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Abstract This paper presents an ultra-low power suc-
cessive approximation analog-to-digital converter. An
improved implementation of the binary weighted capacitors
array and a novel comparator that operates in the time
instead of the voltage domain are effective and power
efficient. The circuit, fabricated in a conventional 0.18-pum
CMOS technology, achieves a sampling rate of 100 kS/s
and an effective number of bit of 9.4. Using a 1-V supply
voltage, the achieved power consumption is 3.8 uW, lead-
ing to a Figure of Merit as low as 56 fJ/conversion-level.

Keywords
Low-power

Analog-digital conversion - SAR -

1 Introduction

In energy-limited applications, such as wireless sensor net-
works and portable instruments, the use of ultra-low power
analog-to-digital converters (ADCs) is crucial to enable
autonomous operation. The successive approximation (SA)
algorithm achieves low-power consumption, especially
when the input signal bandwidth is up to about 1 MHz and
provides medium resolutions (10-12 bit). A SA ADC typi-
cally consists of a comparator, a subtracting DAC, and the
successive approximation register (SAR) [1-7]. The con-
version starts with the sampling of the input signal and
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requires one clock period per bit. Therefore, the sampling
rate is lower than the clock rate by a factor at least equal to
(N + 1), N being the resolution of the ADC. The dominant
sources of power dissipation in a SA ADC are the compar-
ator, the SA logic, and the switching of the capacitor array.

This paper presents an ultra-low power SA ADC
working at a sampling rate of 100 kS/s. The circuit, fab-
ricated in a conventional 0.18-pm CMOS process, achieves
an effective number of bits (ENoB) equal to 9.4 and con-
sumes only 3.8 uW from a 1-V power supply. The low
power consumption is achieved by optimizing the sub-
traction DAC and the input sampling. In addition, the cir-
cuit uses a novel comparator, named time—domain
comparator, which, instead of operating in the voltage
domain, transforms the input and the reference voltages
into pulses and compares their duration. The comparator
operates with less than 1 pA at 1-V supply with 0.2-mV
sensitivity and a clock frequency of 1.4 MHz.

Section 2 describes the ADC architecture and discusses
design strategies for ultra-low power. The section focuses
on the improved binary weighted capacitor array with
attenuation capacitor and on the novel time—domain com-
parator. Section 3 shows experimental results and com-
pares the proposed converter with other state-of-the-art
ADC:s. Finally, Sect. 4 draws some conclusions.

2 ADC architecture

Even if the SA ADC topology is a very good candidate for
obtaining ultra-low power consumption, the design of
medium resolutions (10-12 bit) converters with very low
Figure of Merit (FoM) is quite challenging and definitely
not straightforward. The designer must account for the kT/C
noise limit, the matching accuracy of the DAC elements,
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Fig. 1 SA A/D converter block
diagram
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and the effect of parasitics. Recently, methods that recycle
the power consumed by the capacitive DAC have been
proposed [8]. They are not used here, but can be obviously
applied to obtain a further improvement of the power effi-
ciency. The presented 12b SA ADC architecture, shown in
Fig. 1, uses a capacitive split-array consisting of a 6b main
array, a 6b sub-array and a unity coupling capacitor.
Moreover, this design uses a time—domain comparator. The
SAR logic is optimized for minimum power consumption.
The conversion requires 14 clock periods of the main clock:
the first for the input sampling, 12 periods for the SA cycles
and the last period for end of conversion and data transfer.

2.1 Time-domain comparator
With an input voltage range of 0.8 V and the target reso-
lution (12 bit), the LSB of the proposed ADC is less than

200 pV. Montecarlo simulations results, performed with

Fig. 2 Conventional voltage

the used technology, show that, to avoid latching errors, the
input differential signal of a conventional latch circuit
should be at least 15 mV. Therefore, a preamplifier with
about 40-dB gain is necessary. The conventional scheme
used is shown in Fig. 2. In order to minimize the power
consumption, the transconductance is kept at the minimum.
Therefore, instead of the DC gain g1y, the designers use
the dynamic gain

T
&:gm p (1)

Vin G’

where T, and C, are the preamplification time and the
output node parasitic capacitance, respectively, which has
to be at least 77 (about 38 dB). Assuming the input
transistors in weak inversion, (1) becomes

Vo IsT, (2)

Vin - 21’1’1VTCp’

comparator made by a
preamplifier and a latch

v
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where I/2, m, and Vr are the input transistor bias current,
the slope factor, and the thermal voltage, respectively.

Equation 2 provides an estimation of the consumed power
for the expected speed of this design. The sampling rate is
100 kHz and the clock frequency is 1.4 MHz. Therefore,
assuming to use half clock period for pre-amplification,
T, = 357 ns. Assuming m = 1.75, C, = 40 {F, a differen-
tial dynamic gain of 43 dB, which allows a robust design
margin, we achieve a preamplifier bias current of 1.44 pA.
The power consumption is 1.44 pW, with 1-V supply.
However, simulations that account for the effects of parasi-
tics with the used 0.18-pm CMOS technology show a power
consumption of the preamplifier and of the latch equal to 2.15
and 0.7 pW, respectively, leading to an overall power con-
sumption of 2.85 pW.

As an alternative to the conventional solution described
above, this paper uses a novel time—domain comparator.
Figure 3 shows the circuit schematic of the voltage-to-time
(V2T) cell. When ®c is low, transistor M; charges
capacitor C;. In the meantime, transistor M, discharges the
parasitic capacitor Cp,, to cancel out any memory of the
previous conversion. When Q¢ rises, transistor M, turns on
and the current generator, consisting of Ms and Rp, dis-
charges C; at constant rate. The input voltage V;, estab-
lishes a current through Rp, equal to V{/Rp. At time Ty,
when the voltage across C;, V¢, crosses the threshold of
M, signal Outy,t rises. Figure 4 shows the V2T voltage
signals. T increases when the input voltage diminishes and
vice-versa. Moreover, since the parasitic capacitor Cp,, is
discharged by M,, at the beginning of the comparison
phase, it removes some charge from C;, being connected in
parallel to C;. Therefore, V; immediately falls to

S T
C1 + Cpar.

Vcr = Vop (3)

Fig. 3 Schematic diagram of the proposed V2T cell
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Fig. 4 V2T cell main signals

The initial drop of V¢ is positive because it reduces T,
without increasing the discharge current.

Figure 5 shows the complete schematic diagram of the
time—domain comparator. Two V2T cells process the input
voltage and the voltage reference. The delay flip-flop
(FFD) reveals the pulse that ends first and provides the
comparator output.

The components sizing of the V2T cells depends on the
period of time available for comparison and the accuracy. Two
factors influence the time accuracy: the kT/C noise voltage
across C; and C,, and the latch plus jitter time error AT.

The switching-off of M; and M5 causes a noisy differ-
ence between Vc; and V¢, equal to \/ (2kT/C), being

C, = C, = C. This error is equivalent to an input error
&y thermal that changes the discharge current by
& thermal
Slp =22 4
D=} (4)

The error \/ (2kT/C) causes a time error of

C

5tthermal =

< (5)

Ip
where Ip = V/Rp.
The equivalent input error leads to

5t, = lp CVins. ()

Ip Ip

Combining (4), (5), and (6), we obtain

KT V, 2¢
Ey, thermal — 2—V n3 (7)
!

that determines a condition on the value of C.
The time error AT is equivalent to an input error,
obtained by the use of Eq. 6. It results

AT V,
— " V,. 8
RpC Vi3 ®

Sy At =
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Fig. 5 Schematic diagram of
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2.2 Capacitive array ,» kT
Vo = N (10)
2N2Cy

The binary weighted capacitor array can be made by 2N
unity elements (Fig. 6) or by two sub-arrays with an
attenuation capacitance between the arrays (Fig. 7).
Typically, the two sub-arrays serve for the conversion of
an equal number of elements. Therefore, for 12-bit, each
sub-array uses 64 unity elements. A further segmentation
of the resolution with three sub-arrays is not practical
because of the difficulties in realizing the attenuating
capacitors.

The value of the unity capacitor is determined by two
conditions: the kT/C noise and the matching accuracy. The
sampling of the input signal over the array or the sub-arrays
(N/2 + N/2) gives rise to a noise power equal to

kT

V2 =
2NCy

n

©)

or

Fig. 6 Binary weighted
capacitors array

Vbias

Controls

The noise must be lower than the quantization noise
A*/12. Therefore, the value of Cy; must satisfy

12kT
Cy > V—222N—N/2. (11)

R

Remind that the binary weighted capacitive DAC is not
intrinsically monotonic. The worst situation is at the mid-
point of the dynamic range where the DNL caused by the
random mismatch between capacitors Cy/Cy = (1 + &) is

DNL = 23N/, (12)

The above equation accounts for the switching of two
arrays of 32Cy and (31 + 63/64)Cy whose error is
assumed ac\/ 32, being errors quadratically combined.
Since ¢, = kc/\/(WL), Eq. 12 determines the minimum
area of the unity capacitance.

from SAR
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Fig. 7 Binary capacitors array with attenuation capacitor (N = 12)
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As known, the attenuation capacitor C, used between
the two sub-arrays of Fig. 7 is not unity:
2N/2

The way used here to avoid the limit is to remove a
capacitor from the LSB sub-array and to use a unity
capacitor as an attenuating element. The result is shown in
Fig. 8. By inspection of the circuit, assuming and that k;
and k, elements of the LSB and MSB sub-arrays,

respectively, are connected to Vgggy, the voltage
generated by the DAC (N = 12) turns out to be equal to
k; + 64k,
Vpac = Vrer- + (V — VREF- ) —— 14
pac = Vrer- + (Vrer+ — VRer )63-64+63 (14)

The full scale (k; = k, = 63) is VR = Vrgrr — VREF-
instead of Vg2N/(2N — 1). Equation 14 verifies that the
error is equally distributed between the quantization
intervals of the DAC and, instead of causing INL, the error
leads to a 1-LSB gain error, negligible with respect to the
error on the reference voltages. This result is an improve-
ment of the technique proposed in [2].

3 Circuit design

The critical issues in the circuit implementation are the
design of the V2T cell and the unity capacitance sizing. In the
proposed V2T cell (Fig. 5), RpCy = 0.1 ps, Vi3 =04V
and V; = 0.15 V. Considering C; = C, = 0.8 pF, Eqgs. 7
and 8 give &, thermal = 38 UV and &, o = 73 UV, respec-
tively. Moreover, the equivalent noise generator of M3, V,, 3,
isreferred to the input multiplied by V/Vy, 3 and is estimated
equal to 90 uV. Summing up quadratically the three con-
tributions on the two channels leads to an overall noise
voltage of 172 pV. The value used for resistors Rp is 125 kQ

Fig. 9 Chip microphotograph

@ Springer



188

Analog Integr Circ Sig Process (2010) 64:183-190

so that the discharge current flowing in the reference branch
is 1.2 pA, flowing with 50% duty cycle. The time required to
discharge 0.8 pF by 0.4 V with a 1.2-pA constant current is
0.267 ps. Therefore, the maximum usable clock is
1.87 MHz. However, to have margin for possible errors, this
design uses, as mentioned, fcx = 1.4 MHz.

The power consumed to charge and discharge C,
depends on the successive-approximation sequence at the
gate of Ms. If that voltage is much higher than Vg, then C,
is fully discharged; if the gate voltage of M5 is much lower
than Vg, the capacitance C; remains charged to Vpp.
Therefore, the consumed energy is CIVZDD or zero.
Assuming that the number of ones is equal in average to the
number of zeros, the energy per conversion is NC;Vpp/2.
With N =12, Vpp =1V and f; = 1/T; = 100 kS/s, the
current consumption is 0.48 pA. It is worth noting that the
overall estimated power consumption of the proposed
time—domain comparator (about 1 pW) is much lower than
the conventional counterpart (about 2.85 uW).

Referring to the capacitive array of Fig. 8, it is assumed
that the supply voltage of the converter can range from 0.8
to 1.8 V and that the reference voltage is 0.8Vpp. There-
fore, in the worst case, Eq. 11 gives Cy > 1 fF. The value
of k. for the used technology is 0.0038. Therefore,
requiring to have a DNL = 0.5 at 30, the area of the unity
capacitance becomes 120 pm?. Since the specific capaci-
tance is 0.97 fF/um?, the corresponding value of Cy is 120
fF. Complementary n—p pairs with W/L of 1/0.18 pm and
2/0.18 pm, respectively, and dummy transistors with half
width are used to implement the switches used for each
unity capacitance. The switching array and the charging
and discharging of capacitor, with 1-V supply and 1.4-MHz
clock, require a power of about 0.5 pW.

The logic circuits that store the sequence of the compar-
ator outputs during each conversion and that realize the SA
algorithm are full-custom designed in order to minimize the
power consumption. The SAR including the phase generator
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- 2 0.5 =
g o Ko MM S i 0 & ©
® ; 05 ©

0 128 256 3B4 512 640 768 896 1024

bin

(b) INL
= 24040 _ il o6 =
ol osf Ml dug | A 02 @@
D~ o8 AT ","'i'rr" .._.h',. vl bl Ll -0.2 9 -
=1 @ . HLEE L r] { ! ._III» { ."‘-'.:"" _'.‘II',"".'-'” @

-2.4 LI A | I -0.6

0 128 256 384 512 640 768 B96 1024
bin

Fig. 10 Measured INL and DNL
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(Fig. 1) uses 870 equivalent gates and consumes 1.4 pW at
1.4-MHz clock frequency, when considering a power supply
of 1 V. Therefore, summing up the contributions of time—
domain comparator, capacitive array and logic, the estimated
power consumption at Vpp = 1 V is about 3 pW.

4 Measurement results

The proposed SA ADC was fabricated in a 0.18-um two-
poly five-metals CMOS process. Figure 9 shows the chip
microphotograph with layout on the background. To avoid
interferences, a shield of metal 5 almost completely covers
the active area. In Fig. 9 the position of main circuital
blocks is highlighted. The core area is 0.24 mm? and the
entire die area is 0.7 mm”.

Figure 10 shows the low frequency differential non-
linearity (DNL) and integral nonlinearity (INL) for 10-bit and
12-bit output obtained by the histogram of 65536 points
(Vpp = 1 V). The 3.2-mV mismatch in the comparator is
corrected by an external trimming of Vg (with Vy,;,s at 0.54 V).

Figure 11 shows the FFT of the output with 0 dBgg sine
waves at 2.8 and 43.8 kHz. The main clock frequency is
1.4 MHz (100 kS/s). The single ended configuration is the
source of the second harmonic distortion that dominates
the SFDR: —71.8 dB atlow frequency and —64.2 dB near the
Nyquist frequency, as shown in Fig. 12. The SNDR at Nyquist
drops by 1.7 dB with a loss of 0.3-bit with respect to its low
frequency value (58 dB, equivalent to an effective number of
bit equal to 9.4). The loss of SNDR is likely due to noise
coming from the substrate and references and a relatively poor
PSRR. Larger distortion at higher frequency is due to a rela-
tively high non-linear on-resistance of the switches connect-
ing the capacitive arrays to Vy,s (Fig. 8).

(a) Output Spectrum with im= 2.8KHz
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Fig. 11 Measured output spectrum
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Table 1 Performance comparison

Work [3] [4] [5] [6] [7] This work [9]
Technology 0.18 um 90 nm 0.18 um 90 nm 0.18 pm 0.18 um
Supply voltage 1V IRY 0.83 V IRY 0.6 V IRY
Sampling rate 100 kS/s 20 MS/s 111 kS/s 40 MS/s 100 kS/s 100 kS/s
ENoB 10.55 7.8 7.46 8.56 8.7 9.4
Power consumtion 25 pW 290 W 1.16 pW 820 pW 1.3 pW 3.8 pW
FoM 167 fl/c.-1. 65 fl/c.-1. 60 fl/c.-1. 54 fl/c.-1. 31 fJ/ec.-l. 56 fl/c.-l.
(a)s SNDR realization of the binary weighted capacitor array with
attenuation capacitor. At 1-V supply voltage and sampling
- a rate of 100 kS/s, the SA ADC achieves a peak SNDR of
. T Rt 58 dB, consuming 3.8 pW. This power consumption leads
to the remarkable FoM of 56 fl/conversion-level.
550 5 10 15 20 25 30 35 40 45 50 Acknowledgments The authors wish to thank National Semicon-
I [KHZ) ductor for chip fabrication and FIRB, Italian National Program
" #RBAPO06LA4SS5, for partial economical support.
(b) 2-nd and 3-rd Harmonic Distortion
-60
_—0
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