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A 88-dB DR, 84-dB SNDR Very Low-Power
Single Op-Amp Third-Order
Modulator
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Abstract—A low-power switched-capacitor third-order sigmadelta
modulator suitable for portable sensor systems is
described. The architecture uses only one operational amplifier
working in a time-interleaved fashion. The architecture employs
swing reduction techniques to limit the swing and the slew-rate
requirements of all internal nodes. Realized in a 0.18- m 2P6M
CMOS technology, the modulator provides 84-dB SNDR and
88-dB dynamic range in a signal bandwidth of 100 kHz and clock
at 3.2 MHz. The 1.5-V supplied prototype dissipates 140 W with
a FoM of 54 fJ/conversion-level.
Index Terms—Analog–digital conversion, mixed analog–digital integrated circuits, noise shaping, operational amplifier,
modulation, switched-capacitor circuits.
sigma-delta

I. INTRODUCTION

I

NTEGRATED sensors, wireless communications, and digital electronics are the basic ingredients of low-cost, lowpower, multifunctional portable sensor systems as needed by a
wide range of applications [1]–[5]. Important building blocks
of these systems are data converters that typically use resolutions in the 8–14-bit range and a signal bandwidth from 50 to
150 kHz and require extremely low-power consumption [4],
[5]. Analog-to-digital converters (ADCs) based on the successive approximation register (SAR) algorithm achieve very lowpower until about 10–12 bit [6]–[8]. For resolutions beyond 12
bit, exploiting oversampling and noise shaping [9] can give rise
to more effective low-power implementations [10]–[15].
circuits can achieve low-power by an optimal choice of oversampling ratio and number of bits of the quantizer. Moreover,
it is possible to diminish the power consumption by using a
number of op-amps lower than the order of the modulator. Refmodulator
erences [16] and [17] describe a second-order
realized with only one op-amp and a third-order modulator implemented with two op-amps, respectively.
This paper presents a scheme that realizes third-order noise
shaping with only one op-amp working in time-interleaved
fashion [18]. In addition, power diminishes using a technique
that limits the op-amp output swing which, in turn, reduces the
slew-rate specifications. Furthermore, the op-amp employs an
auxiliary block to sense the slewing condition and dynamically
boost the bias currents. In this manner, the op-amp matches
gain, bandwidth and slew-rate requirements.
Manuscript received November 17, 2011; revised May 08, 2012; accepted
May 09, 2012. Date of publication July 05, 2012; date of current version August
21, 2012. This paper was approved by Associate Editor Michael Flynn.
The authors are with the Department of Electronics, University of Pavia,
1-27100 Pavia, Italy (e-mail: edoardo.bonizzoni@unipv.it).
Digital Object Identifier 10.1109/JSSC.2012.2199669

This paper is organized as follows. Section II deals the
design technique and topological modifications that enhance to
third-order the noise shaping of a second-order modulator. It
also illustrates the output swing reduction technique. Section III
describes the circuit implementation at the architectural and
building block level. Behavioral and transistor-level simulation
results are given in Section IV while Section V presents the
measurement results. Section VI concludes the paper.
II. THIRD-ORDER

ENHANCED ARCHITECTURE

Since
modulators use a number of integrators equal to
their order, the power consumption increases with the order because of the need for an equivalent number of op-amps. Another
issue that increases the power is the op-amp output swing. Accounting for slew-rate and limited bandwidth, the response of a
real integrator is made by a linear part and an exponential part.
Since nonlinearity depends on the linear section, a limited time
for settling demands for large slew-rates as needed to minimize
the slewing period. A further element relevant for power consumption is the number of bits of the quantizer. It determines
the number of comparators of the flash ADC, but diminishes
the amplitude of the quantization error which, for given modulator architectures, affects the output swing of the op-amps.
Moreover, increasing the number of bits makes it possible to
use lower order modulators.
The above elements establish guidelines for optimal power
consumption, as discussed in details in [17]: the number of
levels in the quantizer must be the maximum allowed by the
mismatch and the flash power trade off; it is necessary to
implement methods that minimize the op-amp output swings;
it is recommended to use the minimum number of op-amps,
provided that it is not required to increase their power or the
increase is within limits.
A. Noise Transfer Function Enhancement
A conventional second-order architecture can be transformed
into third-order by the scheme of Fig. 1. The architecture uses
two delayed integrators with gains 1/2 and 2, respectively. There
is an extra block, the noise enhancer, that injects the quanti.A
zation noise , multiplied by the transfer function
proper choice of
increases the effective noise shaping peris obtained as
formance from second to third-order [19].
follows. Since the noise shaping of second and third-order modulators are, respectively, given by
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Fig. 1. NTF enhancement in a conventional second-order

modulator.

Fig. 2. Analog and digital paths split.

Fig. 3. Third-order

modulator with swing reduction techniques.

subtracting (1) from (2) gives

(3)
which are the terms necessary to give rise to the third-order
shaping. After rearranging, they become
(4)
is the transfer function
Since the factor
must be
from the input of the second integrator to output,
. The operation would require estimating the
before the
quantization error and its multiplication by

injection at the input of the second integrator. However, since
the quantization error is the subtraction of the second op-amp
output and its quantized version, the operation can be done
separately on the two components. This leads to the scheme of
Fig. 2. The required processing is done in the digital domain
before the digital-to-analog converter (DAC) on one path and
can be realized with a passive delay line, as described shortly,
for implementing the second path.
B. Output Swing Reduction Techniques
Techniques to reduce the output swing of integrators have
been described in the literature [17], [20]. This circuit, as shown
in Fig. 3, uses analog feedforward to limit the output swing of
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Fig. 4. Topological modifications. (a) Cancellation of the active sum at input of the flash ADC. (b) Feedback signal
architecture.
third-order enhanced

the first integrator. Thanks to the multibit quantizer, the output
of the first integrator almost equals the quantization noise amplitude. To reduce the output swing of the second integrator, it is
worth noting that oversampling and multibit quantization favor
good correlation between successive outputs [17]. Accordingly,
is lower
output of the second integrator multiplied by
than the output itself. The scheme of Fig. 3 exploits the feature.
The input of the flash ADC is, hence, the difference between
the output of the second integrator and its previous quantiza. The result yields low amplitude
tion,
anyway. The subtraction is accounted for in the digital domain at
the output of the modulator. The signal transfer function (STF)
and the noise transfer function (NTF) are not affected. The re-
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at input of second integrator. (c) Final

duced amplitude enables 18 comparators to be used to determine a 5-bit quantization, which results in a 40% reduction of
the flash ADC power consumption.
The digital high-pass filter at the output of the quantizer is a
limitation when the signal at input is larger than the reference.
For normal design, the input signal is within the input range.
However, for some applications, very large glitches at input may
occur. Under those circumstances, the output of integrators of
many high-order modulators saturates and the feedback can be
unable to recover normal operating conditions after the glitch
disappears. In order to avoid this possibility, this design also
includes an overload monitor that activates a reset of integrators
to resolve the problem.
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Fig. 5. General time event for the time-interleaving operation.

C. Topological Modifications

A. SC Implementation of the Third-Order Modulator

The scheme in Fig. 3 is not suitable for implementation. Architecture modifications [17], [21] lead to the schemes of Fig. 4.
This accounts for a scaling of the amplitude by a factor
and
transfers the path at the input of the quantizer back to the input
of the second integrator, as shown in Fig. 4(a). The configuration of Fig. 4(b) combines the two terms fed back from output
to the input of the second block as

The multiplexing operation makes available at the output
of the single op-amp the first stage and the second stage outputs interleaved. Because of this, the implementation of the
analog path of Fig. 4(c) demands analog storing elements: the
analog voltage needed for feeding back the signal multiplied by
holds only during phase 2. This requires using two
and three capacitors for realizing, respectively, the term without
delay and the one with delay. Fig. 6 shows the single-ended
equivalent of the SC scheme and its time event control. The
figure also sketches the digital part (discussed in the next subsections). The single operational amplifier uses the elements in
the gray area for the first integrator. During the complementary
phase, the op-amp and additional related circuits operate as
second integrator. The kT/C noise requirement determines
the capacitor values of the first integrator. They are 10
and 20
for the input and feedback capacitor, respectively,
where
is equal to 80 fF. The second integrator uses a unity
capacitor for the
path (that comes from conversion of
DAC2) and two unity capacitors for the other branches. The
lower value of unity capacitors of the second stage is because
of the first order shaping of their kT/C noise. The use of low
capacitors with unchanged bias current provides higher unity
gain frequency, as imposed by an unfavorable feedback factor.
and
and three
Two SC structures controlled by phases
and
enable
SC structures under control of phases
the
analog branch.

(5)
possibly implemented by two DACs and simple digital
processing.
A further simplification of the architecture of Fig. 4(b)
results from observing that the output of the quantizer is
. Therefore, branches in the gray enclosure
can avoid the
processing by using the output of the
. The modification leads to the final
quantizer instead of
architecture of Fig. 4(c).
D. Architecture Implementation
The third-order enhanced modulator of Fig. 4(c) uses two integrators. However, its implementation can use only one op-amp
by time-interleaving the two functions [22]. A single op-amp
gives rise to the first integration during one phase and realizes
the operations of the second stage during the complementary
phase. This is functionally described in Fig. 5. Analog integration of the input signals during phase 2 occurs for the entire
. This circuit borrows part of the available time and
period
anticipate the A/D conversion and the digital processing.
III. CIRCUIT DESIGN
Here, we discuss the switched-capacitor (SC) implementation
of the modulator. Then the op-amp and its slew-rate enhancement technique to accomplish the time-interleaving operation
are explained. The specifications of the op-amp determined by
a behavioral simulation of the scheme give rise to transistor
sizing. After that, the digital section and the resistive divider
DAC of the modulator architecture are described in detail.

B. Two-Stage Amplifier With Slew-Rate Enhancement
Behavioral simulations of the modulator, which account for
the finite gain, bandwidth and slew-rate of the op-amp, help
in defining its performances. They are the functional parameters that enable the architecture to satisfy the specifications.
For this design, the dc gain, gain-bandwidth product, and slewrate are equal to 60 dB, 23 MHz, and 15 V/ s, respectively.
Moreover, the output voltage swing is well below the modulator supply voltage. This is not enough to ensure the required
linearity with a telescopic cascode but ensures a good margin in
the output swing of a two-stage scheme. It secures the required
gain and bandwidth with affordable power; however, with that
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architecture and its driving phases.

entire
current flows through one of the input transistors, thus
delivering
in one of the diode-connected elements
or
. This current, suitably mirrored (by a factor
shown in Fig. 8(b)), boosts the current in both the main amplifier first and second stage. The large size of the input pair and
contributions.
active load of the main amplifier limits the
On the contrary, the input transistors of the monitor circuit have
minimum length because they are off after the slewing period.
The operational amplifier uses an SC common-mode feedback
(CMFB) not shown in the figure.
C. Analog-to-Digital Conversion

Fig. 7. Conceptual block diagram of the slew-rate enhancement technique.

low-power level, it is not able to satisfy the slew-rate requirement, despite the low output swing. This design, as conceptually
shown in Fig. 7 [23], avoids increasing the power consumption
with a slew boost technique that monitors the slew-rate conditions and injects extra current into the nodes of the op-amp that
limit the slewing.
Fig. 8 shows the complete schematic circuit of the amplifier.
The slew-rate monitor of Fig. 8(a) senses the differential input
. A bias generator establishes
by the transistor pair
and
that give rise in satthe gate voltages of
and
–
and
, respectively. The use
uration to
brings both
and
into a deep triode reof
gion when inputs are almost balanced. When slewing occurs the

Thanks to the reduction of the output swing in front of the
quantizer, the flash converter of Fig. 6 uses only 18 comparators
instead of 31. In addition, two extra comparators detect the overload condition and activate the op-amp reset. The thresholds of
the two extra comparators are placed one LSB above and below
the positive and negative reference voltage, respectively. Therefore, there are 18 comparators for the 5-bit quantization and 2
for the overload detection. An encoder removes bubble errors
and generates one-out-of- codes as needed to drive the three
DACs of the architecture. The signal driving DAC1 is the output
of the digital high-pass filter. This would require performing the
conversion to binary, the 5-bit addition and the one-out-ofcoding back. The use of the matrix array of 32 by 32 switches
shown in Fig. 9 avoids that double conversion. The encoder outputs,
, representing the
levels, make the
inputs of the eight top rows and eight top columns of the matrix. All the other inputs are zero. The one-out-of- values of
, activate one of the cell
the delayed digital output,
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Fig. 8. Schematic diagram of the operational amplifier. (a) Auxiliary monitor circuit. (b) Two-stage amplifier.

Fig. 9. Detailed implementation of the matrix array with one-out-of).
and 9 (from

code digital control. The scheme shows an example of decimal addition of 3 (from

)
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Fig. 10. Schematic diagram of the voltage comparator. (a) Preamplifier. (b) Regenerative latch.

columns enabling the one-out-of- values of the new digital
. Notice that signals from
and
output,
denote the
levels. The solution is fast and
requires minimum power consumption at an affordable silicon
area cost. Fig. 9 includes an example of decimal addition of 3
) and 9 (from
), yielding the expected value
(from
of 12 at the output.
The comparator, shown in Fig. 10 [24], is a four input fully
differential preamplifier with a 10-dB gain followed by a latch.
The preamplifier increases the signal level and limits possible
kick-back from the regenerative stage [25].

resistive string to generate the differential reference voltages
cancels at the first order the error caused by a linear gradient,
. If a generic -th resistor of a string made by elements is
, the voltage at the -th tap and
-th tap
are respectively given by

D. Resistive Divider DAC

The differential voltage

The enhanced third-order modulator of Fig. 6 employs a resistive divider DAC. The sizes and value of the unity resistance
lead to the required accuracy and speed at a reasonable cost of
area and power consumption. Moreover, the use of the same

(6)
(7)
becomes (8) resulting in
, independent of . Therefore, it is
possible to use a linear string of resistors with large area that satisfies the matching requirements without caring about the gradient limits.

(8)
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Fig. 11. Three DACs implementation with a single Kelvin divider.

Fig. 12. Output voltage swing comparison. (a) First integrator. (b) Second integrator.

Fig. 11 shows the three DACs of the modulator realized with
a single resistive string. There are 31 equal resistances of 2.2 k
connected between
and
to generate the 32 references.
The one-out-of- signals from
and
drive selection networks to generate differential outputs. The
area of the unity resistors is 250 m , a large but affordable
value. The expected matching is 0.1%, leading to harmonic distortion of more than 86 dB without calibration. Notice that the
6-bit matching requirement on a capacitor-based DAC would
lead to large unity elements or the need to use DEM [26].
IV. SIMULATION RESULTS
MATLAB-Simulink simulations verified the swing reduction
techniques and the need for a reset with input overload. The simulations use a 5-bit quantizer and account for the real op-amp
limits [27]. Fig. 12 compares the output swings in both phases
with and without the swing reduction techniques. The input
signal is 4 dB and the oversampling ratio (OSR) is 16. The
histograms show that the first integrator output goes down from
, almost 85% of the dynamic range. The
1.352 to 0.201 V

Fig. 13. Simulated slew-rate performance of the two-stage amplifier with a
.
differential input signal of 200 mV

second integrator reduces its output swing by approximately
). Behavioral simulations use
48% (from 0.816 to 0.427 V
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TABLE I
SIMULATED OP-AMP PERFORMANCE SUMMARY

TABLE II
MEASURED PERFORMANCE SUMMARY

Fig. 14. Chip micrograph.

the parameters reported in Table I for the op-amp. The sampling
frequency is 3.2 MHz.
The two-stage op-amp uses a supply voltage of 1.5 V and
bias current of main amplifier and monitor equal to 10 A. The
top current generators of the auxiliary circuit in Fig. 8(a) are
. When the inputs are unbalanced, the slewing
7 A
directs all 10 A into one branch and one of the diode-connected
of this
transistors drains 3 A. The amplified mirroring
current enhances the slew-rate of the op-amp that rises from 3
to 15.5 V/ s. Fig. 13 shows the simulated slew-rate response
of the amplifier with a differential input signal of 200 mV
(shown in figure). Table I summarizes the performance of the
amplifier.
V. MEASUREMENT RESULTS
The die micrograph of the 0.18- m 2P6M CMOS circuit is
shown in Fig. 14. The active area is 0.49 mm (3.76 mm con-

sidering padring). The prototype was tested with a single-tone
input sine wave at frequencies from 1 to 100 kHz and 3.2-MHz
sampling frequency. Fig. 15 shows the measured 65536-points
FFT output spectrum for various cases. The output spectrum
without applied signal, shown in Fig. 15(a), outlines a noise
floor of about 120 dB. Fig. 15(b) depicts the spectrum with a
1.6-kHz input signal at 4 dB (
V). An OSR of 16
gives a SNDR 84 dB corresponding to an effective number of
bits (ENoB) equal to 13.66. The third and fifth harmonic tones
are at 100 dB and
dB , respectively. The SFDR
achieved is 96 dB. The spectrum with input close to the bandwidth limit (99.7 kHz) is that of Fig. 15(c). The floor spectrum
is almost a replica of the one without signal. The modulator exhibits, as shown in Fig. 15(d), consistent performance over the
entire bandwidth. Fig. 16 depicts the measured SNDR versus
input amplitude and OSR equal to 16 and 32. The dynamic
ranges are 88 and 94 dB, respectively. The higher oversampling ratio augments the peak SNDR by about 3 dB that reaches
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Fig. 15. (a) Measured power spectrum density without signal, (b) with input tone at 1.6 kHz, and (c) with input signal close to the limit of the bandwidth (99.7 kHz).
FFT with 65536 points. (d) SNDR and ENoB versus input signal frequency.

Fig. 17. Power consumption breakdown.

Fig. 16. Measured SNDR versus input signal amplitude.

88.9 dB (14.47 bit) at 4 dB . The difference is just due to the
augmented oversampling because of the 120 dB floor likely
due to a slight shift inside the unity circle of the NTF zeros.
The measured total power dissipation is
140 W. A detailed power breakdown is illustrated in Fig. 17. The achieved

figure-of-merit (FoM), defined by
,
with
100 kHz is 54 fJ/conv-level. Table II summarizes
the measured performance of the prototype.
VI. CONCLUSION
This low-power third-order
modulator, suitable for
portable sensor systems, achieves a third-order noise transfer
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function employing only one operational amplifier. The modulator also reduces the output swing in both phases of operation
(approximately 85% for the first and 48% for the second).
The sole amplifier consumes 60 W but enables 15.5-V/ s
slew-rate thanks to an auxiliary booster circuit. The prototype attains 84-dB SNDR and 88-dB dynamic range over a
100-kHz signal bandwidth with
(3.2 MHz sampling
frequency). The total 140- W measured power consumption
yields a state-of-the-art FoM of 54 fJ/conv-level. This confirms
the effectiveness of the proposed modulator architecture for
portable sensor applications.
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