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Method for SAR ADCs

Tayebeh Yousefi, Alireza Dabbaghian, and Mohammad Yavari, Member, IEEE

Abstract—This brief presents a capacitor switching technique
to reduce the power consumption in successive approxima-
tion register (SAR) analog-to-digital converters (ADCs). The
proposed method ideally does not consume any switching
energy in digital-to-analog converter and for a 10-bit ADC; it
achieves 87% reduction in the total capacitor area compared
to the conventional SAR ADC. In addition, the accuracy of
the proposed SAR ADC does not depend on the accuracy of
the mid-level reference voltage (Vcm). Moreover, the common-
mode input voltage of the comparator will remain constant.
The proposed ADC is simulated in a 90-nm CMOS technol-
ogy with sampling rate of 100 kS/s and resolution of 10-bit.
The simulation results achieve an 8.5 effective number of bits
with about 0.5-µW power consumption resulting in a FoM of
9.76 fJ/conversion-step.

Index Terms—Successive approximation register (SAR) ADCs,
charge-redistribution DACs, DAC switching energy.

I. INTRODUCTION

SUCCESSIVE approximation register (SAR)
analog-to-digital converters (ADCs) are more often

utilized in energy limited applications with moderate sam-
pling rates and resolutions. In charge-redistribution SAR
ADCs, the capacitor switching in DAC arrays consumes
a considerable part of the total power. Recently, several
methods have been proposed to reduce the DAC switching
energy and the capacitor size [1]–[6]. In comparison with
the conventional scheme, these references reduce the DAC
switching energy up to 99.3 percent. But, in [1] and [3]–[6],
the large variation of the common-mode voltage in the
fully-differential DAC needs a comparator with the rail-to-rail
input. In addition, the accuracy of ADC in [1], [3], and [5]
highly depends on the precision of the mid-level reference
voltage (Vcm). Moreover, in most of these methods, the DAC
capacitors are binary weighted which is more prone to the
mismatch than the unary weighted capacitors.

In this brief, a new switching technique is presented to
reduce both the DAC switching energy and total capacitor
size by utilizing only the unary weighted capacitors. The inac-
curacy of Vcm does not affect the ADC precision, and the
outputs of differential DAC have a constant common-mode
voltage making the realization of the comparator much more
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Fig. 1. One of the ideas used in the proposed capacitor switching method.

Fig. 2. Generating the threshold voltages in a 3-bit SAR ADC.

relaxed. The power consumption of the DAC array is reduced
remarkably at the expense of logic complexity.

This brief is organized as follows. In Section II, the main
ideas behind this approach are presented. The proposed capac-
itor switching technique is described in Section III. The algo-
rithm of DAC switching scheme is provided in Section IV. The
circuit level simulation results are presented in Section V, and
finally, Section VI concludes this brief.

II. THE MAIN IDEAS

There are two main ideas used in the proposed capacitor
switching scheme. Fig. 1 illustrates the first idea. If the top
plates of two identical capacitors with different charges (C×VX
and C×VY ) are connected together and their bottom plates are
remained connected to Vcm, any energy will not be drained
from Vcm during this transition and their final charge will
be the average of their previous charges. This is because the
energy consumption in this transition can be calculated as:

E = Vcm × �Q = Vcm × (�Q 1 + �Q2) (1)

where

�Q1 + �Q2 = C × [
(VX + VY)/2 − VX

]

+ C × [
(VX + VY)/2 − VY

] = 0

Fig. 2 illustrates the required threshold voltages for a 3-bit
SAR ADC. The second idea is that the threshold voltage in
each conversion step of the SAR ADC is the average of two
threshold voltages which have been generated in the previous
steps [7].
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Fig. 3. Proposed DAC switching scheme of 2-bit ADC: (a) sampling step,
(b) second step, (c) third step, (d) defining MSB and (e & f) defining the
second bit.

III. PROPOSED CAPACITOR SWITCHING TECHNIQUE

In this section, the proposed DAC switching method is
firstly explained for a 2-bit SAR ADC, and then it is clari-
fied for an N-bit SAR ADC. Finally, the required number of
capacitors for an N-bit SAR ADC is specified.

A. Proposed 2-Bit SAR ADC

Fig. 3 illustrates the proposed DAC switching scheme for
an ideal, i.e., zero parasitic capacitor at the input of the com-
parator, 2-bit SAR ADC. This algorithm is divided into two
different phases. The first phase has three steps. In the first
step as shown in Fig. 3(a), the differential input is sampled on
the top plate of all capacitors while in both DAC arrays, the
bottom plate of half of the capacitors is connected to the refer-
ence voltage (VRef) and the other half to the GND. Therefore,
in the upper DAC array, at the positive input of the compara-
tor (node P), half of the capacitors have been charged to V in+
and the other half to Vin+ −VRef. Similarly, in the lower DAC
array, at the negative input of the comparator (node Q), half
of the capacitors have been charged to V in− and the other half
to Vin− − VRef.

In the next step as shown in Fig. 3(b), all capacitors and the
input signal are disconnected from the comparator’s inputs. In
the last step of the first phase as illustrated in Fig. 3(c), the
bottom plates of all capacitors are connected to the common
mode voltage (Vcm) and remain connected to Vcm until the end
of the conversion. It should be noted that since there is no path
to charge or discharge the capacitors, their charge would not
change and any energy will not be consumed in this phase.

The output bits of the SAR ADC are defined in the second
phase. As shown in Fig. 3(d), in order to define the first bit,
the voltage of node P is VP = Vin+ −VRef/2+Vcm as a result

of connecting top plates of one capacitor already charged with
V in+ and one capacitor already charged with Vin+ −VRef. The
same procedure is performed in node Q by connecting two
capacitors already charged with Vin− and Vin− − VRef, result-
ing in VQ = Vin− − VRef/2 + Vcm. Therefore, Vin+ − Vin−
is compared with zero and this defines the most significant
bit (MSB).

In order to define the second bit, if the first bit is 1, the top
plate of one capacitor charged with Vin+−VRef/2 is connected
to that of another capacitor charged with Vin+−VRef as shown
in Fig. 3(e). Thus, the voltage of VP = Vin+ − 3VRef/4 +
Vcm is generated in node P. The required voltage of VQ =
Vin− −VRef/4+Vcm at node Q is produced by connecting two
capacitors charged with Vin− −VRef/2 and Vin−. Therefore, in
this step, Vin+−Vin− is compared with VRef/2 and this defines
the second bit. As illustrated in Fig. 3(f), the exact opposite
procedure takes place if the first bit is 0, and therefore, Vin+ −
Vin− is compared with −VRef/2. In this phase, since in all
steps, the condition of the first main idea is set, so no energy
will be drained from Vcm.

B. Proposed N-Bit SAR ADC

The first phase is the same for all ADC resolutions. So it
exactly has the same three steps as the 2-bit SAR ADC. At
the end of this phase in node P, half of the capacitors have
been charged to Vin+ and the other half to Vin+ − VRef and
in the lower DAC array, in node Q, half of the capacitors
have been charged to Vin− and the other half to Vin− − VRef.
The bottom plates of all capacitors are connected to Vcm and
remain connected to Vcm until the end of the conversion in
order to meet the conditions of the first main idea. Therefore,
there is not any energy consumption from Vcm and since there
is not any connection to VRef, any energy is not drained from
that too.

In the second phase, in each step, Vin+ − Vin− should be
compared with the threshold voltage of that step. In order to
perform this comparison, in the i-th step by connecting specific
capacitors to each other, the voltage of node P can be written
as VP = Vin+−Vmp,i+Vcm and the voltage of node Q can also
be written as VQ = Vin− −Vmq,i +Vcm. Therefore Vin+ −Vin−
is compared with Vmp,i − Vmq,i. So Vmp,i and Vmq,i should
be determined such that Vmp,i − Vmq,i become the threshold
voltage of this step (V th,i).

In order to reach the voltage of VP = Vin+ −Vmp,i +Vcm in
the ith step, charge of the capacitors which are connected to
this node should be Vin+ − Vmp,i. As mentioned in the second
main idea, this required charge is acquired by averaging two
groups of capacitors with specific charges. So Vin+ − Vmp,i is
the average of two groups of capacitors with different charges
that the higher charge is Vin+ − Vlp,i and the lower charge
is Vin+ − Vhp,i. A similar procedure takes place in node Q
by connecting two groups of capacitors with the charge of
Vin− − Vhq,i and Vin− − Vlq,i in order to generate the required
voltage of VQ = Vin− − Vmq,i + Vcm in node Q.

Fig. 4 illustrates the flowchart of generating the thresh-
old voltage to define the (i + 1)-th bit according to the
threshold voltage of the ith bit. In fact, the voltages of
Vlp,i+1, Vhp,i+1, Vlq,i+1 and Vhq,i+1 are defined according to
their previous amounts and the output of the comparator in
the ith step, in order to determine the threshold voltage of the
(i + 1)-th step.
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Fig. 4. Flowchart of the proposed SAR ADC.

C. Number of Required Capacitors for an N-Bit SAR ADC

In the proposed DAC switching scheme, the number of
required capacitors is determined by relation (2). If the num-
ber of required capacitors for an N-bit DAC in each capacitor
array is f (N), then the number of required capacitors for
an (N + 1)-bit DAC in each capacitor array, f (N + 1), is
obtained as:

f (N + 1) = 3 × f (N)

2
, if

f (N)

2
is even

f (N + 1) = 3 × f (N)

2
+ 1, if

f (N)

2
is odd (2)

where f (N) = 2 for N = 1.
For example, based on this relation, the required number of

capacitors for a 2-bit SAR ADC is 4 at each capacitor array.
Finally the number of capacitors that should be connected

to each other in order to define the ith bit in an N-bit SAR
ADC is determined. If in node P, Ki capacitors with the charge
of Vin+ − Vhp,i are connected to Ki capacitors with the charge
of Vin+ − Vlp,i, therefore 2Ki capacitors with the charge of
Vin+−Vmp,i are generated. Ki is calculated from the following
relation:

Ki =

⎧
⎪⎪⎨

⎪⎪⎩

1
2 ×

(
f (N−i)

2

)
if f (N−i)

2 is even

1
2 ×

(
f (N−i)

2 + 1
)

if f (N−i)
2 is odd

1 if i = N

(3)

For example, in a 2-bit SAR ADC, for the first bit (i = 1)
according to relation (3), K1 is 1 and as presented in Fig. 3(d),
two capacitors are connected to each other at each input of the
comparator.

D. Comparison of Switching Schemes

In Table I, the main features of the proposed switching
scheme and several recently reported methods are compared.
From mathematical calculations and neglecting the parasitic
capacitors at the comparator’s inputs, the average switching
energy of the proposed method is zero. It means that after
the sampling step, no more energy is drained from Vcm dur-
ing the DAC switching period based on the first main idea.
Since all of the capacitors are disconnected from VRef, there
is not any energy draining from that either. But, the unequal

TABLE I
COMPARISON OF SEVERAL SWITCHING

TECHNIQUES FOR 10-BIT SAR ADC

parasitic capacitors at the comparator’s inputs may affect the
precision of the ADC and also results in a non-zero DAC
switching energy. Nonetheless, in each conversion step, the
voltage changes at nodes P and Q are equal but in an oppo-
site direction. So, the total energy drained from Vcm through
the parasitic capacitors at the nodes P and Q will be zero
provided that the circuit is fully symmetric. Otherwise, the
switching energy due to these parasitic capacitors is not zero,
but it is very smaller than the DAC switching energy in all
energy efficient schemes reported yet.

In the proposed technique, unary weighted capacitors are
used in the DAC arrays making the design more robust to
the systematic mismatch. Furthermore, the process of averag-
ing which is used to generate the output voltage in each step
leads to the reduction of the effective standard deviation of
the capacitor mismatch based on the following relation [7]:

σCT = σCu/
√

CT/Cu (4)

where Cu is the unit capacitor with the standard deviation of
σCu and CT is the total capacitance shared in each comparison
with a standard deviation of σCT . The results of a behav-
ioral Monte Carlo simulation with 3 σCu = 0.01Cu show the
average and standard deviation of SNDR about 61.8 dB and
0.15 dB, respectively. The mismatch amount of capacitors is
considered according to the 90 nm TSMC models for MIM
capacitors.

The other advantage of the proposed method is that for each
extra ADC bit, the required size of capacitors approximately
increases by 50% especially beyond 5-bit, while in [1]–[6],
this ratio is 100%. Although the total number of capacitors and
switches are more than other schemes with binary weighted
capacitors, all capacitors and switches are the same size, and
hence, for a 10-bit ADC, the required total size of capacitors is
reduced about 87% compared to the conventional SAR ADC.

In the proposed switching scheme, since in all steps exactly
opposite procedures take place in nodes P and Q, this method
is a monotonic approach and the outputs of differential DAC
since the Vcm appears as a common-mode term between the
upper and lower DAC capacitor arrays, the proposed scheme
does not have any dependency on the accuracy of Vcm. Also, it
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does not draw any current from Vcm making the realization of
the mid-level reference voltage much more relaxed with less
area. The main drawback of the proposed ADC is the increased
digital logic complexity since the number of switches that
should be turned on each step is different. Also, the utilized
top-plate sampling leads to the signal dependent charge injec-
tion and to minimize this effect, bootstrapping switches are
adopted for sampling the input signal.

Noise analysis in this method is similar to the conventional
method. For the sake of simplicity, it is assumed that there
is no correlation between the thermal noise sources. Thus,
during the sampling phase, the kT/C noise of capacitor array
for a 10-bit SAR ADC can be approximated as:

V2
n,DAC ≈ kT/124Cu. (5)

IV. ALGORITHM OF DAC SWITCHING

It has been discussed in Section III which groups of the
capacitors are connected to each other in each step to generate
the required voltage in nodes P and Q.

The relation (2) shows that the required number of capaci-
tors for an N-bit SAR ADC in each DAC array is f (N). In each
step, the required voltage change in nodes P and Q are exactly
the opposite. As shown in Fig. 5, the capacitors are numbered
from 1 to f (N) at each input of the comparator. In the sampling
phase, the capacitors from 1 to f (N)/2 (left side) in node P
are connected to GND and the capacitors from f (N)/2 + 1 to
f (N) (right side) are connected to VRef. Conversely, in node
Q, the capacitors from 1 to f (N)/2 (left side) are connected to
VRef and the capacitors from f (N)/2 + 1 to f (N) (right side)
are connected to GND. Therefore, the controller of the capac-
itors 1 to f (N) in both inputs are exactly the same. The similar
arrangement is applied to the capacitors for a 2-bit ADC in
Fig. 3. Therefore, the control signals for the capacitors 1 to
4 is the same in both inputs of the comparator.

The next step is to determine the required switches to be
turned on in each step. The switches that should be turned
on in the first step are determined according to the main algo-
rithm. There are f (N) switches in each input of the comparator
for an N-bit SAR ADC. From relation (3), 2K1 switches should
be turned on in the first step. If these switches are numbered
from m1 to n1, m1 and n1 are determined as:

m1 = f (N)/2 − K1 + 1

n1 = f (N)/2 + K1 (6)

After the first step, in each step, the switches that should be
turned on slide toward one side of the previous group of on
switches based on the output of the comparator. If the output
of the comparator is 0, it slides to the left side toward the lower
threshold voltages in node P and higher threshold voltages in
node Q. Therefore, the overall threshold voltage is reduced.
Conversely, if the output of the comparator is 1, it slides to the
right side toward the higher threshold voltages in node P and
lower threshold voltages in node Q. Thus, the overall threshold
voltage is increased. Based on relation (3), in the ith step, 2Ki
switches are turned on and these switches are numbered from
mi to ni, where ni is mi + 2Ki − 1 in the arrangement of
Fig. 5. The switches that should be turned on in the next step
are defined with respect to the output of the comparator in
the ith step. Therefore, if the switches that should be turned
on in (i + 1)-th step are numbered from mi+1 to ni+1, based
on the output of the comparator, mi+1 and ni+1 are defined as

Fig. 5. Proposed arrangement of the capacitors in an N-bit SAR ADC.

relation (7) where Bi is the output of the comparator in the ith
step.

if Bi = 0 ⇒
{

mi+1 = mi − Ki+1
ni+1 = mi + Ki+1 − 1 (7)

if Bi = 1 ⇒
{

mi+1 = ni − Ki+1 + 1
ni+1 = ni + Ki+1

(8)

Fig. 6 attempts to illustrate the algorithm for a 4-bit SAR
ADC. Based on relation (2), in a 4-bit SAR ADC, 10 capaci-
tors are required at each input of the comparator. The first row
shows these 10 capacitors in node P at the sampling phase.
Half of these capacitors are charged to Vin+ and the other half
are charged to Vin+ − VRef. In the first step, based on rela-
tion (6), the switches from 4 to 7 turn on, and therefore, these
capacitors are connected to each other and their charge will be
the average of their initial charges. After this step, according to
the output of the comparator, the next group of capacitors that
should be connected to each other will be specified according
to the relation (7). For example, in the second step, if the out-
put of the comparator is 0, capacitors 3 and 4 are connected to
each other and if the output of the comparator is 1, capacitors
7 and 8 are connected to each other. In each row, according
to the output of the comparator, just one of these connections
take place and the charge of rest of the capacitors would not
change.

It should be noted that the connection of a specific group
of capacitors in each step may lead to different results based
on their previous charges. For example, capacitors 3 and 4 in
the last step of Fig. 6 may be connected to each other in two
different conditions and their final charge is different in these
situations based on their previous charges.

V. CIRCUIT LEVEL SIMULATION RESULTS

To evaluate the efficiency of the proposed SAR ADC, a 10-
bit ADC with 100 kHz sampling rate has been realized in
circuit level using a 90 nm CMOS process and simulation
results are reported here. The comparator circuit reported
in [8] is utilized here and it is optimized for low power
consumption. To measure the dynamic performance of the sim-
ulated ADC, a 6.8109 kHz sinusoidal input signal is applied.
Fig. 7 shows the output power spectrum of the simulated ADC
for a full-scale input signal. As it is seen, the achieved SNDR
is about 52.84 dB corresponding to about 8.5 effective num-
ber of bits (ENOBs). The circuit nonlinearities especially the
switches charge injection make some harmonics at the ADC
output spectrum. This method is sensitive to the signal depen-
dent charge injection like all other top-plate sampling methods.
It can also be sensitive to the charge sharing from the switches
on the bottom plate.
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Fig. 6. Proposed DAC switching algorithm.

TABLE II
POWER BREAKDOWN OF THE SIMULATED SAR ADC

Fig. 7. Simulated output PSD of the proposed 10-bit SAR ADC.

Table II presents the power consumption of different parts
of the simulated ADC. As it is seen, the logic unit consumes
most of the power in this design, while the DAC array is
responsible for most of the power consumption in conventional
SAR ADCs. So, as theoretically expected, the DAC switching
power is significantly reduced by the proposed algorithm.

The circuit level simulation results of the proposed 10-bit
ADC are summarized in Table III along with several imple-
mented SAR ADCs. In this Table, the simulation results of
the proposed ADC are compared with the measured results of
the others. Although this is not fair comparison, the achieved
outstanding FoM verifies the usefulness of the proposed DAC
switching scheme in SAR ADCs.

TABLE III
COMPARISON OF SEVERAL IMPLEMENTATIONS

VI. CONCLUSION

In this brief, an energy efficient DAC switching method
for SAR ADCs is proposed. This method does not consume
any energy after the sampling phase and reduces the total
required area of capacitors by about 87% for a 10-bit SAR
ADC in comparison with the conventional method. Circuit
level simulation results in the context of 10-bit 100 kHz sam-
pling rate ADC are provided to verify the usefulness of the
proposed method. According to these results, the capacitive
DAC consumes much lower power than the logic circuit.
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