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Abstract

This paper presents an optimized sampling capacitor design for a Delta-Sigma Modulator (DSM) tailored for
high-precision sensor ADCs. By balancing the trade-off between thermal noise and silicon area, an optimal capacitor
value was determined and validated via Cadence Spectre simulations and prototype measurements. The second-order
Cascaded-of-Integrators  Feedforward (CIFF) DSM employs a 3-bit quantizer, a 512 kHz sampling rate, an
oversampling ratio of 512, and a 500 Hz signal bandwidth. Fabricated in a 180 nm CMOS process with a 1.8 V
supply, the design utilizes a 1.03 pF sampling capacitor. Measurement results demonstrate a 92.53 dB SNDR for a
100 Hz input, closely matching the 93.81 dB simulation prediction, which confirms the proposed strategy's

effectiveness in achieving high-resolution performance with minimized area overhead.
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| . Introduction

High-resolution Analog-to-Digital Converters (ADCs)
serve as a fundamental building block in modem
sensor  interface industrial

applications,  including

medical  diagnostic  devices, and
systems [1]-[9]. These

applications typically demand a high dynamic range to

instrumentation,
environmental — monitoring
process low-amplitude signals from sensors, despite
operating within a relatively narrow bandwidth. Among
various ADC architectures, the Delta-Sigma Modulator
(DSM) has emerged as the most viable solution for
achieving high  Signal-to-Noise-and-Distortion ~ Ratio
(SNDR) and superior linearity [10]. Its effectiveness
synergistic
oversampling and noise-shaping techniques, which shift

stems  from  the combination  of
quantization mnoise to higher frequencies, away from
the signal band of interest [11][12]. As the demand
for higher resolution increases, the design of the
first-stage integrator in a DSM becomes increasingly
critical. In  high-precision  designs, the overall
performance is primarily limited by thermal noise,
specifically the KT/C noise generated during the
sampling phase, rather than the quantization noise
itself  [13]. To SNDR, the

conventional design approach involves increasing the

achieve a target

size of the Sampling Capacitor (Cs) to suppress this
thermal noise floor. For example, a recent study [1]
presented an incremental delta-sigma ADC for sensor
Readout Integrated Circuits (ROICs), achieving a
remarkable 95.8-dB  SNDR through advanced analog
noise reduction techniques. However, achieving such
high performance often necessitates the wuse of
significantly large sampling capacitors to ensure that
the thermal noise power remains well below the signal
level. While increasing Cs improves noise performance,
it introduces significant design trade-offs regarding
silicon area and power efficiency [14]. Large
capacitors occupy a substantial portion of the chip

area, directly increasing the manufacturing cost per

die. Furthermore, an increased Cs imposes a heavier
capacitive load on the Operational Transconductance
Amplifier (OTA) within the integrator. To maintain
the required unity-gain bandwidth and ensure proper
settling within each sampling phase, the OTA must
provide a higher transconductance (gn), which
inherently leads to increased bias currents and higher
total power consumption [15]. Consequently, an
oversized sampling capacitor can jeopardize the power-
area- performance efficiency that is crucial for
battery-powered or multi-channel sensor interfaces [16].
Therefore, a systematic —optimization strategy is
required to determine the minimum possible sampling
capacitance  that satisfies the target dynamic
performance without unnecessary area overhead. This
paper proposes an optimized design methodology for
the sampling capacitor in a second-order Cascade of
Integrators with Feedforward (CIFF) DSM. By
conducting a strategic analysis of the noise-shaping
function and the thermal noise contribution specific to
the CIFF architecture [11], we derive an optimal Cg
value that balances the stringent requirements of
high-precision sensor interfaces. The proposed DSM,
incorporating a 3-bit quantizer and an Oversampling
Ratio (OSR) of 512, was designed and fabricated
using a 180 nm CMOS process with a 1.8 V supply.
Unlike previous works that may rely on excessive
design margins, this work utilizes a 1 pF sampling
capacitor, determined through rigorous quantitative
analysis. The design was validated using Cadence
Spectre noise simulations and confirmed through
physical measurements of the fabricated chip. The
experimental results show an SNDR of 92.53 dB for
a 100 Hz input, closely matching the simulated
prediction of 93.81 dB. These results demonstrate that
the proposed optimization strategy effectively achieves
high-resolution performance while minimizing the
silicon area and easing the drive requirements of the

internal amplifiers.
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II. Sampling Capacitor for DSM Considering
Thermal Noise

Figure 1 illustrates the fundamental block diagram
of a DSM. It primarily consists of a loop filter
(Integrator), a quantizer, and a Digital-to-Analog
Converter (DAC) in the feedback path to subtract the
output from the input signal. Based on the linear

model, the modulator output, V(z), is expressed as:

1/f noise in Quantization
kT/C noise integrator noise, E(z)
in sampling
-1
U(z) %—)—» d > V(z)
- 1-z1
W(z)
DAC
Linearity

error

Fig. 1. Basic block diagram of the DSM and noise
sources in each building block

Viz)=z1 « [U) =Wl +10-2"") « Bz) (1)

where U(z) is the input signal, W(z) represents the
DAC output signal, and E(z) denotes the quantization
noise. As shown in Equation (1), the difference
between the input signal and the feedback DAC output
is processed through a low-pass characteristic (Signal
Transfer Function, STF), whereas the quantization
noise, E(z), is subjected to a high-pass characteristic
(Noise Transfer Function, NTF). This mechanism,
known as noise shaping, effectively shifts the
quantization noise power from the low-frequency signal
band to higher frequencies. Consequently, the DSM
can significantly enhance the signal-to-noise ratio
(SNR) within the bandwidth of interest. Furthermore,
this architectural advantage can be leveraged alongside
an increased Oversampling Ratio (OSR) to achieve
even higher dynamic range and superior SNR
performance [17].

Despite these advantages of the DSM, various

non-idealities inherent in these building blocks can
degrade the overall performance; however, several
design techniques are implemented to mitigate these
effects. Among these, the 1/f noise (flicker noise)
originating from the Operational Transconductance
Amplifier (OTA) within the integrator, as well as the
linearity errors from the feedback DAC, are effectively
suppressed using chopping and Dynamic Element
Matching (DEM) techniques, respectively [18][19].
Furthermore, the thermal noise (KT/C  noise)
accumulated during the sampling of the analog input
and feedback signals is recognized as an input-referred
error. As this noise is processed by the same Signal
Transfer Function (STF) as the analog input U(z) and
is not suppressed by the Noise Transfer Function
(NTF), it establishes a fundamental limit on the
achievable Signal-to-Noise Ratio (SNR) and dynamic
range[11]. To maintain a high dynamic range and
minimize the thermal noise floor, the sampling
capacitor (Cs) must be sized sufficiently large to meet
the required noise specifications. However, the sizing
of Cs, in conjunction with the feedback capacitor (C;)
of the integrator, significantly dictates the total silicon
area and power consumption of the DSM[20].
Therefore, these capacitance values must be optimally
determined by carefully balancing the trade-off
between  thermal noise  performance, hardware
efficiency, and the overall dynamic performance
requirements of the modulator [21].

The differential Switched-Capacitor (SC) integrator
shown in Fig. 2 operates over two non-overlapping
clock phases: the sampling phase (P1) and the
integration phase (P2). During P1, the input signal is
sampled onto the capacitors Cs. Simultaneously,
thermal noise from the switches is sampled,
contributing a noise power of kT/Cs to each sampling
capacitor. During the subsequent integration phase
(P2), charge transfer occurs from Cs to the integration
capacitor CI. In this phase, additional thermal noise

from the DAC feedback path is accumulated. This
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process results in a total input-referred noise power of
2kT/Cs per side. For a fully differential configuration,
the noise contributions from both phases and both
paths result in a total input-referred thermal noise

power expressed as

VDACor VCM \
s ! 1l
P2 P1 11
INP —o.° | | 5P + —
Cs OPA
INM —0 Yo —_ —
P2 P1 | 1
7 7 I
VDACom VCM C

Fig. 2. Circuit diagram Switched-capacitor integrator
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where k is the Boltzmann constant and T is the
absolute temperature. This noise power is independent
of switch resistance or timing, being fundamentally
constrained by the sampling capacitance Cs. In
high-resolution DSMs, thermal noise often becomes the
dominant performance bottleneck. While an ideal DSM
is limited only by quantization noise, the kT/C noise
floor can degrade the actual SNR significantly[11][22].
To achieve a target resolution, Cs must be sized such
that the thermal noise remains sufficiently below the
quantization noise floor. However, an excessively large
Cs leads to penalties in silicon area, increased RC
delays, and higher power consumption.

The SNR of the DSM is defined by the ratio of
the signal power (Psignal) to the total noise power

(Pnoise):

P'z’ na
SNR=10-log (") (3)

noise

For a sinusoidal input with a maximum amplitude of
Vy/2, the required total noise power to meet a specific
SNR target is:

— (V. /2)%/2
7ﬂ:(,,/)/ @
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By incorporating the effects of oversampling, the
in-band thermal noise power is reduced by the OSR.
The in-band noise Power Spectral Density (PSD) is
given by:

5 _ 1 4kT
n,thermal OSR C

S

v

©)

By equating the required noise power for the target
SNR with the oversampled thermal noise, the minimum

required sampling capacitance Cs is derived as:

SNR

10
C = 8kT « 10 ©)

Vv
OSR » (TP)2

This relationship allows for the optimal selection of
the sampling capacitor size based on the target system
specifications and the architectural oversampling ratio.
For instance, to achieve a target SNR of 93 dB with
a 3 dB design margin, the SNR objective is set to 96
dB. Assuming Vp is 1 V, and an OSR of 512, the
minimum sampling capacitance Cs
be 1.03 pF.

The relationship between the SNR, thermal noise,

and sampling capacitance Cs shown in Equation (6)

is determined to

was verified through the behavioral simulation of the
DSM using MATLAB Simulink. Figure 3(a) illustrates
the behavioral model of the second-order CIFF DSM.
The architecture incorporates two integration stages
(INT1 and INT2) with local feedback gains and a
feedforward path to the summation node before
quantization. A 3-bit SAR quantizer is employed to
convert the analog signal into a digital output. To
reflect real-world circuit constraints, a thermal noise
block (KT/C noise) is included at the input stage,
where the noise level is precisely calculated based on
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Equation (5) using parameters such as the sampling
capacitance, absolute temperature (300 K), and the
Boltzmann constant. The dynamic performance of the
modulator is analyzed through its Power Spectral
Density (PSD) and SNDR characteristics. As shown in
Fig. 3(b), in the absence of thermal noise, the
modulator exhibits superior dynamic performance with
an ideal SNDR of 117.64 dB. However, when thermal
noise is considered, the SNDR degrades due to the
KT/C noise floor. With a sampling capacitance (Cs) of
1 pF and an OSR of 512, the modulator achieves an
SNDR of 9226 dB and an effective number of bits
(ENOB) of 15.03 bits for a signal frequency (fo) of
100 Hz and a sampling frequency (f)) of 512 kHz.
Notably, this simulated SNDR of 9226 dB is
consistent with the theoretical value derived from
Equation (6), confirming the validity of the noise
analysis. Fig. 3.(c) illustrates the dependency of the
SNDR on the sampling capacitance (Cs). As the
capacitance increases from 0.1 pF to 2.2 pF, the
SNDR improves from approximately 82 dB to 95 dB.
This trend confirms that a larger sampling capacitor
reduces the impact of thermal noise (KT/C), thereby
enhancing the overall dynamic range of the system.
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Fig. 3. Behavioral simulation of second-order CIFF DSM
(a) proposed system block diagram (b) power spectral
density with and without thermal noise for Cs = 1 pF and
OSR = 512 (c) SNDR performance as function of
sampling capacitance Cs

1. Design of Delta-Sigma Modulator with
optimized Sampling capacitance

The overall architecture of the proposed second-order
CIFF DSM is illustrated in Fig. 4. To achieve a target
SNDR of 93 dB for an input signal bandwidth of 500
Hz, the modulator is designed with an OSR of 512,
resulting in a sampling frequency (f) of 512 kHz
Table 1 shows the target specifications for the designed
DSM. As shown in Fig. 4(a), the system consists of
two fully differential integration stages and a 3-bit SAR
ADC that serves as the internal quantizer. The choppers
and Data Weighted Averaging (DWA) logic aress
incorporated to eliminate the flicker noise of the
operational amplifiers in the integrators and the
nonlinearity of the 3-bit CDAC, respectively. Figure
4(b) illustrates the detailed timing diagram of the
proposed modulator. The system operates with an
External Clock (EXCLK) of 3.584 MHz, and one
complete conversion cycle of the DSM consists of 512
cycles of EXCLK. During the sampling phase (P1), the
input signal is sampled onto the 3-bit CDAC array.
This is followed by the SAR Conversion phase
(SAR _CONYV), where the 3-bit quantizer determines the
digital output D[2:0]. Subsequently, the integration
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phase (P2) is executed to process the residue. To
mitigate low-frequency noise and mismatch errors, the
CHOPPER and DWA CLK signals are synchronized
with the sampling periods, ensuring that flicker noise
and DAC nonlinearity are effectively suppressed
throughout the conversion process.

Although the proposed architecture is similar to the
one reported in [23], it has been specifically designed
with an optimized sampling capacitance to achieve the
target dynamic range while maintaining a small area
for the DSM implementation. The first integrator stage
is particularly critical as it directly samples the input
signal  Vppwm. To  satisfy the  stringent noise
requirements while accounting for thermal noise, the
total sampling capacitance at the input stage is
optimized based on the analysis in Equation (6).
Consequently, the total sampling capacitance Cs is set
to 1.03 pF. As depicted in Fig. 4(c), this capacitance
is realized by the parallel combination of seven Cg;
unit capacitors within the 3-bit DAC array, ensuring
the thermal noise floor is sufficiently suppressed to
maintain the target dynamic performance. Bootstrapped
switches are used at the input to prevent harmonic
distortion and ensure complete settling of the 1.03 pF

sampling capacitor.

3-bit SAR ADC
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Fig. 4. Proposed second-order CIFF DSM
(a) entire block diagram (b) timing diagram
(c) circuit diagram of 3-bit DAC

Table 1. Design specifications

Architecture Second-order CIFF DSM
Process CMOS 180 nm
Supply voltage 18V
Sampling 512 kHz
frequency
OSR 512
Input bandwiath 0.5 kHz
Target SNDR > 92 dB
Power <120 uW
Frequency of 3584 MHz
external clock

Figure 5 shows the block diagram of the reference
driver designed to provide stable reference voltages
(Vrerp, Voum, and Vggrw). It incorporates a Bandgap
Reference (BGR) to generate a stable 0.8 V source,
followed by a Low-Dropout (LDO) regulator and a
driver buffer to supply 14 V, 09 V, and 04 V,
respectively, ensuring reliable operation of the SAR

quantizer.

0.8V 14V
>

L—» Vrere (1.4 V)
|, Ven (09 V)
— Vreem (0.4 V)

04V D

BGR LDO Driver
Fig. 5. Block diagram of reference driver

To achieve the target performance of a DSM, a
practical capacitor sizing methodology is required.

While theoretical interpretations provide a fundamental
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basis, design engineers must account for the specific
operational characteristics of SPICE-level simulation
tools like Cadence Spectre. Unlike theoretical models,
these simulators solve system equations (e.g., KCL)
based on device-level models. Therefore, to accurately
reflect noise behavior in Switched-Capacitor (SC)
circuits, the noise folding effects during the sampling
process must be fully integrated into the simulation
setup. In practical noise simulations, integrating noise
power up to infinite frequencies is not feasible. Thus,
the sclection of the maximum noise frequency
bandwidth (fyax) is critical. As shown in (7), fia is
defined as a multiple of the sampling frequency (fs):

fmax = Nmsb * f.s (7)

where Ny 1s the parameter determining the
frequency range for noise verification. Setting fiux
excessively high leads to inefficient simulation times,
whereas an  insufficient fi. results in an
underestimation of the sampled noise. The thermal

noise power integrated up to fy. is expressed as:

5 1
Vhe =4kTR f —d 8
Vre on 0 1+(27TR Cf>2 f ()
kT 2
—7?‘[81’1 (27TR Cfmax)

To evaluate the coverage of the simulation
bandwidth relative to the actual circuit bandwidth, a

normalization index Fom 1S introduced:

_ fmaX — fmaX (9)
norm fBW ( 1 )
2rR,,C
= 27TR071, Cfmax 27TR0!1 ijmsbfs

The noise error (e), representing the difference
between the finite integrated noise and the total
theoretical noise (v/(KT/C)), is derived as:

e=\Vvhe = Ve (10)
kT 2 an] N (Rlof 771) - %

\ kT \/7ta ! (E70T777 1 )

The relative error rate (E) is expressed in

N

percentage form:

2.,
= ( \/?tan I(E“),."L) —1 ) X 100%

) X 100% (11)

By establishing the relationship between the
switch-on duration (T, = a-'T) and the clock cycle
(Ife = Tc = Ny'T,), the value of Npg can be
systematically determined based on the target error
rate E and the time constant factor a. In this work, to
maintain a noise error rate of approximately 1%, fiax
was set to 50 times the sampling frequency (fnx =
50-f;) [24].

Figure 6 presents the PSD of the proposed
second-order CIFF DSM, simulated using Cadence
Spectre. To verify the design’s robustness and the
accuracy of the noise modeling, the simulation was
conducted under two distinct conditions: without
transient noise (Fig. 6(a)) and with transient noise
enabled (Fig. 6(b)). The PSD analysis was performed
with a signal frequency (fi;) of 100 Hz and a
sampling frequency (f;) of 512 kHz, maintaining an
OSR of 512. In the absence of transient noise (Fig.
6(a)), the modulator achieves an ideal SNDR of
114.57 dB and an ENOB of 18.74 bits, representing
the quantization noise floor limited by the circuit
architecture. For the transient noise simulation in Fig.
6(b), the maximum noise frequency (fn.x) Was set to
25.6 MHz, which is 50 times the sampling frequency
(50-f), as derived in the methodology section. This
ensures that the noise folding effects are accurately

captured while maintaining simulation efficiency. Under



this condition, the modulator achieves an SNDR of
9381 dB and an ENOB of 15.29 bits, effectively
reaching the design targets. This result exhibits a high
degree of correlation with the behavioral simulation
results shown in Fig. 3(c). Such close agreement
indicates that the transient noise simulation, configured
with the optimized fmax, reliably reflects the practical
including  the  thermal
noise-dominated noise floor and the characteristic 40
dB/dec noise-shaping slope. This validates both the
proposed design methodology and the accuracy of the

circuit  performance,

sampling capacitance optimization.
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The proposed second-order CIFF DSM, along with
an integrated reference driver, was fabricated using a
180-nm CMOS process with a 1.8-V supply voltage,
as shown in Fig. 7(a). In applications involving
low-speed sensors and high-voltage circuits, the
180-nom CMOS process is still used for mass
production. The sampling frequency of the proposed
second-order CIFF DSM is 512 kHz to implement an
input bandwidth of 500 Hz and an oversampling ratio
of 512. To implement this, the EX CLK signal with a
frequency of 3584 MHz is fed to the implemented
second-order CIFF DSM. The power consumption of
the proposed second-order CIFF DSM is 112.8 pyW.
Fig. 7(b) presents a detailed view of the chip
photograph, ~ specifically highlighting the proposed
second-order CIFF DSM. The active area of the DSM

core is  0.184 mmnt.
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The first integrator (INT1) occupies 0.02656 mm?,
the largest area among the analog blocks. The second
integrator (INT2) and the 3-bit SAR quantizer occupy
0.0165 mm?> and 0.00698 mm? respectively. The
digital logic occupies 0.03306 mm? By employing a
small sampling capacitor of 1.03 pF, the integration
capacitor of the first integrator was proportionally
scaled down. This reduction contributed to a decrease
in the active area of the first integrator compared to
the design in [1]. The capacitors used in the proposed
second-order CIFF DSM, including the 3-bit capacitor
array of the first integrator, were implemented using
Metal-Insulator-Metal ~ (MIM)

capacitors. A unit MIM capacitor with dimensions of

capacitors as  unit

435 ym x 8 um is utilized for the sampling
capacitor, providing a unit capacitance of 71.3 fF.

The measured dynamic performance of the
fabricated second-order CIFF DSM is illustrated in
Fig. 8. The
conditions as the simulations: a signal frequency (fsi,)
of 100 Hz and a sampling frequency (f) of 512 kHz
with an OSR of 512. The measured SNDR and
ENOB are 9253 dB and 15.08 bits, respectively.

Notably, these measurement results exhibit a high

PSD was measured under the same

degree of consistency with both the behavioral
simulation (Fig. 3(c)) and the

transient noise simulation (Fig. 6(b)), where the latter

Cadence Spectre

was configured with fx = 50-f. The measured noise

levels, and the second-order noise-shaping characteristic
of 40 dB/dec is clearly maintained in the higher
close correlation across

frequency range. This

behavioral modeling, circuit-level simulation, and
silicon measurement validates the reliability of the
proposed practical capacitor sizing methodology and
confirms that the transient noise simulation effectively

predicts real-world performance.

Fsig = 100.000Hz
Fs = 512.0kHz
BW = 0.50kHz
OSR =512
SNDR = 92.53dB

ENOB = 15.08bit
40dB /dec

Power Spectral Density [dB]
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Fig. 8. Measured dynamic performances of 2-order CIFF
DSM

Table 2 provides a comprehensive performance
comparison between this work and previously reported
DSMs. Fabricated in a 180-nm CMOS process, the
proposed DSM achieves a competitive SNDR of 92.5

dB while maintaining a compact active area of (.184

mm?,
floor accurately reflects the optimized thermal noise
Table 2. Performance comparison of DSMs
ltem [25] [26] [27] (28] [29] (1] This work
Process [nm] 180 28 0 180 180 180 180
Supply voltage [V] 15 1 1.2 1.8 1.8 1.8 1.8
Architecture 3“DSM | 2“DSM | 3“DSM | 3“DSM | 39DSM | 2¥DSM | 2" DSM
Power [uW] 4 220 30 190 1300 1184 112.8
Sampling freq. [MHZ] 0.2 0.32 0.25 6.144 25 0512 0512
Oversampling ratio 125 64 500 128 125 512 512
Bandwidth [kHz 038 250 0.25 24 10 05 05
SNDR [dB] 89.3 86.2 91 945 98.6 974 R5
*FoM [dB] 172.3 176.7 164.8 1755 167.5 163.7 159.0
Area [mmf] 0.75 0.1026 0.39 02 0.648 0.245 0.184

*FoM [dB] = SNDR + 10-log(BW/Power)
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Compared to other designs implemented in the
same 180-nm technology node, such as [25],[26] and
[1], this work demonstrates a superior balance between
high-resolution ~ performance  and  silicon  area.
Specifically, while [26], [29] and [1] report higher or
similar SNDR, they occupy substantially larger areas
of 0.8 mm? and 0245 mm? respectively. The
achievement of a high SNDR with a minimized area
overhead is primarily attributed to the systematic
determination of the sampling capacitor (Cs = 1.03
pF), which allowed for the proportional scaling of the
subsequent integration capacitors. Consequently, the
proposed design offers a highly area-efficient solution
for high-precision sensor interface applications without

compromising dynamic range or noise performance.

V. Conclusion

This paper presented a practical and optimized
design methodology for determining the sampling
capacitor size in a high-precision DSM. Through a
comprehensive quantitative analysis of the trade-off
between dynamic performance and silicon area, an
optimal sampling capacitance of 1.03 pF was
established for the proposed second-order CIFF
architecture.  This optimization not only ensured
superior noise performance but also enabled a
significant reduction in the overall silicon area by
scaling down the integration capacitors proportionally.
The wvalidity of the proposed methodology was
rigorously verified through a multi-stage verification
process. The behavioral simulation, Cadence Spectre
transient noise simulation which is configured with an
optimized noise bandwidth (fux = 50-f), and
experimental measurements of the fabricated prototype
showed a high degree of correlation. Specifically, the
measured SNDR of 92.53 dB closely matched the
simulation result of 93.81 dB,

confirming that the simulation environment effectively

transient  noise

predicts real-world hardware performance. Fabricated in

a 180-nm CMOS process, the prototype successfully
achieved high-resolution performance with minimized
area overhead. These results demonstrate that the
proposed sizing strategy is a highly effective approach
achieve target DSM

specifications while optimizing for area efficiency in

for design engineers to

sensor interface applications.
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