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ABSTRACT A delta-sigma modulator (DSM)-based incremental analog-to-digital converter (ADC) is
proposed for use in the readout integrated circuit of low-power high-resolution sensors. The proposed
incremental delta-sigma ADC (IADC) consists of a second-order cascaded-of-integrators feedforward
(CIFF) DSM with a successive approximation register (SAR) ADC-based 3-bit quantizer and a digital filter
with a cascaded of integrators (Col) structure. Design techniques to reduce analog noise such as flicker,
thermal noise, and nonlinearities in the digital-to-analog converter (DAC) generated by a second-order CIFF
DSM with a 3-bit quantizer are introduced and their effectiveness is verified by measured results of the DSM
and IADC. In particular, the measurement results confirm that the improvement in the characterization of the
flicker noise of the reference driver, including the band-gap reference for generating the reference voltage
used in the feedback path of the DSM, determines the overall characterization of the DSM. Furthermore, the
proposed low-power high-resolution IADC is implemented using a second-order Col filter optimized for the
designed DSM. The proposed IADC, implemented using a 180-nm CMOS process with a supply of 1.8 V,
has an area of 0.296 mm? and a power consumption of 124.5 ;W. It has an input bandwidth of 500 Hz and
a sampling rate of 1 kHz. To implement this, the DSM operating synchronized to an external clock with
a frequency of 3.584 MHz has an oversampling ratio of 512 and a sampling rate of 512 kHz. When the
differential analog input signal has a frequency of 100 Hz and an amplitude of 0.94 Vpp, the measured peak
SNDR of the DSM is about 97.4 dB, while the measured SNDR of the IADC in this case is about 95.8 dB.

INDEX TERMS Delta-sigma modulator, incremental analog-to-analog converter, successive approximation
register, flicker noise, thermal noise, band-gap reference, cascaded of integrators.

I. INTRODUCTION

Because low-frequency analog signals such as temperature,
humidity, and geomagnetic fields have narrow bandwidths
but wide dynamic ranges, readout integrated circuits (ROICs)
for sensors that acquire these signals require high-resolution
sensor interface circuits [1], [2], [3]. Analog-to-digital con-
verters (ADCs) that convert analog signals to digital signals in
low-bandwidth, high-resolution ROICs can be implemented
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using either successive approximation register (SAR) struc-
tures or delta-sigma modulator (DSM)-based structures [4],
[5]. SAR ADCs minimize the use of analog blocks, enabling
low power ROIC. In particular, the lack of operational ampli-
fiers with high voltage gain in SAR ADCs facilitates the
implementation of ROICs in systems-on-chip (SoCs) with
other digital blocks, even in submicron processes. On the
other hand, the resolution characteristics of the SAR ADC
can be mainly determined by the characteristics of the
capacitor-based digital-to-analog converter (CDAC), where
the linearity of the CDAC limits the resolution of the SAR
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ADC to about 10 to 12 bits. Of course, SAR ADCs can further
increase the resolution by applying oversampling and noise
shaping techniques, but this increases design complexity,
area, and power consumption [6], [7].

ADCs using DSMs typically use operational amplifiers to
implement analog integrators, which increases the use of ana-
log circuits compared to SAR ADCs. However, DSM-based
ADCs can significantly reduce quantization noise, which
inevitably occurs in the form of white noise in the ADC,
by applying the oversampling and noise shaping techniques
of the DSM and the decimation operations of digital fil-
ters. This makes it suitable for implementing high-resolution
ADCs because of its structure rather than the individual
performance of its component circuits. It is also possible
to implement an ADC with a target resolution by adjusting
the order of the DSM, the number of bits of the quantizer,
and the oversampling ratio (OSR). In addition, incremental
delta-sigma ADCs (IADCs) that utilize DSMs can facili-
tate data conversion for other signals by resetting the DSM
after data conversion of one signal. These behavioral fea-
tures of IADCs make them a good candidate for ROICs that
selectively convert analog signals from multiple sensors into
digital signals [8]. On the other hand, despite these advan-
tages of DSM-based ADCs, analog noise, such as thermal and
flicker noise from analog integrators, including operational
amplifiers and reference voltage generators, and nonlineari-
ties in the DACs used due to multibit quantizers, can degrade
the characteristics of the DSM. This can make it difficult
for delta-sigma ADCs to achieve their theoretical dynamic
characteristics, which are determined by the order of the
DSM, the OSR, and the number of bits in the quantizer.

In this work, design techniques to eliminate various noises
that can be generated by IADCs are presented for the imple-
mentation of low-power, high-resolution ADCs for ROICs
that acquire low-frequency analog signals. In addition, a
16-bit high-resolution IADC with the introduced design tech-
niques for noise reduction is designed and fabricated. Finally,
the effectiveness of the design techniques for noise reduction
is analyzed by analyzing the measurement results of the
fabricated IADC.

Il. INCREMENTAL DELTA-SIGMA ADC

A. BASIC INCREMENTAL DELTA-SIGMA ADC

Figure 1 shows a block diagram of a typical DSM-based
incremental ADC that can be used for sensor interfaces,
where Fig. 1(a) and (b) are the block diagrams of a second-
order cascaded-of-integrators feedforward (CIFF) DSM and
a second-order decimation filter, respectively. In the second-
order CIFF DSM, the analog input signal and the output of
the first integrator are fed directly to the quantizer along
with the output of the second integrator to implement the
feed-forward path of the CIFF structure. The feed-forward
path of the CIFF DSM allows the integrator in the DSM to
perform noise shaping only on the quantization error. This
has the advantage of reducing the output swing required by
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FIGURE 1. Block diagram of IADC (a) second-order CIFF DSM
(b) decimation filter.

the integrator in the DSM, which reduces the burden on
the integrator design. The output of the DSM appears as a
PWM waveform, which is the sum of the input signal and the
noise-shaped quantization noise. To obtain the ADC’s output
from the DSM’s output, a decimation filter must be used to
remove noise outside the input signal bandwidth. While a
conventional delta-sigma ADC’s decimation filter must use
a complex structure, an IADC that periodically initializes the
DSM and decimation filter can use a simple decimation filter.
The decimation filter with the cascaded of integrators (Col)
structure shown Fig. 1(b) is implemented as a second-order
filter to match the order of the DSM.

The dynamic characteristic of the DSM, SNR, can be
expressed as shown in Equation (1), depending on the number
of output digital bits (N) of the quantizer used in the DSM,
the order (L) of the DSM, and the OSR [9].

2L +1
SNR = 6.02N +1.76 4 10 - log ( —5—
T

+ (2L +1)-10-1og(OSR) (1)

While the DSM can improve SNR by significantly reduc-
ing the quantization noise Eq(z) through oversampling and
noise shaping techniques, it may not have the ideal SNR char-
acteristics shown in Equation (1) due to noise from multiple
analog blocks used in the DSM. Therefore, to implement a
high-resolution IADC, it is necessary to analyze the noise
generated by the DSM and discuss design techniques to
reduce it.

B. NOISE OF DSM

Figure 2 shows the various noise sources in the DSM that
can degrade the performance of the IADC. In addition to the
quantization noise (Eq) inherent in the IADC, other noise
sources that degrade the SNDR of the DSM include thermal
noise, kT/C, due to sampling operations, flicker noise and
offset voltage in the integrator, and noise including nonlin-
earities in the feedback DAC (Epac). kT/C noise is generated
by thermal noise during the sampling process of switched
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FIGURE 2. Noise sources in DSM.

capacitor circuit. In the DSM, kT/C noise is represented in the
form of Equation (2), where k is the Boltzmann constant, T is
the temperature, and Cg is the value of the sampling capaci-
tor [10]. It is possible to reduce kT/C noise by increasing the
OSR or the value of the sampling capacitor.

kT

2
Vn_thermal = OSR-C (2)
s

In order for the DSM to achieve the desired resolution, the
magnitude of the kT/C noise must be less than the voltage of
1 least significant bit (LSB) of the IADC, which is calculated
by Equation (3) [11]. In this equation, Vp is the magnitude of
the analog input signal fed to the DSM.

V2/2
> P
VLSB = 1((NR+3)/10 €)

From the two equations (2) and (3), the minimum value of the
required sampling capacitor of the DSM can be calculated
for a given OSR to achieve the targeted resolution of the
TADC. In conclusion, the effect of kT/C noise in the DSM
can be eliminated by using a sampling capacitor larger than
the minimum calculated value.

Flicker noise from the integrator used in the DSM is
another factor that can degrade the SNDR of a DSM. Flicker
noise is inversely proportional to the frequency and the area of
the channel of the transistors used in the operational amplifier
for the integrator, as shown in Equation (4), where K is the
process constant [12].

K 1

Co WL @

V;% _flicker —
Since the magnitude of flicker noise is inversely proportional
to frequency, it affects DSMs for sensor interfaces that receive
input signals with low frequencies close to DC. In particular,
flicker noise generated in the operational amplifier of the
first integrator of the DSM affects the overall SNDR of the
DSM. To reduce the effect of flicker noise in the opera-
tional amplifier, chopping or auto zeroing techniques can be
used [13], [14].

Unlike the quantization noise (Eqg), the noise (Epac)
including reference noise generated by the DAC in the feed-
back process of the quantization results in the DSM, has a
transfer function of the low-pass filter similar to that of the
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input signal, as shown in Equation (5) [15].
V@ =7"[U@ —Epac @1+(0 -2z -E@ ()

Therefore, the noise generated by the DAC significantly
degrades the overall performance of the DSM. In particular,
noise in the reference voltage for the DAC has a significant
impact on the signal-to-noise and distortion (SNDR) char-
acteristics of the DSM. It has the same effect as noise in
the input signal of the DSM, reducing the peak SNDR of
the DSM by raising the noise floor of the power spectrum
for the output of the entire DSM. It is important to reduce
the absolute noise of the reference voltage supplied to the
DAC because it is difficult to remove this noise through the
structural behavior of the DSM. In addition, the mismatch
between each unit-element of a multi-bit DAC, which is
required by the use of a multi-bit quantizer in the DSM,
introduces nonlinearity, which is a large dominant noise in
multi-bit DACs. The nonlinearity caused by mismatches in
multi-bit DACs can be reduced by applying data weighted
averaging (DWA) techniques to improve the characteristics
of the DSM [16].

Ill. DESIGN OF INCREMENTAL DELTA-SIGMA ADC

This chapter describes the design of a high-resolution DSM-
based IADC for sensor ROIC that applies the design tech-
niques presented in Chapter II to reduce various noises in the
DSM.

A. ARCHITECTURE OF DSM-BASED IADC

The proposed IADC consists of a second-order CIFF DSM
with a 3-bit quantizer and a second-order decimation filter of
a Col structure, as shown in Fig. 3. For the implementation
of the CIFF structure, the voltage gains for the analog input
signal, the output of the first integrator, and the output of
the second integrator are set to 1:2:1, respectively. The use
of the 3-bit quantizer in the DSM minimizes the increase in
capacitors for integration by setting the coefficients of the
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FIGURE 3. Block diagram of proposed IADC.
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two integrators to 1. The proposed IADC has a bandwidth
of 500 Hz and a sampling rate of 1 kHz for the analog input
signal, while the DSM has an OSR of 512 and the DSM and
decimation filter are reset to 1 kHz.

B. SECOND-ORDER CIFF DSM

Figure 4 shows the block and timing diagrams of the DSM
used for the proposed IADC. The designed DSM has a
second-order CIFF structure, consisting of a first integrator
with a 3-bit CDAC(Csy), a second integrator, a 3-bit SAR
ADC used as a quantizer, and digital logics including the
DWA. The first integrator of the DSM uses a chopper that
performs chopping at a frequency of 1/2 of the sampling
frequency, fs, to reduce the effect of flicker noise in the
operational amplifier. In order for the DSM to be used for
the IADC, reset switches are added to each integrator to reset
the integration capacitors. In addition, a reference voltage
generator is used to supply the reference voltage for the

First integrator 3-bit SAR ADC
A

— o~ E—

Second integrator
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" 12 o o o
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FIGURE 4. Delta-sigma modulator (a) block diagram (b) timing diagram.
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3-bit CDAC and 3-bit SAR ADC and the bias current for the
operational amplifier used in each integrator.

The designed DSM is synchronized to an external clock
of 3.584 MHz. The DSM operates in the order of sample,
data conversion of the 3-bit SAR ADC, and integration, which
is repeated through 7 cycles of the external clock. After the
DSM finishes sampling, the chopper changes the input and
output paths of the integrator, and the DWA is performed to
improve the linearity of the 3-bit CDAC.

3-bit CDAC [6:0]

Y
1
1
1
1
1

VREFF‘ VREFM

INP —
N k k
INM— \ T_]_I
<< N_— 11
N c UL
§< S1_||Imi L
T~ 11

A

. Veerp Vrerm

FIGURE 5. Circuit diagram of 3-bit CDAC.

The 3-bit CDAC in the first integrator, shown in Fig. 5,
is used as a sampling capacitor for sampling an analog input
signal and a CDAC for feedback corresponding to the 3-bit
quantization. Therefore, the 3-bit CDAC consists of seven
unit-capacitors (Csj_ynit), and when it is used as a sampling
capacitor (Cgy), all seven Cg;_ypitS are connected in parallel
and controlled identically. When it is operated as a 3-bit
CDAC for the feedback operation of the DSM, the tops of all
seven Cs_units are connected to each other, but the bottoms of
the Cs1_unitS are connected as VRgpp or VREpM, respectively,
depending on the results of the 3-bit quantizer and DWA.
The value of the sampling capacitor can be determined by
the calculations in Equations (2) and (3) to reduce the effect
of kT/C noise at the input stage of the DSM. A sampling
capacitor of at least 1.29 pF is required to realize a DSM
characterized by an SNR of 100 dB for an analog input
signal with a voltage range of £500 mV and an OSR of 512.
In this work, the value of the sampling capacitor (Csy), which
is configured as the 3-bit CDAC, is set to 6.23 pF, which
is approximately five times larger than the minimum value
required by the design specification, in order to analyze the
design technique to reduce the noise of the DSM after the
effect of thermal noise of kT/C noise is eliminated.

The design specifications of the operational amplifiers
used in the two integrators of the DSM can be determined by
the simulation results of the MATLAB behavioral model [17].
In order for the proposed second-order CIFF DSM with a
3-bit quantizer and an OSR of 512 to have an SNDR of
more than 100 dB, the operational amplifiers used in the
two integrators need to have a voltage gain of more than
50 dB and an output swing voltage of more than £330 mV.
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FIGURE 7. Chopping (a) concept (b) block diagram of first integrator with
chopper (c) timing diagram for chopping in first integrator.

To realize the required voltage gain, an operational amplifier
with a single-stage structure can be used to reduce power con-
sumption and area [18]. However, in this work, a two-stage
operational amplifier is used to ensure a margin in the output
voltage range of the integrator. Figure 6 shows the block
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diagram of the operational amplifier with common-mode
feedback (CMFB) circuit used for the first and second inte-
grators of the DSM in this work. Due to the increase in the
value of the sampling capacitor in the DSM, the integration
capacitor of the first integrator also has a value of 6.23 pF.
As a result, the operational amplifier of the first integrator
drives a large capacitor load, including the sampling capaci-
tor of the second integrator. Since a conventional two-stage
operational amplifier using Miller capacitors would have
difficulty driving large capacitors, a gain-enhanced current
mirror operational amplifier is used in this work [19], [20].
The operational amplifier of the first integrator has a dc gain
of 57.3 dB, a gain bandwidth of 21.5 MHz, and a phase
margin of 68.3° in the case of a typical process with a 1.8 V
supply voltage. Also, the operational amplifier of the second
integrator has a dc gain, gain bandwidth, and phase margin
of 50.9 dB, 23.1 MHz, and 68.8°, respectively, for the same
case.

Figure 7(a) shows the concept of the chopping technique.
The chopper improves the SNDR of the DSM by reducing the
noise in the input signal band by modulating the flicker noise
and offset to the chopping frequency region by periodically
cross-switching the input and output of the operational ampli-
fier used in the integrator. To prevent the SNDR of the DSM
from being degraded by the flicker noise and offset caused
by the operational amplifier, a chopper consisting of a few
switches is used on the operational amplifier used in the first
integrator, as shown in Fig. 7(b). The chopper used in the
DSM performs chopping at a frequency of 256 kHz, which is
half the sample frequency of 512 kHz, in order to move noise
away from the input signal band. The chopping is performed
after the sample operation of the DSM has finished, as shown
in Fig. 7(c).

VinT2p
Vintip
VRerp OF VRerm —|_|
Vem 3 W 0 3 3
Vine
oL ol oX ol Ll
Vem T T T T T, Vbace
v Ca2 Cai Cho Cs Cc v
cm —¢ » Vbacm
ZC-L 1C-L 1C-L 8C-L 4(:-L
Vi T T T )
Veu 27 o1 ’ ’
— 1
VRrerm OF Vrerp
VinTim
Vintom

Analog input sampling, Sampling Sampling
Vger switching of first of second
for 3-bit SAR ADC integrator integrator

FIGURE 8. Circuit diagram of CDAC for 3-bit SAR ADC.

In this work, the 3-bit SAR ADC is used as the quantizer
to increase the dynamic range of the DSM by 12 dB more
than when using a 1-bit quantizer [9]. It also increases the
integration factor of the DSM, which allows the value of
the capacitor for integration to be reduced. The SAR ADC
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consists of a CDAC, a comparator, and a SAR logic. The
CDAC performs Vrgr switching for the operation of the 3-
bit SAR ADC along with summing the input signal and the
outputs of the two integrators to perform the operation of
the DSM with CIFF structure. To perform these operations,
it consists of a total of 16 unit-capacitors to achieve a voltage
gain of 1:2:1 for the analog input signal, the first integrator
output, and the second integrator output, as shown in Fig. 8
[17]. For sampling the analog input signal, 4 Cys of capaci-
tors Can, Ca1, and Cpg are used. 8 - Cy of Cg and 4 - Cy of
Cc are used to sum the first integrator output signal and the
second integrator output signal.

Binary to
D[2:0] » thermometer +
decoder 7
RESET
2 y
3-bit
3-bit Full . ,. |Logarithmic DAC
adder 7:’ Register ’3' shifter +control
code
1 4
DWA_CLK

(b)

FIGURE 9. DWA (a) block diagram (b) example of unit-capacitor selection
of 3-bit CDAC.

On the other hand, by using a 3-bit quantizer, the DSM
requires a 3-bit DAC for feedback of the quantizer results.
The nonlinearity of the 3-bit DAC worsens the dynamic
characteristics of the DSM regardless of the noise shaping
performed by the DSM. In this work, the 3-bit DAC is
implemented as a CDAC in the first capacitor array shown
in Fig. 5, where the mismatch between the seven Cgi_ypitS
worsens the linearity of the 3-bit CDAC. To solve this prob-
lem, the DWA technique is applied to the behavior of the 3-bit
CDAC. By sequentially selecting the unit capacitors based
on the feedback results from the DSM, the DWA averages
out the mismatch between the unit capacitors to remove the
high-frequency harmonic components contained in the output
signal of the DSM. Figure 9(a) is the block diagram of the
designed DWA. The DWA consists of a decoder to convert
the output of the 3-bit SAR ADC into thermometer code,
a full-adder, a register, and a logarithmic shifter. The DWA
is operated synchronized at DWA_CLK with a frequency of
512 kHz shown in Fig. 4(b). The current 3-bit data output
(D[2:0]) of the SAR ADC and the previous data stored in
the register are summed by the 3-bit full adder in the DWA.
Based on this value, the DWA is performed with the log-
arithmic shifter shifting the currently entered thermometer
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code. The logarithmic shifter receives the data stored in the
register and shifts the thermometer code and outputs it. The
CDAC receives the output code of the logarithmic shifter
and prioritizes the unit capacitors that was not used in the
previous integration operation to proceed with the feedback
of the DSM. Figure 9(b) shows an example where the ther-
mometer code is rotated by the operation of the DWA to
select the unit capacitor. The logarithmic shifter outputs a
digital code to select the first unit-capacitor out of 7 unit-
capacitors when the initial thermometer code is 1. The next
time a thermometer code of 3 is entered, the second through
fourth unit capacitors are selected. Finally, the thermometer
code of 6 entered causes the logarithmic shifter to select the
fifth through seventh unit capacitors and the first through
third unit capacitors. This behavior allows the DWA to rotate
the control code of the 3-bit CDAC to avoid deteriorating the
dynamic performance of the DSM due to the nonlinearity of
the DAC.

BGR LDO Driver
" ——REFor — A —
VDD (0.8V) VDD VDD

Vss vss Vss

FIGURE 10. Block diagram of reference voltage generator.

Figure 10 is the block diagram of the reference voltage
generator that supplies the reference voltage and bias current
required for the operation of the 3-bit CDAC, 3-bit SAR
ADC, and two integrators. The low-dropout (LDO) circuit of
the reference voltage generator produces voltages of 0.4 V
and 1.4 V from a voltage of 0.8 V generated by the bandgap
reference (BGR) circuit designed in current mode. Then,
the driver circuit with analog buffers takes the two output
voltages from the LDO circuit and generates VRgrp, VcM,
and VrgpMm voltages of 1.4V, 0.9 V, and 0.4 V to feed into the
DSM. Because the reference voltage generator supplies the
reference voltage for the DAC to perform feedback, a low-
noise design for this block is critical [21]. As mentioned in
Chapter II-B, the noise contained in the reference voltage for
the 3-bit CDAC has a significant impact on the performance
of the DSM, as does the nonlinearity introduced by the 3-bit
CDAC. Since the DSM designed in this work operates at
low speed, the design of the reference voltage generator is
required to reduce noise, including flicker noise. To reduce
the flicker noise in the reference voltage generator, there are
methods such as using choppers in the operational amplifiers
used in the BGR circuit and LDO circuit, or increasing the
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Device Param Noise Contribution % Of Total
/I8/M8 fn 8.50206e-86 25.49
/I0/M27 fn 5.43101e-86 10.40
/I8/I3/Me fn 3.76141e-06 4.99
I8/I3/M11 fn 3.76121e-06 4.99
/I1/18/M8 n 3.18811e-86 3.58
/I8/I3/M8 fn 3.10965e-06 3.41
/I8/I3/M21 fn 3.10963e-06 3.41
/I8/M1 fn 3.85291e-06 3.29
/I8/I3/M0 id 2.72403e-06 2.62
/I8/I3/M11 id 2.724e-B6 2.62
. 1e-06 2.50
= 2.44
/I8/I3 /M9 id 2.5845%-06 2.36
/18/13 /M8 id 2.58455e-86 2.36
/I8/M8 id 2.12994e-06 1.68
/I8/I3/M21 id 2.12938e-86 1.68
/I8/13/M8 id 2.12934e-06 1.68
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FIGURE 11. Noise simulation results of reference voltage circuit.

area of the circuit affected by flicker noise. In this work,
the flicker noise is reduced by increasing the size of the
transistor used in the reference voltage generator to avoid
using a separate clock signal for the reference circuit.

Figure 11 shows the noise simulation results of the
designed reference voltage generator, showing the 20 largest
noises in the frequency range of 1 Hz to 500 Hz. Among the
noise elements, fn is the flicker noise and id is the thermal
noise. The components grouped in blue are noise generated
by the MOSFETsS used in the BGR circuit, while the compo-
nents grouped in red are noise generated by the MOSFETSs
used in the LDO circuit. The noise from the BGR circuit
accounts for about 80% of the total noise in the reference
voltage generator. Also, the flicker noise accounts for about
80% of the total noise. If all blocks in a DSM are ideally
designed except for the reference voltage generator, the noise
characteristics of the reference voltage generator determine
the overall dynamic characteristics of the DSM. The total
summarized noise of the designed reference voltage generator
is 1.68391e-5 Vrms. From this value, the value of the SNDR
of the designed DSM can be predicted to be approximately
95 dB.

Figure 12 shows the results of the dynamic characteristics
obtained by performing a fast Fourier transform (FFT) on a
3-bit binary code obtained through transient noise simulation
of the designed DSM. The transient noise simulations of
the designed DSM were performed with a sampling rate
of 512 kHz to realize an oversampling ratio of 512 for an
input band-width of 500 Hz. For these transient noise sim-
ulations, the frequency of EX_CLK was determined to be
3.584 MHz. In addition, these transient noise simulations
were performed by feeding the DSM a sine wave with a
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FIGURE 12. Simulated dynamic performance of DSM (a) noise simulation
result without reference voltage generator (b) noise simulation result
with reference voltage generator.

magnitude of —1.938 dBFS under the conditions of a sup-
ply voltage of 1.8 V, a typical process corner, and room
temperature. Figure 12(a) shows the result of transient noise
simulation of only the core block of the DSM without the
reference voltage generator. As the DSM has a second-order
structure, it is observed that the quantization noise performs
noise shaping with a slope of +40 dB/dec as the frequency
increases. In this case, there is no additional noise due to the
reference voltage in the feedback process of the DSM, so the
kT/C noise of the sampling capacitor becomes the main factor
affecting the SNDR. In this design, a sampling capacitor of
6.23 pF is used, which results in a SNDR of 104.6 dB at
the in-band of the DSM. The SNDR of the DSM with the
reference voltage generator has a dynamic characteristic of
94.23 dB, which is 10.4 dB lower, as shown in Fig. 12(b).
This value is similar to the dynamic characteristic of the DSM
calculated from the total summarized noise of the reference
voltage generator shown in Fig. 10. This shows that the
noise characteristics of the reference voltage generator have a
significant impact on the overall characteristics of the DSM.
As a result, managing the noise generated during the sample
process of the input analog signal and the reference voltage
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FIGURE 13. Decimation filter (a) block diagram (b) timing diagram.

generation process is very important to improve the dynamic
characteristics of the DSM.

C. DECIMATION FILTER

Figure 13 shows the block and timing diagrams of the
COl filter used as a decimation filter for the IADC in this
work [22]. The decimation filter, which basically consists
of a second-order digital integrator, is used to remove noise
that has been shifted out of the input signal band by the
noise shaping and oversampling performed by the DSM. This
ultimately allows the DSM to act as an IADC with improved
general dynamic characteristics. The IADC, which combines
the DSM and decimation filter, periodically applies a reset
operation to the DSM and decimation filter. Due to this reset
behavior, the decimation filter does not overflow, so the COI
filter, which is a simple structure compared to other filters,
can be used as a decimation filter. The designed decimation
filter takes D[2:0], which is output synchronously to the
STROBE signal with a frequency of 512 kHz from the 3-bit
quantizer of the DSM, and generates a 18-bit output code
using two digital integrators consisting of an adder and a
register. The clock signal for the operation of the digital filter,
FILTER_CLK, has a frequency of 512 kHz, which is the same
as the frequency of the STROBE signal of the DSM. The
IADC requires a reset of the DSM and the decimation filter
with an OSR of 512 to perform its operation. For this purpose,
a RESET signal with a frequency of 1 kHz is applied to the
DSM and the decimation filter, the output of the decimation
filter is stored in a register, and the DSM and the decimation
filter are initialized.

IV. CHIP IMPLEMENTATION AND MEASUREMENT
RESULTS

The proposed TADC is designed and fabricated in 180-nm
CMOS process with a supply voltage of 1.8 V. Figure 14 is
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FIGURE 14. Photograph of fabricated IADC (a) DSM and decimation filter
(b) reference voltage generator with BGR circuit.
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FIGURE 15. Test environment of fabricated IADC.

a chip microphotograph of the fabricated IADC. The IADC
basically consists of the DSM and the digital decimation
filter, as shown in Fig. 14(a). The DSM and digital decimation
filter have an area of 0.245 mm? and 0.051 mm?, respectively.
In addition, the reference voltage generator with BGR circuit
has been implemented, as shown in Fig. 14(b). The area
of the reference voltage generator has been increased for a
low-noise design. The power consumption of the incremental
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FIGURE 16. Measured dynamic performance of DSM (a) DWA and
chopper off (b) DWA on and chopper off (c) DWA and chopper on.

delta-sigma ADC is 124.5 uW total, including the DSM,
which consumes 118.4 uW of power. The IADC has a sam-
pling rate of 1 kHz and a bandwidth of 500 Hz of input
signal. To achieve this, the DSM and decimation filter are
synchronized to an external clock of 3.584 MHz, and the
DSM has an OSR of 512.

114264
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FIGURE 17. Dynamic range of delta-sigma modulator.

Figure 15 shows the measurement environment for evalu-
ating the fabricated IADC. The fabricated chip was mounted
via a socket on a printed circuit board on a six-layer FR4 sub-
strate. The Audio precision APXS555 supplies the differential
analog input signal, and the NI-PXIe-5451 is used to supply
the external clock and acquire the digital output data of the
DSM and IADC.

Figure 16 shows the measured characteristics of the DSM
of the fabricated IADC. The dynamic performance was mea-
sured by feeding a sine wave with a frequency of 100 Hz
and a magnitude of —0.54 dBFS as the analog input signal.
Figure 16(a) shows the dynamic characteristics of the DSM
obtained from the power spectrum of the 3-bit output signal
of the DSM when both the DWA, which improves the DAC
nonlinearity of the DSM, and the chopper of the DSM are
disabled. The result of this power spectrum shows an in-band
SNDR of 79.7 dB due to the generation of several harmonic
components in addition to the input signal. The DWA sig-
nificantly reduces the harmonic components by improving
the nonlinearity of the 3-bit CADC used in the DSM, which
improves the SNDR of the DSM to 92.0 dB in-band, as shown
in Fig. 16(b). Figure 16(c) shows that the simultaneous use
of DWA and chopper improves the dynamic characteristics
of the DSM. In particular, it is observed that the use of
the chopper improves the noise floor characteristics at low
frequencies below 100 Hz. This results in the DSM having
an SNDR of 95.1 dB, which is an increase of 3.1 dB over the
dynamic characterization improvement by the DWA shown
in Fig. 16(b). The DSM of the fabricated IADC has a peak
SNDR of 95.1 dB when the magnitude of the analog input
signal with a frequency of 100 Hz is —0.54 dBFS, and it has
an SNDR of about 0 dB for an input signal with a magnitude
of —101.1 dBFS, as shown in Fig. 17. Based on these results,
the DSM has a dynamic range of 100.57 dB.

Figure 18 shows the measurement results for the dynamic
characteristics of the entire IADC including the decimation
filter. The IADC with an OSR of 512 performs the basic
operation of an ADC by repeating the process of resetting
the DSM and decimation filter after 512 input signal samples
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FIGURE 18. Measured dynamic performance of IADC (a) DWA and
chopper off (b) DWA on and chopper off (c) DWA and chopper on.

and data conversion. As a result, the IADC has a sample
rate of 1 kHz. Therefore, the evaluation of the fabricated
IADC was performed by analyzing the power spectrum for an
18-bit digital output code at 1 ksample/s of the IADC under
the same measurement conditions as performed in Fig. 16.
Figures 18(a) and (b) show the dynamic characteristics of
the IADC with and without the application of the DWA in
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FIGURE 19. Measured dynamic performance with an external reference
voltage (a) DSM (b) IADC.

a situation where the chopper used in the DSM is disabled.
Similar to the case in Figs. 16(a) and (b), the DWA used in
the DSM improves the SNDR characteristics of the IADC
from 82.5 dB to about 90 dB. Furthermore, the dynamic
characteristic of the IADC is improved to 92.4 dB by the
activation of the chopper, as shown in Fig. 18(c).

From the simulated dynamic characteristics of the DSM
shown in Chapter III, it was verified that the noise charac-
teristics of the reference voltage generator with BGR circuit
determine the dynamic characteristics of the DSM. This is
also confirmed by the measurements of the fabricated IADC.
Figure 19 shows the dynamic characteristics of the fabricated
DSM and IADC using an external reference voltage supplied
from the ES052B instrument shown in Fig. 15. The REFgxT
of 0.8 V, generated by external equipment rather than the
BGR circuitry designed inside the chip, is supplied to the
LDO of the reference voltage generator inside the fabricated
chip shown in Fig. 10, so that the reference voltages (VRgrp,
Vewum, and ViReewm) for the 3-bit CDAC and 3-bit SAR ADC
are generated by the driver of the reference voltage generator.
In this test condition, the fabricated DSM and IADC are char-
acterized by an SNDR of 97.4 dB and 95.8 dB, respectively.
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TABLE 1. Performance comparison and summary of DSMs.

Reference  [23] [24] [25] [26] [27]  This work
Process [nm] 180 180 90 65 110 180
Supply voltage 15 418 42 40 15 18

V]
3rd 3rd 3rd 2ond 2ond 2nd

Architecture oy psmM pSM DsM psm psm APC
Power [uW] 4 340 30 435 624 1184 1245

Samplefred. 5, 3070 025 10 0512 0512 0.001
[MHZ]

Oversampling 155 g4 500 256 128 512
ratio

Bandwidth [kHz] 08 24 025 195 2 05

SNDR [dB] 89.3 96.2 91 88.5 939 97.4 95.8
Area [mm?] 075 08 039 0.04 0.165 0.245 0.296

FoMs [dB] 1723 1747 164.8 1750 169.0 163.7 161.8

FoMs = SNDR + 10 - log;,(BW/Power)

It is confirmed that the characteristics of the reference noise
still have a great influence on the characteristics of the DSM
and IADC, as the noise in the BGR circuit is partially reduced,
resulting in an improvement of 2.3 dB of SNDR for the DSM
and 3.3 dB of SNDR for the IADC.

Table 1 compares the characteristics of the DSM and
DSM-based IADC implemented in this work to other recently
published second- or third-order DSMs with relatively low
input bandwidth. The DSMs reported in the literature
[23], [24] have a third-order architecture and exhibit good
FoM characteristics due to their wide input bandwidth. How-
ever, the increased area due to the use of the third-order
structure of the DSM makes it difficult to realize a small
ROIC. In [25], a third-order DSM with a relatively small area
was reported, which has similar OSR and input bandwidth
to the DSM proposed in this work, but the peak SNDR is
only 91 dB. The DSMs reported in the literature in [26] and
[27] have a similar structure to the DSM proposed in this
work, which is realized in a small area and has a good FoM
with low power consumption. The proposed DSM does not
have high FoM values due to the application characteristics
of low input bandwidth and sampling rate, but they have high
SNDR dynamic characteristics. In addition, the second-order
Col filter was implemented along with the DSM including
the reference voltage generator to enable the operation of a
high-resolution IADC for sensor ROIC.

V. CONCLUSION

The IADC for ROIC of low-power high-resolution sensors
has been fabricated in a 180-nm CMOS process using a
supply voltage of 1.8 V. The proposed IADC consists of the
second-order CIFF DSM with the 3-bit SAR ADC and the
reference voltage generator, followed by the second-order
Col digital filter, so it can be used as a full IP with a sensor
interface. The simulation and measurement results show that
the reference noise for the 3-bit CDAC used in the feedback
path of the DSM has a significant impact on the dynamic
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characteristics of the IADC. In particular, the impact of the
reference voltage generator on high-end IADCs and design
techniques based on these results are presented. The proposed
DSM and TADC with design techniques to reduce various
noises generated by the DSM have SNDRs of 97.4 dB and
95.8 dB, respectively, and can be used as an ADC with a
resolution of 16 bits. The area and power consumption of the
fabricated IADC are 0.296 mm? and 124.5 uW, respectively.
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