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This  paper  presents  a simple  structure  for error  feedback  based  noise-shaping  successive  approximation
register  (NSSAR)  analog-to-digital  converter  (ADC),  which  obviates  the  need  for a  high  output  swing,  fast-
settling  and  high  gain Operational  Transconductance  Amplifier  (OTA).  The  ADC  has  a  simple  structure  and
its quantization  noise  is  extracted  and transferred  via  a finite  impulse  response  (FIR)  filter,  without  any
attenuation.  To  make  a  good  matching,  a 5-bit  segmented  array  is  utilized  as a  digital-to-analog  converter
(DAC).  In this  way,  the required  total  capacitance  of  the ADC  is reduced  more  than  96%  compared  to  a 10-
rror feedback
oise-shaping
imple structure
MOS technology

bit  conventional  SAR  (CSAR)  ADC.  Also,  due  to  noise-shaping  property  the  comparator  specifications  are
relaxed.  The  ADC  is  designed  and  simulated  in  90 nm  CMOS  technology  with  HSPICE simulator.  Simulation
results  show  that  the  ADC’s  average  power  consumption  is about  4.4  �W  at a 0.5 V power  supply.  By  using
an oversampling  ratio  (OSR)  of 16,  the ADC  achieved  maximum  SNDR  and  SFDR  of  59.6  dB and  58 dB,
respectively,  from  transient  noise  simulation.  The  figure  of  merit  (FoM)  is  about  56.4  fJ/conversion-step.
. Introduction

Successive approximation register (SAR) ADCs are highly
ower-efficient data converters which are widely utilized in
ortable electronic devices and power management systems such
s DC–DC converters. Although, this kind of ADC is a good candi-
ate for the moderate-resolution and moderate-speed applications,
chieving higher effective resolution is quite challenging, due to
he limited accuracy of the SAR circuit blocks [1–6]. Most of SAR
DCs employ the binary weighted charge redistribution array as

 digital-to-analog converter (DAC) block, such that the number
f capacitors increases exponentially with respect to number of
its. Therefore, the accuracy of the ADC may  be deteriorated due
o poor matching of capacitor array. As a result, the value of the
nit capacitor must be chosen large enough to meet the match-

ng requirements. Besides, the DAC power consumption is also
xponentially increased [7–9]. Also, decreasing the value of the
east significant bit voltage (VLSB = VFull-scale/2(Number of bit)) causes
he meta-stability problem for the comparator. Therefore, to over-
ome latching error a power hungry pre-amplifier is needed to

rive the comparator [9]. Moreover, in higher resolutions the
DC conversion time will be increased due to several cascaded
locks in digital section and the DAC RC time constant [10]. Digital

∗ Corresponding author. Tel.: +98 9306004467.
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calibration techniques are most popular ways to reduce the static
and dynamic errors [11–13]. However, the complexity of the imple-
mentation and the converting procedure is raised as well as the
overall power consumption.

Using the noise-shaping technique associated with oversam-
pling is another techniques to improve the SAR ADC’s performance
in higher resolution [14–18]. However, due to a passive sampling
plus the low feedback factor in [14] the modulator performance is
degraded. The introduced structure in [15] is more sensitive to the
circuit non-idealities such as the passive sampling and coefficients
of the loop filter (which consists of a cascaded Infinite Impulse Filter
(IIR) with FIR filter). The reported works in [16,17] introduce other
noise-shaping ADCs, which are based on error feedback scheme
[19] and obviates the need for high output swing and high-gain OTA.
In [18], another structure was proposed to provide noise-shaping
property by using only three capacitors. However, it suffers from
the clocking complexity since six different clock phases (Ф1–Ф6)
are required. Moreover, the simulation result of this structure is
based on system level implementation and circuit non-idealities
such as charge injection, clock feed-through and effect of parasitic
capacitors are not considered.

In this paper, a simple structure for error feedback based noise-
shaping SAR ADC is presented. The proposed ADC is straightforward

in implementation and reduces the total number of capacitors
while simultaneously relaxes the required OTA specifications.

The rest of the paper is as follows. Section 2, describes the archi-
tecture of the proposed NSSAR ADC. In Section 3, the circuit level

dx.doi.org/10.1016/j.aeue.2015.04.006
http://www.sciencedirect.com/science/journal/14348411
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esign considerations of each building block are described. The
imulation results of the proposed ADC and the comparison with
everal state-of-the-art ADCs are provided in Section 4. Finally,
ection 5 concludes the paper.

. Proposed architecture

.1. Quantization error extracting

Fig. 1(c) shows the conceptual diagram of the proposed struc-
ure which is based on the error feedback scheme. In order to
rovide the noise-shaping in SAR ADC, the quantization error must
e extracted first. Note that this step is carried out at the end of
ach conversion phase. As shown in Fig. 1(a), in [15] the quantiza-
ion error is extracted by connecting a few capacitors to the DAC
apacitors. Due to the charge sharing, the quantization error will be
ttenuated and the modulator performance is degraded. Also, the
xtracted error is transferred via several branches into the active
dder, which increases the modulator sensitivity to mismatch of
heir coefficients. Note that the active adder is realized by an OTA in
his scheme. Hence, the OTA requires a high gain-bandwidth prod-
ct (GBW) due to lower feedback factor. The introduced structure

n [16] is shown in Fig. 1(b). As is seen to provide an equivalent
hird-order noise-shaping, a cascade of FIR and infinite impulse

esponse (IIR) filters are utilized in this scheme. Although the uti-
ized OTA in this structure has a relaxed requirement because it
rives small parasitic capacitors, but to avoid the instability result-

ng from the FIR filter coefficients, a specific range for the OTA gain is

Fig. 1. Quantization error extracting (a) structure of [14
mun. (AEÜ) 69 (2015) 1085–1093

needed necessitating a careful circuit design. Fig. 1(c) illustrates the
proposed method to exploit the quantization error. Unlike the pre-
vious works, the dummy  capacitor of the DAC is used to extract and
transfer the quantization error. In the next subsection, the method
of extracting the quantization noise without attenuation will be
explained.

2.2. Improved noise-shaping

The complete circuit level and timing diagram of the proposed
structure is shown in Fig. 2. Similar to the conventional charge
redistribution SAR ADC, the capacitor array serves as both the DAC
and the sample & hold (S/H) circuit. But to make the noise-shaping,
the difference between the input voltage and quantization error
of previous sample is applied to the ADC’s input at each sampling
phase. Also, the conversion phase of this structure is same as the
conventional type that uses the binary search algorithm to generate
output digital bits. Fig. 3 shows an example of the proposed method
for 4 bit binary weighted SAR ADC. The ADC operation is as follows:
By assuming ˚1 = 1 and ˚2 = 0, the residue capacitors Cr1 are con-
nected to the DAC and act as dummy  capacitors (Cr1,2 = Cu) whereas
the residue capacitors Cr2 are connected to OTA inputs and transfer
the previous quantization error (Fig. 3(a)). Note that the OTA acts
as a unity gain buffer in closed loop configuration. Once the samp-

ling phase starts, the bottom-plate of all capacitors excluding the
residue capacitors Cr2, are connected to input voltage whereas their
top-plate are connected to previous quantization error through
the OTA. So, the capacitor array samples the difference of the

], (b) structure of [15] and (c) proposed method.
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Fig. 2. (a) Complete schematic of 

revious quantization error and input voltage. Note that this capac-
tor will contain quantization error as long as its bottom plate
oltage stays unchanged. Therefore, an additional D-latch (Holder)
s used to maintain its bottom plate voltage during next interleav-
ng phase (i.e. during ˚1 for Cr2 and during ˚2 for Cr1). When the
onversion phase (˚c) begins, the OTA is disconnected from DAC
apacitors and the feedback capacitor, Cf (Cf = Cu) is reset to avoid
ccumulation. The OTA is idle during this phase, thus to save more
ower, it can be turned off. The digital control logic performs the
inary search algorithm and changes the bottom-plate voltage of
apacitors until the sampled voltage is approximated (Fig. 3(b)).
efore beginning the next sampling phase, the interleaving phase
2 goes high and the residue capacitors role is changed. There-

ore, the residue capacitors Cr2 are connected to DAC capacitors
hile Cr1 transfers the previous quantization error via the OTA.

hereafter, the next sampling phase is started and the bottom-plate
f the capacitors (excluding Cr1) is connected to the input volt-
ge while their top-plate is connected to the previous quantization
rror (Fig. 3(c)).

Note that at the end of the conversion phase, the VDAC voltage
i.e. VDAC+ − VDAC−) is given by:

[n] = e [n − 1] − V [n] +
m−1∑

D [n]
VRef (1)
DAC q in

i=0

i 2m−i

here eq[n − 1] (i.e. eq+[n − 1] − eq−[n − 1]) is the quantization error
f the previous sample which is differentially stored in the residue
sed structure (b) timing diagram.

capacitors, 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 of the present sample is given by (in
differentially mode):

VDAC [n] = eq [n] (2)

By situating the relation (2) into (1), the following relation is
obtained:

eq [n] − eq [n − 1] = −Vin [n] +
m−1∑
i=0

Di [n]
VRef

2m−i
(3)

where the term eq[n] − eq[n − 1] represents a first-order noise-
shaping. In other words, the equivalent analog output of the ADC,
Vout, at the end of the conversion phase is given by:

Vout[n] = Vin[n] + eq[n] − eq[n − 1] (4)

It is clear that, the input signal directly appears at the output. So
the signal transfer function is equal to 1 (STF(z) = 1) while the quan-
tization error is first-order shaped which means the noise transfer
function is equal to 1 − z−1 (NTF(z)  = 1 − z−1). Note that in this cal-
culation we assume a unity gain for the close loop configuration.
However the finite open loop dc gain (Av) decreases the closed-

loop gain as G = 1 − 1/Av and changes the NTF to 1 − G × z−1. So the
finite open loop gain moves the noise transfer function (NTF) zero
of the ADC from z = 1 to inside of the unit circle in z-plane whereas
the location of the pole is not changed. This increases the in-band
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Fig. 3. Example of the proposed structure for 4bit binary weighted SAR AD

uantization noise and may  degrade the ADC’s accuracy. Accord-
ng to the behavioral simulation a signal-to-quantization noise ratio
SQNR) more than 63 dB is achieved when the OTA dc gain is as low
s 10 dB.

Briefly, by using the above mentioned method, the first order of
oise-shaping is provided without any attenuation. Since the quan-
ization error is transferred only by using the dummy  capacitors of
he DAC, the GWB  requirement for the OTA is alleviated.

. Circuit Implementation

Due to the trade-off between the area occupation, power con-
umption, accuracy and conversion rate, the ADC can be realized
y different number of bits of DAC and oversampling ratios (OSRs).
ote that, utilizing a higher resolution quantizer increases the area
ccupation as well as the power consumption of the capacitor array
ith respect to the number of bits. However, it obviates the need for

arge output swing of the OTA and also enhances the ADC dynamic
ange due to small value of the quantization error. On the other
and, the oversampling ratio is another parameter which affects
he ADC’s accuracy and the conversion rate. Therefore, based on
ehavioral system simulation results, it is found that the system
an provide the maximum SQNR of 63 dB by using 16X OSR and a

 bit quantizer. The ADC is designed to achieve SQNR up to 63 dB.
The fully-differential configuration is chosen in the circuit level

mplementation, due to both better common-mode rejection and
istortion performance. The OTA structure and the switch imple-
entations are similar to [17].

.1. Capacitor array and linearity issue
The key parameter in the capacitor array is the unit capacitor
Cu), because the ADC area occupation, power consumption and
lso linearity are dependent on the unit capacitor value. The unit
sampling phase, (b) end of conversion phase and (c) next sampling phase.

capacitor value is determined from the capacitor matching con-
sideration, the kT/C noise and design rules of utilized technology
[7]. Usually the maximum standard deviation of differential non-
linearity error (DNL) is used for matching requirement evaluation
[20]. To meet the matching requirement with small unit capacitor,
the capacitor array is implemented by a segmented DAC (i.e. 2 bit
binary weighted and 3 bit unary weighted). Since only one capac-
itor is changed in the unary weighted capacitor array during each
bit cycle, the worst case for the DNL, may  occur at transition from
000000011 (VDAC1) to 000000100 (VDAC2). In order to estimate the
standard deviation of capacitor mismatch, the voltage VDAC must
be calculated by considering the capacitor mismatch. Note that in
ideal case, the value of the voltages VDAC1 and VDAC2 is obtained
from Eqs. (5) and (6), respectively and VDAC is equal to the VLSB
voltage:

VDAC(00...011) = VDAC1 = 3Cu

32Cu
VRef (5)

VDAC(00...0100) = VDAC2 = 4Cu

32Cu
VRef (6)

VDAC = VDAC2 − VDAC1 = 4Cu − 3Cu

32Cu
VRef = VLSB (7)

On the other hand, by assuming the standard deviation of the
unit capacitor �Cu(Cu = Cu + �Cu), the standard deviation of VDAC
can be approximated as:

Cu = Cu + �Cu ⇒ (VDAC)std = VDAC2 − VDAC1

= 4 (Cu + �Cu) − 3 (Cu + �Cu)
V

32 (Cu + �Cu) Ref

= 4Cu +
√

4�Cu − 3Cu −
√

3�Cu

32Cu +
√

32�Cu
VRef ≈

Cu +
(

2 −
√

3
)

�Cu

32Cu
VRef

(8)
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ig. 4. Equivalent circuit for analyze the thermal noise of the FIR filter switches.

As a result we obtain:

VDNL,std = VDAC,Ideal − VDAC,std =
(

Cu +
(

2 −
√

3
)

�Cu

32Cu
− 1

32

)
VRef

=
(

2 −
√

3
)

�Cu

32Cu
VRef

⇒ 3 × VDNL,std <
VLSB

2
⇒ �Cu

Cu
< 1%

(9)

Therefore, for various targeted accuracy, different values are
btained for the �C/C. For example in relation (9), to meet 11 bit
ccuracy the value of �C/C must be less than 1% which corresponds
o a 12 fF capacitance in utilized technology. Besides, to determine
he value of unit capacitor from the thermal noise consideration,
he on-resistance of the switches should be taken into consider-
tion as the sources of thermal noise. For the sake of simplicity, it
s assumed that there is no correlation between the thermal noise
ources. Thus, during the sampling phase the kT/C noise of capacitor
rray can be approximated as:

2
n,DAC ≈ kT

32Cu
(10)

here k is the Boltzmann constant and T is the temperature in
elvin. For thermal noise analysis of the FIR filter switches (SC1–8
nd SS1,2 switches), the illustrated equivalent circuit in Fig. 4 is used.
y assuming infinite open loop dc gain for OTA, the worse case
hermal noise will be:

2
n,FIR ≈ kT

Cu
+ kT

Cu
= 2

kT

Cu
(11)

The first term in this relation is the kT/C noise of the previous
ample which is transferred to the output like the quantization
rror. The second term indicates the thermal noise of the switches
onnected to inputs of OTA when the interleaving phases going to
e changed (i.e. SC1,2 when ˚2 going to high and SC3,4 when ˚1
oing to high). Due to the oversampling property, only a fraction of
oise falls in band of interest. Hence, for fully differential mode the
otal kT/C in ADC’s input can be approximated as follows:

2
n = V

2
n,switch + V

2
n,DAC

OSR
≈ 2

16

[
2 × kT

Cu
+ kT

32Cu

]
(12)

It is clear that the contribution of the FIR filter noise in overall

T/C noise is dominant. From the thermal noise consideration, the
alue of Cu is obtained about 25 fF. Note that, from the reported
elations in [7], the value of unit capacitor for a 10-bit CSAR ADC is
btained more than 30 fF, according to the matching requirement
Fig. 5. OTA noise characteristic curve.

(in similar technology). Although, the minimum value of the metal-
insulator-metal (MIM)  capacitance in the used process is about
49 fF, the unit capacitor with the chosen value can be implemented
in custom designed form.

In FIR filter noise calculation, the contribution of the flicker noise
is ignored. But to estimate the value of the flicker noise, the mean
square value of the OTA noise is simulated. As is shown in Fig. 5, the
in-band (200 Hz to 50 kHz) mean square value flicker noise is about
2.04 × 10−9 V2 whereas the signal power is 120 × 10−3 V2 resulting
in the signal to flicker noise ratio of 77.7 dB. Thus the flicker noise
effect is negligible.

From the above, it can be concluded that in spite of relaxed
matching requirement, the thermal noise of the FIR filter switches
impose a large unit capacitor to the DAC. Although, increasing the
oversampling ratio will obviate the thermal noise consideration, it
complicates the decimation filter implementation.

Note that, the drawn charge from reference voltage in the seg-
mented DAC is less than the conventional binary weighted DAC and
it can be calculated as relation (13) at each clock cycle:

Q1 = Cs1 [VRef − VDAC1]

Q2 = Cs1

2
�VDAC2 + D4

[
Cs2 (VRef + �VDAC2) + Cs1

2
�VDAC2

]

Q3 = Cs1

4
�VDAC3 + (D3 + D4)

Cs1

2
�VDAC3 + D4

(
Cs1

4
+ Cs2

2

)
�VDAC3

+D4D3
Cs2

2
�VDAC3 + D4D3Cs3 (VRef + �VDAC3)

Q4 =
[

Cs1

4
(D2 + D3 + D4) + Cs1

4
(D3 + D4) + Cs1

4
(D2D3 + D4) + Cs1

4
(D4)

+ Cs2

2
((D3 + D4) D2 + (D3D4)) + D2D3D4 Cs3

]
�VDAC4 + Cs4 (VRef + �VDAC4)

Q5 =
[

Cs1

4
(D2 + D3 + D4) + Cs1

4
(D3 + D4) + Cs1

4
(D2D3 + D4) + Cs1

4
(D4) +

Cs2

2
((D3 + D4) D2 + (D3D4)) + D2D3D4 Cs3 + D1Cs4]�VDAC5 + Cs5 (VRef + �VDAC5)

]
(13)

where Csi = (25−i)Cu, VDACi=VRef/2i and �VDACi is equal to
VDACi−1 − VDACi (i.e. i=1,2,3,4,5). In the utilized capacitor array, the
maximum drawn charge from VRef will occur in down transitions

(when the output bits are zero):

Qtotal-down = Q1−down + · · · + Q5−down = 441
32

CuVRef (14)
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According to [10], the power consumption of the reference volt-
ge supply due to capacitor switching for an m—bit SAR-ADC can
e written as:

VRef
= fclk

m + 1
VRef

∑m

i=1
Qi (15)

here fclk is the clock frequency. Substituting (14) in (15), gives the
orst case power consumption

(
PVRef,NS

)
in the utilized segmented

AC.

VRef
= fclk,NS

k + 1
×
(

441
32

)
Cu,NsV2

Ref, k = 5 (16)

On the other hand the worst case power consumption of the( )

0-bit CSAR ADC PVRef,C

is approximated as:

VRef,C
= 2Nfclk,cCu,c

N + 1
×
{(

5
6

)
−
(

1
2

)N

− 1
3

(
1
2

)2N
}

V2
Ref , N = 10

(17)
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Fig. 7. Output spectrum o
ntrol logic.

By assuming the similar value for the both unit capacitor of
NSSAR and CSAR and by considering that the fclk,NS is OSR times
of fclk,C, the ratio of the PVRef,NS

to PVRef,C
is approximately:

PVRef,NS

PVRef,C

≈ 2.3 × OSR
77

≈ 0.48 (18)

Despite the increase in the clock frequency due to OSR, the
power that the reference voltage source supplies into the capac-
itor array is minimized by utilizing the segmented structure for
the DAC. Note that the overall power consumption of NSSAR ADC
will be more than CSAR ADC due to higher power dissipation of
the analog part (OTA). But, since the 5 large capacitors are omitted
in NSSAR ADC DAC, the required total capacitance of the ADC is
reduced more than 96% compared to 10-bit CSAR ADC.
3.2. Comparator structure

The noise-shaping advantage is that the input-referred off-
set and noise of the comparator are shaped similarly to the

10
5

ncy (Hz)

 

R (withou t transient no ise effect)
R (with transient no ise effect)  

5 kHz,  2048  pts FF T

f ADC (TT @ 27 ◦C).
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uantization noise. Hence, the comparator requirement is relaxed.
he introduced structure in [21] is utilized in the proposed ADC.
he comparator is comprised of a preamplifier and the latch stage.
ince, the input voltage of the comparator is around the input
ommon mode voltage, the n-type input preamplifier is used in
his design. Also, to reduce the parasitic capacitances and also
ower consumption, the minimum size transistors are employed in
his comparator. The minimum voltage that the comparator must
esolve is equal the least significant bit voltage (VLSB) which is less
han 16 mV  in this case. Based on, the overdrive recovery test it is
ound that the comparator can detect the 1 mV  input signal dif-
erence. The clock frequency of this simulation is chosen to be
2.8 MHz  which is equal to the master clock frequency of the ADC.
lso, the worst case delay of the simulated comparator is less than
.57 ns.

.3. Digital control logic
Fig. 6 shows the schematic diagram of digital control logic which
ses a non-redundant structure [22] to generate the necessary con-
rolling signals of the comparator and switches of the capacitor
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array. As is seen this block is comprised of 5 multiple internal
shift registers and an additional binary to thermometer decoder
to drive the bottom-plate of the unary weighted capacitors array.
This decoder converts the 3 most significant binary bits to the 7
thermometer bits. The internal structure of each shift register con-
sists of the D flip-flop to save the comparator decision and the
decoder-multiplexer.

4. Simulation results

To compare the proposed structure with previous works, the
ADC with 16X OSR, 50 kHz input bandwidth and 5-bit charge
redistribution capacitor array is designed and simulated in 90 nm
CMOS process. In order to evaluate the performance of the pro-
posed ADC, the fast Fourier transform (FFT) analysis for 2048 data
points is performed and the signal to noise and distortion ratio
(SNDR) of the ADC is calculated. Resulting output spectrum with

a Hann window for a − 0.175 dBFS input range, 3.125 kHz sine
wave input and 50 kHz signal bandwidth is shown in Fig. 7. The
mismatch between the residue capacitor, Cr1 and Cr2, may  affect
the quantization error as well as the SNDR. So by assuming 2%
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Table 1
Performance summary of the simulated NSSAR ADC by adding the circuit noise from
theoretical calculation.

FF @ -40° CSS @ 85°CTT @ 2 7°CParameter
62 dB57.6  dB60.23  dBSNDR
73 dB69.5  dB71 dBSFDR
10 bit9.28 bit9.72 bitENOB

ADC  Powe r dissi pation
58 nW59 nW60.5  nWComparat or

328.5  nW321 nW410 nWDAC
3.36  μW3.72  μW3.57  μWFIR Filter
426 nW293 nW365 nWDigital Logic 
4.17  μW4.39  μW4.4 μWTot al p owe r consumpt ion

1.6 MHzSampling rat e 

16Over sampling ratio

50 kHzSignal bandwidth

0.5 VSupply volta ge

T
P

a
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ismatch between the residue capacitor it is found that the mis-
atch degrades the SNDR by 0.39 dB. As a result, this SNDR

egradation leads to a loss of 0.065-LSB. According to the relation
12), the mean-square value of the overall kT/C noise of the ADC
s about 42 × 10−9 V2 (in-band fully differential noise) whereas the
ignal power is 120 × 10−3 V2 and the quantization noise power is
bout 71 × 10−9 V2. Therefore, by considering all noise effect, the
ealistic SNDR of the ADC is obtained about 60.23 dB. To verify the
alidation of this calculation the transient noise analysis was per-
ormed for proposed ADC. Since this type analysis shows the effect
f noise on the signal magnitude, it can be a good estimate for the
oise circuit. The resulted SNDR from transient noise simulation

s obtained 59.6 dB which is smaller than the value calculated by
elation (12). The reason is that, in this calculation the effect of
he parasitic capacitors as well as the jitter is not considered. Also,
ccording to this simulation result, the SFDR of the ADC is near to
8 dB, which implies that proposed structure has a good linearity
erformance.

From the Hspice simulation results, the average power con-
umption of the proposed ADC for a 0.5 V single power supply is
ess than 4.4 �W.  The simulated ADC performance in different pro-
ess corner cases and the contribution of each part of the ADC in
otal power consumption (without transient noise effect) is sum-

arized in Table 1. The following figure-of-merit (FoM) is used
o compare the simulated ADC performance with several recently

eported low-power SAR ADCs:

oM = Power
2 × BW × 2ENOB

(19)

able 2
erformance comparison of the simulated ADC with several recently reported low-powe

Referen ce Process DAC 
Resolution

Sampling 
Rate

Supp ly 
(V)

TCAS II’12 [4] 0.35 μm 10 bit 100 kS/s 2 

JSSC’1 2 [7] 0.13  μm 10  bit 1 kS/s 0.4 , 1  

JSSC’1 2 [8] 0.18  μm 10  bit 200  kS/s 0.6  

JSSC’0 7 [9] 0.18  μm 12  bit 100  kS/s 1 

AICSP’1 0 [13 ] 0.18  μm 12  bit 100  kS/s 1.8  

JSSC’1 2 [15 ] 65  nm 8 bit 90  MS/s 1  

AICSP’1 3 [16 ] † 90 nm - 2 GS/s 1.2  

AICSP’1 3 [17 ] † 90 nm 8 bit 800  kS/s 0.5  

CTA’12 [20] 0.35 μm 10 bit 2 kS/s 1 

ISCAS’0 9 [24 ]† 0.13  μm 10  bit 100  kS/s 1  

ISSCC’1 1 [25] 65  nm 10  bit 20  kS/s 0.55   

ISCAS’1 1 [26 ]† 90 nm 10  bit 1 MS/s 1  

ISCAS’1 2 [27 ]†* 0.18  μm 8 bit 16  kS/s 1.2  

NEWCAS’1 2 [ 28]† 0.18  μm 9 bit 25  kS/s 1  

This work† 90 nm 5 bit 1.6 MS/s 0.5  

Simulation results.
90 n m CMOSTechnology

Table 2 provides a comparison of this work with the current
state-of-the-art low power SAR ADCs. Note that, the reported FoM

in Table 2 is obtained by considering the transient noise effect. This
FoM is calculated excluding the power consumption of the deci-
mation filter and it is somewhat large in comparison with some
recent works, but note that the proposed structure has a relaxed

r SAR ADCs.

Inpu t 
range

Power 
consumption

SNDR  
(dB)

ENOB 
(bit)

FoM 

(fJ /c-s)

2 Vp-p 1 mW 60 9.67 -

1 Vp-p 53  nW 57   9.1 94 .5 

1 Vp-p 1.04 1 μW 57 .46   9.34   8.03  

1 Vp-p 25  μW 65 .3 10 .55 16 5

2.4 Vp-p 579 .6 μW 68 .74  11 .13  2590  

- 806  μW 62  10  t 35.7 

1.2 Vp-p 9.58  mW 64  10 .34  159  

rail -to-rail 4.53  μW 66 .08  10 .68  27 .6 

rail-to-rail 130 nW 58.40 9.4 96 

1 Vp-p 1 μW 57   9.17  17  

- 206  nW 55   8.85  22 .4 

1 Vp-p 7 μW 57 .14   9.2 11 .9 

- 450  nW 49 .9  8 132  

- 160  nW 53 8.51  17  

0.49  Vp-p 4.4 μW 59 .6  9.6 56 .4
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nti-aliasing filter and reduces considerably the required total
apacitance in comparison to other higher resolution SAR ADCs.
urthermore, to make a fair comparison this issue must be con-
idered. Although the decimation filter is not considered in circuit
evel implementation, the required architecture for the designed
rototype is modeled in MATLAB and Simulink. Based on required
pecifications of each application, the decimation filter architecture
s different [23]. In our design, to further reduce the overall power
onsumption, a multistage configuration is used which comprises

 2end order Sinc filter (as Cascaded Integrator Comb filter) and two
alf-band filters by order of 10 (Fig. 8). The resulting output spec-
rum of the ADC (after the decimation filter) and the frequency
esponse of half-band filters is shown in Fig. 9. By using this archi-
ecture for the decimation filter, the ADC SQNR is degraded about
.3 dB. Thus, the out band quantization noise of proposed struc-
ure can be removed with employing a simple structure decimation
lter.

. Conclusions

A simple structure for error feedback based noise-shaping SAR
DC was presented in this paper. The first order noise-shaping
roperty was provided by using a single stage OTA and some switch
hich act as FIR filter. In proposed structure the quantization error
as extracted and transferred by using only the dummy  capacitor

f the 5-bit segmented DAC which was done without any attenu-
tion. Also, the required total capacitance of the ADC was  reduced
ore than 96% compared to the conventional 10 bit SAR ADCs.
From the simulation results, the maximum SFDR of the ADC

s obtained 58 dB for −0.175 dBFS input level, which implies that
he proposed structure has a good linearity. The proposed ADC is
esigned and simulated in 90 nm CMOS technology with 0.5 V sin-
le power supply. Hspice simulation results show that the average
ower consumption of the ADC is about 4.4 �W (by turning off the
TA in the conversion phase) and achieves the maximum SNDR of
9.6 dB, resulting in a FoM of 56.4 fJ/conversion-step.
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