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Abstract In this paper, a new architecture for successive-

approximation register (SAR) analog-to-digital converters

(ADCs) is presented. In the proposed scheme, the threshold

voltage for each comparison is divided into two parts. This

results in appreciably less switching energy and less total

capacitance without a substantial increase in digital com-

plexity compared to the conventional SAR ADC. Analyt-

ical calculations and circuit level simulation results in the

context of a 10-bit 100 kS/s ADC are provided to verify the

usefulness of the proposed SAR ADC scheme revealing

87 % less switching power and 40 % less total capacitance

in comparison with the conventional SAR ADC.
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1 Introduction

In mixed-signal systems, the analog-to-digital converters

(ADCs) are needed to serve as the link between the analog

and digital worlds. There are several ADC structures such

as flash, pipeline, and successive-approximation register

(SAR), and each ADC configuration is suitable for some

specific applications. SAR ADCs have a moderate speed

and moderate resolution with low power consumption.

Therefore, they are one of the most suitable architectures

for applications such as biomedical sensor interfaces and

wireless sensor networks.

SAR ADCs are composed of three major parts including

one comparator, one digital-to-analog converter (DAC),

and a digital controller. Many efforts have been performed

to improve the performance of these building blocks. With

respect to the conventional switching technique, the split-

capacitor scheme [1] and the energy-saving technique [2],

without any reduction in total capacitance, achieve 37 and

56 % reduction in switching energy, respectively. How-

ever, these switching schemes improve the switching

power consumption at the cost of increased digital

switching complexity and power. The monotonic switching

scheme [3] achieves 81 % reduction in switching power

and 50 % reduction in total capacitance. In [4] by

designing the comparator in time domain, the power con-

sumption of the ADC is reduced. In the recently published

paper [5], by using dual power supply for digital and

analog sections, the total power consumption of the ADC is

reduced. There are several other schemes such as [6] and

[7] in which the switching power of DAC has been

appreciably reduced. However, these schemes are parasitic

sensitive. Besides, in these techniques, the digital section is

much more complex than the conventional one.

One of the most important parts of a SAR ADC is the

capacitive DAC where a significant proportion of the

power consumption and silicon die area is consumed. In

this paper, by focusing on DAC section, a new SAR ADC

scheme is proposed. In the proposed structure, by dividing

the threshold voltage into two parts, the power consump-

tion and the total capacitance of DAC are appreciably

reduced without a significant increase in the digital

switching complexity. The rest of this paper is organized as

follows. Section 2 briefly explains the conventional SAR

ADC operation. In Sect. 3, the operation of the proposed

SAR ADC is presented. Circuit level simulation results are

provided in Sect. 4 and finally Sect. 5 concludes the paper.
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2 Conventional SAR ADC

The detailed function of a conventional SAR ADC is

explained in [8] and it is briefly reviewed here. Figure 1

shows the circuit of a conventional SAR ADC where the

binary search algorithm is used in switching procedure. At

the sampling time, the bottom plate of all capacitors is

switched to Vin and their top plate is connected to the

ground, and hence, the input signal is sampled. In the

holding phase, the switch SR1 is open and the bottom plate

of all capacitors is connected to the ground. So, in this

phase, the top plate voltage of all capacitors (V?) becomes

-Vin. In the first comparison, the bottom plate of the

largest capacitor (CN) is switched to VREF making the top

plate voltage of the capacitors to become (-Vin ? VREF/2).

Therefore, in the first comparison, the input signal is

compared with VREF/2. If Vin [ VREF/2, the most signifi-

cant bit (MSB), B1, is 1 and in addition to CN, the bottom

plate of CN-1 is also switched to VREF. Hence, V? becomes

(-Vin ? 3VREF/4). But, if Vin \ VREF/2, B1 is 0 and the

bottom plate of CN is reconnected to the ground and the

bottom plate of CN-1 is switched to VREF resulting in V? as

(-Vin ? VREF/4). Therefore, depending on the first bit, in

the second comparison, Vin is compared with 3VREF/4 or

VREF/4. The ADC repeats this procedure until the least

significant bit (LSB), BN, is decided. After sampling and

holding phases, the input signal is estimated in N cycles by

comparing it with N threshold voltages where N is the

ADC’s resolution.

As is clear, in each comparison, with respect to the

previous cycle, the threshold voltage is changed by adding

or subtracting a binary weighted fraction of the reference

voltage to or from the previous threshold voltage. When a

binary weighted fraction of VREF is added to or subtracted

from the threshold voltage, an Up or a Down transition is

happen, respectively. Since in a conventional SAR ADC

for any transition in the threshold voltage, some charges

are consumed from the reference voltage, all transitions are

power consuming. On the other hand, the energy con-

sumption of Up and Down transitions is not equal and the

later consumes much more power than the former [1]. For

some cases, a Down transition consumes five times more

energy than an Up transition [1]. In addition to these points,

since the DAC energy consumption is related to charging

and discharging of the DAC capacitors, it is obvious that

the switching power consumption is proportional to the

total DAC capacitance. In the proposed SAR ADC pre-

sented in the next section, by dividing the threshold voltage

into two parts, firstly, the number of power consuming

transitions is roughly reduced by 50 %. Secondly, all Down

transitions are omitted. Finally, the total capacitance is

roughly 40 % reduced. Therefore, the total switching

power consumption of the proposed SAR ADC is signifi-

cantly reduced.

3 Proposed SAR ADC scheme

In a conventional SAR ADC, the required threshold volt-

age to generate the ith bit (Bi) is Vt½i� ¼ ða=2iÞVREF where

B1 is the MSB and 1� a� 2i � 1: By dividing the

threshold voltage as the sum of two parts, VX and VY, we

have:

Vt½i� ¼ VX½i� þ VY ½i�: ð1Þ

It is proved later that considering VX[i] and VY[i] as the

following equations makes a good efficiency in the

generation of threshold voltages:

VX ½i� ¼
0 i ¼ 1

VX ½i� 1� 2� i�N&Bi�1 ¼ 0

Vt½i� 1� 2� i�N&Bi�1 ¼ 1

8
<

:
ð2Þ

VY ½i� ¼ ð1=2iÞVREF 1� i�N: ð3Þ

As it will be explained later, the generation of VX and

VY, could be more efficient than Vt which is used in a

conventional SAR ADC. The circuit of the proposed SAR

ADC, which utilizes VX and VY threshold voltages, is

depicted in Fig. 2. As is seen, the circuit consists of two

capacitive networks CNX and CNY that are corresponding
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to VX and VY threshold voltages, respectively. The

operation of the proposed SAR ADC is as follows.

In the proposed scheme, each cycle is composed of three

phases. These phases are Reset (URes), Regeneration (UReg)

and Comparison (UComp), respectively. In the first bit cycle

generation, at the sampling phase (the first reset phase), the

input signal is sampled at CNX network. So at this time,

the switch SP is closed and the top plate of all capacitors in

CNX network is charged to Vin. Besides, their bottom plate

is connected to VREF. Thus, the voltage at the positive node

of the comparator (V?) is set to Vin. This value of V?

doesn’t change until the first bit is produced. So, at UReg

and UComp there is no change in CNX network.

In the other hand, in CNY network, at the first bit cycle

generation, at URes, the capacitor CR is charged with VREF.

Also, the capacitor CG and the parasitic capacitor at the

negative input of the comparator (CP) are reset to the

ground. After this phase, the CNY network is completely

disconnected from the reference voltage, and hence, this

capacitive network doesn’t consume any more power. At

UReg, the capacitors CR and CG are charge shared. So, the

voltage on each of these two capacitors becomes VREF/2.

At UComp, only the capacitor CG is connected to the neg-

ative input of the comparator, and so, the voltage at the

comparator negative input at UComp is VREF/2. Hence, at

this phase, Vin is compared with VREF/2. If Vin [ VREF/2,

the first bit (B1) is 1 and if Vin \ VREF/2, B1 is 0. This is the

end of the first bit cycle. At the beginning of the second bit

cycle, if B1 = 1, the bottom plate of the largest capacitor in

CNX network is switched to the ground and if B1 = 0 there

is no change in CNX network. After this, there is no change

in CNX network until the second bit is generated. In CNY

network, in the second bit cycle, at URes, only switch G is

closed. So, at this phase, CG and CP are connected to the

ground, and hence, these two capacitors are completely

discharged. At this phase, the other switches in CNY net-

work are open, and so, the voltage of CR is not changed

from the end of the previous cycle. At UReg, the switch SY

is closed and the capacitors CR and CG are charge shared

again resulting in a voltage of VREF/4 on each capacitor. At

UComp, all switches are open and CG is connected to the

comparator negative input. So, at this phase, the corre-

sponding comparison is performed. The function of the

circuit in the other bit cycles is similar to the second bit

generation. So, this procedure is repeated until the LSB is

produced.

The flow chart of the proposed SAR ADC is shown in

Fig. 3. As is seen, because of some differences between the

first and the other URes, the function of CNY network at the

first URes is remarked by Res 1 and in the other URes is

remarked by Res 2. The function of CNY network at UReg

and UComp for all cycles are remarked by Reg and Comp,

respectively. In Table 1, the switching procedure of CNY

network at each phase is illustrated where the closed

switches in different phases are clarified. In Fig. 4, the

timing diagram of the proposed SAR ADC for 10 bit res-

olution is illustrated. As it is clear, only three signals (R,

G and SY) are required to control the switching procedure

in CNY network. So, the digital section of the proposed

SAR ADC is not much more complex and power con-

suming than the conventional SAR ADC.

It is worth mentioning that at UReg, CP is also charge

shared with CG and CR capacitors resulting in an error in

charge dividing. To alleviate this problem, it is necessary to

make CP sufficiently smaller than the capacitors CG and

CR. This can be satisfied by careful design of the com-

parator and considering a larger value for CG and CR

respected to the CP. It is also worth to mention that the

value of capacitors CG and CR is determined by kT/C noise

consideration, and hence, large capacitance is needed

especially at higher resolutions. So, the detrimental effect

of comparator input capacitance on charge sharing between

the capacitors CG and CR is well minimized.

Fig. 3 Flow chart of the proposed SAR ADC

Table 1 Switching procedure

in CNY network
Function

name

Closed

switches

Res1 G, R

Res 2 G

Reg SY

Comp None
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3.1 Switching energy of the proposed SAR ADC

As depicted in Fig. 2, the CNX network is similar to the

conventional SAR DAC, but, the total capacitance is 50 %

reduced and all Down transitions are omitted. So, roughly

50 % of transitions in a conventional switching procedure

are eliminated. Also to generate the MSB, there is no

transition in CNX network. So, with respect to the con-

ventional DAC, the power consumption of CNX network is

significantly reduced. In CNY network, only at the first

URes, the capacitor CR is charged with VREF and after this

phase, this network is disconnected from VREF. Therefore,

the total power consumption in CNY network is CY V2
REF

where CY is the capacitance of CR and CG.

The switching energy in CNX network in each bit cycle

could be calculated as follows. After the ith cycle,

depending on the generated bit, the voltage of V? may be

changed. This voltage at the end of (i - 1)th cycle and at

the beginning of the ith cycle are remarked by Vþðt�i Þ and

Vþðtþi Þ, respectively. It is obvious that Vþðtþi Þ�Vþðt�i Þ:
Therefore, as explained in [1], we have:

i ¼ 1) EðiÞ ¼ 0 ð4Þ

2� i�N ) EðiÞ ¼ VREF Qiðtþi Þ � Qiðt�i Þ
� �

¼ CTiVREF Vþðt�i Þ � Vþðtþi Þ
� �

¼ CTiVREF VXðiÞ � VXði� 1Þ½ �;
ð5Þ

where E(i) is the energy consumption of CNX network in

the ith bit cycle. CTi is the total capacitance in CNX net-

work which are connected to VREF at the beginning of the

ith bit cycle. Qiðt�i Þ and Qiðtþi Þ are the charge stored on CTi

at the end of the (i - 1)th bit cycle and at the beginning of

ith bit cycle, respectively. VXðiÞ and VXði� 1Þ are defined

in relation (2). According to Eqs. (2) and (5), if Bi-1 = 0,

the voltages VXði� 1Þ and VXðiÞ are equal, and therefore,

there is no power consumption in CNX network.

A behavioral simulation of the switching power in the

proposed SAR ADC for 10 bit resolution has been per-

formed with MATLAB and the normalized switching

power is depicted in Fig. 5. As is seen, the energy

consumption of the proposed SAR ADC for every output

code is much less than the average power of the conven-

tional SAR ADC. The average switching power of the

proposed scheme for 10 bit resolution and CY = 40 Cu is

167:75CuV2
REF where Cu is the unit capacitance. So, in

comparison with the conventional switching scheme which

consumes 1365:3CuV2
REF , the proposed switching proce-

dure is more than 87 % power efficient. From the sys-

tematic view, the proposed ADC and several well known

techniques are compared in Table 2. It is worth to mention

that in this comparison, all schemes are considered as a

single-ended design. As is seen, for 10 bit resolution, the

total switching power and capacitance of the proposed

ADC are appreciably lower than the conventional, split

capacitor [1] and energy saving schemes [2]. Although the

total capacitance in the proposed ADC is slightly more than

the monotonic switching scheme [3], but the total switch-

ing power consumption of the proposed technique is also

lower than the monotonic switching.

3.2 Circuit implementation

A design example of the proposed SAR ADC with 10 bit

resolution, 100 kS/s sampling rate, and a single-ended

structure has been implemented in the circuit level to verify

Fig. 4 Timing diagram of the proposed SAR ADC for 10 bit

resolution

Fig. 5 Power consumption of the proposed SAR ADC scheme

against digital output code for 10-bit resolution in comparison with

the conventional one

Table 2 Comparison of the proposed SAR ADC with several

schemes for 10 bit resolution

Switching

scheme

Number

of switches

Total

capacitor

(Cu)

Switching energy

consumption

(CuVREF
2 )

Conventional 25 1,024 1365.3

Split capacitor [1] 43 1,024 852.3

Energy saving [2] 41 1,024 563.8

Set and down [3] 20 512 255.5

This work 22 592 167.75
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its usefulness. The design has been performed in a 0.18 lm

CMOS technology with 1 V power supply to save the

power consumption. In the following, the circuit details are

explained. It is worth mentioning that by using a four-input

comparator, the proposed SAR ADC can be also imple-

mented in the differential structure. Although the fully-

differential structure improves several parameters such as

the common-mode noise rejection and reduces the total

distortion, it consumes more power and occupies more

area. Therefore, in moderate resolutions, the single-ended

structure can be utilized to reduce the overall power dis-

sipation and silicon die area as well [9].

3.2.1 Comparator

The rail-to-rail comparator circuit proposed in [9] was used

in this design and it is shown in Fig. 6. This topology was

selected to achieve a rail-to-rail input signal range. As is

seen, this comparator consists of two pMOS and nMOS

input differential pairs making the possibility to increase

the input signal swing up to the supply voltage. At UComp,

when a differential input signal is applied to the compar-

ator, the two differential pairs convert the input voltage

into the current, and then, these currents are summed to run

the regenerative stage. Two inverters are used to achieve

full scale swing at the output nodes. Transistors M3 and M4

are used to reset the comparator, and hence, to reduce the

comparator’s hysteresis.

The main issue of using such a rail-to-rail comparator is

that the comparator offset voltage may depend on the input

common-mode voltage. This is because the added trans-

conductance of nMOS and pMOS input differential pairs

depends on the input common-mode voltage. At lower

input common-mode voltage, the nMOS differential pair

will be in the cut-off region, and on the other hand, when

the input common-mode is higher, the pMOS differential

pair cannot provide any current to the regenerative latch.

Therefore, the input offset voltage of the comparator

depends on the input common-mode voltage. To alleviate

this problem, the comparator input differential pairs are

designed such that the input offset voltage to be less than

the needed resolution in the worst case. Besides, special

layout techniques such as the common-centroid style and

adding dummy devices can also be utilized. As an alter-

native, a constant input transconductance topology can be

employed to achieve independent offset voltage on the

input common-mode voltage.

It is worth mentioning that when a conventional SAR

ADC implemented as single-ended with the structure

shown in Fig. 1, the input common-mode voltage of the

comparator is not changed. However, using such ADC in a

differential structure to sample the differential input signal,

the input common-mode voltage of the comparator is not

fixed and it is changed during conversion. This is also

happen in the proposed SAR ADC shown in Fig. 2

although it is implemented as single-ended. As mentioned

above, to alleviate this problem, a constant input trans-

conductance comparator or designing the comparator with

the worst-case input offset voltage to be less than the

required resolution is needed.

Vb1

Vin+

Vin-
Vin+ Vout-Vout+

Vb2
ClkcClkc

M1 M2

M3 M4

M6M5

M7 M8

M9 M10M11 M12

M14

M16

M13

M15

M17

M18

VDD

Comp Clkc

Fig. 6 Comparator circuit

(a)

(b)

(c)

Fig. 7 a Logic schematic to generate URes, UReg, and UComp in CNY

network. b Timing diagram, and c Logic of controller signals in CNY

network
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3.2.2 Successive approximation register

The digital section is designed to control the function of the

ADC. This section is divided into two parts: the digital

controller of CNY and CNX networks. The digital con-

troller of CNY network has a synchronous function. As it

was mentioned before, there are three phases controlling

the function of CNY network which are URes, UReg and

UComp. Although it is not essential to allocate the equal

time interval to these three phases, but for logic simplicity,

the duty cycle of all these phases are equally considered. In

Fig. 7, the logic schematic used to generate these phases

and controller signals in CNY network is depicted. This

logic consists of a two bit counter with the output value

between 0 and 3 and each output number is equivalent to a

phase. The numbers 0, 1, and 2 are corresponding to URes,

UReg and UComp, respectively and number 3 is used to reset

the counter. As illustrated, according to these phases, the

controller signals of CNY network are produced. It is worth

mentioning that the control signals used in CNY network

are non-overlapping to avoid charging and discharging by

VREF and ground for capacitors CR and CG at the beginning

of Reg.

According to the logic of CNY network, the digital

controller of CNX network is designed. The logic of this

section is very similar to which is used in [3]. In Fig. 8, the

timing diagram and the logic schematic to generate the

timing signals in CNX network are depicted. At the first

URes, the controller signal of the sampling switch (CLKS) is

high. So, at this phase, Vin is sampled at all capacitors in

CNX network. When CLKS is high, the bottom plate of

these capacitors is connected to VREF and their top plate is

switched to Vin. As is seen, at this time CLK1 to CLK10 are

low. After the first comparison, CLK1 is high and B1 (MSB)

is determined. Depending on this bit, the bottom plate of

the largest capacitor (CN) is switched to ground or remains

connected to VREF. So, if MSB is 1, it is switched to the

ground and if MSB is 0, it remains connected to VREF. This

is the end of the first bit generation cycle in CNX network.

After this time, there is no change in CNX network until

the second comparison is done. After the second compar-

ison, CLK2 is high and the second bit (B2) is determined.

(a)

(b)

Fig. 8 Clock generation in

CNX network: a Logic

schematic, and b Timing

diagram
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Depending on this bit, the bottom plate of the corre-

sponding capacitor is connected to the ground or remains

connected to VREF. This is the end of the second bit gen-

eration. This procedure is repeated for B3 to BN bits gen-

eration cycles. It is obvious that after BN bit generation

there is no need to switch any capacitor in CNX network.

To implement the above procedure, the logic presented in

[3] was used and it is shown in Fig. 9. As is seen, at the

sampling phase, CLK1 to CLK10 are low and the bottom

plate of all capacitors in CNX network is switched to VREF.

After each comparison, at the rising edge of the corre-

sponding clock, the positive output voltage of the com-

parator derives the static flipflop and hence the relevant bit

is determined. Also, as is seen, if the produced bit is 1, the

bottom plate of the relevant capacitor is switched to the

ground and if this bit is 0, the bottom plate of the corre-

sponding capacitor remains connected to VREF.

3.2.3 Switches

The input signal sampling switch (SP) is implemented by

the bootstrapping switch proposed in [10]. In CNY net-

work, switches SY and G are implemented by nMOS

transistors and switch R is implemented by a pMOS tran-

sistor. These switches are designed to have small parasitics

as well as small on-resistance. This is necessary to mini-

mize the parasitic capacitance at the comparator’s negative

input.

4 Simulation results

The designed ADC with 10 bit resolution and 100 kS/s

sampling frequency was simulated with HSPICE using a

0.18 lm BSIM3v3 level 49 mixed-signal CMOS technol-

ogy. The reference voltage is 1 V and the input voltage

swing is 0.9 V peak to peak. The value of Cu is determined

by some considerations such as kT/C noise, mismatch, and

parasitic effects. In this design, the value of the unit

capacitor in CNX network is 23 fF. In CNY network, the

value of CY is 890 fF. So, the total DAC capacitance is as

follows:

Ctot ¼ CtotX þ CtotY ¼ 13:55 pF: ð6Þ

As it was mentioned before, it is required to reduce the

parasitic effects in CNY network. To do so, firstly, the

value of CG and CR is considered sufficiently large

compared to the total parasitic capacitance at the

comparator’s negative input. Secondly, the dimension of

the switches used in CNY network is selected as low as

possible to decrease their parasitic capacitances. To show

the accuracy of the CNY network output, which is applied

to the comparator’s negative input (V-), the transient

QD
DFF

VREF

Vin

CLK1

B1

28Cu

Vout+

Buffer

QD
DFF

VREF

Vin

CLK9

B9

Cu

Vout+

Buffer
QD

DFF
CLK10

Vout+

B10

Fig. 9 Control logic in CNX network

Fig. 10 Transient waveform of V-

Fig. 11 Output PSD of the simulated ADC
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waveform of V- during switching procedure is depicted in

Fig. 10. As is seen, the value of V- is as accurate as

required. On the other hand, the procedure used to produce

the comparator’s positive input (V?) is similar to the

conventional SAR ADC. Therefore, the parasitic effects on

V? are not as important as on V-. Also, the waveform of

V? is signal dependant and for any change in Vin, the

waveform of V? is also altered.

The simulated ADC output power spectral density

(PSD) is shown in Fig. 11 where a 0.9 V peak to peak,

15.6 kHz sinusoidal input signal is applied to the ADC and

1,024 points FFT is utilized. The achieved signal-to-noise

plus distortion ratio (SNDR) and spurious free dynamic

range (SFDR) are 59.3 dB and 67.3 dB, respectively,

resulting in a 9.55 effective number of bits (ENOB). The

total power consumption is 6.21 lW.

The simulated ADC is compared with several SAR

ADCs in Table 3 using the following figure of merit

(FoM):

FoM ¼ Power

2ENOB � fs
; ð7Þ

where fs is the sampling rate. In this Table, the area and

power of all designs are considered as single-ended. As is

seen, the simulated ADC achieves a good figure of merit

among the published ones verifying the usefulness of the

proposed SAR ADC scheme. It should be noted that

although the reported results for the presented SAR ADC

are based on HSPICE simulation results while most of the

other ADCs are implemented on chip, but its outstanding

FoM verifies its performance as a good candidate for power

and area efficient SAR ADCs.

5 Conclusions

In this paper, a new SAR ADC scheme by dividing the

threshold voltage into two parts was presented. By using this

technique, the total capacitance and switching power are

reduced without a significant increase in digital switching

complexity and power. A 10 bit resolution and 100 kS/s

sampling rate ADC was simulated using the proposed

scheme with HSPICE in a 0.18 lm CMOS technology. The

simulated ADC SNDR and SFDR are 59.3 and 67.3 dB,

respectively, with 6.21 lW total power consumption and

13.55 pF total capacitance in the capacitive DAC.
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