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ABSTRACT The input capacitance of the SAR ADC is considered a drawback in many applications.
In this paper, a 12-bit low-power SAR ADC with low-input capacitance is proposed. The ADC is based
on a separated DAC and sample-and-hold blocks (SB) structure. The SB structure suffers from variation in
the input common-mode voltage of the comparator, leading to nonlinear input-referred offset and kickback
noise. Here, a closed-loop low-power rail-to-rail offset cancellation technique for the comparator, based
on body voltage tuning, is proposed. In order to stabilize the closed loop structure, the open loop gain
is controlled by adapting the gain of the preamplifier. Using this structure, the rail-to-rail offset is kept
lower than 110 uV and the overall power of the comparator is 1 pJ/Conv. Complementary-clocked dynamic
branches are exploited at the input of the comparator to decrease the common-mode dependent kickback
noise error to less than 1 LSB. The bootstrapped switch’s controlling signal is also modified to achieve less
than 1 LSB error and 18.9% lower power consumption. The proposed ADC is designed in standard 180 nm
CMOS technology with a 1.8 V supply voltage and the input capacitance is reduced to 2 pF, which leads
to power consumption of 41 nW in the input voltage supply. Electrical simulations including PVT, Monte-
Carlo, and post-layout parasitic extraction were conducted to ensure the effectiveness of the approach. The
ADC features an ENOB of 11.1-bit and a sampling rate of 1 MHz with a power consumption of 117.9 uW
including the input power supply which are competitive with the state-of-the-art, and demonstrate the virtue
of the proposed approach.

INDEX TERMS Successive approximation register (SAR), time-domain offset cancellation, kickback noise
reduction, rail-to-rail, bootstrap switch.

I. INTRODUCTION

The Internet of Things (IoT) has provided tremendous oppor-
tunities. From point-of-care portable diagnosis devices [1]
and smart agriculture realization [2] to safety improvement
of transportation systems [3], and buildings [4]. IoT involves
the interconnection of billions of sensor nodes, also known
as edges. One or multiple environmental parameters can be
detected in the edge [5]. The signal may then be transmitted
to the data center for further calculations. Due to the
wireless design, the nodes mostly operate with low-power
constraints. Due to the dominance of digital processing,
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the Analog-to-Digital-Converter (ADC) is one of the key
building blocks of IoT nodes. The specifications of these
ADCs may be different but consuming the least amount
of power, resolution of 10-12 bit, and sampling rate of
more than 100 kHz are common constraints [6], [7], [8].
In this range of applications, SAR ADC is more efficient
than other ADC topologies. A SAR ADC typically consists
of Sample-and-Hold (S&H), Comparator (CMP), Digital-
to-Analog-Converter (DAC), and digital circuits including
a Successive Approximation Register (SAR), sub-blocks as
shown in Fig. 1.

Fig. 1 (a), illustrates the block diagram of a conven-
tional charge redistribution SAR ADC (CR-SAR) [9]. The
capacitive DAC has an important role in the structure
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FIGURE 1. SAR structures, a) The Conventional CR-SAR [9], b) The SAR
architecture with separate DAC and S&H blocks [10], [11], [12].

of SAR ADC. The overall capacitance of an n-bit DAC
(Cr) is in the order of 2"xC,, where C, is the unit
capacitance. The value of C, is determined by the maximum
acceptable mismatch or kT/C noise criterion. In the CR-
SAR, the DAC is used as the sampling capacitance too.
Therefore, one of the major drawbacks of the CR-SAR
architecture for high resolutions is its relatively large input
capacitance [10], [11], [12], [13], [14], [15]. Increasing
the input capacitance may decrease the input signal band-
width [11], [13]. The large input capacitance may also
increase the power drawn from the input voltage source.

The power consumed by the input power source is usually
not considered in Walden-Figure-of-Merit, FOMw [14].
It is important to notice that the input voltage source
is mostly the sensor readout circuit with limited output
resistance [16]. Therefore, an active voltage buffer can be
used to increase the bandwidth of SAR ADC [13], [14], [15].
Since the buffer stage drives a large capacitive load, its
static power consumption is relatively high [14]. Due to
the rail-to-rail characteristics of the input signal [15], this
buffer is usually designed with power-hungry rail-to-rail
operational amplifiers [17]. This is considered a drawback
when designing the overall IoT device, usually with very
limited battery life.

To overcome the large DAC capacitance, some layout
techniques are proposed to build small unit capacitances with
higher matching profiles [18]. However, these techniques
require precise post-layout verifications before designing the
main SAR ADC to specify the model behavior. Moreover,
the low DAC capacitance may also degrade the linearity
due to capacitor matching [19]. Some modified switching
techniques are also proposed to decrease the total capacitance
of the SAR. These techniques can reduce the total input
capacitance by a factor of 2-to-4 in exchange for multiple
reference voltages [20]. However, adding accurate reference
voltage sources increases the complexity and overall power
consumption of IoT nodes. Also, the resulting input capaci-
tance may still be large in high-resolution applications.

Another method is to separate the DAC and the sampling
blocks in single-ended SAR. This structure, also known
as the separated block SAR (SB-SAR), is illustrated in
Fig. 1(b) [10], [11], [12]. Here, the input capacitance of
the SAR ADC is independent of capacitor mismatch and
is restricted only by kT/C noise criterion. Since in higher
resolution SAR ADCs, the effect of the mismatch is more
dominant in determining the size of the capacitors than kT/C,
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SB-SAR can be designed with smaller input capacitances.
Additionally, SB-SAR can eliminate the need for additional
reference voltage if properly designed. However, due to the
nonlinear input-referred offset and kickback noise of the
comparator, achieving resolutions higher than 8 bit can be
challenging in this structure.

In this paper, a low-power 12-bit SAR with low input
capacitance and high linearity based on SB-SAR is pro-
posed [21]. The ADC exploits the proposed full-range
comparator with the ability of rail-to-rail offset cancellation
and kickback noise reduction. In addition, a modified
bootstrapped switch is proposed to increase the linearity. The
low-input capacitance SAR eliminates the need for power-
hungry input buffers and is suitable for low-power wireless
IoT nodes where the system-level power consumption is
limited.

The paper is organized as follows: Section II studies
the effects of comparator offset on SAR ADC structures.
Section IIT provides detailed descriptions of the proposed
SAR ADC subblocks and their circuit implementations. The
overall SAR ADC structure and the control signals are
presented in Section IV. Section V includes the simulation
results confirming the ideas, and the paper is concluded in
Section VI.

Il. EFFECT OF COMPARATOR OFFSET ON SAR ADC
The dynamic comparator offset can be expressed as [22]

Vgs — Vi (AS12 n AR
2 S R

Vus = AVlhl,2 + (1)
where AVy1 is the difference between the threshold
voltages of input devices, Vg is their gate-source voltage,
AS > is the difference in dimension and AR is the difference
in the drain load of these devices. In (1), the first and the
second terms represent the static and the dynamic offsets
respectively. The main difference between the two offset
types is that the static one refers to the offset produced
by the physical parameters of devices. While the dynamic
offset refers to the parameters which can vary with the input
common-mode voltage of the comparator (Vj.). This type
of offset is generated because of a mismatch between the
parasitic capacitances of MOS devices [23] or the dimensions
of these devices. Since parasitic capacitances vary with
Viem [22], any mismatch between them may cause input
common-mode dependent offset.

The static offset of the comparator may only cause a linear
error in the output of the SAR ADC. As a result, the linearity
of the SAR ADC is not affected. Dynamic offset, on the other
hand, has a more severe impact on the linearity of the SAR
ADC [24]. Therefore, it is beneficial to study V., in different
SAR architectures. The variation range of the DAC output
voltage (Vpaco) with the conversion cycles (n) for a CR-SAR
can be calculated as

2" —1 2"+ 1
T Vrier < Vpaco(n) <

Vier - @
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Equation (2) illustrates that in a CR-SAR when the number
of conversion cycles increases, the final value of Vpaco leans
toward V,,r. Therefore, Vic,, approaches Vs regardless of
the input analog voltage (V;,). Since the input-referred offset
is negligible at high input differential voltages, as long as
the offset is considered, Vju;, in CR-SAR is fixed at V.
Therefore, only static offset affects its performance. In SB-
SAR, Vpaco can be calculated as

Vref . 3)

n—1

1
0 < |Vpaco(n) — Viul < T

Equation (3) demonstrates that, in SB-SAR ADC, while
the conversion cycle (n) rises, Vpaco and hence Vi, lean
toward Vi, (since Vier/ 2"=1 Jeans toward zero) causing Viep
to vary with time. As a result, the SB-SAR ADC suffers from
the dynamic input-referred offset of the comparator block.
This problem can be mitigated by using the differential SAR,
however, they also suffer from the large input capacitance.

Due to the importance of offset in comparators, a number
of offset cancellation (OC) structures have been pro-
posed [25], [26], [27], [28]. One of the common methods
is known as auto zeroing, which uses switch capacitors and
op-amps in the feedback structure to eliminate the effect
of offset. In this method (because the offset cancellation
cycle is repeated in every single clock cycle) the dynamic
offset along with static offset can be eliminated. However,
the power consumption increases due to the static current of
op-amps [25].

In contrast with the op-amp based OC techniques, time-
domain OC methods can remove the input-referred offset in
several consecutive clock cycles. These methods mostly track
the change in the outputs while changing a circuit parameter
such as capacitive load or body voltage of the input devices
to compensate for the offset. Owing to the use of all dynamic
blocks, these methods consume less power [26], [27], [28].

In [27], a body-tuned time-domain OC technique is intro-
duced which uses a feedback loop to compensate for the offset
voltage. In this design, in addition to the main comparator, the
feedback loop is designed with dynamic circuits. However,
because the input devices of the comparator turn off at
high common-mode voltages, neither the comparator nor the
OC feedback loop works properly when the input common-
mode voltage varies. In [28], the body-tuned structure is
modified to add the rail-to-rail ability to the main comparator.
In this structure, two dynamic level shifters are used at the
input of the comparator to turn it on at high input voltages.
A capacitor bank is also used to control the open-loop gain of
the feedback so that closed-loop stability is assured. However,
in this method, the residual offset of the comparator is higher
than 1 LSB in a 12-bit SAR.

Ill. PROPOSED SAR SUBBLOCKS
A. COMPARATOR ARCHITECTURE
In this study, a rail-to-rail offset cancellation technique is
proposed to satisfy the needs of the 12-bit SB-SAR ADC. The
proposed structure improves the offset cancellation structure
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of [28], shown in Fig. 2, to provide more than one order
of magnitude reduction in the input referred offset. The
comparator works in two phases of offset cancellation (OC)
and Comparison (OC) which are selected by the enable signal
(En). In the OC phase, OC blocks are turned off and the
circuit works as a dynamic comparator. In the OC phase,
the input pair drives three consecutive blocks of a time-
domain amplifier (Amp), a phase detector (PD), and a charge
pump (CP). These blocks are used for adjusting the body
voltage of the input devices in a negative feedback loop to
compensate for the input-referred offset. The Dynamic Level
Shifter (DLS) blocks are used to keep the Complementary
Input Core (CIC) “on” when Vi, is near rail voltages and
the Main Input Core (MIC) is off.

First, the main drawback of [28] is discussed here by
calculating the open-loop gain of OC phase and showing
that in low Vi, it fails to efficiently reduce the input-
referred offset. Then a new idea is proposed to overcome this
drawback. The overall open-loop gain, G, of the OC phase
is essential to assure the stability of the closed-loop scheme.
Gt in Fig. 2 consists of three parts including the output
delay of VfJr and fo, At, to the input-referred offset, V;,
(G1= At/V,s), difference of input devices body voltages,
AV, to At (G = AV} /At) and threshold voltage variation
to AVy (G3 = AVy,/AVy). Therefore, the overall gain can
be written as Gt = G1G2G3. The first term of gain can be
expressed as [28]

G = ((Vdd)-gcm,z)) X o @
Icm

where, Cy 2 is the input capacitance of the second stage of

the comparator, g,, = Ipy/V,s is the transconductance of

the preamplifier, and I.,, = (Ic51 + Ic52)/2 is the common-

mode current passing through Csq 2 due to Vig,,. Substituting

gm = ~/2I.mp in the above equation results in

2B(Vaa)(Cs1,2)
G = L) ®
em)?!
And for I, it can be written
Icic,em = Vaa — |Vthp| < Viem
Iem = Y Ivic.em + Icic,em : Vinn < Viem < Vad — [Vinp| (6)

IMIC,cm +IPOC,,, 2 Viem < Vi,

where Icic.om = (3 + Ipa) /2, Imic.em = (Ip1 + Ip2)/2, and
Ipo,cm 18 the common-mode current passing through M3 and
M4 when the DLSs are turned off. Assuming the I-V square
law can be applied, for I, it can be written

pCox
2
where u, is the mobility of holes, C,, is the gate-source
capacitance and W3 4 and L3 4 are the width and the length of
M3 4, respectively. As can be seen, I, is a constant current
with a relatively large value, which is equally added to both
sides of the comparator when the input Vi, is lower than

Lo = W/L)3.4(Vaa — [Vinp| = Va)*, (D
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FIGURE 2. Block diagram of the full range offset cancellation proposed
in [28].

Vin1,2. Substituting (6) and (7) in (4), G; can be expressed
as

A ((ICIC cm)3/2): Viem > Vad = |Vthp|

(o )

G| = (mic,em)?  Ucic,em)/? (8)
Vi < Viem < Vaa — |Vthp|
( \/ﬁ \/ﬁ ) Viem < V;
UicomP 2 Upgou2 ) Ve = Vil
where 1 = v/2(V 44).(Cy »). Equation (8) shows that, G

is highly dependent on /., and hence on Vj.,. As illustrated
in Fig. 2, in [28], the gain of CP, G, is varied by A and
B control signals in a reverse direction so that Gr is kept
in an acceptable range. However, if due to a low amount of
Viems Iem increases, G significantly decreases. This results in
the reduction of the output of Gy, Az. This is worsened due
to excess current Ipo. At is exploited by the PD to produce
proportional pulses which are used by CP to discharge the
body voltages. Extremely low Az cause the output of PD to be
too small to turn CP on. Here, increasing the gain of CP does
not compensate for the drop in G and as a result, the offset
cancellation for low Vj.,, may be disrupted. Here, a scheme
is proposed to control the overall loop gain, G7, by directly
controlling G.

B. PROPOSED RAIL-TO-RAIL OFFSET-CANCELATION
CIRCUIT

Fig. 3 illustrates the proposed rail-to-rail offset-cancelation
circuit. As seen in Fig. 3(a), two Main Gain Control

67116

(MGC) and Complementary Gain Control (CGC) blocks are
exploited to eliminate /o and its destructive effect on Gj.
To accomplish that, CGC cuts the current of CIC when
Viem < Vaa /2. Therefore, I, can be written as

Icic.em : Vaa — |Vthp| < Viem
Iy = IMIC,cm+ICIC,cm: Vaa/2 < Viem < Vdd_|vthpi ©)]
IMIC,Cm: Viem < Vdd/z-

In addition, the proposed scheme controls the gain of the
preamplifier instead of controlling the gain of CP and hence,
the need for the capacitor bank in the CP block is eliminated.
To study the proposed scheme, the variation of G with
input common-mode voltage is first studied. For the sake of
simplicity, first the effect of MIC, i.e., M1 and My, on Gy
is considered and denoted by G asc. Finally, the results are
extended to include CIC too. The variation of Gy pc with
Viem can be expressed as

G al
_ 1,MIC « MIC,cm ) (10)
aIMIC,cm aVicm

0G1,mic
8Vicm

Here, for all the common-mode voltage range Mj; is in the
triode region (since its drain is always greater than V3 — Vi),
and M, can be modeled with Rg,. The input devices are turned
on in the saturation region, regardless of the common-mode
voltage. For the common-mode current, it can be written

2

IMIC cm = ,31 2 (Vdd - 2IMIC emRss — Viem — }Vthp’) >

(11)
And therefore,
(14 4RyB12v1 £ /1T+ 8RB1.271)
IMIC,cm = 5 s (12)
8R5B1,2

where y L2 Vy — Viem — |Vthp‘- Assuming 1 +

4RsB1.2y1 > /1 4+ 8RsP1.2v1, variation of G1.miC with

Viem can approximately be written as

3Gimic _ —3/2y/2B12 Vaa) - (Cs1.2) 5 ( —1 ) a3
T 52 A
8Vzcm (IMIC,cm) / 2Rss
which leads to
G mic A1 (2Ry)3/ (14)
Wiem 5/2°
tem (Vdd Viem — |Vthp|)

where 41 = 3/2,/2p12(V ;,).(Cy; ). From (14), it can be
concluded that in order to control the variation of Gy mic
with Vi, Rg can be set. According to (14) as Vi
increases, the denominator decreases, and the value of Ry
should be decreased to keep dGuc/0Vien constant. The
reduction in the value of Ry, is implemented by paralleling
the tail devices with various dimensions. Similarly, if A, =

3/2./2,33,4(Vdd).(Cs1,2), the variation of Gy cic with Vigy
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FIGURE 3. a) The proposed structure for controlling the open-loop gain using Main Gain Control (MGC) and Complimentary Gain Control (CGC) circuits in
the preamplifier, b) The implementation of the switches and tail resistors, c) controlling signals with input common mode voltage level, d) the dimensions

of the MOSFETs.

can be calculated as
0G|
a Vicm

(2R cae)’?

(Vdd — Viem — |Vthp| + Vinn
2 Vaa — }Vthp| < Viem

)5/2

Afl (2Rss,MGC)3/2

(Vdd = Viem — |Vthp|)5/2
= (15)
A2(2Rys,co0)?

(Vaa = Viem — | Vi | + Vi)
:Vaa/2 < Viem < Vaa — |Vip|
MR mce)*?

(Vaa = Viem — |Vinp |

According to (15), in order to keep dG1/9 Vi, low, Rgs can
be controlled. Here, two sets of four resistances are used as
MGC and CGC circuits to implement Rgs. Vigy, is divided
into eight equal regions and for each region a specific Ry
from Rggni—a, Rsses5—g 1s selected. Fig. 3(b) illustrates the

5/2

2 Viem < Vaa /2.

)5/2
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implementation of the Ry and switches. As shown, the Ry
is the equivalent resistance of the MOSFET switches (Mj,,,)
and the tail transistors (Mjs,) in triode regime. Here, Msw1,
and Msw4,2 are used as always on switches to maintain the
symmetry in the layout design.

In the deep triode,Ry; can be written as Ry, =
1/(,upC0x(Vdd — Vth)(W/L)ss) which implies that Ry
1/(w/L). Therefore, to change Rj,, the aspect ratio (w/L)
of representative MOSFETSs can be set. S11, S10, and S9
are used as control signals in MGC and CGC which are set
based on eight levels of Vj,. The value of these signals in
relation with V., are shown in Fig. 3(c). Note that since the
switches are implemented with PMOS, the inverted form of
the signals is used. The OR logic is used to turn the My,7 2
branch on. This way at the highest input levels an additional
parallel branch will be included. This is important to control
the Ry, at high Vi, ranges. Fig. 3(d) shows the dimensions
of the MOS devices used in the comparator design.

In order to implement this technique, Ry needs to decrease
as Vi, increases, i.e., when Vi, = Vg; the overall R
should be chosen as a minimum. Ry can be decreased by
increasing (W/L), ,. However, increasing (W/L);, may
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FIGURE 4. Maximum delay of the comparator with the incrementation in
input common-mode voltage.
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FIGURE 5. The average and standard deviation of the Monte-Carlo
simulation results for the overall open-loop gain G; for 10 samples.
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FIGURE 6. The standard deviation of the Monte-Carlo simulation results
for the rail-to-rail residual input-referred offset for 50 samples.

increase the share of the subthreshold currents of M, and
M,y from I, when Vi, is high. This can decrease the slope
of Vf+’_when My and My, are turned off and result in
unnecessary additional variation of G| causing a tradeoff that
should be dealt with during the design procedure.

Using the proposed design, the comparator is able to prop-
erly work when the input common-mode voltage changes
from rail-to-rail. Fig. 4 shows the maximum delay of the
comparator when a 1 mV differential signal is applied. As can
be seen, the maximum delay is well below the frequency of
operation of SAR.

The proposed technique effectively limits the variation of
G and hence Gr. Fig. 5 shows the average and the standard
deviation of Monte-Carlo analysis for 10 samples. In this
figure the variation of Gy when Vi, varies from rail to rail
is shown. Note that, as mentioned earlier, Gr is defined as
AV, / Vs therefore, the vertical axis in Fig. 5 does not have
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FIGURE 7. a) DLS block connected to the hold capacitance, Cy, b) when
CLK = 1, ¢) when CLK = 0.

TABLE 1. Comparison of the proposed comparator.

g;?rﬁgz;‘s” Proposed [26] 27] [28]
Technology (nm) 180 180 500 180
Power supply (V) 1.8 1.8 5 1.8
Power (pJ/Conv) @ | (o5 | | 03* | 0.004" | 23" 0.99

Vid: 1 1’1’1V, I/icm:O-g
Maximum residual

offset (mV) 0.08 | 0.11" | 0628 | 0.05 3.80
Input common-
mode range OC (%) 100 55 40 100

* Post-layout simulation results
**Does not include OC phase
***Experimental results reported

any unit. Fig. 6 shows the standard deviation of the residual
offset of the proposed comparator when Vi, varies from rail-
to-rail. Fig. 6 is achieved using Monte-Carlo simulation for
fifty samples for each 0.1 V step input common-mode voltage
increment. As shown, the variation of the input-referred offset
is kept under 0.09mV in the worst case which is more than
one order of magnitude lower than the offset in [28]. This
is sufficiently less than 1 LSB in a 12-bit SAR ADC. The
relatively higher offset around 0.9 V corresponds to the higher
Gr at this voltage shown in Fig. 5. Table 1 compares the
post-layout results of the proposed comparator parameters
with similar structures. After post-layout analysis the residual
offset in the worst case is kept under 0.114 mV.

C. PROPOSED KICKBACK NOISE REDUCTION (KBNR)
TECHNIQUE

The SB-SAR structure suffers from asymmetrical Kickback
Noise (KBN). In the SB-SAR, the comparator inputs are
fed by unequal input capacitances, i.e., sample-and-hold
capacitance (Cg) and the total capacitance of DAC (Cr).
Since Cr is several times larger than Cp, the SB-SAR
is susceptible to the destructive effects of asymmetric
KBN [29]. DLS block connected to the hold capacitance,
Ch, is shown in Fig. 7(a). In the sampling phase, the input
voltage is sampled on Cy and V,.+ = V;. The value of ViJr in
the hold phase affects the decision making in the comparator.
In the hold phase, when CLK signal is high, as illustrated in
Fig. 7(b), the source of M,;s is connected to ground through
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Vdd

FIGURE 8. a) The proposed preamplifier with the Kickback Noise
Reduction (KBNR) circuit. b) When CLK = 1, c) When CLK = 0.

M3, and the input voltage is applied to the summation of Cy
and Cges5. When clock signal falls, as illustrated in Fig. 7(c),
M3 turns off and Cyys is disconnected from ground. Here,
M5 turns on in the saturation and starts charging the input
capacitance of the next stage (Cj,) until the gate-source
voltage of M,;5 reaches Vy;,. At this point, M,;5 turns off and the
path to Cj, is cut. The change in the voltage of C;, partially
discharges Cyys into Cy, changing its voltage to V; + ¢. For
the excess voltage ¢ it can be written

_ CgsS Vi — V)

i —

As can be seen, ¢ is proportional to the gate-source
capacitance of M,5 and V; both of which add to the nonlinear
distribution of KBN.

Fig. 8(a) shows the proposed KBN reduction (KBNR)
circuit configuration. The proposed KBNR structure is
dynamic and only adds dynamic power to the comparator.
As discussed, Cpac is significantly larger than Cy therefore
the effect of KBN on V, is negligible and only its effect on
Vl.Jr is studied here. As illustrated due to the input capacitance
of My3 (Cin), the structure is not symmetric. Besides, the
behavior of the comparator at the falling edge of clock is
important for proper decision-making. The proposed circuit
operates as follows:

Similar to the structure of Fig. 7, the input voltage is
sampled on Cy. The comparator starts comparing the input
voltages when the sampling ends. In the hold phase when
CLK signal is high, the comparator is in the reset cycle and
M3 and M7 are on while M,,9 and M, are off, Fig. 8(b).
Here, the input sampled voltage is stored on the summation

(16)
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FIGURE 9. Effect of PVT variations on currents flowing through the gate
of the input transistors and S&H capacitor.

of Cy and Cyys. Here, 1,7 has charged Cgy7 until M,7 turns
off, and the voltage over the gate-source of M,; equals Vy,.
In the comparison cycle of the comparator, the CLK signal is
low, and therefore, M3 and M7 are off and M9 and M5 are
on, Fig. 8(c). Similar to the circuit of Fig. 7 1,5 starts charging
Cin, to V; — Vyy, generating I,s. Here, on the other hand, the
source of M, is connected to ground, and Cg7 is charged by
I 7 until its voltage reaches V;. The variation of V; caused by
charging Cgy7 can be expressed as

. Cg57(Vi — Vi)
Cu '

As can be seen from (16) and (17), the positive additive
voltage of ¢ can be compensated by § if M,5 and M,; are
matched. Therefore, the charge of Cyys is discharged into Cyy7
leaving the sampled voltage intact.

A set of simulations were run to verify the performance
of the proposed KBNR circuit. As explained, KBN effect is
more important when the DLSs are on, i.e., when the input
common voltage is high. Therefore, the simulations are run
for high-input common-mode voltage ranges.

Fig. 9 illustrates the current flowing through the gate of the
input devices at the falling edge of CLK signal for various
technology process, voltage, and temperature (PVT) corners.

Here, a 180 nm standard CMOS process with a 1.8 V
supply voltage is considered without loss of generality. In the
simulation results, note that the positive current represents
the outgoing current from the node. As expected, the excess
gate current of Mys, I,5, is well compensated through the gate
current of M7, I7, in all conditions resulting in a relatively
flattened S&H current, Icy. Fig. 10 illustrates the effect
of KBN on V;+, at the same falling edge of CLK. In this

5= (17)

67119



IEEE Access

N. Shahpari et al.: 12-Bit Low-Input Capacitance SAR ADC With a Rail-to-Rail Comparator

TABLE 2. Comparison of the proposed and conventional BS switches.

Switch parameters Proposed BS® | Conventional BS"
ENOB 12.65 11.21
Power (nW) 68.74 84.85
Sampling rate (MHz) 1 1
Maximum V, — V; (mV) 0.402 0.780
Bootstrap Cap Cp,s (pF) 2.5 2.5

*Simulated results at full-range input signal

figure,V;+ is shown with and without the proposed KBN
reduction technique for different PVT corners. As shown, the
change in the sampled voltage V;4-is effectively compensated
by applying the proposed design in all the corners.

D. SAMPLE-AND-HOLD CIRCUIT, AND THE PROPOSED
BOOTSTRAPPED SWITCH

The sample-and-hold circuit plays an essential role in the
design of SAR ADC. The linearity of this block can affect the
linearity of the overall converter. If the switch is implemented
with a single MOSFET device, the variation in its gate-
source voltage changes its conductivity. The conventional
bootstrapped (BS) switches, as illustrated in Fig. 11(a), keep
the Vi of the switch device (M1) constant by using a BS-
capacitor, Cps, [30]. Cps is charged to V; and then applies a
constant voltage to V,; of M1 when it turns on.

The conventional bootstrapped switch works well for
ADCs with resolutions up to 10 bits [31]. For higher
resolutions, some modifications are necessary [32]. One
drawback is caused by the variable voltage changes of the
gate port of M1 (BS) at the beginning of the hold cycles.
As illustrated in Fig. 11(b), the voltage of the BS node varies
from V; + Vg4 in the sampling cycle to zero in the hold cycle,
therefore, its variation is dependent on the input voltage.

This effect, also known as clock feedthrough effect,
happens due to the parasitic capacitance of M1 and can be
expressed as AV = WC,,(V; + Vaq1)/(WC,, 4+ Cp) [22],
where C,, and W are the overlap capacitance and width
of M1 respectively. The additive error AV is dependent on
the input signal and gets worse with small values of Cy.
Here, an effective method is proposed to reduce the input-
dependent error. The proposed bootstrapped switch is shown
in Fig. 12(a).

Here, similar to the conventional circuit, the gate-source
voltage of the switch transistor M1 (BS) in the sample cycle
is equal to V5. However, in the hold cycle, BS is connected
to V; instead of ground.

With this technique, the gate voltage of M1 (BS) varies
from V; 4+ V44 in the sampling mode to V; in the hold mode.
This way, when transitioning from sample to hold, the error
voltage coupled to Cy through M1, can be depicted as AV =
WCoy,Vaa/(WC,, + Cg) which does not depend on the input
voltage. BS node voltage and the gate-source voltage of the
proposed switch, for a full-scale input signal, are shown in
Fig. 12(b).
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FIGURE 11. Conventional bootstrapped switch, a) schematic, and b)
time-domain node voltages [30].

In the proposed bootstrapped switch, switch Sb1 is used
to connect BS node to V; in the hold cycle. Sbl switch is
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FIGURE 12. Proposed modified bootstrapped switch a) schematic, and b)
time-domain node voltages.

implemented with a transmission gate so that the parallel
structure of NMOS and PMOS can pass low and high levels
of the input voltages effectively. Sbl must be closed during
the hold cycle, therefore, CLK is connected to the gate of the
NMOS assuming that the sampling is done in the positive
cycle of CLK. However, because BS node voltage can be
higher than V4, CLK signal cannot be used for turning the
PMOS M7 off. A controlling circuit is used for controlling
M7. This controlling circuit works as follows: During the
hold cycle, when Vgg = V;, M7 should be turned on by Sb2.
The gate voltage of M7 (V) is connected to ground and it is
turned on. During the sampling cycle, M7 needs to be off.

Here, Sb2 is turned off and M8 is turned on. Therefore, V¢
is connected to the voltage of BS node to turn M7 off. During
the hold cycle, Vps = V; and hence, Vgg does not exceed Vyy
and CLK can be used to turn M8 off.

Sb2 is designed to pass low voltages to V¢ during the hold
cycle, to turn M7 on and it can be realized with an NMOS.
During the sampling cycle Vpg can get as high as 2V,
and NMOS can be stressed by the high drain-source voltage.
In order to avoid this, as shown in Fig. 12, Sb2 is implemented
by a T-type switch [6] instead of a simple NMOS. During the
sample cycle, the T-type switch connects the source of M11
to V4q; therefore, drain-source voltage of neither M11 nor
M10 exceeds V4. The control voltage of V¢ is also used for
turning M2 and M4 off for similar reasons. Table 2 compares
the characteristics of the proposed and conventional bootstrap
switches when the sampling frequency is 1 MHz and the input
voltage frequency is 10 kHz. Using the proposed scheme
decreases the error by 48% while reducing the overall power
consumption by 18.9% which is due to the fact that in the
proposed bootstrapped switch, BS node voltage variation is
limited.

IV. ADC ARCHITECTURE AND CONTROLLING SIGNALS

Fig. 13 shows the implemented BS-SAR ADC structure,
exploiting the proposed rail-to-rail OC and KBNR compara-
tor and modified BS switch. The input capacitor is chosen as
2 pF which satisfies the kT/C noise criterion for 12-bit ADC.
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Fig. 14 shows the overall ADC design including the control
signals. As shown, the “Sample” signal is generated by the
logic SAR and is used as the CLK signal in the proposed
modified BS switch. The outputs of the logic SAR block
are used to control the capacitive DAC. To drive the large
capacitive load of DAC, a set of digital buffers is used at
the output of the digital SAR. The comparator’s offset is
canceled at the beginning of each conversion cycle. When
the input voltage is being sampled and the output digital
word is available, the comparator is free and the offset
cancellation phase starts. Therefore, the same ‘“‘sample”
signal is used as “En” in the comparator as well. Here,
a multiplexer selects a clock signal ten times the main clock
of SAR (ClkTen) for the operation of the comparator in the
offset cancellation phase. The comparator architecture is fast
enough to handle clock frequency of ClkTen signal [28].
Prior to each offset cancellation, the “Pre” signal resets
to zero so that the CP block outputs are pulled up to Vg
and the comparator becomes ready for the next OC cycle.
The “Pre” signal is generated at the last conversion cycle
using “S1”, “CLK”, and “Sample” signals to make it
synchronous with SAR cycles. In practice, mostly the input
voltage frequency is sufficiently lower than the conversion
rate of the ADC (fi, < 10fpyquisr). Here, the three topmost
valuable bits of SAR from the last conversion cycle are
used as the controlling signals in the rail-to-rail comparator
(89, S10, and S11). This is due to the availability of these
signals during the sampling phase. Three topmost valuable
bits can represent the value of V., with three bits resolutions.
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FIGURE 16. SINAD of the SAR ADC for different input frequencies.

these signals can estimate the commonmode voltage at the
next conversion. Using the three topmost significant bits to
estimate the level of Vi, can decrease the complexity of
the controlling circuits by eliminating the need for common-
mode detection circuits, and hence, can reduce the overall
power consumption. In cases where the whole Nyquist band
is needed, additional common mode detection circuits can be
used to properly address the controlling ports at the beginning
of the OC phase. In addition to the low input capacitance, due
to the rail-to-rail structure of the comparator, the proposed
SAR ADC eliminates the need for additional reference supply
voltages. Here, instead of feeding the additional reference
voltage to the DAC, V,; is directly used as the reference
voltage. This is highly appreciated since designing a PVT
robust, noise-free reference voltage that can drive the rather
large DAC capacitor can be challenging and adds to the
overall power consumption and design complexity.

V. SIMULATION RESULTS

The proposed SAR ADC was simulated in a 0.18 pwm standard
CMOS technology with a 1.8 V supply voltage and the
reduced input capacitance of 2 pF, which sufficiently satisfies
the kT/C noise criterion. In order to calculate the dynamic
parameters, the ADC is simulated with a 10.3 kHz input sine
wave and a sampling rate of 1 MHz.

To verify the effect of each block on the dynamic
characteristics of the overall ADC, three scenarios are
considered and illustrated in Fig. 15. In the first scenario,
Fig. 15(a), the comparator has perfectly matched input
devices, however, it suffers from the kickback noise. Here
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the obtained SINAD and ENOB were 65 dB and 10.5-bits
respectively.

In the second scenario, Fig. 15(b), the circuit with
mismatched input devices is considered to study the effect
of the dynamic offset on the ADC’s performance. Here, the
kickback noise reduction circuit is used but the rail-to-rail
offset cancellation is disabled. The input devices suffered
from a 17% mismatch applied to dimensions which was
calculated based on the worst-case scenario obtained by
the Monte-Carlo simulations. The results showed that the
SINAD deteriorated to 45.2 dB and ENOB being as low
as 7.2-bit. Finally, in the third scenario, Fig. 15(c), the SB-
SAR exploiting the proposed offset cancellation and KBNR
circuits are considered. Here, the input devices have the same
amount of mismatch as in the second scenario. SINAD and
ENOB of the designed scheme despite the presence of uneven
mismatches and KBN were improved to 68.4 dB and 11.1-bits
respectively. This improvement is achieved due to the rail-
to-rail OC and KBNR structures. Fig. 16 shows the SINAD
of the proposed SAR against input frequency. As expected
SINAD and ENOB decrease as the input frequency increases
due to using the last conversion results (s11, S10, and S9)
to control the open-loop gain. If the full Nyquist band is
required, an input common-mode detector circuit can be
added to increase the bandwidth.

Fig. 17 shows the static parameters of the SAR. The DNL
and INL of the proposed ADC when the OC is disabled
are shown on the left while the results with OC enabled
are shown on the right. As illustrated, the peak DNL for
the case when the OC is disabled is +1.0/—1.25 LSB,
and the peak INL is 415.75/—12 LSB. After enabling the
OC in each conversion cycle the peak DNL and INL were
improved to +0.5/—0.5 LSB and +1.5/—1 LSB respectively
which show a remarkable improvement in terms of linearity
achieved by circuits proposed in this paper. The proposed SB-
SAR consumes a total power of 117.9 uW when clocked
at 1 MHz. This power consumption also includes the input
voltage source which conventionally is not reported neither
in the power consumption of the SAR ADCs nor in the
Walden-Figure-of-Merit (FOMW) [14]. The simple binary
weighted DAC which is used to emphasize the effectiveness
of the SB-SAR is responsible for a high proportion of power
consumption which can easily be reduced to half using
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TABLE 3. Comparison with similar state-of-the-art structures.

This | ASSCC | APCCS | JSSC [ TCASI | TCASII | JSSC | TCASI | ISCAS | TCASI | TCASI
SAR parameter " 09 12 10 16 16 18 19 19 19 21
wor [11] [12] [31] 32] [33] [34] (6] [35] [36] [37]
SB- SB- . . UL- . TI- PL-
Topology SB-SAR SAR SAR Mono H. Lin. Co-fine | Redist. vdd Redist. SAR SAR
Technology (nm) 180 180 180 130 180 180 90 180 180 130 28
Supply voltage (V) 1.8 1 1.8 12 1.8 0.8 0.5 0.25 0.7 12 1.05
1.8 1 2 0.25
Input range (V) (100%) | (100%) NA (213)3122) NA NA NA (100%) NA NA NA
Input Cap (pF) 2 1.28 12 2.5 15.8 NA NA 1.6 2.5 0.48 3
Power Indupdggirmp“t NA NA NA NA NA NA | NA | Na
: 2 117.9 6.15 103
(kW) | Without input 826 820 02 0.81 0001 | 073 | 9% | 4560
power 0
Sampling rate (MS/s) 1 0.4 1 50 10 0.2 0.1 0.0005 0.1 3200 60
Resolution (Bit) 12 3 3 10 12 10 12 10 12 8 14
ENOB (Bit) 11.1 7.1 7.2 9.1 10.8 9.1 10.7 8.1 10.4 5.7 10.4
FOMy I“"lud;f;ge r‘np“t NA NA NA NA NA NA NA NA
(£)/Conv- W‘tﬁ — 54.4 97 67
step) tthout npu 29 442 1.8 4.82 8.6 5.6 640 54.2
power
A,
2/(ENOB)/C;, (Output 1097 107 122 219 113 NA NA 171 540 108 450
levels/pF)
No. of reference voltages No No No No 2 1 2 1 2 1 1
Area (mm?) 0.218 0.062 0205 | 0.052 | 0359 | 0.105 | 0.109 0.024 | 0.083 1.1 0.368
1.5 1
a ! @ 05
2 05 g 14%15%
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FIGURE 17. Static parameters of the proposed ADC with mismatched
input devices when OC is disabled, left side, and when OC is enabled,
right side.

available switching techniques. Since the structure benefits
from the rail-to-rail comparator structure, the need for the
reference voltage is eliminated. Here, the output of the digital
block is used for addressing the capacitance DAC. A set
of digital buffers is used to drive the DAC. The power
consumption from the same 10 kHz input voltage supply is
41 nW which is obtained due to the small input capacitance
of the SB-SAR. The power consumption share of each SAR
sub-block is shown in Fig. 18.

As shown, the power consumption of the digital buffers
used for driving the DAC capacitances (71%) accounts for
a large share of total power consumption followed by the
comparator (15%) and the digital blocks (14%). The layout
of the proposed circuit is shown in Fig. 19. Post-layout
simulations showed a 16% increase in the power consumption
of the proposed circuit. The SINAD of the proposed SAR was
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FIGURE 19. The layout of the proposed SAR.

68.9 dB which lead to 11.2-bit ENOB. The slightly higher
ENOB from the post-layout simulation is due to the perfectly
matched structure of the input devices of the comparator. The
parameters of the proposed SAR are summarized in Table 3.
Table 3 includes a comparison between this work and similar
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studies. As can be seen, in comparison with similar structures
with low input capacitance, the proposed circuit achieves the
highest ENOB. In the proposed structure, similar to [12] the
power consumption and the FOMy include the input power
source. In order to emphasize this, the power consumption
and FOMW rows in this table are divided into two sections
with and without input power source power. The overall
circuit occupies a die area of 260 x 840 (Mm)z. In aadition,
since the input capacitance is conventionally related to the
2N(ENOB), in order to fairly compare these two parameters
in the low-power SAR ADCs, the term 2A(ENOB)/Cj, is
added to Table 3 to illustrate the effectiveness of the proposed
design. This coefficient represents the relation between the
input capacitance in SAR and the effective number of bits.

VI. CONCLUSION

A 12-bit low input capacitance SAR ADC was presented
in this paper. The ADC benefits from the long-existing SB-
SAR architecture to reduce the input sampling capacitance to
2 pF. Conventional SB-SAR structure forces dynamic offset
and uneven KBN to the ADC’s output which deteriorate
the ENOB and linearity parameters. However, the proposed
structure exploits a modified comparator with the ability
of rail-to-rail OC and KBNR. The modified rail-to-rail
comparator also eliminates the need to use an additional
reference supply voltage in the ADC structure.

The proposed structure was able to achieve 11.1-bit
ENOB with mismatched input devices. To achieve these
performances, an improved version of BS switch was
proposed resulting in the reduction of voltage error and
power consumption of the S&H switch by 48% and 18.9%
respectively. The circuit techniques presented in this paper
allow the reduction of the input capacitance in SAR ADC
which results in the reduction of the power consumption from
the input power supply to 0.04 wW. This has subsequent
benefits in terms of energy saving in power-hungry input
buffers used by conventional SAR ADCs opening the doors
to further reducing the power consumption in portable IoT
devices with limited battery life.
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