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PAPER

A High Dynamic Range and Low Power Consumption Audio
Delta-Sigma Modulator with Opamp Sharing Technique
among Three Integrators∗

Daisuke KANEMOTO†a), Member, Toru IDO†, Nonmember, and Kenji TANIGUCHI†, Member

SUMMARY A low power and high performance with third order delta-
sigma modulator for audio applications, fabricated in a 0.18 µm CMOS pro-
cess, is presented. The modulator utilizes a third order noise shaping with
only one opamp by using an opamp sharing technique. The opamp sharing
among three integrator stages is achieved through the optimal operation
timing, which makes use of the load capacitance differences between the
three integrator stages. The designed modulator achieves 101.1 dB signal-
to-noise ratio (A-weighted) and 101.5 dB dynamic range (A-weighted) with
7.5 mW power consumption from a 3.3 V supply. The die area is 1.27 mm2.
The fabricated delta-sigma modulator achieves the highest figure-of-merit
among published high performance low power audio delta-sigma modula-
tors.
key words: opamp sharing technique, switched capacitor integrator, delta-
sigma analog-to-digital converter, audio application

1. Introduction

The recent growth of portable consumer applications, such
as cell phones and portable audio recorders, has increased
the demand for low power audio analog-to-digital convert-
ers (ADCs). Most of audio ADCs utilize delta-sigma mod-
ulators to achieve high performance over 100 dB signal-to-
noise ratio (SNR) and dynamic range (DR). There are two
kinds of delta-sigma modulator types, continuous-time and
discrete-time. Continuous-time delta-sigma modulators us-
ing continuous time loop filters such as an active RC filter or
a Gm-C filter provide lower power consumption [1]. How-
ever, discrete-time delta-sigma modulators using switched
capacitor circuits have been widely used in consumer prod-
ucts because switched capacitor integrators offer good coef-
ficient matching and low sensitivity to clock jitter on feed-
back digital-to-analog converters (DACs). Thus, low power
consumption technique for discrete-time delta-sigma modu-
lators is important.

A key component of delta-sigma modulator regarding
power consumption is switched capacitor integrators with
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opamps. High performance delta-sigma modulators require
several integrator stages, equal to the modulator order num-
ber. The opamps in those integrator stages dissipate a mas-
sive amount of total modulator power consumption. There-
fore, an opamp number reduction using an opamp sharing
technique is an effective technique to reduce power con-
sumption, as reported for a switched capacitor filter and a
pipelined ADC [2], [3]. Even for a delta-sigma modulator, a
basic concept of the opamp sharing technique among three
integrator stages is reported [4]. However a fabricated chip
with the opamp sharing technique for delta-sigma modulator
is not presented.

This paper, which is based on proceeding of [5],
presents a fabricated a high SNR and low power consump-
tion audio delta-sigma modulator with opamp sharing tech-
nique. The delta-sigma modulator, designed and fabricated
in a 0.18 µm CMOS process, achieves high SNR 101.1 dB
and DR 101.5 dB with very low power 7.5 mW.

The organization of the paper is as follows: Sect. 2 pro-
vides the architecture of the designed the low power high
dynamic range modulator. Section 3 will show the details
of the circuit level implementation. In Sect. 4, measurement
results will be reported. Finally, Sect. 5 concludes this pa-
per.

2. Modulator Architecture

Figure 1 shows a topology of the designed delta-sigma mod-
ulator composed of a third order loop filter, a 1.5 bit quan-
tizer and a dynamic element matching (DEM). The loop fil-
ter of the modulator utilizes an opamp sharing technique
among three stage integrators to reduce power dissipation.
The three stages opamp sharing is achieved by effective use
of characteristic differences between the three stages. The
first stage must have large capacitances to satisfy the SNR
requirement. Therefore, the opamp for the first stage be-
comes a power consuming design to drive large capacitances
with sufficient speed. The noise requirement on the sec-
ond stage is far smaller than the first stage because of noise
scaling, thus required capacitances on the second stage are
smaller than the first stage. If the same opamp as the first
stage drives the second stage capacitances, operation speed
becomes faster than the first stage. The third stage also has
smaller capacitances than the second stage. This means op-
eration speed of the third stage is faster than the first and the
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Fig. 1 Delta-sigma modulator topology.

Fig. 2 Operating timing chart.

second stage. These differences of operation speed enable
the opamp sharing among the three stage integrators.

The designed operation timing chart of the fabricated
modulator is shown in Fig. 2. In the timing chart, each hold
mode period of the second and the third stage is half of the
first stage. This short hold mode period is achieved by the
differences of the stage characteristics. Therefore, the hold
modes of the three integrator stages without an overlapped
period in a Tsample clock cycle can share an opamp.

The modulator also has the local feedback path from
the third stage output to the second stage input. This lo-
cal feedback performs sampling when the third stage is in
the hold mode and holding when the second stage is in the
hold mode. The adder block in Fig. 1, summing the three
integrator stages output, samples the first stage output at
the first half period of a clock cycle. At the latter half pe-
riod, the adder block samples the second stage output, af-
ter that simultaneously samples the third stage output and
holds summing output at the last quarter of the clock cy-
cle. The quantizer operates at the last timing of the adder

block hold mode, and the results control the feedback DAC
of the modulator through the DEM. The loop filter has the
direct feedforward path from the input of the modulator to
the quantizer input, which results in suppression of the input
signal component in the loop filter [6]. The power dissipa-
tion of the delta-sigma modulator utilizing this opamp shar-
ing technique is much lower than conventional third order
delta-sigma modulators because the modulator utilizes only
one opamp.

3. Circuit Implementation

3.1 Third Order Loop Filter and Opamp

The third order loop filter circuit schematic of the delta-
sigma modulator with the three-stage opamp sharing is de-
picted in Fig. 3. It is noted that the schematic is a single-
ended equivalent form of the actual designed differential cir-
cuit. The loop filter circuit utilizes only one opamp to im-
plement the three stage integrators, composed of the sam-
pling capacitor Cs1 and the holding capacitor Ch1 for the
first stage, Cs2 and Ch2 for the second stage, and Cs3 and
Ch3 for the third stage. The capacitors CD1 and CD2 are for
the feedback DAC. The reference voltage Vref is sampled
by CD1 and CD2. And those capacitors are connected to the
opamp through 1 or −1 coefficient, based on the feedback
digital signal from the DEM. In the designed circuit using
the differential configuration, 1 or −1 coefficient is imple-
mented by straight or cross connection from the differential
capacitor to the opamp input. Capacitors Czx (x= 1, 2 and
3) compose the sampling capacitors for the local feedback
loop, which are required to be relatively small capacitances.
−1 coefficient at the front of the local feedback circuit is also
implemented by cross connection of the differential circuit.
All switches are controlled by 4 phases clock, P1, P2, P3
and P4 in Fig. 4. The modulator sampling clock frequency
is 6.144 MHz, thus the required supply clock frequency to
the fabricated chip is 12.288 MHz to produce clock P3, P4
and P5. The clock phases P1 and P2 correspond to the hold-
ing and the sampling mode of the first stage integrator. The
clock phases P2 and P3 are for the sampling and the hold-
ing of the second stage integrator, and P3 and P4 are for the
third stage. The clock phase P5 in Fig. 4 controls the timing
of the 1.5 bit quantizer operation.

Figure 5 shows the implemented opamp for the delta-
sigma modulator. The opamp is composed of the one-
stage conventional cascode structure. A simple one-stage
opamp is suitable for the opamp sharing technique in order
to achieve stability. Because stability of an one-stage opamp
does not depend on a load capacitance, otherwise settling
speed is changed. On the other hand, a multi-stage opamp
suffers from load capacitance differences among three inte-
grator stages. Because stability of a multi-pole system is
usually decided by the relationship between a compensation
capacitance and a load capacitance [7], and a load capaci-
tance of each integrator stage is changed in an opamp shar-
ing technique.
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Fig. 3 Schematic of the loop filter.

Fig. 4 Clock phases for modulator operation.

To achieve high dynamic range, the opamp’s noise has
to be suppressed enough. In this design, resistors, R1 and
R2, are implemented in order to reduce an effect of flicker
noise coming from NMOS transistors, M7 and M8, of which
the size are smaller than the size of input PMOS transistors
M1 and M2. The mean-square value of M7(M8)’s flicker
noise current, i f n, is

i f n =
gmn

gmnR + 1
v f n (1)

≈ 1
R
v f n

(
R� 1

gmn

)
(2)

where v f n is mean-square value of M7(M8)’s flicker noise
voltage, gmn and R show transcondactance of M7(M8) and
resistance value of R1(R2), respectively. Therefore, Eq. (2),

Fig. 5 Cascode structure opamp.

flicker noise current can be decreased if large resistor value
is selected. We know chopper stabilization technique [8] is
also used in order to reduce flicker noise effect. However, a
chopping technique does not suitable for the opamp sharing
technique. Because the timing of chopping operation be-
comes complicated, the modulator has twice control phases
compared to conventional delta-sigma modulators, and large
number of switches makes large parasitic capacitances of
opamp.
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Fig. 6 Adder circuit schematic.

3.2 Adder Block

Figure 6 shows the adder realized by switched capacitor cir-
cuits without any opamps, suitable for low power modula-
tor implementation. The adder samples the holding output
of the first stage at the clock phase P2, through the capaci-
tor Ca1, and the second stage at the clock phase P3 through
Ca23. At the clock phase P4, sampling of the third stage out-
put and summation of all stages output are performed simul-
taneously. The holding output of the adder circuit is stored
by the parasitic capacitor Cp of 1.5 bit quantizer input and
connecting wire. The gains from the modulator input, 1st,
2nd or 3rd output integrator stages to the 1.5 bit quantizer,
Ginput, G1st,G2nd,3rd, are given by

Ginput =
Ca

Ca + Ca1 +Ca23 +Cp
(3)

G1st =
Ca1

Ca +Ca1 +Ca23 + Cp
(4)

G2nd,3rd =
Ca23

Ca + Ca1 +Ca23 +Cp
. (5)

It is noticed that careful estimation of the total parasitic ca-
pacitance is required to design the adder circuit. Here, from
Eqs. (3), (4), and (5), Ginput G1st and G2nd,3rd cannot be larger
than 1.Thus, by using a multi-level quantizer equivalent gain
coming from the slope of input-output transfer function, the
gain of the each path is prepared to meet Fig. 1 block dia-
gram.

3.3 1.5 bit Quantizer

1.5 bit quantizer, which consists of two 1 bit quantizers, is
utilized in the modulator. Figure 7 shows input-output char-
acteristic of 1.5 bit quantizer. The slope, kq, means equiv-
alent gain and designers can arbitrarily assign the equiva-
lent gain for suitable value by designing the threshold volt-
ages, VrefN and VrefP. Figure 8 shows gain blocks of adder

Fig. 7 Equivalent gain of 1.5 bit Quantizer.

Fig. 8 Block diagram of adder and 1.5 bit quantizer.

circuit and 1.5 bit quantizer. The total gain of the each
path is described by using Ginput, G1st, G2nd, G3rd and kq.
In this modulator design, the values of capacitances are
Ca=100 [fF],Ca1=600 [fF],Ca23=600 [fF] and Cp≈ 100 [fF].
Therefore, from Ginput =

1
14 , G1st = G2nd = G3rd =

6
14 , the

reference voltages, VrefP and VrefN , are designed in order to
realize kq = 14.

3.4 Other Building Blocks

Figure 9 shows 1.5 bit quantizer and the DEM block. The
outputs from those two comparators are processed by DEM
block and connected to polarity switches in the feedback
DAC circuit of the loop filter, Fig. 3. A data weighted av-
eraging [9], which aims to make the long-term average of
each DAC element D1 and D2 in mid-code output, is used
for the algorithm of the DEM.

4. Measurement Results

A prototype chip was fabricated using 3.3 V I/O devices in a
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Fig. 9 1.5 bit quantizer and DEM.

Fig. 10 Microphotograph of the prototype chip.

0.18 µm single poly silicon and six-layers metal CMOS pro-
cess. Figure 10 shows a micrograph of the prototype chip.
The prototype chip has the one opamp surrounded by the ca-
pacitors for the three stage integrators. The total area of the
modulator is 1.27 mm2. The chip has rail-to-rail 6.6 V peak-
to-peak input capability with differential configuration. Fig-
ure 11 shows the measured THD+N as a function of the
input signal amplitude by 1 kHz input sine wave. THD+N
at 0 dBFS input signal is −85 dB. A slight distortion com-
ponent is observed over −20 dB input amplitude, however
characteristic of THD+N has linearity at small signal range
under −20 dBFS. The performance is sufficient for audio ap-
plications. The A-weighted SNR and DR are 101.1 dB and
101.5 dB respectively. Figure 12(a) shows the output spec-
trum obtained with the sinusoidal input of −60 dBFS. No
harmonic component is observed. Output spectrum with full
scale input is shown in Fig. 12(b). A dominant harmonic of

Fig. 11 THD+N vs. 1 kHz input signal amplitude.

Fig. 12 Output spectrum with (a) −60 dBFS@1 kHz and (b) 0 dBFS@
1 kHz.
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Table 1 Measurement comparison.

Parameter This work [1] [10] [11] [12]
Technology 0.18 µm 65 nm 0.35 µm 0.18 µm 0.13 µm

VDD 3.3 [V] 3.3 [V] N/A 3.3 [V] 3.3 [V]
bandwidth 20-20 [kHz] 20-20 [kHz] 20 [kHz] 20 [kHz] 20 [kHz]

Sampling frequency 6.144 [MHz] 12.288 [MHz] N/A 6.144 [MHz] 6.144 [MHz]
DR (A-Weighted) 101.5 [dB] 101 [dB] 106 [dB] 102 [dB] 105.5 [dB]

SNR (A-Weighted) 101.1 [dB] 101 [dB] 106 [dB] 102 [dB] 101.9 [dB]
THD+N(dB) −85 −94 −97 N/A N/A

Power dissipation 7.5 [mW] 15 [mW] 18 [mW] 37.3 [mW] 9.9 [mW]
FOM 0.49 [conv/pJ] 0.24 [conv/pJ] 0.36 [conv/pJ] 0.11 [conv/pJ] 0.41 [conv/pJ]

the output is the third order distortion. The power consump-
tion of the chip is 7.5 mW. Table 1 summarizes the perfor-
mance of the implemented low power delta-sigma modu-
lator and other published over 100 dB SNR and DR audio
delta-sigma modulators [1], [10]–[12]. In this paper, FOM
equation, which is based on SNR and power dissipation
[13],

FoM =
2S NRbit × fsample

Power
(6)

is used and this prototype chip achieves the highest FOM
among the published audio delta-sigma modulators.

5. Conclusion

A high performance low power audio delta-sigma modula-
tor with opamp sharing among three integrator stages is pre-
sented. The delta-sigma modulator utilizes only one opamp
to implement a third order loop filter by an opamp shar-
ing technique. The opamp sharing makes use of an optimal
operation timing, based on load capacitance differences be-
tween the three stages coming from noise scaling of the in-
tegrator stages. Therefore, power consuming analog blocks
are only one opamp and two comparators for a 1.5 bit quan-
tizer. A designed prototype chip on a 0.18 µm CMOS pro-
cess achieves high performance 101.1 dB SNR and 101.5 dB
DR with very low power 7.5 mW.
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