoff between the chip area and the passive gain, we
investigate the two cases of n = 2 and n = 3. Figure 5 shows the noise suppression calculated
at (fs/fin) = 0.1 (See Figure 6). Here, fs is the sampling frequency of CLK, and fj, is the

input frequency. The result shows the improved noise suppression (2-3 dB) achieved using
n=3.
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Figure 5. Noise suppression as a function of § for various « values.

The noise suppression increases with « and B values; however, it saturates with
increased values. When we consider the residual kickback from a clocked comparator, the
size of Crgs cannot be reduced (increased «) to an arbitrarily small value. For the given
Cpac, the kickback effect on Vpac increases with a. Additionally, the stability condition
(the pole of NTF should be inside the unit circle in the z-domain) sets the upper limit for «
and f values. Because Crgs is fixed by the selected « value, Ciy is reduced with increasing
B. When Cinr is reduced, the kickback noise increases. Additionally, Cint should be sized
considering the kT/C noise [7] and the charge sharing with the Cpac. Because there is no
external charge supplied into the passive filter, the tradeoff is inherent in the ADC based
on passive noise shaping. Using circuit simulations, we investigate the kickback noise and
choose n =3, & = 0.7, and B = 0.3 so that the noise is less than 0.5 LSB. Noise suppression up
to 15 dB is achieved at low fj, using these parameters.
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Figure 6. Calculated NTF as a function of normalized frequency.

Table 1 shows the various NTF expression and the calculated noise suppression.
Figure 6 shows the comparison of the magnitude of NTE. The result shows that our approach
achieves 7.23 dB and 3.81 dB better noise suppression than the previous works [13,18],
respectively.

Table 1. List of noise transfer function.

NTF Noise Suppression
Ideal 1—2z"1 —10dB
[13] 1—-05z"1 —5.26 dB
[18] (1-05z"1)/1+05z71) —8.68 dB
Proposed (1—0.79z"1)/(1 +0.45z~1) —12.49 dB

Using (6), we implement the behavioral model of the noise shaping ADC, as shown in
Figure 7. The charge pump is modeled using an amplifier with a gain of n. Comparator
and kT/C noise are not considered as they experience the same NTF as the quantization
noise [7]. Effect of process variations in the CDAC can be considered by including random
mismatch rate. Simulations are performed to investigate the performance improvement by
the proposed noise shaping technique. Figure 8 shows the output spectrum of the proposed
ADC obtained from the fast Fourier transform (FFT) spectrum with 8192 points. The result
confirms the first-order noise shaping achieved by the proposed method. When noise
shaping is enabled, the SNR and SNDR increase by 7.2 and 9.2 dB, respectively.

V' ********** V I:)out
i ' FIR —| IR H—5)—)——
N~ ‘
|

VRES_ : Z_1 @ :‘ _>V|NT
} Residue i
I sampling I
| 1 Il
} . n I = !
 FIRfiter T~ _____ 1 WIRfilter|

Figure 7. Behavioral model of the proposed ADC.
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Figure 8. Output spectra of the ADC (a) without noise shaping and (b) with noise shaping for the
CDAC mismatch rate of 0.5%. fi, = 1.33 kHz and fg = 52 kHz.

The performance improvement by noise shaping can be affected by the CDAC mis-
match. We investigate the random mismatch effect in the CDAC using the behavioral ADC
model. Figure 9 shows the probability distributions of the ENOB for different CDAC mis-
match rates obtained by 1000 Monte Carlo simulations. When the mismatch increases from
1% to 2%, the average ENOB decreases from 11.5 to 10.8 bits. Considering the mismatch
effect, we determine the unit capacitor size (Cy = 21 fF) to keep the mismatch less than
1%. The linearity characteristics affected by the CDAC mismatch can be further improved
using foreground calibration [17]. Figure 10a shows the output spectrum of the previous
work [18], which uses a 13-bit DAC (10-bit CDAC, 2-bit for redundancy, and 1-bit for
noise shaping). Because of additional capacitor switching for noise shaping, three extra
cycles are needed for A/D conversion. The results are obtained from the FFT spectrum
with 4096 points. Figure 10b shows the output spectrum of the proposed work, which
uses a 9-bit CDAC and a passive filter. Our work uses only one additional clock for A/D
conversion. Compared to the previous work [18], our work achieves increased zero value
in the NTF. The results show that our work using 1-bit smaller DAC achieves increased
SNR and SNDR by 3.2 and 4.9 dB, respectively.

500 : 500
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400+ ] 1 400 w/o shaping 1
w/o shaping with shaping p=10.5
+ 3001 , = =11.5 1% 300 - 1
5 n=1038 ] . S 6=025 with shaping
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Figure 9. Probability distributions of the ENOB for different CDAC mismatch rate.
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Figure 10. Output spectra of the ADC. (a) Previous work and (b) proposed work. fij, = 1.33 kHz,
OSR =10.

2.4. Comparator for Reduced Kickback

The previous work uses cascoding transistors to reduce the kickback noise [25]. Be-
cause the comparator is designed for the monotonic switching algorithm for the SAR ADC,
it is implemented with a PMOS differential input pair. When the MCS algorithm is used,
the Ve of the DAC is fixed during the conversion. When the previous comparator is used
for MCS, it can result in a relatively large offset at the input of the comparator, especially
during LSB conversion. Figure 11 shows the schematic of the comparator used in this
work. The cascoding transistors are removed, and complementary differential input pairs
are used, allowing rail-to-rail input range. We note that the comparator does not have a
separate input pair for the residue. The proposed comparator uses two clock signals, CLK
and CLKB. Consider the Vpac on the negative branch DAC, connected to the negative
terminal V- of the input pair. The CLK and CLKB signals generate two kickback noise com-
ponents. Because CLKB is an inverted signal of CLK, the kickback noise in Vpac n(CLKB)
is the inverted version of the noise in Vpac,p(CLK). Because the complementary input pair
generates the two kickback noise in opposite directions, they can be canceled out. Similarly,
the kickback noise on Vpac,p connected to the positive terminal V+ of the input pair is
canceled. The residual kickback noise depends on capacitance matching between the two
signal paths.

Vpp

OouT+

Figure 11. Schematic of the comparator having complementary differential input pairs. Vpp =1.8 V.

3. Measured Results

Figure 12 shows the microphotograph of the ADC fabricated in the 0.18 um CMOS
process. The core area is 0.26 mm?. The overall power consumption is 4.1 uW, including
1.2 uW for the reference buffers. Analog, digital, and SAR logic consume 82.4%, 9.3%, and
8.3%, respectively. The measurement setup is also shown. The power supplies for the
analog and digital blocks of the ADC are separated. They are stabilized using 1000 puF
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bypass capacitors and low-dropout (LDO) regulators. A field-programmable gate array
(FPGA) board collects the ADC output.

Agilent E3647A

T

R
Vboh; Vopa, . 244 i

Vop,Vrer,Vem

Keysight 335008 Sampling clock

Figure 12. Microphotograph of the fabricated ADC. Measurement setup is also shown.

Figure 13a shows the measured output spectrum using fi, = 1.33 kHz and f5 = 52 kS/s.
The result is obtained from the FFT spectrum with 8192 points. The peak SNDR, SFDR,
and ENOB are 66.5, 79.1, and 10.8 bits, respectively. Figure 13b shows the measured output
spectrum at increased fi, = 8 kHz and fg = 180 kS/s. Figure 14a shows the measured SNDR
and SFDR as a function of fg. The result shows that the dynamic ADC performance is
relatively constant, up to 180 kS/s. Figure 14b shows the measured SNDR and SFDR as
a function of f;, for two sampling rates. The result shows that the dynamic performance
gradually increases with the oversampling ratio (OSR). Figure 15 shows the measured
dynamic range at fi, = 1.33 kHz and fs = 52 kHz. Peak SNR and SNDR are measured with
an input amplitude of —0.4 dBFS. Figure 16 shows the static linearity of the ADC. The result
is obtained using a histogram test of 260,000 samples. The peak differential non-linearity
(DNL) is +1.34/—1.05 LSB, and the peak integral non-linearity (INL) is +0.89/—0.96 LSB.
Because the capacitors in the IIR and FIR filter are dynamically reconfigured, the exact
binary weight condition cannot be satisfied for the CDAC. The result indicates the tradeoff
in the design of the noise shaping ADC; the static performance is traded for improved
dynamic performance.

0 , , , 0 , ,
SNR =66.5 dB — SNR =63.0 dB
-201 SFDR=79.1dB 1 M -20{ SFDR=74.9dB 1
SNDR = 66.5 dB ) SNDR = 62.5 dB
-401 ENOB = 10.8 bits 1 g -401 ENOB = 10.1 bits 1
S
-60 * 60
= gel
-80 € -80- 2
<
-1004 -100~M
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Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 13. Measured output spectrum of the ADC. (a) fi, = 1.33 kHz and fs = 52 kS/s and (b)
fin =8kHz and fg = 180 kS/s.



Sensors 2022, 22, 869

12 of 17

SNDR & SFDR (dB)

85— ; ; 85 : : : : :
e e o,
801 l g 0] ST teme. ]
T .| o-SFDR@f, =52kSIs e---e
751 1 o -e- SFDR @ f, = 180 kS/s
& 704 ]
70+ . 3 .
@ 65 W\. ]
[a] V-
65}\0_0’%0_0\0’0-0\0/0—0_0‘0—0’0—0\( = .‘\
—v— SFDR ® 601 -——SNDR@f,=52kSls ~"V-.q_. o ]
SNDR — =
601" ' ' 55| ~v SNDR@f =180kS/s '
50 100 150 200 0 2 4 6 8 10
Sampling rate (kS/s) Input (kHz)
(a) (b)

Figure 14. (a) Measured SNDR and SFDR as a function of the sampling rate. (b) Measured SNDR
and SFDR as a function of the input frequency.
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Figure 16. Measured static performance of the ADC.

The mismatch in the CDAC can affect the ADC linearity, and the DEM technique can
be used to address the issue [9,10,19]. Either random or cyclic selection can realize the DEM.
The cyclic selection uses the output of each conversion determined by the cumulated sum
of the elements that are cyclically selected [26]. Two building blocks are usually used [27].
The first is the pointer that indicates the unit element used as the starting point for the DAC
operation. The second is a decoder that maps the relationship between the thermometer-
code and DAC unit elements. The pointer can be realized using an accumulator and a
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register. To reduce the implementation complexity, we use a binary counter to implement
the pointer. Because the mismatch effect increases with the capacitor size, the DEM is used
for the thermometer-coded capacitor array [23]. The binary-weighted arrays are not used
for DEM,; this approach requires sufficient intrinsic linearity for binary-weighted capacitors.

Figure 17a shows the block diagram of the noise-shaping ADC with the DEM logic.
The thermometer-coded capacitor arrays are controlled using the output VD [6:0] of the
3 to 7 decoder. A binary counter, clocked by the comparator output CMP_OUT, is used
as a pointer that determines the unit capacitor in the DAC. When CMP_OUT becomes
high, the pointer is increased. The decoder receives the 3-bit output from the counter
and decides the connection sequence of the thermometer-coded capacitors. The DEM is
enabled only for seven clocks after input sampling. For this reason, we use a separate DEM
control logic instead of the SAR logic. Figure 17b shows the related timing waveform. The
CLK_DEM is enabled when CMP_OUT becomes high, increasing the pointer. The rising
edge of the decoder output VD [6:0] triggers the DEM control logic to switch the bottom
plate of the capacitors.

3b

| Decoder |__,_ Binary_counter CLK_DEM CLK
(pointer) ( |_7
}VD [6:0]
| DEM control logic |<J SAR logic | CMP OUT
7b 7b -
VREF oo oo
Vo : : : i\ 7 IR CINITI
nd
ST I ks
Vinp caced  C . cclclcli/ Bt pilGal plGul |
o | e\'ﬂ g Iﬂ O_Yﬂ m
:g VDAc’p FIR Dres Ores Ores
DR DRE: Pre
Vinn % ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Vbacn = - . - o =
C13[C12|Cae|  Cel C2[{C1|CoCof i (R (Wil Caes
....... g Qi e LT
vEF 1010 R N I O ¥
gnde—L_ LT IR Cinr
(a)
CLK LI I rirmrrrirrrir
CMP_OUT ___| (I I B
VD [ 5] '—‘—l :-.‘..: { i
W@
VD [3] LY
VD [2] '"
VD [1]
VD [0]

(b)

Figure 17. (a) Block diagram of the noise shaping ADC with the DEM. (b) Timing waveform of the
DEM logic.

We implement the behavioral model of the noise-shaping ADC with the DEM logic.
Figure 18 shows the dynamic performance of the ADC with and without DEM, obtained
using a 1% CDAC mismatch. Without the DEM, the third harmonic level is located at
around —67 dB, which is reduced to —84 dB using the DEM. Figure 19 shows the static
performance with and without DEM. A total of 260,000 samples are used. The peak DNL is
+0.66/—0.61 LSB, and the peak INL is +0.4/—0.61 LSB without the DEM. Using the DEM,
peak DNL is reduced to +0.47/—0.62 LSB, and the peak INL is reduced to +0.25/—0.42 LSB.



Sensors 2022, 22, 869

14 of 17

Amplitude (dB)

The results show that the linearity of the noise-shaping ADC can be improved using the
DEM.
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Figure 18. Comparison of the dynamic performance with and without the DEM.
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Figure 19. Comparison of the static performance of the ADC with and without the DEM. (a) DNL,
(b) INL.

Table 2 shows the comparison with the previous works. Schreier’s figure-of-merit
(FOMs) is defined as

FOMg = SNDR + 101og,,(BW/Power) [dB] )

where the bandwidth is defined as BW = f5/(2-OSR). Walden's figure-of-merit (FOMyy) is

defined as
Power

2 . ERBW - 2ENOB [

where effective resolution bandwidth (ERBW) is approximately half of the sampling fre-
quency. The work [9] achieves a relatively good performance using the DAC mismatching

FOMy = J/conv.| (10)
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error shaping. The SNR is increased from 69 to 97.9 dB using a relatively high OSR = 512;
however, the opamp in the noise shaping filter consumes static power, leading to a rela-
tively low FOMy. All the works except ours [12,18] use a multi-path comparator having
an additional input pair for residue processing. The increased input-referred noise of the
comparator can limit the achievable ADC performance [7]. The authors of [10,12,18] use 28,
40, and 14 nm CMOS processes and achieve a FOMy better than ours; however, the power
consumption of the SAR ADC usually decreases with the CMOS process scaling. Therefore,
direct comparison is difficult. The DEM technique addresses the mismatch problem [9,19].
These works show slightly better FOMg than ours, while our work achieves better FOMyy.
The work [19] uses the passive noise shaping filter; however, the comparator having three
input branches increases the power and noise. Works [16-20] consume power > 100 uW,
and it is difficult to use these works for the IoT demanding an ultra-low power.

Table 2. Performance comparison.

[9] [10] [12] [15] [16] [17] [18] [19] [20] * This Work
Filter type Active Active Active Passive Passive Passive Passive Passive Passive Passive
OP-amp free No No Yes Yes Yes Yes Yes Yes Yes Yes
Filter order 1 3 2 1 2 2 1 2 1 1
Extra lnpu’zlf\?(l)‘ )comparator Yes (2) Yes (2) No Yes (2) Yes (2) Yes (3) No Yes (3) Yes (2) No
CDAC (bit) 12 12 9 10 8 9 10 10 10 9
Supply (V) 1.2 1.55/0.75 1.1 1.2 1 1.1 0.9 1.0 1 1.8
Bandwidth (kHz) 1 2 625 125 8000 262 40,000 100 2000 3
OSR 512 25 8 8 4 16 4 16 25 20
Power (LW) 15.7 37.1 84 61 253 143 1250 118 561 4.1
Process (nm) 55 28 40 130 65 40 14 28 65 180
FoMS (dB) 180 175 178 167 169 173 171.7 173 176.8 170
FoMW 85 5 9 7 109 33 8.9 251 16 118

(f]/ conv.-step)

* Simulation results.

Realized using the noise shaping filter with passive gain multiplication, the pro-
posed ADC consumes the lowest power of 4.1 uW, leading to a favorable FOMy of
11.8 f] / conversion-step. Our work presents the effectiveness of the DEM using a behavioral
model, which can further increase SNDR. The result shows that the proposed approach
of noise shaping is promising for improving the performance of the SAR ADC. Although
the proposed ADC achieves a moderate FoMg, low power consumption at a medium
conversation rate is suitable for IoT. The FoMg can be further enhanced by implementing a
more advanced CMOS process. There are many application scenarios of the proposed ADC
since sensing analog signals is necessary for various IoT systems. For the sensor interface
in these applications, very low power consumption is required to provide a long battery
life. Examples include various battery-operated sensing systems [28], deployed in various
biomedical, home, industrial, and environment monitoring objects.

4. Conclusions

We propose a noise-shaping SAR ADC featuring a passive gain multiplication tech-
nique and successfully verify the approach using a chip fabricated in a 0.18 pm CMOS
process. We embed the charge pump in the noise shaping filter to boost the gain without
static power consumption, which effectively deals with the residue voltage attenuation.
The proposed approach consists of a few capacitors and switches, allowing noise shaping
implemented with low power and small area. We present the comparator with reduced
kickback noise that effectively handles the tradeoff between noise suppression and chip
area. The energy-efficient MCS technique is effectively combined with thermometer-coded
CDAC, which reduces the settling error in the DAC. The effect of filter capacitor size
and process-induced mismatch in the CDAC is investigated using a behavioral model of
the ADC. Additionally, we propose a simple DEM implementation, confirmed using the
behavioral simulations. The ADC is fabricated using a 0.18 um CMOS process. Measured
data show the successful operation of the proposed noise shaping technique. The ADC



Sensors 2022, 22, 869 16 of 17

achieves measured SNDR of 66.5 dB and SFDR of 79.1 dB with FoM of 11.8 fJ /conversion-
step. The main contribution of this paper is validating a simple and power-efficient noise
shaping technique for the SAR ADC using the embedded passive gain multiplication. The
proposed approach tackles the drawback of increased power and extra noise of the active
noise shaping and limited noise suppression of the passive noise shaping. Future research
direction will be implementing the SAR ADC using an advanced CMOS node to increase
the bandwidth. Experimental validation of the proposed DEM is also demanded. The result
will be useful for realizing a power-efficient SAR ADC for various IoT sensor systems.
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