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Abstract In this paper, an ultra-low-power successive

approximation register analog-to-digital converter (ADC)

for energy limited applications is presented. The ADC

resolution is enhanced by using a noise-shaping technique

which does not need any integrator and only uses a finite

impulse response (FIR) filter. To provide a first-order

noise-shaping, the quantization error is firstly extracted by

using the digital-to-analog converter (DAC) dummy

capacitor and it is then employed in the error feedback

scheme. The proposed structure employs a low-gain and

low-swing operational transconductance amplifier (OTA)

to realize the FIR filter which operates only at the sampling

phase. To minimize the power consumption of the ADC

analog part, the OTA is powered off during the conversion

phase. The proposed ADC is designed and simulated in a

90 nm CMOS technology using Spectre with a 0.5 V sin-

gle power supply. The simulated ADC uses a fully-differ-

ential 8-bit charge redistribution DAC with an

oversampling ratio of 8 and achieves 10.7-bit accuracy.

The simulated average power consumption is 4.53 lW and

the achieved maximum SNDR and SFDR are 66.1 and

73.1 dB, respectively, resulting in a figure of merit of

27.6 fJ/conversion-step.

Keywords Successive approximation register �
Analog-to-digital converters � Noise-shaping �
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1 Introduction

Recently, charge redistribution successive approximation

register (SAR) analog-to-digital converters (ADCs) are

widely used in moderate resolution and moderate speed

applications such as portable instruments, battery operated

devices, and biomedical signal processing systems [1–8],

mainly due to their low power consumption and simple

structure. Nonetheless, for effective resolutions beyond 10

bits, obtaining a very low figure of merit (FoM) is quite

challenging due to the limited accuracy of the SAR ADC

building blocks [2, 6–9]. In other words, since the total

number of capacitors in the charge redistribution digital-to-

analog converter (DAC) increases exponentially with

increasing the number of bits, the accuracy of the DAC

may be deteriorated due to the poor matching and parasitic

effects in the physical implementation. Besides, the DAC

switching power consumption is also exponentially

increased. On the other hand, in higher resolutions, the

value of the LSB voltage decreases compared to the input-

referred noise of the comparator. So, in order to avoid the

latching errors, an additional pre-amplifier is necessary to

drive the comparator resulting in more power consumption.

Several solutions have been proposed to enhance the

resolution of the SAR ADCs by reducing the comparator

offset and improving the DAC accuracy. A time-domain

comparator instead of the conventional voltage-domain

comparator is used in [6, 8] where the need for the pre-

amplifier is eliminated. The hybrid DAC structure is

employed to improve the DAC matching [10], and hence,

the ADC linearity. Using both the time-domain comparator

and the hybrid DAC may be a proper candidate to increase

the ADC resolution. However, in the nano-meter CMOS

technologies due to the poor matching and static power

consumption of the resistive ladder, used in the hybrid
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DAC, the FoM of the ADC may be degraded. Digital

calibration techniques are employed to alleviate the static

and dynamic errors [11]. Although the calibration tech-

niques improve the ADC linearity, they will increase the

ADC power dissipation and complexity due to the cali-

bration circuit.

Recently, the oversampling and noise-shaping charac-

teristics of the sigma-delta modulators were employed in

the SAR ADCs to achieve higher resolutions [9, 12]. In

[12] by using additional capacitors, a passive method was

used to extract the quantization error. In this way, the

quantization error is attenuated due to the charge sharing

and the modulator performance is degraded. In addition, an

active adder using an operational transconductance

amplifier (OTA) with several input branches is necessary

resulting in a low feedback factor, and consequently, it

requires a high gain-bandwidth product (GWB) OTA [9].

In [9], a cascade of FIR and infinite impulse response (IIR)

filters are utilized to provide an equivalent third-order

noise-shaping where two orders is resulted from the FIR

filter and one order from the IIR filter which is realized by

an integrator. But, in this scheme, to avoid the instability

resulting from the FIR filter coefficients, a duration for the

OTA gain instead of a minimum value is needed necessi-

tating a careful circuit design. Moreover, there is some

clock complexity and also passive sampling in this work

resulting in more sensitivity to the circuit non-idealities.

In this paper, a fully-differential noise-shaping SAR

ADC is proposed which uses the unit capacitor of the DAC

array to extract the quantization error. This structure

eliminates the need for additional capacitors in [12] and

uses a low-gain low-swing single-stage OTA to provide a

first-order noise-shaping which operates only at the sam-

pling phase. The OTA is turned off during the conversion

phase to save the power. In addition, the proposed structure

has a rail-to-rail input range providing a wide dynamic

range.

The paper is organized as follows. In Sect. 2, the

structure of the proposed SAR ADC is presented. The

circuit design considerations are described in Sect. 3. The

simulations results of the proposed ADC and the compar-

ison with several state-of-the-art SAR ADCs are provided

in Sect. 4. Finally, Sect. 5 concludes the paper.

2 Proposed SAR ADC structure

The block diagram of the proposed noise-shaping SAR

ADC is shown in Fig. 1. In this structure, the error feed-

back scheme is employed to provide a first-order noise-

shaping [13] and the quantizer is realized by a SAR ADC

instead of a conventional flash-based quantizer which is

used in the conventional sigma-delta modulators. In the

sampling phase, the difference between the input voltage

and the quantization error of the previous sample is applied

to the ADC input to achieve a first-order noise-shaping. In

the following, how to extract the quantization noise in the

SAR ADC is explained.

Figure 2 shows the conventional m-bit fully-differential

charge redistribution SAR ADC. The main components are

the capacitor array, a comparator, and a SAR logic. In this

structure, the capacitor array serves as both the charge

redistribution DAC and the input signal sample & hold (S/

H) circuit. Since the ADC structure is fully differential, the

operation of both sides is complementary. At the sampling

phase, the top-plate of all capacitors is connected to the

input common-mode voltage, Vcmi, (usually equal to

0.5 VDD in most designs) and simultaneously the bottom-

plate of the capacitors in the positive and negative sides are

connected to Vin? and Vin-, respectively. After the sam-

pling phase, all capacitors are disconnected from the input

voltage and also the input common-mode voltage. There-

after, the conversion phase is started and the SAR changes

the bottom-plate voltage of capacitors to approximate the

sampled voltage. At the end of the conversion phase, the

DAC voltages of positive and negative sides are, respec-

tively, as follows:

VDACþ n½ � ¼ �Vinþ n½ � þ Vcmi þ Dm�1 n½ �VRef

2
þ � � �

þ D0 n½ �VRef

2m
ð1Þ

VDAC� n½ � ¼ �Vin� n½ � þ Vcmi þ Dm�1 n½ �VRef

2
þ � � �

þ D0 n½ �VRef

2m
ð2Þ

As is seen from the relations (1) and (2), at the end of the

conversion phase, the DAC voltages are the quantization

error plus the input common-mode voltage. This residue

voltage is available in the analog form. So, it can be

exploited as the quantization error, eq[n], and transferred

via feedback (Fig. 1). In [12], in order to store and transfer

the residue voltage, a few additional capacitors (called

residue capacitors) have been added in the DAC array

capacitors and they are interleaved between the DAC

array and the feedback path. By this way, to implement a

Fig. 1 Block diagram of the proposed noise-shaping SAR ADC
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third-order sigma-delta modulator, a total of 19 residue

capacitors (equivalent to 1.9 pF) were added into the

DAC array. The loading effect (charge sharing) of these

capacitors is not investigated in [12], and in addition, the

required OTA is forced to drive a large capacitive loading

resulting in more power consumption.

In the proposed structure, to avoid using the passive

sampling, the unit capacitor of the charge redistribution

DAC is used to transfer the quantization error. It is inter-

leaved with another unit capacitor to provide the unit delay

of the feedback path. Figure 3 shows an example of the

proposed structure for a 3 bit SAR ADC. Cr1,2 are the

residue capacitors and are interleaved to extract and

transfer the quantization error. As shown in Fig. 3(a),

during the sampling phase, the quantization error of the

previous sample (eq[n - 1] = eq?[n - 1] - eq-[n - 1])

which is differentially stored in the Cr2 residue capacitors,

is applied to the top-plate of all capacitors through the

unity-gain buffer. Simultaneously, the bottom-plate of all

capacitors is connected to the input voltage. So, the stored

voltage in all capacitors is the difference between the input

voltage and the quantization error of the pervious sample.

Then, at the conversion phase, the successive approxima-

tion procedure generates all digital codes. As shown in

Fig. 3(b), at the end of the present conversion phase, the

quantization error, eq[n], is stored in the Cr1 residue

capacitors (i.e. eq?[n - 1] is stored in the positive side Cr2

capacitor, and eq-[n - 1] is stored in the negative side Cr2

capacitor and consequently eq[n - 1] is stored differen-

tially on Cr2 set). So at this time, the VDAC voltage (i.e.

VDAC? - VDAC-) is given by:

VDAC n½ � ¼ eq n� 1½ � � Vin n½ � þ
Xm�1

i¼0

Di n½ � VRef

2m�i
ð3Þ

where Vin = Vin? - Vin-, and the summation expresses

output bits of the SAR logic in the analog form.

On the other hand, the value of the quantization error is

obtained from the relations (1) and (2) as:

VDAC n½ � ¼ eq n½ � ð4Þ

By applying the relation (4) into (3), the following

relation is obtained:

eq n½ � � eq n� 1½ � ¼ �Vin n½ � þ
Xm�1

i¼0

Di n½ � VRef

2m�i
ð5Þ

where the term eq[n] - eq [n - 1] represents a first-order

noise-shaping. In other words, the equivalent analog output

(a)

(b)

(c)

Fig. 3 Operation of the proposed ADC with 3-bit SAR quantizer at:

a sampling phase, b conversion phase, and c the next sampling phase

Fig. 2 Conventional m-bit SAR ADC
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of the ADC, Vout, at the end of the conversion phase is

given by:

Vout½n� ¼ Vin½n� þ eq½n� � eq½n� 1� ð6Þ

As is seen, the input signal directly appears at the output

while the quantization error is first-order shaped.

Therefore, according to Fig. 3, the quantization error is

extracted by using Cr1,2 residue capacitors and then it is

applied to the quantizer’s input by its injection into the

charge redistribution DAC array. This circuit

implementation is in the fully compliance with the

system realization of a first-order error feedback sigma-

delta modulator shown in Fig. 1.

At the next sampling phase, as shown in Fig. 3(c), the

role of Cr1 and Cr2 residue capacitors is interchanged and

Cr1 is connected to the unity-gain buffer whereas Cr2 acts

as the DAC dummy capacitor. Since the residue capacitors

are reset by the input voltage, there is no memory effect.

This procedure is repeated for each sample of the input

signal.

3 Circuit level design considerations of proposed SAR

ADC

This section describes the circuit level implementation

details and considerations of the proposed SAR ADC. A

design example of the proposed SAR ADC with 11-bit

resolution and 100 kS/s Nyquist rate has been imple-

mented in the circuit level to verify its usefulness. This

design has been performed in a 90 nm CMOS technol-

ogy with 0.5 V power supply to save the power con-

sumption. In the following, the circuit details are

explained.

The proposed ADC can provide the maximum signal-to-

quantization noise ratio (SQNR) of 72.9 dB by using an

oversampling ratio (OSR) of 8 and an 8-bit SAR quantizer.

Figure 4 shows the complete schematic of the proposed

noise-shaping SAR ADC. To reduce the number of DAC

capacitors, the split architecture with an attenuation

capacitor is used as the charge redistribution DAC array

[14]. To realize the 8-bit DAC array, in this design, a 4-bit

(a)

(b) (c)

Fig. 4 a Proposed noise-shaping ADC with 8-bit SAR quantizer, b timing diagram, and c the realization of SS1,2, SC1-8 and Sr1-4 switches
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thermometer coded DAC in the MSB sub-array and a 4-bit

binary weighted DAC in the LSB sub-array are utilized

(more explained later). U1 and U2 are two non-overlapping

clock phases and used to provide the unit delay by inter-

leaving Cr1 and Cr2 capacitors. The operation of the ADC is

as follows.

At the sampling phase and when U1 is high, the bot-

tom-plate of MSB sub-array capacitors except the Cr2

residue capacitors is connected to the input voltage

whereas their top-plate is connected to the buffer output.

At the same time, the both-plate of LSB sub-array

capacitors is connected to the common-mode voltage.

During phase U1, the Cr1 residue capacitors are connected

to the DAC and act as the unit capacitors in the MSB

sub-array (Cr1,2 = Cu) whereas the Cr2 residue capacitors

are connected to the buffer inputs and transfer the pre-

viously sampled quantization error. Their role is changed

during U2 phase. In this design, the 5th bit capacitors of

the MSB sub-array are also employed as the residue

capacitors. Note that these capacitors contain the quanti-

zation error as long as their bottom-plate voltage remains

unchanged. Therefore, an additional D-latch is used to

maintain this bottom-plate voltage during next interleav-

ing phase (i.e. during U1 for Cr2 and during U2 for Cr1).

With beginning the conversion phase (Uc), the OTA is

disconnected from the DAC capacitors and the stored

charge in the feedback capacitor, (Cf = Cu) is discharged

to prevent the charge accumulation. The SAR changes the

bottom-plate voltage of capacitors to approximate the

sampled voltage. After generating the output bits, the

quantization error of the present sample is stored in Cr1.

So, by beginning the next sampling phase, the role of

residue capacitors is interchanged. When U2 goes high,

the Cr2 residue capacitors are connected to the DAC

capacitors while the Cr1 capacitors transfer the previous

quantization error. The bottom-plate of the MSB sub-

array capacitors excluding Cr1 is connected to the input

voltage while their top-plate is connected to the previous

quantization error through the unity-gain buffer. There-

fore, the difference between the input voltage and the

pervious quantization error is stored in the DAC capaci-

tors, and hence, according to the relation (6), this provides

a first-order noise-shaping. Similar to the previous sam-

ple, the SAR control logic generates the output codes at

the conversion phase. This procedure is repeated for each

sample of the input signal.

Due to the noise-shaping property, the offset voltage of

the comparator is shaped [9, 13]. But, the matching

requirement of the DAC capacitor array, the linearity of the

switches and also the OTA performance, are the main

factors which may affect the ADC performance. These

issues are explained in the following.

3.1 DAC capacitor array

As mentioned before, in the proposed noise-shaping SAR

ADC shown in Fig. 4, the DAC capacitor array is imple-

mented by the split capacitive array (SCA) with an atten-

uator capacitor [14]. The SCA structure reduces the total

DAC capacitance and switching power. Nonetheless, it is

sensitive to the parasitic capacitances on both sides of the

attenuator capacitor, Ca. Besides, it is necessary to provide

sufficient matching in the DAC capacitors to meet the

desired ADC accuracy. The effect of capacitance mismatch

upon the ADC accuracy for SCA structure has been

investigated in [15, 16]. Due to the attenuator capacitor, the

capacitance mismatch effect of the LSB sub-array is

reduced by 1/16 in this design. Thus, the matching of the

MSB sub-array will be important. Here, to relax the

matching requirement of the MSB sub-array, it is imple-

mented by using the unary weighted array whereas the LSB

sub-array is implemented by the conventional binary

weighted array. Also, to provide good matching between

the MSB and the LSB sub-arrays, the attenuator capacitor

was chosen equal to Cu and the dummy capacitor of the

LSB sub-array is eliminated [6, 16]. Note, that by using the

unary weighted structure in the MSB sub-array, the

switching power of the capacitor array is also reduced,

because regardless of the conventional binary weighted

array, the number of capacitors which is needed to be

charged in each conversion phase is different and it

depends on the value of the input sample. Briefly, the unit

capacitor value is determined by considering the required

capacitor matching, thermal noise, and technology design

rules.

The minimum value of the unit capacitor to meet the

matching requirement is determined by the maximum

standard deviation of ADC differential nonlinearity

(DNL) error. By employing unary weighted array in the

MSB sub-array, the following relation must be satisfied for

a single-ended SCA structure [15]:

ru

Cu

\
1

3� 2N�Mþ1
ð7Þ

where N is the targeted ADC resolution, M is the number of

MSB bits and ru is the unit capacitor standard deviation.

For N = 11 and M = 4, the maximum value of ru/Cu of

0.13 % is achieved. The standard deviation of the capacitor

mismatch, r(DC/C), is H2 times of ru/Cu [3]. Conse-

quently, the value of r(DC/C) is obtained as 0.18 % cor-

responding to a 90 fF capacitance in the utilized 90 nm

CMOS process.

On the other hand, by considering the thermal noise,

another minimum value for the DAC unit capacitor is

determined. To do so, the overall kT/C noise at the ADC
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input must be calculated. This noise includes the kT/C

noise of the capacitor array and the thermal noise of the

FIR filter (SC1–8 and SS1,2 switches in Fig. 4). Similar to

[17], the kT/C noise of the SCA capacitive array in the

fully differential mode can be approximated as:

V
2

n;DAC
¼ 2� kT

Cu

2ð1�
N
2
Þ � 2ð�

3N
2
Þ

� �
� 1

2
N
2
�1

kT

Cu

ð8Þ

where Cu is the DAC unit capacitor, k is the Boltzmann

constant, T is the absolute temperature, and N denotes the

ADC resolution with N C 2. The thermal noise of SC1–8

and SS1,2 switches is calculated based on the equivalent

circuit shown in Fig. 5. This circuit is drawn in the

sampling phase and when U2 is high. Hence, by using the

superposition theorem and assuming no correlation

between the noise sources, the following relation is

obtained:

V
2

n;FIR
¼ 2� kT

Cu

þ kT

16� 33Cu

þ kT

16:5� 15:5Cu

þ kT

Cu

� �

� 4
kT

Cu

ð9Þ
The coefficient 2 in relation (9) accounts for the noise of

the fully differential mode. The first term in this relation is

the thermal noise of SC3 (SC4) switches which is stored in

Cr1 during U1 phase and transferred similar to the quanti-

zation error in the U2 phase. Also, the second and third

terms indicate the thermal noise contribution of Ss1 (Ss2)

and SC7 (SC8) switches in the FIR filter, respectively.

Finally, the last term in this relation is the thermal noise of

SC1 (SC2) switches which has the considerable effect in the

overall kT/C noise. As is seen from the relations (8) and

(9), it is clear that the effect of FIR filter thermal noise is

dominant. So, the overall kT/C noise of the ADC is

approximated by relation (9). Due to the oversampling,

only a fraction of this noise falls into the band of interest.

As a result, the minimum value of Cu is obtained about

105 fF by thermal noise consideration.

Finally, the minimum value of the metal–insulator–

metal (MIM) capacitance in the used process is about

49 fF. Consequently, in this design, the unit capacitance is

not limited by the technology design rules. Therefore, the

DAC unit capacitance is selected 105 fF to meet the ther-

mal noise requirement.

As shown in Fig. 4, at the sampling phase, the quanti-

zation error is only applied to the top-plate of the MSB sub-

array capacitors and the top-plate of LSB sub-array

capacitors is connected to the common-mode voltage.

Therefore, the quantization error is not stored at the bot-

tom-plate parasitic capacitance of LSB sub-array and also

the settling of the OTA is relaxed due to the load capacitor

reduction. On the other hand, during the MSB bits gener-

ation, the bottom-plate of LSB sub-array capacitors is

connected to the common-mode voltage. Since they are

switched from Vcmi to VRef and/or to ground during the

LSB bits generation, the switching power of the LSB sub-

array is also reduced. In addition, the voltage level of VRef/

2 (Vcmi) is generated without any capacitor switching in the

LSB sub-array. So, the resolution of LSB sub-array can be

reduced from 4-bit to 3-bit. However, the 4-bit resolution is

allocated to the LSB sub-array where the extra 1-bit acts as

the redundancy and can compensate the incorrect DAC

settling errors happening due to the bottom-plate parasitic

capacitance of the attenuator capacitor.

3.2 OTA structure

Since the unity-gain buffer is used to transfer the quanti-

zation error through the feedback path, it is necessary that

its closed-loop dc gain (G) to be near 1 to achieve good

accuracy. However, the OTA finite open-loop dc gain (Adc)

decreases the closed-loop gain as G = 1 - 1/Adc. This

causes the ADC noise transfer function (NTF) zero to

move from z = 1 to inside of the unit circle in the z-plane

Fig. 5 Equivalent circuit for FIR filter noise analysis when

U2 = Us = 1
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Fig. 6 Simulated ADC SQNR versus the OTA open-loop dc gain
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whereas the location of the ADC NTF pole is not changed.

As a result, for low values of Adc, the inband quantization

noise is increased. According to the behavioral simulation

results shown in Fig. 6, an SQNR more than 69 dB is

achieved when the OTA dc gain is as low as 17 dB.

Since the unity-gain buffer processes only the quanti-

zation noise and it is a few mV when the ADC resolution is

high enough (2 mV in this design example), so a low-

swing OTA is needed to realize the buffer. From the the-

oretical calculations, the minimum transconductance value

of input transistors to meet the required gain bandwidth

product (GBW) is obtained about 20 lA/V. In this calcu-

lation, the load capacitance, Cload, is the summation of the

MSB sub-array capacitors in the DAC capacitor array plus

the parasitic capacitances which is altogether about

1.68 pF. As shown in Fig. 4, two clock cycles of the SAR

operation were allocated to the sampling phase which

provides approximately 230 ns settling time for OTA.

In order to achieve the desired dc gain, the single-stage

folded-cascade OTA shown in Fig. 7(a) is used as the

unity-gain buffer. The transistors M2,3 and M6,7 act as the

up-level shifters to enhance the OTA input common-mode

voltage from 0.25 to about 0.35 V. This is needed to

guarantee that the tail transistor, M1, to be biased in the

saturation region in all process corner cases at this low

supply voltage which is 0.5 V, although they reduce the

gain and unity-gain bandwidth of the OTA slightly. The

OTA bias and common-mode feedback (CMFB) circuits

are shown in Fig. 7(b, c), respectively. Since the OTA

operates only at the sampling phase, it is powered off at the

conversion phase by bias switching technique to save the

power consumption. This makes the average power con-

sumption of the simulated OTA to be decreased from 11.7

to 3.1 lW. AC simulation results shown in Fig. 8 indicate

that the simulated OTA achieves 21.7 dB dc gain and

7.23 MHz unity-gain bandwidth with 66� phase margin.

Table 1 summarizes the detailed simulation results of the

OTA. Note that in proposed ADC structure, the residue

capacitors Cr1,2 and the feedback capacitor Cf have the

same value. So, the feedback factor of the OTA in the

closed-loop configuration is 0.5.

3.3 Implementation of the switches

As shown in Fig. 4, the top-plate of the LSB sub-array and

MSB sub-array capacitors is only connected to the com-

mon-mode voltage and to the OTA output, respectively,

whereas their bottom-plate is connected to the input volt-

age and/or to the power rails (VRef and ground) and com-

mon-mode voltage by three type switches. In order to

accommodate full swing input, all bottom-plate sampling

switches are implemented using CMOS transmission gates.

Since the supply voltage of this design is 0.5 V, it may

degrade the capacitor array settling and linearity perfor-

mance due to poor and signal dependent on-resistance of

the switches. Therefore, the gate of nMOS transistors is

driven by a booster circuit [18]. Also, the bottom-plate

of the LSB sub-array capacitors is connected to the

(a) (b)

(c)

Fig. 7 a OTA, b bias, and c common-mode feedback circuits
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common-mode voltage by similar switches. The boosted

clock will be about 1 V at most. Hence, there is no gate

oxide breakdown concern here. To connect the bottom-

plate of these capacitors to power rails during the succes-

sive approximation procedure, minimum size nMOS and

pMOS transistors were used due to the low frequency

operation of the simulated ADC. In addition to the

capacitor array switches, other switches are added to the

structure which provide feedback loop to exploit and

transfer the quantization error. These switches are marked

by Sr1–4, SC1–8 and SS1–2 in Fig. 4(a). The switches Sr1–4

and SC1–4 are not critical since one side of them is con-

nected to the common-mode voltage and the virtual

ground, respectively. By contrast, the switches SS1–2 and

SC5–8 may be critical since they have a floating behavior

and their charge injection may introduce some harmonic

distortion and affect the ADC accuracy. Fortunately, the

introduced distortion is dependent on the quantization error

instead of input signal. Therefore, the distortions amplitude

will be small compared to the input signal.

To investigate the introduced error due to the charge

injection of SC5–8 switches, consider the case where the

switches SC5,6 or the switches SC7,8 are going to be

turned off. Due to the non-overlapping phase, the SC5,6

(SC7,8) switches will turn off before activating the SC1,2

(SC3,4) switches. Since the Cr1 (Cr2) capacitor has high

impedance in comparison to the 15Cu capacitor, the

contribution of the injected charge in the stored quanti-

zation error on Cr1 (Cr2) will be small (about 1/16). The

charge injected into the charge redistribution capacitors

is not important because they are reset during the next

sampling phase.

Note that the switches SS1,2, SC1–8 and Sr1–4 are used to

switch the voltage around the common-mode voltage. As

shown in Fig. 4(c), a two-transistor stack is used instead of

single nMOS transistor, to reduce the leakage current [19].

Also, to mitigate the poor on-resistance, the gates of both

transistors are driven by the boosted voltage. Finally, an

additional pMOS transistor is used as a dummy for SS1,2

and SC1–8 switches to reduce the charge injection and clock

feed-through effects.

3.4 Comparator

A rail-to-rail comparator is employed in this design to

achieve the maximum dynamic range in 0.5 V power

supply. Figure 9 shows the structure of this comparator.

The basic structure of the comparator originates from the

comparators introduced in [20, 21]. In order to extend the

common-mode input range to the rail-to-rail, a few modi-

fications have been applied here. The comparator com-

prises of two up and down preamplifiers and the latch

stage. In fact, the p- and n- type differential pairs (Mp1,2,

Mn1,2) are connected in parallel with each other to act as the

rail-to-rail pre-amplifiers. Also, the transistors located on

both sides of the latch stage act as NAND logics and

combine the output voltage of the inverters.

The operation of this comparator is similar to [21]. At

the reset phase when Clk is low, the parasitic capacitances

of nodes dn1 and dn2 are charged to VDD whereas the par-

asitic capacitances of nodes dp1 and dp2 are discharged to

the ground. Moreover, the voltage at nodes gn1,2 and gp1,2 is

charged to VDD due to the inverters. This leads the voltage

of the gn3 and gn4 nodes to discharge to the ground.

Thereafter, the resetting transistors, Mlp7,8, are turned on

and causes the Vout? and Vout- nodes to be charged to VDD.

During the evaluation phase when the Clk is high, the

stored voltage on the parasitic capacitances of the dn1 and

dn2 nodes are discharged from VDD to the ground whereas

the parasitic capacitances at nodes dp1 and dp2 are charged

to VDD at different time rates which depends on the mag-

nitude of each input voltage. Therefore, the inverters of

each pre-amplifier are turned on at different times making

the input voltage difference converted to the time and or

phase differences. This voltage amplified by the inverters

Table 1 Performance summary of the simulated OTA

Parameter TT @

27 �C

FF @

-40 �C

SS @

85 �C

DC gain 21.76 dB 22.23 dB 21.9 dB

GBW 7.23 MHz 8.95 MHz 5.88 MHz

Phase margin 66� 60� 69�
0.5 LSB settling time 191 ns 183 ns 197 ns

Avg. power consumption

(without switching)

11.7 lW 11.85 lW 12 lW

Avg. power consumption

(with switching)

3.1 lW 3.1 lW 3.3 lW

Load capacitance 1.68 pF

Feedback factor 0.5

Supply voltage 0.5 V

Technology 90 nm CMOS
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and then applied to the latch. Due to the positive feedback

in the back-to-back inverter, one of the output nodes is

forced to the ground and the other to VDD.

Although the noise-shaping property relaxes the com-

parator requirement, to estimate the equivalent input-

referred offset voltage, a Monte-Carlo simulation is

Vin+ Vin-

Mnt

Mn1 Mn2

Mns1 Mns2

Clk

Clk

Clk
VDD

VDD

Mln1 Mln3 Mln4 Mln2

Mln5 Mln7 Mln8 Mln6
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Vout+
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Up Pre-amp

Latch NAND LogicNAND Logic

d n1 d n2
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VDD
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Mp2

Mpt

Mps1 Mps2
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gn1
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Mpl10

Fig. 9 Fully dynamic rail-to-

rail comprator

Fig. 10 SAR control logic
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performed. The offset voltage standard deviation (rVoff)

and the mean offset of the simulated comparator are about

7.1 mV and 851 lV, respectively. Therefore, the total

offset voltage is about 22 mV. Regardless the noise-shap-

ing property, the SNR degradation is 0.39 dB corre-

sponding to the 0.065-LSB loss in ADC accuracy.

3.5 SAR control logic

The non-redundant structure introduced in [22] is used to

generate the necessary controlling signals of the comparator

and DAC switches. In order to control the DAC residue

capacitors, a few modifications have been performed in the

main structure. The schematic diagram of the 8-bit SAR

control logic is illustrated in Fig. 10 which is comprised of 8

multiple input shift registers and an additional logic gate

with D-type latch to maintain the bottom-plate voltage of the

residue capacitors during the interleaving operation at the

conversion phase. As mentioned before, each residue

capacitor acts as the DAC unit capacitor only in one inter-

leaving phase (U1 or U2) and in other phase it transfers the

quantization error of the previous sample. Therefore, the

bottom-plate voltage of the residue capacitor, Cri, will be

changed if only the voltage of Ui is high. Each shift register

comprises of the decoder-multiplexer and the D flip-flop

where all were implemented by NAND gates.

4 Simulation results

To verify the usefulness of the proposed noise-shaping

SAR ADC, a 0.5-V 100 kS/s Nyquist-rate ADC with

OSR = 8 and 8-bit charge redistribution capacitor DAC is

designed and simulated in a 90 nm CMOS process. The

simulated ADC output spectrum is shown in Fig. 11 where

a 6.25 kHz, 0-dBFS sinusoidal input is applied to the ADC

and 2048 points FFT with a Hann window is utilized for

spectral estimation. In this simulation, the circuit noise was

not considered but the overall kT/C noise of the ADC was

calculated according to the relations (8) and (9) yielding

the in-band fully differential noise with a mean-square

value of about 21 9 10-9 V2, whereas the signal power is

125 9 10-3 V2 and the quantization noise power is

10.5 9 10-9 V2. Therefore, by considering the circuit

noise, the SNDR of the simulated ADC is obtained about

66.1 dB. According to Fig. 11, the simulated SFDR is

about 73.1 dB indicating the high linearity performance of

the proposed ADC. The average power consumption of the

simulated ADC is about 4.53 lW.

The simulated ADC performance in different process

corner cases and temperature variations is summarized in

Table 2 where the power consumption of the ADC building

blocks are separately reported. As is seen, the ADC analog

section consumes more power than the digital section such

that the FIR filter has the highest contribution in the overall

power dissipation. The following figure-of-merit (FoM) is
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Fig. 11 Simulated ADC output spectrum excluding the circuit noise

(TT @ 27 �C)

Table 2 Performance summary

of the simulated noise-shaping

SAR ADC

Parameter TT @ 27 �C FF @ -40 �C SS @ 85 �C

SNDR 66.08 dB 67.8 dB 64.4 dB

SFDR 73.13 dB 74 dB 71.43 dB

ENOB 10.68 bit 10.98 bit 10.42 bit

ADC power dissipation

Comparator 320 nW 345 nW 295 nW

DAC ? decoder 920 nW 935 nW 845 nW

FIR filter 3.1 lW 3.1 lW 3.3 lW

SAR logic 190 nW 225 nW 165 nW

Total power consumption 4.53 lW 4.61 lW 4.6 lW

Nyquist rate 100 kHz

Oversampling ratio 8

Signal bandwidth 50 kHz

Supply voltage 0.5 V

Technology 90 nm CMOS
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used to compare the simulated ADC performance with

several recently reported low-power SAR ADCs and the

results are shown in Table 3.

FoM ¼ Power

2� BW � 2ENOB
ð10Þ

This FoM is calculated excluding the power consump-

tion of the decimation filter similar to [9]. As is seen, the

simulated ADC achieves a good FoM among the published

ones verifying the usefulness of the proposed noise-shaping

SAR ADC, and hence, it can be a good candidate for low

power and high resolution SAR ADCs. Moreover, due to

the reduced DAC capacitance, the proposed structure has a

relaxed anti-aliasing filter in comparison to the other high

resolution SAR ADCs.

5 Conclusions

In this paper, a new noise-shaping SAR ADC was pre-

sented. The proposed ADC uses a simple technique to

extract the quantization error by using the DAC dummy

capacitor. It is then employed in an error feedback structure

to provide a first-order noise-shaping. A low-gain and low-

swing OTA was used to realize the buffer in order to

extract the quantization noise and also to implement the

unit delay in the sigma-delta modulator’s feedback loop. A

design example with 11-bit resolution and 100 kHz Ny-

quist rate was implemented in a 90 nm CMOS technology

and simulated with Spectre to verity the usefulness of the

proposed ADC scheme. The simulation results achieve

66.1 dB maximum SNDR and 73.1 dB SFDR while con-

suming 4.53 lW average power from a single 0.5 V supply

resulting in a FoM of 27.6 fJ/conversion-step.
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