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Abstract— This paper presents a 2-2 discrete-time (DT)
resolution-enhanced sturdy multi-stage noise-shaping (SMASH)
delta–sigma modulator. It uses source-follower-based integrators
to efficiently increase the operating speed of a DT modulator.
A SMASH topology that consists of two second-order low-
distortion feed-forward stages provides an enhanced linearity by
reducing the sensitivity to the non-ideal gain and distortion of
the proposed integrator. The resolution of the proposed SMASH
architecture is improved by eliminating the first-stage quantiza-
tion noise from the output. In order to reduce power and area
of the modulator, one 5-bit feedback digital-to-analog converter
is shared for both stages, and the number of comparators for
a 4-bit quantizer in the second stage is reduced by scaling
the signal swing range. The prototype delta–sigma modulator
fabricated in a 65-nm CMOS process achieves a 75.8-dB dynamic
range and 72.9-dB signal-to-noise-and-distortion ratio (SNDR) in
a 20-MHz bandwidth. From a 1.2-V supply voltage operating at
a 500-MHz clock frequency, the total power consumption of the
prototype modulator is 20.4 mW, corresponding to a Walden and
Schreier figure of merits of 141.3 fJ/conversion-step and 165.7 dB,
respectively.

Index Terms— Analog-to-digital converter (ADC), delta–sigma
modulator, discrete-time (DT), multi-stage noise shaping
(MASH), source follower, sturdy MASH (SMASH).

I. INTRODUCTION

D ISCRETE-TIME (DT) delta–sigma (��) modulators
have been widely used in low-speed and high-precision

applications, owing to the accurate loop coefficients and easy
frequency response scaling of the switched-capacitor (SC)
integrators. However, the design of wideband DT �� modula-
tors poses challenges resulting from the increased clock speed.
In the design of conventional SC integrators, the operating
speed is mainly limited by the bandwidth (BW) of the op-
amps. In order to achieve a wideband operation of the DT ��
modulator with a limited BW of the op-amp in a conventional
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SC integrator, the oversampling ratio (OSR) needs to be
reduced while the noise-shaping order and quantizer resolution
are increased. In the design of a loop filter for a high-
order noise shaping, a multi-stage noise-shaping (MASH)
architecture has been widely used, as it can provide a stable
operation by cascading multiple low-order modulators [1], [2].
However, it requires high-gain op-amps and accurate gain
coefficients of the modulators to achieve a good matching
between analog loop filters and digital noise cancelling filters
for the minimization of the quantization noise leakage [3]–[6].
Even though state-of-the-art deep-submicrometer CMOS tech-
nologies enable the high-speed operation of the op-amps, it is
challenging to simultaneously satisfy the high-gain require-
ment. In order to relax the accurate gain requirement for the
analog loop filters, a sturdy MASH (SMASH) architecture has
been proposed [7]. In this topology, MASH is achieved only
with analog filters using in-loop digital addition. It signifi-
cantly relaxes the op-amp gain requirement of the integrator
in multi-stage modulators while maintaining the advantage
of a stable high-order noise shaping. However, the signal-to-
quantization-noise ratio (SQNR) of a conventional SMASH
modulator is degraded with an additional quantization noise.
Unlike the MASH modulator, where the output includes only
quantization noise of the last stage shaped with an overall
noise transfer function, the SMASH modulator output includes
shaped quantization noises of all stages.

In this paper, a 2-2 DT resolution-enhanced SMASH ��
modulator [8] is presented. A source-follower-based SC inte-
grator is proposed to efficiently increase the operating clock
frequency of the modulator using an open-loop circuit config-
uration and wide-BW source followers. A SMASH topology
that consists of two second-order low-distortion feed-forward
(FF) stages is proposed to enhance the linearity by reducing the
sensitivity to the non-ideal gain and distortion of the proposed
source-follower-based SC integrator. The quantization noise of
the first stage is eliminated in the proposed SMASH modulator
to improve the SQNR.

This paper is organized as follows. Section II describes
the source-follower-based integrator and its application for
the design of a second-order FF �� modulator. Section III
discusses the architecture and details of the circuit imple-
mentation of the proposed SMASH modulator. Measurement
results and comparisons with state-of-the-art analog-to-digital
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Fig. 1. Schematic and timing diagram of (a) proposed integrator
and (b) source follower.

converters (ADCs) are presented in Section IV. Section V
summarizes the conclusion of this paper.

II. SOURCE-FOLLOWER-BASED INTEGRATOR

In the design of a wideband DT �� modulator, a high-
speed operation of the SC integrator with efficient power
and area is important to achieve a good figure of merit. For
this purpose, in this paper, we propose an integrator with an
open-loop circuit configuration and source-follower unity-gain
buffers.

A. Basic Structure and Operation

The proposed source-follower-based integrator is shown
in Fig. 1(a) with its timing diagram. It consists of pseudo-
differential source followers, SFP and SFN , and SC net-
works. Each source follower is implemented using two PMOS
devices, as illustrated in Fig. 1(b).

The detailed operations of the proposed source-follower-
based integrator during each clock phase are as follows with
the assumption that source followers have an ideal gain of
one. During the φ1 phase (time “n − 1”), the integrator input,
VIN(n − 1), is transferred to the source follower through the
capacitors CAP and CAN, as shown in Fig. 2(a). The integrator
output, VO (n − 1), is determined by the initial charge in these
capacitors and VIN(n − 1). During the following φ2A phase

Fig. 2. Schematic of the proposed integrator during each clock phase.
(a) φ1 phase (time “n − 1”). (b) φ2A phase (time “n − 1/2”). (c) Following
φ1 phase (time “n”).

(time “n − 1/2”), the integrator input, VIN(n − 1/2), is trans-
ferred to the source follower as in the previous φ1 phase.
Fig. 2(b) illustrates the schematic of the proposed integrator
during the φ2A phase. The integrator output, VO(n −1/2), can
be expressed as

VO(n − 1/2) = VO(n − 1) + VIN(n − 1/2) − VIN(n − 1).

(1)

VO(n − 1/2) is sampled on CBP and CBN for the integrating
operation. During the following φ1 phase (time “n”), CBP
and CBN are connected to the source follower and input of
the integrator as depicted in Fig. 2(c). The integrator output,
VO(n), is

VO(n) = VO (n − 1/2) + VIN(n). (2)
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Fig. 3. Z -domain block diagram of the proposed integrator.

Fig. 4. Simplified schematic of the second-order input FF �� modulator
using the proposed integrators with its timing diagram.

From (1) and (2), the integrator output can be expressed as

VO(n) = VO(n − 1)+VIN(n)+VIN(n − 1/2)−VI N (n − 1).

(3)

During the next φ2B phase, the integrator output is sampled on
CAP and CAN. The proposed source-follower-based integrator
integrates its input by sampling the outputs of the source
followers on the capacitor pair and then connecting them to
the input of the integrator alternately.

The z transform of the integrator output in (3) is

VO(z) = VO(z) · z−1 + VIN(z) · (1 + z−1/2 − z−1). (4)

As shown in Fig. 3, the z-domain block diagram of the
proposed integrator is different from that of the conventional
SC integrators, as the proposed integrator integrates its input
during all phases. In order to adopt this block as a loop filter
in the �� modulator, a proper input should be applied for
each clock phase. It will be further explained in Section II-B.

The proposed integrators have advantages in the high-
speed applications due to the intrinsic simplicity and high-BW
characteristics of the source followers [9], [10]. Furthermore,
since the proposed integrators are configured as the open loop,
the operation speed can be improved by avoiding the overhead
associated with the feedback.

B. Second-Order FF �� Modulator Using the Proposed
Integrators

Fig. 4 shows a simplified schematic and timing diagram of
the second-order input FF �� modulator using the proposed
integrators, where the single-ended structure is used for sim-
plicity. It consists of an SC digital-to-analog converter (DAC)
with an extra source follower, two cascaded source-follower-
based integrators, and a quantizer. The extra source follower,

Fig. 5. Z -domain block diagram of (a) first integrator, (b) second integrator,
and (c) second-order input FF modulator.

SFR , is employed to buffer the residual voltage of the SC
DAC.

The transfer function of each integrator is derived as fol-
lows. The output of the first integrator, V1(z), is derived
from (4) as

V1(z) = V1(z) · z−1 + VR(z) · (1 + z−1/2 − z−1) (5)

where VR(z) is the input of the first integrator. VR(z) is zero
during the φ1 phase by connecting the input of SFR to the
ground, as shown in Fig. 4. Therefore, VR(z) and VR(z) ·
z−1 in (5) become zero, and the output of the first integrator
becomes

V1(z) = V1(z) · z−1 + VR(z) · z−1/2. (6)

Fig. 5(a) shows the z-domain block diagram of the first integra-
tor, which is the same as the conventional half-delay integrator.
The output of the second integrator, V2(z), is derived from (4)
as

V2(z) = V2(z) · z−1 + V1(z) · (1 + z−1/2 − z−1). (7)

As shown in Fig. 4, V1(z) is changed during the φ2 phase, and
then it is maintained during the following φ1 phase. Therefore,
V1(z) and V1(z) · z−1 can be expressed as

V1(z) = V1(z) · z−1/2

V1(z) · z−1 = V1(z) · z−3/2. (8)

From (7) and (8), V2(z) is derived as

V2(z) = V2(z) · z−1 + V1(z) · (2 · z−1/2 − z−3/2). (9)

The z-domain block diagram of the second integrator is
illustrated in Fig. 5(b).
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Fig. 5(c) shows the z-domain block diagram of the second-
order input FF �� modulator using the proposed source-
follower-based integrators. The transfer function of the second
integrator in this modulator can be expressed as

V2(z)

V1(z)
= z−1/2 + z−1/2

1 − z−1 . (10)

It shows that the input of the second integrator is not only
integrated but also directly transferred to the output with
a half-period delay. Therefore, the FF path from the first
integrator to the quantizer presented in [11] can be eliminated
in the proposed architecture. This might reduce the load
capacitance of the first integrator compared to that in [11]. The
signal and noise transfer functions in Fig. 5(c) are the same
as the conventional architecture and each integrator processes
the quantization noise only as follows:

V1(z) = Q(z) · z−1/2 · (1 − z−1)

V2(z) = Q(z) · z−1 · (2 − z−1). (11)

C. Design Issues

In Sections II-A and II-B, an ideal gain of one is assumed
for the source-follower buffers to derive the transfer function
of the proposed modulator. However, in a practical design,
the source-follower gain is less than one and non-linear.
Furthermore, the parasitic capacitors seen at the input of the
source follower degrade the integrator gain accuracy since the
proposed integrator is configured as the open loop. These non-
ideal factors will lead to a distortion and quantization noise
leakage in a conventional multi-stage �� modulator.

To overcome the performance degradations introduced by
the non-ideal transfer function of the proposed integrator,
a SMASH architecture using second-order low-distortion input
FF modulators is employed. This architecture relaxes the loop-
filter gain matching requirement and enables the use of the
open-loop configuration with the non-ideal source followers
for the proposed integrators. The linearity of the source
follower might be limited due to the signal-dependent gain
variation and body effect. The sensitivity to the distortion
resulting from the proposed non-linear integrator is attenuated
by the second-order low-distortion input FF modulator with a
multi-bit quantizer. Under ideal conditions, the loop filter in
this architecture processes only the shaped quantization noise,
hence there is no distortion introduced by the integrator [11].
Therefore, the linearity requirements of the source followers
in the proposed integrator are relaxed. In addition, the linearity
of the integrator can be improved by reducing the signal
swing range of the source follower with an increased quantizer
resolution. The non-linearity issue owing to the body effect is
addressed by connecting the source and body of the source-
follower input PMOS device, as shown in Fig. 1(b) [12].

III. PROPOSED 2-2 DT RESOLUTION-ENHANCED

SMASH �� MODULATOR

A. Brief Overview of the Conventional SMASH Modulator

The SMASH architecture was introduced to relax the
accuracy requirement of the loop filters in a multi-stage

Fig. 6. Simplified block diagram of the conventional two-stage SMASH ��
modulator.

modulator [7]. Fig. 6 shows the z-domain block diagram of
the two-stage SMASH architecture, where Q1(z) and Q2(z)
denote the quantization noise of the first and second stages,
respectively. The output of the modulator, DSMASH(z), is

DSMASH(z) = STF1 · VIN(z) + NTF1 · (1 − STF2) · Q1(z)

− NTF1 · NTF2 · Q2(z) (12)

where STF1, STF2 and NTF1, NTF2 represent the signal and
noise transfer functions of the first and second stages, respec-
tively. In the conventional SMASH modulator [7], Q1(z) and
Q2(z) are shaped with the same order by choosing STF2 = 1−
NTF2. The SQNR performance of SMASH can be improved
by choosing STF2 = 1 since Q1(z) is eliminated from the
overall output. However, it may not be practically feasible to
extract Q1(z), feed it to the second stage, and subtract D2(z)
without any delay.

Various two-stage SMASH architectures have been pro-
posed to achieve STF2 = 1 without the feasibility issues
[14], [15]. A delay-based noise-cancelling architecture was
proposed in [14]. A digital delay block at the output of the first
stage allows extra timing for the signal processing. However,
the op-amp gain required to achieve the maximum SQNR in
[14] is considerably increased compared with the conventional
SMASH architecture. In [15], the first-stage quantization noise
is removed from the output using an extra loop delay [16]
while maintaining the relaxed op-amp gain requirements of the
conventional SMASH architecture. However, it requires two
sampling capacitors to implement the delay block in the mod-
ulator input path, which might degrade the overall performance
because of the mismatch between the sampling capacitors.
Furthermore, the active area in [15] might be increased owing
to the use of two sampling capacitors. A continuous-time
SMASH architecture that eliminates the first-stage quantiza-
tion noise from the overall output was presented in [13].
It achieves STF2 = 1 by using a simple analog delay block
and RC network. However, it is difficult to apply this technique
in the DT �� modulators.

B. Resolution-Enhanced SMASH Architecture

Fig. 7 shows a z-domain block diagram of a 2-2 SMASH
modulator with its timing diagram, where the proposed
second-order FF modulators depicted in Fig. 5(c) are used
for both stages. In this structure, STF1 and STF2 become one
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Fig. 7. 2-2 SMASH modulator using proposed second-order input FF
modulators with its timing diagram.

because FF topology is employed, and Q1(z) is consequently
eliminated from the modulator output. However, as mentioned
in Sections II-A and II-B, this architecture is not practically
feasible due to the timing issues. This timing issue can be
resolved by inserting delay blocks in front of the first-stage
quantizer, as shown in Fig. 8. The half-period delay blocks
allow an extra timing of half clock period for extracting Q1(z)
and feeding it to the second stage. However, the signal and
noise transfer functions of the modulator are also changed due
to the inserted half-period delay blocks, and the modulator
becomes unstable. For the analysis, the effects of the half-
period delay blocks are modeled as voltage errors, VE1(z) and
VE2(z). These voltage errors are derived as follows:

VE1(z) = VIN(z) · z−1/2 − VIN(z)

VE2(z) = V2(z) · z−1/2 − V2(z). (13)

Using the voltage errors, the modulator output, DO (z),
is derived from (12) as

DO (z) = STF1 · VIN(z) + NTF1 · (1 − STF2) · Q1(z)

+ NTF1 · [VE1(z)+VE2(z)]−NTF1 · NTF2 · Q2(z).

(14)

Since STF1 = 1 and NTF1 = NTF2 = (1 − z−1)2 in the
proposed modulator, DO (z) becomes

DO(z) = VIN(z) + (1 − z−1)4 · Q2(z) + (1 − z−1)2

·[(1 − ST F2) · Q1(z) + VE1(z) + VE2(z)]. (15)

VE1(z) and VE2(z) include the input and quantization noise of
the modulator. Therefore, the overall signal and noise transfer
functions are changed, and the modulator becomes unstable.

In the proposed resolution-enhanced SMASH modulator,
the second-stage input is modified to avoid the unstable
operation from the delay blocks as shown in Fig. 9. VE1(z) and
VE2(z) are fed to the second stage with Q1(z), as indicated
by the blue and dashed lines in Fig. 9. With this modi-
fication, the second-stage input is changed from Q1(z) to

Fig. 8. Z -domain block diagram of the 2-2 SMASH modulator using the
half-delay blocks in front of the first-stage quantizer.

Fig. 9. Equivalent z-domain block diagram using VE1(z) and VE2(z).

Q1(z) + VE1(z) + VE2(z), and the modulator output becomes

DO (z) = VIN(z) + (1 − z−1)4 · Q2(z) + (1 − z−1)2

· (1 − STF2) · [Q1(z) + VE1(z) + VE2(z)]. (16)

VE1(z) and VE2(z) are eliminated with Q1(z) by choosing
STF2 = 1.

The proposed architecture improves the SQNR of the con-
ventional SMASH by eliminating Q1(z) from the modulator
output. The feasibility issues are resolved by inserting half-
period delay blocks in front of the first-stage quantizer and
changing the input of the second stage without using extra
circuit blocks. In this paper, thanks to the elimination of Q1(z),
a single-bit quantizer is employed for the first stage to reduce
the power and area. A 4-bit quantizer is used for the second
stage to achieve the target performance and reduce the output
swing of the integrators.

C. Feedback DAC Sharing

In the proposed two-stage SMASH �� modulator shown
in Fig. 9, two 5-bit feedback DACs are required because the
1-bit and 4-bit quantizers are used in the first and second stage,
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Fig. 10. Proposed SMASH architecture with the 5-bit feedback DAC sharing
technique.

respectively. The residual voltages of each stage are

VR1(z) = VIN(z) − [D1(z) − D2(z)]
VR2(z) = [D1(z) − D2(z)] − VIN(z) − V2(z) (17)

where VR1(z) and VR2(z) are the residual voltages of the
first and second stages, respectively. As shown in Fig. 4,
the residual voltage of the proposed architecture is separated
from the first integrator output and buffered by the extra
source follower. Therefore, VR1(z) can be shared for the first
and second stages as shown in Fig. 10, where the transfer
functions of the two integrators for each stage are merged
for simplicity. Since the open-loop integrators are used in
this paper, the passive summing operation of VR1(z) and
V2(z) in front of the third integrator leads to a gain of 1/2.
To compensate this attenuation, an extra open-loop amplifier,
ACP, is employed at the output of the fourth integrator,
as shown in Fig. 10.

D. Design Optimization for the Second-Stage Quantizer

In the proposed modulator shown in Fig. 10, the first-stage
output D1(z) is fed to the second-stage quantizer. As the
resolution of the first-stage quantizer is 1-bit in this paper,
the second-stage quantizer input can be overloaded by the large
input signal according to D1(z), +VFS, or −VFS. Fig. 11(a)
shows the simplified block diagram of the second-stage quan-
tizer, which has four inputs [VIN(z), D1(z), V2(z), and AC P ·
V4(z)], and simulated histogram of the second-stage quantizer
input, VQ2(z). A −3-dBFS input and ideal circuit blocks
are employed for this simulation. The overloaded quantizer
input will degrade the overall performance of the modulator.
In order to avoid the degradation, gain coefficients, kA and
kD , are inserted at the output of the first-stage quantizer,
as depicted in Fig. 11(b). By choosing kA = kD = 15/32,
the swing range of VQ2(z) is reduced by approximately 40%,
as illustrated in the simulated histogram. The gain coefficients
are implemented with bit scaling in the digital subtractor
(kD) and scaled reference voltages for the 1-bit DAC (kA).
The scaled reference voltages, kA · VREFP and kA · VREFN,
are generated from the resistor ladder used for the second-
stage flash-type quantizer. The mismatches between kD and
kA introduce the first-stage quantization noise leakage and
it might degrade the performance of the modulator due to

Fig. 11. Simplified block diagram and simulated input histogram of the
second-stage quantizer (a) without and (b) with the gain coefficients of kA
and kD .

the large amplitude of Q1(z). However, the relative match-
ing of the resistor is enough to achieve the target SQNR.
With this scaled-down input signal, the number of compara-
tors for the second-stage flash-type quantizer is optimized.
In general, 15 comparators are required to implement a
4-bit flash-type quantizer. However, in the proposed architec-
ture, only nine comparators are used by inserting the gain
coefficients.

As the FF topology is employed in the proposed archi-
tecture, analog signals need to be summed in front of each
stage quantizer. The passive summation is employed in this
paper to avoid the use of an extra op-amp for the active
summation. Even though the passive summation can save
the static power consumption, the design requirement of the
comparator is increased owing to the signal attenuation. In this
paper, the 2X folding technique [17] is employed to reduce the
signal attenuation. Fig. 12 shows the schematic of the proposed
second-stage 4-bit quantizer. By sharing CQP1 and CQN1 for
the sampling of kA · D1(z) and V2(z), the required number of
unit capacitors at each input node of the comparator is reduced
from four to three. Therefore, the design requirement of the
comparator is relaxed by reducing the signal attenuation from
1/4 to 1/3.

E. Behavioral Simulation

Fig. 13 shows the z-domain block diagram of the proposed
resolution-enhanced 2-2 SMASH �� modulator. Behavioral
model simulations were performed to verify the operation
of the proposed architecture. The conventional 2-2 SMASH
modulator in [7] and 2-2 MASH modulator are also simulated
for a comparison. Fig. 14 shows the 2-2 MASH modulator
used for this simulation, which employs the same loop filters
as the proposed modulator and digital noise-cancelling filter
at the output of the second stage. In the proposed resolution-
enhanced SMASH and MASH modulator, 1-bit and 4-bit
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Fig. 12. Schematic of the second-stage 4-bit quantizer with its timing
diagram.

Fig. 13. Proposed resolution-enhanced 2-2 SMASH �� modulator with
the 5-bit feedback DAC sharing technique and the optimized second-stage
quantizer.

Fig. 14. 2-2 MASH modulator using the proposed second-order input FF
topology.

quantizers are used for the first and second stages, respectively.
However, in the conventional SMASH, 4-bit quantizers are
employed for both stages, as the same resolution should be
used to minimize the overall quantization noise power.

Fig. 15. Simulated SQNR versus (a) op-amp gain and (b) source-follower
voltage gain.

Fig. 15(a) shows the simulated SQNR versus op-amp gain of
each architecture, where a −3-dBFS input and OSR of 12 are
employed. For a comparison, the loop filters of the proposed
modulator are also modeled with the conventional integrators
using the op-amps. It shows that the SQNR of the proposed
architecture is improved, compared with the conventional
SMASH modulator. Furthermore, in the proposed architecture,
the required op-amp gain to achieve the maximum SQNR
is similar to that of the conventional SMASH and signifi-
cantly smaller than that of the MASH architecture. Fig. 15(b)
shows the simulated SQNR versus source-follower voltage
gain of the proposed modulator using the loop filters modeled
with the proposed source-follower-based integrator. In this
design, the simulated voltage gain of the source follower in the
typical corner is 0.95 V/V, similar to the gain of a conventional
integrator that uses a 25-dB gain op-amp.

F. Circuit Implementation

The simplified schematic of the proposed modulator is
illustrated in Fig. 16. One 5-bit SC DAC is shared for the
first and second stages. The extra sample and hold circuit
using SFR2P and SFR2N is employed in front of the third
integrator to implement the same timing as in the first stage.
The source-follower-based integrators illustrated in Fig. 1 are
used while the sampling capacitances of the integrators and
power consumption of the source followers are scaled down
according to the noise and settling requirements of each stage.
In order to implement the half-period delay blocks depicted
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Fig. 16. Simplified schematic of the proposed 2-2 resolution-enhanced SMASH �� modulator.

Fig. 17. (a) Die photograph. (b) Detailed power breakdown.

in Fig. 13, the output of the comparator used in the first-
stage quantizer is latched at the falling edge of the φ1P P

phase, which is a half period earlier than the phase used in the
second-stage quantizer. The reference shuffling data weighted
averaging (DWA) block [18] is embedded in the second-stage
4-bit quantizer to suppress the distortion resulting from the
unit capacitor mismatch in the feedback DAC.

IV. MEASUREMENT RESULTS

The prototype chip was fabricated in a 65-nm CMOS
process. The die photograph is shown in Fig. 17(a); the total
active area is 0.34 mm2 (650 μm × 520 μm) including
the decoupling capacitors. At a sampling rate of 500 MHz,
the prototype �� modulator consumes 20.4 mW from a 1.2-V
supply, of which 13.8 and 6.6 mW correspond to the analog
and digital blocks, respectively. The detailed power breakdown
of the prototype chip is presented in Fig. 17(b).

The measured output spectra with the reference shuffling
DWA turned on (blue line) and off (red line) are shown
in Fig. 18, where a −2.1-dBFS 3-MHz input signal is

Fig. 18. Measured output spectra with the reference shuffling DWA turned
on (blue line) and off (red line).

used. In a 20-MHz signal BW, the measured peak signal-
to-noise ratio (SNR) and signal-to-noise-and-distortion ratio
(SNDR) are 73.7 and 72.9 dB, respectively. As shown
in Fig. 18, the even-order harmonics are considerably reduced
by employing the reference shuffling DWA block. However,
the odd-order harmonics are not attenuated as much as the
even-order harmonics and they degrade SNDR of the prototype
chip. These odd-order harmonics are mainly contributed by the
parasitic inductance of the bonding wires. The measured SNR
and SNDR versus the input amplitude are shown in Fig. 19.
The measured dynamic range (DR) is 75.8 dB, which is mainly
limited by the thermal noises of the source followers used
for the voltage buffer of SC DAC and the first integrator.
Fig. 20 shows the two-tone test result with −11.0-dBFS inputs
at 13 and 15 MHz. The prototype chip achieves IMD2 and
IMD3 of 89.2 and 80.2 dBc, respectively. Fig. 21 shows the
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TABLE I

PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART PUBLICATIONS

Fig. 19. SNR and SNDR versus input amplitude.

Fig. 20. Measured output spectrum using a two-tone signal.

measured STF of the prototype �� modulator. The out-of-
band peaking is 7.4 dB at 125 MHz, which is about six times
higher than the signal BW. This peaking is mainly introduced
by the gain mismatch between the DAC voltage and the other
inputs in the second-stage quantizer.

Table I summarizes the performance of the prototype
�� modulator and compares the results with those in

Fig. 21. Measured STF.

state-of-the-art publications of wideband DT �� mod-
ulators and noise-shaping successive-approximation-register
(NSSAR) ADCs with a BW ≥10 MHz [19]–[27]. The Walden
and Schreier figure of merits (FOMW and FOMS) of the
prototype �� modulator are 141.3 fJ/conversion-step and
165.7 dB, respectively.

V. CONCLUSION

A 2-2 DT resolution-enhanced SMASH �� modulator
using a source-follower-based SC integrator is presented. The
proposed SMASH �� modulator improves the SQNR by
eliminating the first-stage quantization noise from the output.
The source-follower-based SC integrator is proposed to effi-
ciently increase the BW of the DT �� modulator. To save the
power consumption and active area of the modulator, one 5-bit
feedback DAC is shared for both stages, and the number of
comparators for the second-stage 4-bit quantizer is optimized
by scaling down the input signal. The prototype �� modulator
was fabricated in a 65-nm CMOS process to demonstrate the
validity of the proposed architectures and design techniques.
It achieved a DR of 75.8 dB and peak SNDR of 72.9 dB in a
20-MHz signal BW.
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