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In this paper, a 10-bit 0.5V 100 kS/s successive approximation register (SAR) analog-to-digital

converter (ADC) with a new fully dynamic rail-to-rail comparator is presented. The proposed
comparator enhances the input signal range to the rail-to-rail mode, and hence, improves the

signal-to-noise ratio (SNR) of the ADC in low supply voltages. The e®ect of the latch o®set

voltage is reduced by providing a higher voltage gain in the regenerative latch. To reduce the

ADC power consumption further, the binary-weighted capacitive array with an attenuation
capacitor (BWA) is employed as the digital-to-analog converter (DAC) in this design. The

ADC is designed and simulated in a 90 nm CMOS process with a single 0.5V power supply.

Spectre simulation results show that the average power consumption of the proposed ADC is

about 400 nW and the peak signal-to-noise plus distortion ratio (SNDR) is 56 dB. By consid-
ering 10% increase in total ADC power consumption due to the parasitics and a loss of 0.22

LSB in ENOB due to the DAC capacitors mismatch, the achieved ¯gure of merit (FoM) is

11.4 fJ/conversion-step.

Keywords: Successive approximation register (SAR); SAR analog-to-digital converters; rail-to-

rail CMOS comparators; nanometer CMOS technologies.

1. Introduction

In order to increase the operating life of the devices used in energy limited applica-

tions such as the implantable medical devices, portable instruments, and energy

harvesting systems, the power dissipation of the utilized mixed-signal systems has

to be optimized.1–8 The analog-to-digital converter (ADC) is one of the essential

*This paper was recommended by Regional Editor Piero Malcovati.
†Corresponding author.

Journal of Circuits, Systems, and Computers
Vol. 23, No. 2 (2014) 1450026 (18 pages)

#.c World Scienti¯c Publishing Company

DOI: 10.1142/S0218126614500261

1450026-1

J 
C

IR
C

U
IT

 S
Y

ST
 C

O
M

P 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 W

SP
C

 o
n 

12
/2

2/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.

http://dx.doi.org/10.1142/S0218126614500261


components in signal processing systems inherently consuming a large amount of the

total power. Therefore, low-power ADCs are of high popularity for such applications.

On the other hand, since the transistors channel length continue to scale down in

sub-micron CMOS processes, the leakage current increases and the intrinsic gain of

the transistors is insu±cient. As a result, the e±ciency due to the technology scal-

ing is degraded.5,6 Moreover, the threshold and supply voltages do not scale at the

same pace in advanced CMOS technologies and this poses several challenges in

analog sub 1-V circuit design. In comparison with other ADC architectures, suc-

cessive approximation register (SAR) ADCs employ minimal analog building blocks.

This results in lower power consumption. Furthermore, the negative e®ects of using

the sub-micron CMOS technologies on the overall ADC performance are limited.

From the above, it can be concluded that SAR ADCs are the most suitable choice

for low power applications such as the battery operated and implantable devices.

Several solutions have been proposed to operate the analog circuits using a low

supply voltage such as the voltage boosting,5,6 using low threshold voltage devices3

and design in the sub-threshold region.7 However, the voltage boosting technique

increases the risk of gate oxide breakdown in nanometer CMOS technologies. Using

low threshold voltage devices increases the process complexity and requires addi-

tional masks resulting in higher fabrication costs. The circuit design in sub-threshold

regime is limited to lower frequency applications.

This paper presents a 10-bit 0.5V 100 kS/s SAR ADC by employing a new fully

dynamic rail-to-rail comparator to achieve the full-scale input swing with nanowatt

power consumption. The rest of the paper is organized as follows. Section 2 presents

the proposed rail-to-rail CMOS comparator. Design considerations of the realized

ADC are explained in Sec. 3. Section 4 presents the ADC simulation results. Finally,

Sec. 5 concludes the paper.

2. Proposed Rail-to-Rail Comparator

Although, the low supply voltage reduces the power dissipation of the SAR ADC, it

inherently limits the maximum input signal swing and this results in low peak signal-

to noise ratio (SNR). By considering only the thermal noise of the front-end sample

and hold (S/H) circuit and the capacitor array, the value of the peak SNR for the

binary-weighted capacitive array with an attenuation capacitor (BWA) is given by8:

SNRmax ¼ 8kT � 4þ 2ð1�0:5NÞ � 2�1:5N
� �� 2� 2ð1�NÞ� �� ��1

CuV
2
in ; ð1Þ

whereVin is the peak-to-peak of the sinusoidal input voltage.Cu and k denotes theDAC

unit capacitor and the Boltzmann constant, respectively. T is the temperature in

Kelvin andN de¯nes theADC resolution withN � 2. To overcome the poor peak SNR

issue, a larger Cu and/or a rail-to-rail input voltage swing is needed. Since both the

silicon die area and the DAC switching power dissipation increase with a large Cu,

employing a rail-to-rail comparator is a good approach in low voltage supply designs.
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Figure 1 shows the proposed fully dynamic rail-to-rail CMOS comparator com-

prising of two pre-ampli¯ers and a latch stage. The basic structure of the proposed

comparator originates from the comparators introduced in Refs. 10 and 14. In order

to extend the input common-mode range to the rail-to-rail, the pMOS and nMOS

di®erential pairs (Mp1;2, Mn1;2) are connected in parallel to serve as the pre-ampli-

¯ers. Also transistors Mln1;2;3;4 and Mlp1;2;3;4 act as two NAND logics to reduce the

o®set voltage of the latch partially.

The operation of the proposed comparator is similar to that is reported in Ref. 10.

During the reset phase (when clk is low), bothMnl1;2 andMpl1;2 transistors are turned

on, and hence, the parasitic capacitances at nodes dn1 and dn2 are charged to VDD

whereas the parasitic capacitances at nodes dp1 and dp2 are discharged to the ground.

Therefore, the nodes gn1;2 and gp1;2 are charged to VDD due to the inverters. Due to

the NAND logics, the output signals of the inverters are combined together making

the nodes gn3 and gn4 to discharge to the ground. Thereafter, transistors Mlp7;8 are

turned on making Voutþ and Vout� nodes to be charged to VDD: When clk goes high,

the evaluation phase is started, and hence, the parasitic capacitances at nodes dn1
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Fig. 1. Proposed rail-to-rail CMOS comparator.
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and dn2 are discharged in di®erent rates depending on the magnitude of the input

voltage. On the other hand, the parasitic capacitances at nodes dp1 and dp2 are

charged at di®erent rates. Furthermore, an input dependent di®erential voltage

is formed between the output nodes of each pre-ampli¯er (dn1;2 and dp1;2Þ making

the inverters to turn on at di®erent times, and as a result, the input voltage di®er-

ence, �Vin, is converted to the time and/or phase di®erences. The inverters act as

ampli¯ers in order to regenerate the signal at nodes dn1;2 and dp1;2. Also, they reduce

the input-referred o®set voltage of the output latch stage. The ampli¯ed signals with

di®erent time intervals are applied to the output latch stage and due to the positive

feedback; the cross-coupled inverters force one of the output nodes to the ground and

the other one to VDD.

The proposed comparator was simulated in a 90 nm standard CMOS process.

Spectre-RF simulations show that this comparator can resolve the input signal dif-

ferences as low as 5�V. The result of an overdrive recovery test for a 20MHz clock

frequency and 5�V input signal di®erence is shown in Fig. 2.

In addition to the advantages of the comparator introduced in Ref. 10, the pro-

posed comparator has a rail-to-rail input voltage swing and lower kick-back noise due

to the stacked Mns1;2 and Mps1;2 transistors. However, the maximum speed of this

comparator is equal to 1GHz which is lower than the comparator of Ref. 10. This is

due to the lower supply voltage and increased parasitic capacitances of the circuit.

Assuming the voltage of 1 least signi¯cant bit (LSB) to be 60�V, the worst case

delay of the simulated comparator is less than 0.64 ns. In order to measure the input-

referred o®set voltage, a random mismatch with the Gaussian distribution is applied

to the threshold voltage VTH and current factor � (�CoxW/LÞ of each transistor pair.
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Fig. 2. Overdrive recovery test for a 5�V input signal di®erence.
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The random mismatch is modeled as follows11:

�VTH
¼ AVTHffiffiffiffiffiffiffiffi

WL
p ; �� ¼ A�ffiffiffiffiffiffiffiffi

WL
p : ð2Þ

Since the parameters AVTH
and A� are process dependent, in this simulation, their

values are assumed to be 3mV��m and 1%�m, respectively. Therefore, with these

assumptions, a slowly varying ramp signal was applied to the comparator input and

a Monte-Carlo transient simulation with 100 iterations was performed. The equiv-

alent input-referred o®set voltage and the related histogram are illustrated in Figs. 3

and 4, respectively.

As shown in Fig. 3, the standard deviation (�V off) of the comparator o®set voltage

is about 7.1mV while the mean o®set voltage is about 851�V. The o®set voltage of

the comparator may a®ect the accuracy. It degrades the SNR by reducing the input

signal range. Therefore, considering 3� and mean o®set of 851�V, the total o®set

voltage of the simulated comparator is about 22mV, which degrades the SNR by
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Fig. 3. Simulation result of the equivalent input-referred o®set voltage (TT @ 27�C).

-30 -20 -10 0 10 20 30
0

5

10

15

20

25

Input offset voltage [mV]

N
u

m
b

er
 o

f 
co

u
n

ts

Fig. 4. Histogram of the equivalent input-referred o®set voltage (TT @ 27�C).
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0.39 dB. As a result, this SNR degradation leads to a loss of 0.065-LSB. The total

o®set voltage is comprised of the o®set voltage of di®erential input pairs, inverters,

NAND logics, and the latch stage. The o®set voltage of the latch stage (Voff;latchÞ
when referred to the comparator input is given by:

Vos;referred ¼
Voff;latch

Gn þGp

; ð3Þ

where Vos;referred is the equivalent input-referred o®set voltage of the latch. Gn is the

total voltage gain between dnl3;4 nodes and the gate of nMOS di®erential pairs, and

Gp is the total voltage gain between dnl3;4 nodes and the gate of pMOS di®erential

pairs. Since Gn and Gp are large enough, the e®ect of Vos;referred on the overall input

o®set voltage is negligible. The o®set voltage of the other components are divided by

the related voltage gains and referred to the comparator input.

The dynamic voltage gain between each stage at the beginning of the evaluation

phase for 1 LSB input signal di®erence is shown in Fig. 5. Figure 5 brie°y indicates

that primary stages have signi¯cant e®ect in the total input-referred o®set voltage,

such that the input di®erential pairs (Mp1;2, Mn1;2) have the highest contribution to

the input o®set voltage. The dominant factor in o®set voltage of di®erential input

pairs is their threshold voltage mismatch which can be reduced by increasing the

transistor sizes.10 However, the input parasitic capacitance is increased which may
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Fig. 5. Absolute values of the voltage di®erences between each stage at the beginning of the evaluation
phase.

R. Inanlou & M. Yavari

1450026-6

J 
C

IR
C

U
IT

 S
Y

ST
 C

O
M

P 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 W

SP
C

 o
n 

12
/2

2/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.



a®ect the accuracy of the DAC. Table 1 summarizes the detailed simulation

results of the proposed comparator in di®erent process corner cases and temperature

variations.

3. Design of SAR ADC

Since the fully-di®erential circuit structure consumes more power, the single-ended

architecture is chosen in this design. However, the fully-di®erential architecture

provides better common-mode rejection and less distortion.1 The schematic diagram

of the simulated SAR ADC is shown in Fig. 6. The main components of the SAR

ADC are the digital-to-analog converter (DAC), S/H circuit, comparator, and the

SAR. In this section, the design of ADC building blocks is described.

3.1. Capacitor array and S/H circuit

As shown in Fig. 6, in order to reduce the DAC switching power dissipation, the

BWA16 has been employed in the simulated SAR ADC. In addition to low power

consumption, the BWA architecture reduces the size of the total capacitance,

+
−

C1Cu C4 C0 C1 C4C0

SAR 
Logic

VRef

Ci=2iC0

i=1,…,4

D0~D9

Ca

C0=Cu

Ca=32/31 C0

Vin

Booster

S/H

MSB Sub-arrayLSB Sub-array

Fig. 6. Schematic diagram of the simulated SAR ADC.

Table 1. Simulation results of the proposed rail-to-rail comparator.

Parameters TT @ 27�C FF @ � 40�C SS @ 85�C

Power supply voltage (V) 0.5 0.5 0.5

Clock frequency (MHz) 20 20 20

Power dissipation (nW) 730 793 670
Worst case delay (ns) 0.63 0.41 1.07

Resolution (�V) 5 5 5

Kick-back noise (mV) 3–8 2–8 3–6

Input-referred o®set voltage �V off (mV) 7.1 5.3 7.7
Process 90 nm CMOS

A 10-Bit 0.5 V 100 kS/s SAR ADC with a New Rail-to-Rail Comparator
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although it is sensitive to the mismatch and parasitic capacitances.16 The DAC

capacitors should have su±cient matching to meet the desired ADC accuracy. The

e®ect of the capacitance mismatch on the ADC accuracy for the BWA structure has

been investigated in Refs. 17 and 18. Due to the attenuator capacitor, the capaci-

tance mismatch e®ect of the LSB capacitors is reduced by 1/32 in this design.

Therefore, the matching requirement of the MSB capacitors will be dominant. The

unit capacitor value is determined by considering the capacitors matching, kT/C

noise, and technology design rules. In this design, the matching requirement is

dominant. The minimum value of the unit capacitor to meet the matching require-

ment is determined by the maximum standard deviation of di®erential nonlinearity

(DNL) error. The maximum standard deviation of DNL and integral nonlinear-

ity (INL) errors for the BWA architecture with an attenuation capacitor can be

approximated as17:

�DNL;max �
ffiffiffiffiffiffiffiffi
23N

2

q
�u

Cu

� �
LSB ; ð4Þ

�INL;max �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
23N

2 � Vin

VRef

s
�u

Cu

� �
LSB ; ð5Þ

where N is the desired resolution of the ADC, Cu and �u are the nominal value and

the standard deviation of the unit capacitor, respectively. In this design, the metal-

insulator-metal (MIM) capacitors are used to implement the capacitor array. In

order to guarantee that the matching requirement is satis¯ed and no missing code to

be occur in the ADC digital output, the 3�DNL;max must be less than 0.5 LSB. In the

used technology to have 10-bit matching, the maximum value of �u/Cu should be

0.09%. Note that in relation (5), Vin is equal to VREF, due to the rail-to-rail input

signal range. Also, the standard deviation of the capacitor mismatch, �ð�C=CÞ, isp
2 times of �u/Cu.

2 Consequently, the value of �ð�C=CÞ is obtained as 0.13%

corresponding to a 110 fF capacitance. Therefore, to have a better matching, the

value of Cu is chosen as 120 fF.

Since the input signal sampling is not performed by the capacitive DAC, simple

inverters are used to connect the bottom plates of the DAC capacitors to the power

rails. The S/H circuit of the ADC is comprised of a sampling switch and a holding

capacitor. To achieve a wide bandwidth in the S/H circuit, the sampling switch must

have a small on-resistance. Due to the lower supply voltage (0.5V) in this design,

these switches may have very poor on-resistance which degrades the S/H circuit

settling and linearity performance. The clock feed-through and charge injection are

the other factors distorting the sampled input signal. So, the sampling switch was

implemented using a CMOS transmission gate and to mitigate the poor on-resistance

problem, the gate of the nMOS transistor is driven by a voltage boosting circuit19

which is shown in Fig. 7.
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3.2. SAR control logic

The controlling signals of the comparator, S/H circuit, and the DAC switches are

generated in the SAR control logic based on the successive approximation algorithm.

The non-redundant structure20 is used to generate the necessary controlling signals.

The schematic diagram of the 10-bit SAR control logic is illustrated in Fig. 8 which is

comprised of 10 multiple input shift registers. Each shift register comprises of a

decoder-multiplexer and a D °ip-°op where all were implemented with NAND gates.

4. Simulation Results

A 10-bit 0.5V 100 kS/s SAR ADC based on the proposed comparator is designed and

simulated in a 90 nm CMOS process. Spectre-RF simulations show that the average

power consumption of the proposed ADC is about 400 nW from a 0.5V single power
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supply and the peak SNDR is 56 dB without considering the e®ect of RC parasitics

and the DAC capacitors mismatch. To calculate the SNDR, 1024 data points were

used in the fast Fourier transform (FFT) analysis. The output spectrum of the

simulated ADC for a rail-to-rail 43.84765625 kHz sine-wave input and 100 kS/s

sampling rate is shown in Fig. 9. The simulated SNDR versus the input signal

frequency is shown in Fig. 10. As is seen, the SNDR is almost constant in the Nyquist

bandwidth and a good e®ective resolution bandwidth (ERBW) is achieved. In these

simulations, the circuit noise was not considered. But, the kT/C noise of the DAC

capacitive array and the S/H circuit was calculated according to Ref. 8, and the

overall kT/C noise at the input of the ADC yields a mean-square value of about
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Fig. 9. Output spectrum of the simulated SAR ADC excluding the circuit noise.
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6.5�10�9V2. Therefore, it has a negligible e®ect on the overall SNDR. The details of

the simulated ADC performance in di®erent process corner cases and temperature

variations is summarized in Table 2.

The following ¯gure-of-merit (FoM) is used to compare the simulated ADC

performance with the state-of-the-art SAR ADCs:

FoM ¼ Power

minffs; 2� fing � 2ENOB
: ð6Þ

In order to have a realistic FoM, the e®ect of RC parasitics on the ADC performance

should be considered. Although the estimation of the RC parasitics of ADC building

blocks is di±cult without having a layout design, but from the reported relations in

Refs. 17 and 18, another relation is derived to estimate the e®ect of the parasitic

capacitances of the DAC on the power consumption. Explicit details and calculations

are provided in Appendix A.

Table 3 provides a comparison of this work with the current state-of-the-art low

power SAR ADCs. Note that, the reported FoM in Table 3 is obtained by assuming

10% increase in the total ADC power consumption due to the RC parasitics. Also, in

spite of the unit capacitor is chosen large enough, to consider the DAC capacitors

mismatch e®ect on the ADC SNDR, it was modeled in Simulink and a Monte-Carlo

simulation with 200 iterations was performed and the result is shown in Fig. 11.

According to the calculations in Sec. 3.1, in this simulation, the standard deviation of

each capacitor is assumed as 0.13%. As shown in Fig. 11, the worst case SNDR is

60.13 dB whereas the ideal counterpart is 61.47 dB. In other words, the DAC

capacitors mismatch leads to an increase of 32.3�10�9V2 in the power of the

quantization noise (about 36%). So by considering 36% increase in the quantization

noise power, the achieved SNDR from the circuit-level simulations is 54.67 dB.

Table 2. Performance summary of the simulated SAR ADC excluding the RC

parasitics and DAC capacitors mismatch.

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

Resolution 10 bit

Sampling rate 100 kHz

Supply voltage 0.5V

Input voltage range rail-to-rail
Process 90 nm CMOS

SNDR@ fin ¼ 43:84765625 kHz 56.01 dB 55.19 dB 55.58 dB

SFDR 60.1 dB 58.81 dB 59.62 dB

ADC power dissipation
Comparator 116 nW 159 nW 102 nW

DAC 178 nW 257 nW 121.2 nW

Digital 106 nW 142 nW 98nW

Total power consumption 400 nW 558 nW 321.2 nW
FoM 8.9 fJ/c-s 13.6 fJ/c-s 7.5 fJ/c-s

A 10-Bit 0.5 V 100 kS/s SAR ADC with a New Rail-to-Rail Comparator
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As is seen fromTable 3, by using the proposed rail-to-rail comparator, a better FoM

is achieved with 0.5V power supply in 90 nmCMOS. It should be noted that although

the reported results for the presented SAR ADC are based on Cadence simulation

results while most of the other ADCs are implemented on chip, but its outstanding

FoM veri¯es its performance as a good candidate for low power SAR ADCs.

5. Conclusion

In this paper, a 10-bit low power SAR ADC targeted for energy limited applications

was designed and simulated. In order to extend the common-mode input signal range

and achieve a better SNR in 0.5V power supply, a new rail-to-rail CMOS compar-

ator was proposed. To reduce the power dissipation of the capacitive DAC, the

BWA16 was employed in this design. The designed SAR ADC achieves a FoM of

11.4 fJ/conversion-step.
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Appendix A

Since the DAC capacitor array occupies the most area of the ADC, the e®ect of its

parasitics is investigated here. The power consumed from the reference voltage due to

the DAC parasitic capacitances has been estimated in Ref. 17. As shown in Fig. A.1,

we modeled the total parasitic capacitance at the MSB sub-array with CPM;total;

which consists of the entire top-plate parasitic capacitances of the MSB sub-array

capacitors, the input parasitic capacitor of the comparator, the top-plate parasitic
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Fig. 11. Behavioral Monte-Carlo simulation of (a) SNDR and (b) ENOB by considering the DAC

capacitors mismatch.
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capacitance of the attenuation capacitor, and the parasitic capacitors due to the

routing metals. Similarly, the total parasitic capacitance at the LSB sub-array is

modeled by CPL;total consisting of the entire top-plate parasitic capacitances of the

LSB sub-array capacitors, the bottom-plate parasitic capacitance of the attenuation

capacitor, and the parasitic capacitors due to the routing metals. Also, the bottom-

plate parasitic capacitance of the main capacitors, the switches, and routing parasitic

capacitances are modeled by Cbi.

A. E®ect of top-plate parasitic capacitances on the

power consumption

As mentioned in Ref. 17, it can be shown that the power dissipation due to the top-

plate parasitic capacitance is negligible. Note that the relation (26) in Ref. 17 is

calculated for the conventional binary-weighted structure which should be derived

for the BWA structure here. To estimate the power consumed by top-plate parasitic

capacitances, we assume that the CPM;total is equal to CPL;toal, and hence, both of

them have the same power dissipation. Therefore, only the e®ect of CPM;total on the

power dissipation is calculated. Since the LSB sub-array capacitors is much bigger

than CPL;total, the equivalent capacitance of the series combination of Ca and the

total LSB sub-array capacitors is approximately equal to the unit capacitor.

Thus, the power consumption of CPM;total can be approximated by the following

relation which is similar to the relation (26) given in Ref. 17:

Pparasitic-top � 2
N
2 fclkC0

N þ 1

CPM;total

2
N
2C0

 !

� 1

6
þ 1

3

1

2

� �
N

� �
V 2
ref þ

1

6
V 2
in þ

1

2

� �N
2

VinVref

( )
;

� fclkCPM;total

N þ 1
� 1

6
ðV 2

ref þ V 2
inÞ ðA:1Þ

+
−

C1Cu C4 C0 C1 C4C0

SAR 
Logic

VRef

Ci=2iC0

i=1,…,4

D0~D9

Ca

C0=Cu

Ca=32/31 C0

Vin

Booster

S/H

MSB Sub-arrayLSB Sub-array

CPM,totalCPL,total

Cb4Cb1Cb0Cb4Cb1Cb0

CLSB=2N/2C0 CMSB=(2N/2-1)C0

Fig. A.1. Parasitic capacitances in the DAC capacitor array.
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where Vin ¼PN
i¼1ðDiVref

2 i Þ is the equivalent analog voltage of the corresponding digital

word. By assuming Di ¼1, the relation (A.1) is simpli¯ed as:

Pparasitic-top � fclkCPM;total

N þ 1
� 1

3
V 2
ref : ðA:2Þ

In the layout, the upper metal layers of the process are used for the capacitors. So,

the value of the top-plate parasitic capacitors is small and only the power con-

sumption of the bottom-plate parasitic capacitances will be dominant. Anyway, as

mentioned in Ref. 18 the value of the CPM;total can be approximated as:

CPM;total � 2
N
2Cpu;top þ Cp;rout þ Cp;comp ; ðA:3Þ

where Cpu;top is the top-plate parasitic capacitance of the unit capacitor to the

substrate. Cp;comp is the input parasitic capacitance of the comparator and Cp;rout is

due to the routing metals. Usually Cpu;top is dominated by fringing e®ects and can be

calculated as Cpu;top � 4� kp �
ffiffiffiffiffiffiffiffi
ACu

p
, where kp represents the speci¯c capacitance

per unit length of the MIM capacitor and ACu
denotes the area of the unit capacitor.

Finally, by assuming a common-centroid arrangement for unitary capacitors, a lower

limit for Cp;rout can be given by:

Cp;rout � 2
N
2 ½2kp � ðLg þWmÞ þ ka � Lg �Wm� : ðA:4Þ

As shown in Fig. A.2, Wm is the width of the interconnecting metal strip, Lg is the

space between adjacent unit capacitors, and ka is the speci¯c capacitance per unit

area of the MIM capacitor. These parameters are technology dependent, and their

values can be obtained from the design rules of the utilized process. The value of

these parameters is listed in Table A.1 for the utilized 90 nm CMOS process. Note

top

bottom

top

bottom

Substrate

ka

kp

LgWCu

Wm

Fig. A.2. (a) MIM capacitor structure and (b) °oor plan of the unit capacitors.18
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that for the typical MIM capacitors, the value of the unit capacitor is given by

Cu ¼ kC � ACu
, where kC is the capacitor density.

B. E®ect of bottom-plate parasitic capacitances on the

power consumption

The power dissipation due to the bottom-plate parasitic capacitors has been calcu-

lated in Ref. 17 and can be written as follows:

PParasitc-bottom � fclkV
2
ref

N þ 1
ðCb0 þ Cb1 þ � � � þ CbNÞ ; ðA:5Þ

where Cbi (i.e., i ¼ 0; . . . ;N) is the total bottom-plate parasitic capacitance. The

bottom-plate parasitic capacitance of the unit capacitor can be approximated by

Cpu;bottom � 4� kp �
ffiffiffiffiffiffiffiffi
ACu

p þ ka � ACu
.18 From the above, the estimated values of

the parasitic capacitors are listed in Table A. 2.

Finally, the overall power consumption due to the parasitic capacitances of the

DAC capacitor array can be approximated by:

PParasitc ¼ PParasitc-bottom þ 2� PParasitc-top )

� 2� fclkV
2
ref

N þ 1

CPM;total

3
þ Cb0 þ Cb1 þ Cb2 þ Cb3 þ Cb4

� �
: ðA:6Þ

By applying the estimated value of each parasitic capacitance in relation (A.6),

PParasitic is obtained about 10 nW which is 2.5% of total ADC power consumption.

Note that the power consumption due to the bottom-plate parasitic capacitors is

about 9 nW. The power dissipation due to the e®ect of the parasitic resistors was not

considered in PParasitic. The reason is that, due to the lower sampling rate, its e®ect can

be reduced dramatically by using thick metal layers in layout design. Also, in esti-

mating the power consumption due to the parasitics, only the e®ect of the DAC

parasitic capacitances was considered. It should be noted that the proposed work

Table A.1. Value of the technology dependent parameters.

Parasitic capacitance

Parameter kC (fF/�m2Þ ACu
(�m2Þ Lg (�m) Wm (�m) ka (aF/�m2Þ kp (aF/�m2Þ

Value 2.5 7� 7 2 0.5 15 45

Table A.2. Estimated value of parasitic capacitors.

Top-plate parasitic capacitors

Bottom-plate parasitic capacitors

(i.e., Cbi ¼ Cp;bot þ Cp;rout þ Cp;switchÞ
Capacitor CP;top CP;rout CP;comp CPM;total Cb0 Cb1 Cb2 Cb3 Cb4

Estimated value 40 fF 7.3 fF 8.7 fF 55 fF 3.93 fF 5 fF 13 fF 34.3 fF 92.4 fF
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improves the performance considerably, and even with 10% increase in total power

consumption, the e®ect of RC parasitics on the overall ADC performance is negligible.
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