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Abstract— Analog-to-digital converters provide a vital interface in 

mixed-signal electronic systems. One of the typical approaches to 

implement high-resolution sigma-delta modulators often involves 

the choice of high-order loop-filters, which imply the use of a large 

number of integrators. As in common topologies each integrator is 

implemented by one operational amplifier, high-order modulators 

can demand a high number of operational amplifiers, increasing 

the total circuit area and power consumption. In order to 

overcome this feature, a shared-opamp technique is explored in 

this work. It is a 4th-order sigma-delta modulator, with the first 

stage being implemented by one op-amp, and the last 3 stages 

being shared by the same op-amp. This fact makes possible not 

only to reduce the total power consumption of the integrators, but 

also reduces the total number of op-amps by half, which lead to 

area reduction. Simulations results show a peak SNR of 100.1 dB 

and a THD of -80 dB were achieved for the audio band from 20 to 

20 kHz, with a total power consumption of 9.83 mW, using the X-

FAB 1.8 V CMOS 0.18 technology. 

I. INTRODUCTION  

ADCs provide a vital link between the analog and digital 
world. As computational and signal processing task are 
becoming more and more dependent on digital circuits, the 
development of high accuracy low power and low area analog-
to-digital converters is of high importance. Due to its high 
tolerance to circuit imperfections and the ability to implement 
high-resolution ADCs, Sigma-Delta modulators are the preferred 
choice for audio applications, opposing to other ADC 
architectures. 

Several techniques have been used to achieve high resolution 
and low power operation in Sigma-Delta modulators. With the 
objective of achieving low power consumption, it is presented in 
[1] a Sigma-Delta modulators in which the bias current of the 
amplifier is adjusted in accordance with the phase of operation, 
namely sampling, slewing and settling, thus reducing the overall 
current consumption. In [2] the modulator uses a low-distortion 
feed-forward topology with non-linear local feedback, to 
enhance the linearity and reduce power. By using current mirror 
op-amp with gain enhancement and class-AB operation, low 
power operation is obtained in [3]. In [4], [5] and [6] several 
solutions are also provided in order to achieve high performance 
with low-voltage operation. Although these techniques 
effectively reduce the power consumption of the modulators, 
when high resolution is needed this power consumption is again 
penalized by typically using high-order modulators. 

As it is stated above, one of the typical approaches to 
achieve high-resolution modulators often involves the choice of 

high-order loop-filters, which imply the use of a large number of 
integrators. As in common topologies each integrator is 
implemented by one operational amplifier, high-order 
modulators can demand a high number of operational amplifiers, 
increasing the total circuit area and power consumption.  

In order to optimize the number of operational amplifiers in 
high-order sigma-delta modulators, a shared op-amp technique 
is used. The goal is to decrease the total circuit area in 
comparison to the common high-order sigma-delta topologies, 
while maintaining the desired performance. One of the major 
challenges in this design approach is achieving a proper AC 
behavior in the shared-amplifier, since in different integrations 
steps it will have different sampling, integration and load 
capacitors, which may compromise its stability. Another import 
feature is the tradeoffs between speed and power consumption of 
the shared-amplifier. Since it needs to be faster in order to settle 
in a smaller period of time, its design must be careful in order to 
also provide a power consumption reduction, comparing to 
typical sigma-delta modulators.  

Shared-opamp techniques have been explored by some, such 
as in [7] and [8]. However, in applications that require a SNR 
higher than 90 dB, the first integrator design becomes more 
dependent on noise constraints than in timing constraints. This 
fact will lead to an increase in the necessary bandwith of the 
amplifier, and consequently, an increase in the power 
consumption, as it is explained in Chapter II. 

In chapter II the low-area 4
th

-order shared-amplifier sigma-
delta modulator is presented. In chapter III the modulator 
transistor-level design is discussed. Chapter IV presents the 
simulation results of each block and of the complete 4

th
-order 

modulator. Chapter V provides the conclusions. 

 

II. SHARED-OPAMP SIGMA DELTA MODULATOR 

A. Architecture  

In order to implement a audio sigma-delta modulator, in 
which the typical minimum requirements states that the 
minimum SNR is about 96 dB, a 4th-order modulator is 
implemented with the proposed topology, with an OSR of 128, 
and a single bit-quantizer. This is because, with a 4th-order 
modulator, the quantization noise (1) becomes less than 10% of 
the overall noise, allowing a more relaxed analog design. The 
linear z-domain model of the 4

th
 order sigma delta modulator is 

presented on Fig. 1.  
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In order to proper scale the modulator, to limit the 
integrator’s output excursion while not compromising the SNR, 
the software SIMULINK [9] is used. In terms of the integrators 
non-idealities, such as the finite DC gain, the finite bandwidth 
and the slew-rate (SR), the following analysis can be made: α is 
the number of time constants that each integrator as to settle in 
order to achieve the n bits of resolution (2). Obtaining the 
necessary value of α, both gain-bandwidth product (GBW) and 
SR can be determined (3-4). 

α = ln 2nbits( )                         (2) 
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SR = GBW ⋅ β ⋅ ∆VOmax
                        (4) 

On the other hand, the finite DC gain of both amplifiers are 
set to 1000, or 60 dB, since if its value is about 10 times greater 
than the OSR, the noise that it causes is negligible [10]. 

 

 

 

 
Figure 1 – Proposed topology linear Z-domain model. 

B. Switched Capacitor Circuit 

In order to achieve the desired specifications, the topology 
present in Fig. 2 is proposed. A common switched-capacitor 
integrator implements the first stage, while the following stages 
integrators are implemented by means of the same op-amp. In 
Fig. 3 is presented a timing diagram that illustrates the behavior 
of the proposed circuit, for a 4

th
-order modulator example, where 

Ij is the output of the j
th
 integrator. 

Since in sigma-delta modulators the first-stage noise is only 
proportional to the inverse of the OSR [11], it is the one with 
more design restrictions, with the design being dominated by 
noise constraints, such as the sampling capacitor noise (5) and 
the op-amp flicker and thermal noise (6).  
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In the following stages of the modulator the noise introduced 
by each stage has a higher attenuation, with the noise shaping 
order depending on the respective stages. This means that the 
referred stages design become more dependent on the non-
idealities of the integrator, specifically the finite bandwidth, 
finite DC gain and slew rate of the op-amp, and less dependent 
on the noise. Furthermore, since the implementation of such 
stages is more relaxed, they are implemented using only one op-
amp, with a time-sharing technique proposed in [7]. A single 
amplifier technique for the complete modulator would not be 
practical, since the first stage op-amp input transistors typical 
have a high parasitic capacitance. Since the last stages typically 

have low value sampling, integration and charge capacitors, its 

feedback factor (β) would be dominated by the parasitic 
capacitance of the first stage, leading to an increase of the 
required GBW, and consequently, an increase in the op-amp 
transcondutance and current.  

 

Figure 2 – Proposed sigma-delta modulator topology. 

 

Figure 3 – Time diagram of the proposed topology behavior. 

The proposed sigma-delta modulator works as follows: In 

phase φ1 the input is sampled into CS1, and the current output of 

the first stage is sampled into CS2 in φ1r. This fact means that the 
first integrator introduces a sampling period delay from its input 

to its output. In phase φ2 the first stage integration takes place, 

and in phase φ2r the same happens for the second stage. 
However, the result of the second stage integration is also 
sampled into the sampling capacitor CS3, so that in the next 

clock phase φ3r, another integration process can also take place. 
This process repeats until the last stage of the modulator, where 
the result of the previous integration process is sampled into CSL 

in phase φ(L-1)r, and is integrated and stored into CIL in phase φ1r. 
This fact implies that the last stage of the modulator also 
introduces a sampling period delay from its input to its output, 

since in phase φ1/φ1r another input sample is already being stored 
into CS1/CS2. The output of the modulator is refreshed in the 

negative flank of φ1r, since in φ2r the output value needs to be 
updated in order to provide the correct feedback value Vref for 
the second stage integration process. 



It can be seen that from phase φ2r to phase φ1r, the integration 
capacitors of the second op-amp are switched on during the 
integration process, and then are switched off, in order to 
maintain the memory of the corresponding integrator state. 

The first stage amplifier has TS/2 seconds to settle. On the 
other hand, the period of time that the second amplifier has to 
settle is given by (7), where TS is the sampling period and L is 
the order of the modulator: 

Tint =

TS

2
→ L ≤ 2

TS

L −1
→ L > 2
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C. Power consumption analysis 

 

In terms of theoretical power consumption, comparing to the 
typical L

th
-order sigma-delta modulator, an analysis can be 

performed [7]: Considering a typical L
th

-order sigma delta 
modulator, its first stage amplifier GBW can be determined by 
(8) where C1 is the load capacitor of the integrator, and k, W, L 
and Id are the technology constant, width, length and drain 
current of the input transistors, respectively. 

GBW1=
1

C1

2k
W1

L1

Id1

     (8) 

If it is assumed that the current is not scaled in the last L-1 
integrators, the total current of the modulator is proportional to 
L.Id. In the proposed shared-amplifier technique, as stated in (7), 
the second amplifier has TS/(L-1) to settle (if a order greater than 
2 is considered). This means that it needs to be (L-1)/2 times 
faster than the same amplifiers in the typical L

th
 order topology: 

GBW 2 =
L −1( )

2
GBW1 =

1

C1

2k
W1

L1

L −1( )
2

4
Id1
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From (3) it can be concluded that, if it is assumed that the 
first stage amplifier and the following stages amplifier have the 
same current, the total current of all integrators is proportional to 
(1+(L-1)

2
/4). In Fig 4 is presented the relation between the total 

current of the integrators with the variation of the order of the 
modulator, for both the typical modulator and the proposed 
modulator. Now, if it is assumed that in the typical Lth-order 
modulator, the last L-1 modulators consume less current than the 
first one, as typical, in the proposed topology that current down-
scale also happens, since only the L-1 integrators are 
implemented by the same amplifier, being able to have an 
independent bias current from the first stage amplifier. 
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Fig. 4 – Integrators total current analysis of the typical 
modulator and the proposed topology. 

III. MODULATOR ANALOG DESIGN 

 

In this chapter the transistor-level circuit design of all the 
blocks is described, such as the op-amps and the comparator. 
This design is made accordingly with all the design constraints 
and specifications defined in the previous chapter (2-4), in order 
to achieve the desired performance. 

A. Operational Amplifiers 

To implement the proposed sigma delta modulator 
integrators, the 2

nd
-stage op-amp present on Fig. 5 is chosen. 

The main reasons are its high output excursion, high gain and 
medium to low noise, since only the input transistors and the 
active charge transistors of the first stage have a non-negligible 
contribution to the op-amp total noise. Since the amplifier is 
chosen to be fully differential (mainly due to higher output 
excursion), in Fig.5 is also presented the Common Mode 
Feedback Circuit (CMFB). 

 

 

 

 

 

Figure 5 –2-stage op-amp and CMFB circuit. 

Since the GBW and SR values of both op-amps are defined 
by (3-4), the following design methodology can be applied: 
First, the differential input transistors transcondutance, and the 
bias current of the first stage can be defined by (10). Then, the 
overdrive voltage, and consequently, the W/L ratio of such 
transistors can be obtained by (11). 

GBW =
gm1,2

CC

;            SR =
2I1,2

CC

=
Ibias1

CC

     (10) 
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M 1,2

=
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KPVodM 1,2

2
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The other W/L ratios can be defined also by (11), by 
establishing reasonable overdrive voltage for all transistors, 
taking in consideration the stability of the modulator and the 
necessary output excursion. 

B. Quantizer 

The quantizer is implemented by the comparator (Fig. 6) 
presented in [12].  

 

Figure 6 – Comparator schematic. 

It is composed by an input pre-amplifier, followed by a flip-
flop, which in phase φ2c is in the reset state, and in φ1c performs 
the regeneration of its output. The output latch maintains the 



comparator output stable. The comparator output is refreshed in 
the negative flank of phase φ1r, so that in the beginning of phase 
φ2, the correct value of Vref is chosen for the modulator 
feedback branch. In terms of noise, since the quantizer is present 
after the 4

th
 stage of the modulator, its noise is highly attenuated 

by the noise shaping, and can therefore be neglected. 

IV. SIMULATION RESULTS 

The circuit was simulated with SpectreS from Cadence. In 
Fig. 7 is presented the output power spectral density of the 
modulator, for an input sine wave of 400 mVrms of amplitude, 
and 10 kHz of frequency. It was achieved a 100.1 dB of SNR. In 
Fig. 7 can also be observed some spurious at odd frequencies of 
the input signal. These can be the result of non-linearities of the 
modulator loop and of the switches, due to the conductivity 
variation with the input signal. The Total Harmonic Distortion 
(THD) is then -80dB, which can be highly attenuated when a 
digital low pass filter is added at the output of the modulator. 
The power consumptions is 9,83 mW. 

 

Figure 7 – Power Spectral Density of the modulator output. 

 By applying the proposed Figure-of-Merit present in 
(12), it can be seen from Tab.1 that the proposed modulator is 
competitive regarding the state-of-the-art of Audio band Sigma-
Delta modulators. 

FoM J / ps[ ]=
P mW[ ]

2

SNR−1.76

6.02

 

 
 

 

 
 

⋅ BW kHz[ ]

Namp

L
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Table 1 – Comparison between the FoM of state-of-the-art 
with proposed topology 

Work Peak SNR 
[dB] 

Power 
Consumption 

[mW] 

Nº of  
Op-amps 

FoM 
[J/ps] 

[1] 93 5.00 4 5.47 

[2] 81 1.00 4 5.45 

[4] 104.1 14.00 3 5.34 

Proposed 100.1 9.83 2 2.98 

[5] 87 0.95 3 2.08 

[6] 98 1.32 2 1.26 

[3] 85 0.14 3 0.48 

 

V. CONCLUSIONS 

This work presented a 4th order sigma-delta modulator for 
audio applications with a sharing amplifier technique. The latter 
makes possible the implementation of high-order modulators 
without excessively penalize the circuit area, while maintaining 
the desired performance. This is particularly benefit for high-
resolution applications, such as audio band applications, since it 
often requires high-order modulators. The circuit achieves a 
power consumption of 9.83 mW, with 100.1 dB SNR and -80 
dB THD.  
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