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Abstract

This paper presents a subtractive-dither-assisted background calibration technique for a
2 GS/s 12 bit pipelined analog-to-digital converter (ADC). A large 7 bit pseudo-random
dither is injected in both the flash and the multiplying digital-to-analog converter (MDAC)
to decorrelate the differential nonlinearity (DNL) errors caused by the inherent quantization
error nonlinearity, capacitor mismatching, and inter-stage amplifier nonlinearity from the
input signal. Designed in a 28 nm CMOS process with a 1 V supply, post-layout simulations
demonstrate a 10.2 dB improvement in spurious-free dynamic range (SFDR), from 73.8 dB
to 84.4 dB, with dithering enabled under a close-to-Nyquist input frequency of 985 MHz.
Although the injected dither cannot be completely removed in the digital domain, the
proposed ADC exhibits only a 0.5 dB degradation in signal-to-noise-and-distortion ratio
(SNDR) for full-scale input, achieving an SNDR of 62.3 dB and an effective number of
bits (ENOB) of 10.1 bits. Dithering also improves static performance, with DNL and
INL optimized to +0.54/−0.53 LSBs and +0.85/−0.88 LSBs, respectively. Moreover, the
proposed dither-based calibration technique introduces an additional power consumption
of less than 2 mW.

Keywords: pipelined analog-to-digital converters; background calibration; nonlinearity;
dither; linear-feedback shift register; inter-stage amplifier

1. Introduction
Driven by the burgeoning demand for data acquisition in the Industrial Internet of

Things (IIoT) era, analog-to-digital converters (ADCs) are becoming pivotal in modern
intelligent industrial systems. These systems typically require high sample rates, fine
resolution, low nonlinearity, low power consumption, and real-time processing [1–4].
Pipelined ADCs are among the most suitable candidates to meet these demands [5].

Signal-to-noise-and-distortion ratio (SNDR) and spurious-free dynamic range (SFDR)
are key performance parameters for ADCs. A high SNDR means less noise and better signal
integrity during conversion, while a high SFDR indicates a system’s ability to resolve weak
signals in the presence of noise and distortion. For instance, in automated guided vehicles
(AGVs), the frequency-modulated continuous wave (FMCW) system is typically employed
to measure distances accurately. A high SFDR ensures that the relatively weak reflected
signals are not overwhelmed by various types of noise present in industrial environments.
One critical challenge in realizing high-SFDR and -SNDR pipelined ADCs is effectively
suppressing nonlinearity. Such nonlinearity arises from multiple imperfections, including
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capacitor mismatch in the sub-ADCs and the multiplying digital-to-analog converters
(MDACs), offset of comparators, finite linearity and gain of inter-stage amplifiers, and
signal-dependent quantization errors, which collectively degrade the dynamic performance
of the converter [6–9]. For instance, in advanced technology nodes like 28 nm CMOS, the
limited intrinsic transistor gain (approximately 15) imposes significant challenges on the
design of inter-stage amplifiers requiring high gain, bandwidth, and linearity.

Dithering is an effective technique for mitigating ADC nonlinearity. Precise subtrac-
tion of the injected dither signal is mandatory to preserve the SNDR performance. Both
theoretical analysis and circuit implementations based on dithering techniques have been
reported in the relevant literature [10–22]. In [10], a small dither is injected into sub-ADCs
to calibrate amplifier gain errors. Refs. [11,12] utilize dithering to decouple the nonlinearity
from the input signal. Levy provided detailed modeling and analysis of the mechanism
by which dithering decorrelates quantization nonlinearity from the input signal [13]. In
addition to theoretical studies, dither injection circuits have also been implemented and
reported in the recent literature. However, they face certain limitations. For instance,
ref. [14] injects a bandwidth-limited dither, which inevitably compromises both the band-
width and the dynamic range of the input signal. Similarly, ref. [15] proposes a method
of injecting dither into the sub-ADC, but this approach reduces the available input range
for large-signal sampling. The work [16] introduces capacitive dithering solely within
the MDAC. However, it fails to effectively dither the injection-stage inter-stage gain error
(IGE). To address these issues, ref. [17] proposed a dual-injection scheme in which dither
is applied to both the MDAC and the sub-ADC. By exploiting the cancellation of these
two dither paths within the first-stage residue transfer function, the consumption of the re-
dundancy correction range is minimized. Despite these advancements, few studies provide
comprehensive details regarding the circuit implementation of dithering.

In this paper, a subtractive-dither-assisted calibration technique is proposed and veri-
fied through transistor-level simulations of a 12 bit 2 GS/s pipelined ADC. The technique
involves injecting dither into the MDAC and using a current-steering DAC to inject large-
amplitude dither into the sub-ADC. This scheme improves linearity and compensates for
the redundancy-range penalty from capacitive dither injection in the MDAC. Specifically, a
7 bit dither is injected into the MDAC and a 4 bit dither into the sub-ADC. To minimize
redundancy calibration range consumption, the four most significant bits (MSBs) of the
MDAC dither share the same control source as the sub-ADC dither. Post-layout simulation
results show that the proposed calibration effectively improves the SFDR of the pipelined
ADC, with only a negligible degradation in SNDR.

The remainder of this paper is organized as follows. Section 2 analyzes the origins
of nonlinearity in pipelined ADCs and describes the circuit implementation details of the
proposed large-dither injection scheme. Section 4 presents post-layout simulation results
and provides a detailed discussion of the observed performance improvements. Finally,
Section 5 concludes this paper.

2. Pipelined ADCs with Proposed Subtractive-Dither-Assisted
Calibration
2.1. Architecture of SHA-Less Pipelined ADCs

The overall architecture of the proposed sample-and-hold amplifier-less (SHA-less)
pipelined ADC is depicted in Figure 1. The ADC consists of several cascaded pipelined
stages. Each stage integrates a highly linear bootstrapped sampling switch, a ki bit sub-
ADC, and an MDAC. During operation, the sub-ADC directly samples and quantizes the
input signal Vin to yield the digital output code Di. Simultaneously, the MDAC reconstructs
the quantized voltage VDAC, subtracts it from Vin, and amplifies the resulting quantization
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residue by the residue amplifier (RA) with a gain factor Gi. The amplified residue is then
propagated to the subsequent stage for a similar further resolution.

Figure 1. SHA-less pipelined ADC architecture.

In practical implementations, to enable digital error correction through sub-ranging
redundancy, the MDAC RA gain Gi is typically scaled down to 2ki−1 or 2ki−2. As depicted
in Figure 2, a 2 bit redundancy is explicitly allocated to the first stage to absorb comparator
offsets. To accommodate the stringent high-speed requirements of the multi-GS/s sampling
rate, the sub-ADCs are realized using flash architecture [23].
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Figure 2. Proposed 7 bit dither injection scheme in 2 GS/s 12 bit pipelined ADC.

The operations of digital-to-analog conversion, subtraction, and residue amplification
are integrated into a single switched-capacitor block known as the MDAC. As illustrated
in Figure 1, the pipelined ADC employs a SHA-less architecture at the front end. Instead
of using a dedicated, power-hungry sample-and-hold amplifier (SHA), the input signal
is sampled concurrently by both the first-stage MDAC and the parallel flash sub-ADC.
This SHA-less configuration significantly alleviates the overall power consumption and
eliminates the thermal noise penalty traditionally introduced by a front-end SHA.

2.2. A 2 GS/s 12 Bit Pipelined ADC with Dithering

The pipelined architecture adopted in this work is depicted in Figure 3. The pipeline
comprises a 4 bit sub-ADC in the first stage, followed by three cascaded 3 bit sub-ADCs,
and ends with a 3 bit flash ADC. Figure 3 also details the circuit implementation of the
first stage. The input signal, Vin, is concurrently sampled by both the parallel quantization
flash and the MDAC sampling network. The digital codes generated from the coarse
quantization then drive the 4 bit DAC capacitor array CDAC. These codes subtract the
corresponding charge from the sampling capacitor CS. Notably, employing a dedicated
CDAC, rather than reusing CS for both sampling and DAC operations, effectively suppresses
nonlinear charge kickback noise [24].
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Figure 3. Output residue curve of the first 4 bit sub-ADC.

In the first stage, a large 7 bit dither signal is injected into both the parallel quantizer
and the MDAC. This quantizer-side dither linearizes the residual IGE and any inherent
nonlinearities in the first-stage residue. Furthermore, the dither introduced into the MDAC
propagates down the pipeline, effectively linearizing the DNL errors in the back-end
ADC stages. Specifically, to perturb the injection stage, dithering the parallel quantizer is
required. To mitigate the performance degradation induced by IGE, the proposed pipeline
also incorporates an IGE calibration across the first three pipelined stages.

The residue transfer curve of the first stage is illustrated in Figure 3. By incorporating
an additional comparator, a full sub-range is evenly distributed to both ends of the transfer
characteristic. The half-sub-range introduced at each end provides sufficient margin to
accommodate the proposed 7 bit dither injection without imposing additional constraints
on the input signal range. Furthermore, the inter-stage gain of the first-stage amplifier
is reduced to 4 rather than the conventional 8 used in standard redundancy calibration.
This reduced gain configuration effectively relaxes the output voltage swing constraints.
Such a design choice is well suited to the low-voltage and low-power characteristics of
the 28 nm CMOS technology, significantly alleviating the design complexity of the high-
speed amplifier.

3. Analysis of Nonlinearity in Pipelined ADCs
Nonlinearity in pipelined ADCs can be broadly categorized into three types. The

first type arises from the inherent quantization error nonlinearity of the ADC, which is
fundamentally associated with the discrete nature of the quantization process. The second
type is attributed to DNL errors induced by circuit-level nonidealities, including inter-stage
amplifier gain nonlinearity, comparator offsets, and capacitor mismatch in the sub-ADCs
and MDACs. The third type arises from sampling nonlinearity, mainly due to nonlinear
sampling switches, signal-dependent charge injection, and bandwidth limitations in the
sampling network. Among these three categories, the first two types of nonlinearity
are deterministic and signal-dependent and are therefore amenable to calibration using
subtractive-dither-based techniques that effectively decorrelate the nonlinear errors from
the input signal. In contrast, sampling nonlinearity is more closely related to device
characteristics and circuit design and in most cases cannot be effectively perturbed by
dithering. Sampling nonlinearity is closely tied to device characteristics and circuit design
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methodologies. In most cases, it cannot be effectively randomized by dithering. Therefore,
it is typically mitigated through careful front-end circuit design rather than calibration.

3.1. Quantization Nonlinearity

Reference [25] provides a detailed analysis of the impact of quantization noise nonlin-
earity on the output spectrum. Quantization error nonlinearity is an inherent property of
ADCs, in that, for a given input signal, the ADC produces a specific digital output code
along with a corresponding quantization residue, which can be expressed as

Vin = D(Vin)− EQ (1)

where Vin denotes the input signal; D(Vin) represents the quantized digital output code;
and EQ denotes the quantization error. For a periodic input signal, the corresponding
quantization residue also exhibits a periodic pattern, resulting in energy concentration
at specific frequencies in the spectrum and degrading SFDR. Figure 4 displays the first-
stage residual error waveform and the corresponding FFT at 7.89 MHz. The residual error
waveform can be divided into three regions: bell, sawtooth, and transition. The bell region
primarily contributes to low-frequency noise, whereas the sawtooth and transition regions
contribute to high-frequency noise.

 

Figure 4. Simulated residue of the first-stage sub-ADC with a 7.89 MHz input signal. (a) Time domain
wave; (b) frequency domain diagram.

3.2. Inter-Stage RA Nonlinearity

Beyond the inherent quantization noise, the linear IGE and large-signal nonlinearity
of the RA are among the primary contributors to the overall nonlinearity in pipelined
ADCs [26–30]. Well-designed IGE calibration can achieve an accuracy of 0.25%, indicat-
ing that a small residual gain error still exists. In addition, the amplifier also exhibits
large-signal nonlinearity errors, as shown in Figure 3. Left unmitigated, these two errors
establish a deterministic correlation among the input signal, the output codes, and the
quantization residue, which manifests in the frequency domain as energy-concentrated
spurious tones. Figure 5 shows the spectral characteristics with residual IGE and different
levels of nonlinearity, based on a 2 GS/s, 12 bit pipelined model.
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Figure 5. Spectrum of 2 GS/s 12 bit pipelined ADC under different gain nonlinearity conditions.
(a) Ideal gain with no nonlinearity; (b) RA with 0.25% IGE and third-order nonlinear coefficient of
50; (c) RA with 0.25% IGE and third-order nonlinear coefficient of 100; (d) RA with 0.25% IGE and
third-order nonlinear coefficient of 200.

The simulation results in Figure 5 demonstrate a strong correlation between archi-
tectural nonidealities and the ADC’s spectral degradation. In the ideal case, the output
spectrum exhibits a uniformly distributed noise floor, consistent with power-of-two residue
scaling. However, the presence of a residual IGE disrupts this ideal scaling behavior, re-
sulting in the appearance of deterministic spurious tones. As the large-signal nonlinearity
of the RA increases, both the number and magnitude of these spurious components grow,
indicating a progressive redistribution of signal energy from the fundamental component to
higher-order harmonics and intermodulation products. Consequently, the SFDR and SNDR
degrade as the nonlinearity increases. This behavior highlights that such deterministic
error mechanisms impose a limitation on the dynamic performance of high-resolution
pipelined ADCs.

Offset of comparator and capacitor mismatching also serve as significant sources of
nonlinearity in pipelined ADCs [31]. These imperfections primarily contribute to DNL
errors, which can be categorized as DNL-related nonlinearities.

4. Detailed Circuit Implementation of Dithering
This section elaborates on the circuit-level implementation of the proposed dither

injection scheme. The 7 bit dither is concurrently injected into both the flash and the MDAC
stage. Figure 6 illustrates the first-stage residue transfer curves under various dither
injection scenarios. For conceptual clarity, the first stage is simplified to a 1.5 bit sub-stage.
Figure 6a depicts the baseline residue characteristic without dither. When dither is injected
solely into the flash, as shown in Figure 6b, the residue segments shift along the gain slope,
occupying the redundant correction range. In contrast, injecting dither only into the MDAC
causes a vertical shift along the y-axis, which similarly consumes the redundancy budget
as depicted in Figure 6c. Remarkably, Figure 6d shows that the redundancy occupancy
from these two paths can be designed to offset each other through appropriate injection.
Theoretically, this dual-path approach consumes no additional redundancy, preserving the
full correction range for other circuit nonidealities.
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Figure 6. Residue of a simplified 1.5 bit sub-ADC under different dither injection scenarios. (a) With-
out dither injection; (b) with only flash dither injection; (c) with only MDAC dither injection; (d) with
simultaneous flash and MDAC dither injection.

4.1. Flash Dither Injection

Compared with dither injection via the MDAC alone, incorporating dither into the
flash offers two distinct advantages. On the one hand, as shown in Figure 6, it effectively
compensates the redundancy range occupancy induced by the MDAC dither injection,
thereby preserving the correction budget. On the other hand, the flash dither enables active
perturbation of the MDAC’s inherent nonlinearities within the injection stage itself—a criti-
cal capability that MDAC-only injection lacks, as it primarily targets the back-end stages.

Dither injection into the flash is realized by perturbing its reference threshold voltages.
Figure 7 illustrates a conventional reference voltage generation circuit for a 4 bit flash. It
consists of two operational amplifiers in a unity-gain feedback configuration, which clamp
the voltages at the top, Vtop, and bottom, Vbot, nodes. A resistive ladder is then connected
between these two nodes to derive the required reference threshold voltages.

To effectively utilize the half-sub-ranges at both ends of the residue transfer curve,
shown in Figure 3, the flash uses 16 comparators rather than the traditional 15. In this
implementation, the current flowing through the main transistor P0 (sized at 30×) is defined
as I. The total dither current IDIT, controlled by a 4 bit digital dither signal, is also designed
to equal I. This relationship can be expressed as

IDIT = I =
4

∑
i=1

IDITi (2)

where IDITi denotes the dither injection current controlled by the i-th bit of the digital dither
code, and ILSB represents the least significant current. The value of the resistor ladder in
Figure 8 satisfies the following relationship:

RPi = RNi = R, i ∈
{

1, 2, . . . , 2N
}

(3)

https://doi.org/10.3390/s26051632

https://doi.org/10.3390/s26051632


Sensors 2026, 26, 1632 8 of 20

N-AMP
+

_

P-AMP
+
_

VCM+VREF

VCM-VREF

RP1

RP15

RP2

RP3

RP16

RP17

RN1

RN15

RN2

RN3

RN16

RN17

Vtop

Vbot

P0

N0

Figure 7. Traditional parallel quantizer reference voltage generation circuit.

Based on the conventional architecture, this work proposes a current-perturbed refer-
ence threshold generation scheme, as illustrated in Figure 8.
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Figure 8. Detailed implementation of the proposed flash dither injection circuit.

When the dither is disabled, the dither injection current is shared equally between IDP

and IDN, while the main branch current I is split evenly between the two resistor columns.
In this state, the total threshold reference voltage VREF satisfies the following:

VREF = Vtop − Vbot =
I
2
•

17

∑
i=1

RPi +
I
2
•

16

∑
i=2

RPi = 16I•R (4)

Assume that the currents injected into RP2 and RN2 are IDP and IDN, respectively, and
the currents flowing through RP1, RN1, RP17, and RN17 are denoted by I1P, I1N, I2P, and I2N.
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Furthermore, let I3P and I3N represent the currents flowing from RP16 and RN16 into the
dither current sources. The following relationships can be derived for these currents:

I = IDP + IDN (5)

IDN = I1P = I2N = I3P (6)

IDP = I1N = I2P = I3N (7)

The dither current injected into RP2, when expressed in terms of the least significant
bit current (ILSB), can be written as

IDP =
4

∑
i=1

PNi•2i ILSB (8)

where PNi denotes the i-th bit of the dither digital control code. The voltages VP1 through
VP16 and VN1 through VN16 serve as the reference threshold voltages for the differential
flash. To implement the half-sub-ranges at both extremities of the residue transfer curve,
the dither injection current is not introduced at the Vtop and Vbot nodes. Instead, the current
is injected through the resistors RP2, RN2, RP16, and RN16, thereby reducing the voltage
drop across the resistors at the ends of the ladder. The differential reference threshold
voltage can be expressed as

Vthpi = Vtop − iIDN•R − (i − 1)IDP•R = Vtop −
i

16
Vre f + IDP•R, i ∈

{
1, 2, . . . , 2N

}
(9)

Vthni = Vtop − iIDP•R − (i − 1)IDN•R = Vtop −
i

16
Vre f + IDN•R, i ∈

{
1, 2, . . . , 2N

}
(10)

where N denotes the resolution of the first-stage sub-ADC. When the dither is disabled,
IDN is equal to IDP, and the two resistor columns equally share both the dither injection
current IDIT and the main branch current I. In this balanced state, the differential reference
threshold voltage can be expressed as

Vthpi|dito f f = Vthni|dito f f = Vtop − (
i

16
− 1

32
)Vre f , i ∈

{
1, 2, . . . , 2N

}
(11)

The dither-induced threshold voltage shift is obtained by subtracting the reference
voltages in the dither-disabled state, as defined in (9) and (10), from the dither-injected
values given in (11), as expressed in equation (12). This result is consistent with the
threshold voltage variations illustrated in Figure 6.

∆Vthpi = Vthpi − Vthpi|dito f f = IDP•R −
Vre f

32
, i ∈

{
1, 2, . . . , 2N

}
(12)

∆Vthni = Vthni − Vthni|dito f f = IDN•R −
Vre f

32
, i ∈

{
1, 2, . . . , 2N

}
(13)

The switching network that controls the dither current is depicted in the dashed box
on the right side of Figure 8. In this configuration, transistor P1 serves as the dither current
sink. Transistors P2 and P3 are designed with identical dimensions, each being half the
size of P4. When the current flows in the direction indicated by the blue arrows, the
parallel combination of P2 and P3 is equivalent to P4, ensuring consistent current density.
Additionally, the dither control arrays, Array-P1 and Array-P2, utilize a complementary
connection to eliminate any inherent circuit asymmetries.

The detailed schematic of the dither current switch driver is illustrated in Figure 9.
The core design principle is that, when dither is enabled, the control logic of the two small
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transistors is identical, which is complementary to that of the large transistor. Conversely,
when dither is disabled, only one small transistor is turned on. This configuration ensures
that the circuit maintains perfect symmetry regardless of the dither state.
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Figure 9. The schematic diagram of dither current switch drivers for (a) PMOS switches; (b) NMOS
switches.

4.2. MDAC Dither Injection

The overall architecture of the MDAC dither injection, as illustrated in Figure 10, com-
prises a dither injection capacitive DAC array and a driver controller. The dither injection
capacitors are binary-weighted from the least significant bit (LSB) to the MSB. To avoid
excessively small LSB capacitances that are practically unrealizable in standard fabrication
processes, a bridge capacitor is employed to equivalently attenuate the capacitance of the
4 LSBs. This allows the physical capacitors for these LSBs to remain large enough for
practical fabrication while still achieving the desired binary scaling through the attenuation
provided by the bridge capacitor.
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Figure 10. The schematic diagram of MDAC dither injection.
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To analyze the dither injection capacitive DAC array, assume all unit capacitors in
Figure 9 have a value of C0. To ensure that the amplitude of the dither generated by
the 3rd bit is exactly twice that of the 2nd bit, the bridge capacitor CBC must satisfy a
specific relationship:

(Ce f f 0 +
2
∑

i=0
Ce f f i)•CBC

Ce f f 0 +
2
∑

i=0
Ce f f i + CBC

= Ce f f 3 (14)

where Ceffi denotes the effective MDAC injection capacitance controlled by the i-th dither
bit. Solving the above relationship yields

CBC =
4

15
C0 (15)

The dither injection switch driver circuit is shown in Figure 11. Its operation relies on a
non-overlapping clock generator to produce two phase clocks, φDIT and φRST. Specifically,
φRST is used to reset the switches to the common-mode voltage, while φDIT is used to inject
the corresponding dither. These two clock phases operate cooperatively to facilitate the
complete dither injection process.

VT VB

VCM

P1 P2 N1 N2

DDITP DDITN

S0PD Q

Clk

D Q

QClk

φDIT

DDIT

φRST

N3 N4

S0N

S1P

S1N

S0P S0NS1P S1N
NOR1

Non-overlap 
Clock 

generation

Dither and IGE 
Generation

φRST

NOR2

NAND1

NAND2

INV

N5

N6

Dither Injection Switch

DFFBDFF

φgen

Figure 11. The schematic of switch drivers for MDAC dither injection.

4.3. Parallel Pseudo-Random Number Generation

In this study, a 23 bit linear-feedback shift register (LFSR) is employed to generate the
pseudo-random digital codes required for the dither. The primitive polynomial used to
generate these pseudo-random codes is given by

P(x) = x23 + x18 + 1 (16)

The generated bit stream is a maximum-length sequence (MS) with a period of 223 − 1.
While this conventional method is well suited for generating single-bit serial pseudo-
random sequences, the proposed architecture requires parallel multi-bit random digital
codes. If parallel outputs are tapped directly from this single sequence, significant cross-
correlation will exist among the output bits, making it difficult to achieve the aforemen-
tioned calibration functionality.

To overcome the aforementioned limitations and achieve superior randomness prop-
erties in the parallel digital codes, we adopt the parallel LFSR architecture based on

https://doi.org/10.3390/s26051632

https://doi.org/10.3390/s26051632


Sensors 2026, 26, 1632 12 of 20

state-space transformation [32–34]. The specific generation framework of this parallel LFSR
is illustrated in Figure 12, where r0 to r6 are used for a 7 bit dither in this study.

Reg0

Reg11

Reg22

Reg1

Reg12

Reg5

Reg16

Reg6

Reg17

Reg9

Reg20

Reg10

Reg21

r12

r7

r13

r8

r17

r12

r18

r13

r22

r17

r21

r16

r0 r1 r5 r6 r10r9

r11 r12 r16 r17 r21r20

r22 DDIT[6:0]

Figure 12. Architecture of parallel 23 bit pseudo-random number generation based on LFSR.

4.4. System Discussion

As indicated by the control logic in Figures 8 and 10, the 4 MSBs of the 7 bit dither signal
concurrently control the dither injection in the flash ADC. This shared-control configuration
enables the injected flash dither to cancel out the MDAC dither, thereby minimizing the
consumption of the available redundancy calibration range. Table 1 summarizes the
relationship between the total injection amplitude and the control codes. At full scale, the
dither amplitude occupies 127/128 LSBs of the first-stage sub-ADC, almost covering the
half-sub-ranges at both ends of the residue curve. The remaining unoccupied 1/128 LSBs
corresponds to the two grounded capacitors depicted on the left of Figure 10.

Table 1. Truth table of dither injection amplitude control.

DDIT
[6:0](Hex) Active Bits MDAC Dither

Bits
Flash Dither

Bits Dither Range

0x00 0 bit 0 bit 0 bit 0

0x01 1 bit 1 bit 0 bit ±1/256 LSBs *

0x03 2 bit 2 bit 0 bit ±3/256 LSBs

0x07 3 bit 3 bit 0 bit ±7/256 LSBs

0x0F 4 bit 4 bit 1 bit ±15/256 LSBs

0x1F 5 bit 5 bit 2 bit ±31/256 LSBs

0x3F 6 bit 6 bit 3 bit ±63/256 LSBs

0x7F 7 bit 7 bit 4 bit ±127/256 LSBs
* Related to the first 4 bit sub-ADC.

In the SHA-less architecture, any mismatch between the flash and MDAC sampling
paths inevitably consumes additional redundancy correction range. Typical sources of
such a mismatch include sampling timing skew and DAC current mirror mismatch. The
simulated post-layout residue dither amplitudes corresponding to control codes 0x01, 0x0F,
and 0x7F are shown in Figure 13, verifying that the residue outputs are within ±175 mV.
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Figure 13. Transient simulation waveforms of first-stage residue at different injection levels.

5. Post-Layout Simulation Results and Discussion
The proposed subtractive dither calibration technique was verified through post-

layout simulations on a 2 GS/s, 12 bit pipelined ADC implemented in 28 nm CMOS
technology. The overall layout of the chip is shown in Figure 14, with dimensions of
2.9 mm × 1.85 mm. The active area of a single-channel pipelined ADC is approximately
1.89 mm × 0.15 mm, comprising the input buffer, biasing circuits, high-speed clock genera-
tion, the dual-channel pipelined ADC core, and the digital calibration module. This section
primarily presents a comparative analysis of the ADC’s performance with and without
calibration. Dynamic performance was evaluated via coherent sampling and a 16,384-point
FFT with a rectangular window, where the 0 dBFS full-scale input corresponds to a 1.4 Vpp
differential input voltage.
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Clock
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Figure 14. Layout of the pipelined ADC with proposed subtractive-dither-assisted calibration.
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Figure 15 compares SFDR and SNDR performance with and without calibration at an
input frequency of 285 MHz. When calibration is enabled, the SFDR improves significantly
from 74.5 dB to 85.1 dB. As observed in Figure 15a, the concentrated spurs and harmonic
tones are effectively randomized and spread into the noise floor. It is worth noting that
the SNDR suffers a marginal degradation of 0.2 dB. This slight drop is attributed to the
residual dither noise, which results from the imperfect subtraction of the analog-injected
dither in the digital domain. Figure 16 compares the SFDR and SNDR at an input frequency
of 985 MHz, which approaches the Nyquist frequency. With calibration enabled, the SFDR
improves from 73.8 dB to 84.4 dB, while the SNDR shows a negligible degradation of only
0.2 dB. This performance corresponds to an ENOB of 10 bits. Collectively, Figures 15 and 16
demonstrate that the proposed dither calibration maintains robust effectiveness across the
entire first Nyquist zone.

 

Figure 15. Simulated output spectrum with a 285 MHz sine-wave input. (a) Without calibration;
(b) with proposed subtractive dither calibration.

 

Figure 16. Simulated output spectrum with a 985 MHz sine-wave input. (a) Without calibration;
(b) with proposed subtractive dither calibration.

Figures 17 and 18 illustrate the simulated DNL and INL comparisons with and without
7 bit dither. In the uncalibrated state, the ADC exhibits a DNL of +0.67/−0.91 LSBs,
with significant errors observed at the sub-range boundaries. Using the proposed 7 bit
dither-assisted calibration, the DNL improves to ±0.54 LSBs. Additionally, as depicted in
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Figure 18a, the uncalibrated INL profile displays a distinct bow shape attributed to inherent
nonlinearity. Furthermore, the inter-stage gain error induces pronounced sawtooth-like
artifacts towards the upper end of the curve. Upon calibration, the INL is successfully
reduced to +0.85/−0.88 LSBs, highlighting the effectiveness of the calibration approach.

 

Figure 17. (a) Simulated DNL without calibration; (b) simulated DNL with proposed 7 bit dither.

 

Figure 18. Simulated INL. (a) Without calibration; (b) with proposed 7 bit dither.

Building on this, Figure 19 illustrates the simulated dynamic performance of the ADC
as a function of input frequency, with and without calibration. As shown in Figure 19a,
the uncalibrated SNDR degrades by 13.49 dB as the input frequency increases to 4 GHz,
indicating a strong frequency-dependent performance roll-off. In contrast, the calibrated
SNDR demonstrates remarkable stability across the entire Nyquist zone and beyond, with
a fluctuation of only 2.47 dB. This flat response verifies that the proposed calibration
effectively compensates for bandwidth-limiting errors. Furthermore, Figure 19b shows the
SFDR performance, where the calibrated output maintains consistently higher linearity than
the uncalibrated case, achieving an improvement of over 10 dB at high input frequencies.

Figure 20 presents the simulated dynamic performance as a function of input power
amplitude. As observed in Figure 20a, the uncalibrated SNDR exhibits a distinctive notch
at an input power of approximately −23 dBFS, indicating converter-dominated noise. With
the proposed calibration, a highly stable and monotonic response across the full dynamic
range is achieved. After calibration, the SNDR improvement is limited by reduced input
power, primarily because residual dither noise dominates. Figure 20b demonstrates the
substantial benefit in linearity. While the uncalibrated SFDR exhibits a sharp drop at the
notch, the calibrated output maintains a robust SFDR, typically greater than 80 dBFS,
confirming the calibration’s effectiveness in suppressing harmonic distortion across a wide
input power range.
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Figure 19. (a) SNDR comparison with and without calibration for variable input frequency; (b) SFDR
comparison with and without calibration for variable input frequency.

 

Figure 20. (a) SNDR comparison with and without calibration for variable input power; (b) SFDR
comparison with and without calibration for variable input power.

The reliability of the ADC is further verified through process, voltage, and temperature
(PVT) corner simulations, as summarized in Figure 21. The design maintains consistent
dynamic performance across extreme process corners (FF, SS) and temperature variations
(−40 ◦C to 85 ◦C). The simulation results reveal that the calibrated SNDR fluctuates by less
than 1 dB (Max ∆ ≈ 0.96 dB) across the swept frequency range. While the SFDR exhibits
slightly higher sensitivity to PVT variations, the calibration scheme successfully preserves
the overall linearity, ensuring robust operation in practical implementations.

Table 2 compares the proposed work against other high-speed ADCs. The excellent
linearity metrics highlight the effectiveness of the calibration strategy. With a DNL/INL
within 0.88 LSBs and an SFDR of 84.4 dB, this work outperforms most comparable designs
in spectral purity. While [8] achieves a higher SNDR, it operates at a lower sampling rate of
1 GS/s and uses a 14 bit design resolution. It is noted that the power consumption in this
work is higher than in [8] and [26]. This is a trade-off to suppress the noise of sub-ADCs
for a higher SFDR and ensure the robustness of PVT corners. Among the 2 GS/s designs,
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this work maintains high SFDR and ENOB, validating the robustness of the dither-based
calibration in suppressing nonlinearities in high-speed pipelined ADCs.

 

Figure 21. Simulated dynamic performance with proposed 7 bit dither and full-scale input. (a) Simu-
lation results of SNDR with PVT variation; (b) simulation results of SFDR with PVT variation.

Table 2. Performance summary and comparison.

Reference [8] ‡ [26] ‡ [27] ‡ [12] ‡ [5] ‡ This Work *

Technology 28 nm 28 nm 28 nm 28 nm 180 nm 28 nm
Architecture Pipeline Pipelined SAR Pipeline TI-Pipeline Pipeline Pipeline
Resolution 14 bit 12 bit 12 bit 14 bit 16 bit 12 bit

Sample Rate 1 GS/s 1.5 GS/s 2 GS/s 5 GS/s 150 MS/s 2 GS/s

SNDR/dB @Nyq. 68.2 58.5 58.1 63.0 75.5 62.0
ENOB/bits @Nyq. 11.0 9.4 9.4 10.2 12.3 10.1
SFDR/dB @Nyq. 85.8 74.5 78.6 80 97.2 84.4

DNL/LSBs −0.65/+0.66 +0.92/−0.74 +0.62/−0.50 N/A +0.39/−0.34 +0.54/−0.53
INL/LSBs −1.71/+1.48 +2.10/−1.69 +1.90/−0.85 N/A +2.67/−2.54 +0.85/−0.88

Power 15.3 mW 21.3 mW 513.0 mW 1.15 W 415.4 mW 140.1 mW
FoMs # 173.3 dB 164 dB 148.0 dB 154.4 dB 158.1 dB 157.5 dB

* Post-layout simulation results with TT corner and 27 ◦C. ‡ Measured results. # FoMs = SNDR + 10 × lg(fsnyq/(2
× Power)), fsnyq is the Nyquist sample rate.

6. Conclusions
This paper presents a subtractive-dither-assisted calibration technique to enhance the

linearity of pipelined ADCs. By systematically modeling nonlinear sources, the calibration’s
operating principle is theoretically analyzed. Post-layout simulation results in a 28 nm
CMOS process show that the proposed technique improves the SFDR by more than 10 dB
for both low-frequency and near-Nyquist inputs. SNDR degradation is well controlled at
less than 0.5 dB with full-scale input. The technique also yields significant improvements in
static performance, achieving a DNL and INL of +0.54/−0.53 LSBs and +0.85/−0.88 LSBs,
respectively. Furthermore, PVT simulations confirm the robustness and frequency stability,
with only 2 mW additional power consumption. This subtractive dither technique is highly
effective for high-linearity IIoT applications, such as industrial radar sensing.
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Abbreviations
The following abbreviations are used in this manuscript:

ADC Analog-to-digital converter
MDAC Multiplying digital-to-analog converter
DNL Differential nonlinearity
SNDR Signal-to-noise-and-distortion ratio
SFDR Spurious-free dynamic range
ENOB Effective number of bits
IIoT Industrial internet of things
AGVs Automated guided vehicles
FMCW Frequency-modulated continuous wave
IGE Inter-stage gain error
MSBs Most significant bits
SHA-less Sample-and-hold amplifier-less
RA Residue amplifier
SHA Sample-and-hold amplifier
PDF Probability density function
LSBs Least significant bits
LFSR Linear-feedback shift register
MS Maximum-length sequence
PVT Process, voltage, and temperature
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