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An 8-bit 800- W 1.23-MS/sSuccessive
ApproximationADC in SOI CMOS
EugenioCulurciello, Member, IEEE, and AndreasG. Andreou, Member, IEEE

Abstract—We report on an 8-bit successive approximation
analog-to-digital converter (SA-ADC) that was designed and
fabricated in 0.5- m silicon on sapphire CMOS technology.The
SA-ADC is capable of 32-MHz operation, providing 1.23-MS/s
conversion rates,and consumes800 W at 3.3-V supply. The lack
of substrate parasitic capacitancesenablesthe use of small-area
capacitors and reducesthe noise coupling to the analog nodes.
The circuits employ MOS transistors of differ ent thr esholdsto
optimize the performanceand power dissipation of the system.

Index Terms—Analog-to-digital converters (ADCs), low power,
low voltage,silicon-on-insulator (SOI), silicon-on-sapphire (SOS),
successive approximation (SA).

I. INTRODUCTION

SUCCESSIVE approximationanalog-to-digitalconverters
(SA-ADCs) are capableof low-power operation,have a

small footprint, and can deliver 8Ð10-bitresolution [1]Ð[3].
SA-ADCs are ideal for low-power applicationsand the av-
erageconversion performancenecessaryin data acquisition
for systemson a chip (SOC),column-parallelarchitecturefor
imagers,andsensornetworks.In recentyears,theproliferation
of wirelesssensorshasintensiÞedthedesignof ultralow-power
sensorinterfaces,with the ADC beinga commoncomponent.
The limited power constrainedby the useof battery-operated
andenergy-harvestingdeviceshasin particularledto thedesign
of algorithmicADCsthatareoperatingwith energy levelsclose
to thetheoreticalminimum[4], [11].

We report on the designof an 8-bit SA-ADC in a 0.5- m
silicon-on-sapphire(SOS) CMOS technology (Fig. 1). The
absenceof parasiticsand the isolatedsubstratein the SOS
CMOS processcan decreasethe noise levels and the power
consumptionof analogADCs [5], [6]. Our ADC circuit design
employs a split-capacitorarray that can provide high-preci-
sion conversionswhile using one eighth of the areausedby
standardSA-ADCs. We usetransistorsof different thresholds
to optimizethe performanceof the digital andanalogcircuits
to provide both low power and also high conversionspeeds.
In this paper, by meansof our initial prototype,we provide
evidenceof theadvantagesof silicon-on-insulator(SOI)design
of high-performanceanalogcircuit interfaces.
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Fig. 1. Micrographof thefabricatedADC core.

II. ADC OPERATION

Thecapacitiveladderis thebasicstructureof theSA-ADC. It
implementsachargescalingdigital-to-analogconverter(DAC),
which algorithmicallyminimizesthe error betweenits output
voltageandtheanaloginput to beconverted[7], [8]. In our im-
plementation,we usea lessconventionalsplit-capacitorarray
reportedin Fig. 2. A conversionbeginswith a globalresetthat
dischargesall of the capacitorsin the array and the SA reg-
ister cells. The input signal is then sampled
by strobingthesignalfis. Thealgorithmicconversionbeginsby
adding to andcomparingthe valuewith . If the
valueis larger, thecorrespondingcapacitoris resetandits reg-
ister is cleared.If the valueis smaller, the MSB will be setto
a logical one.Thealgorithmrepeats b times,andthe
voltageon theupperplatesof thecapacitorarrayconvergesto
the input value

(1)

Equation(1) representsthevoltage in Fig.2.Thisvalue
is comparedwith the referencevoltage at eachiteration.

is the digital outputvalueof the th SA registercells [8].
Fig.3 showsthewaveformsof thesignalsrequiredfor theADC
operationin Fig. 2.

III. SOSADVANTAGE

Theprecisionof anSA-ADC is proportionalto theaccuracy
of its capacitorsand the coupling of substratenoise. Using
the SOStechnology, we can reducethe size of the capacitor
array without compromisingperformance.In fact, capacitors

1057-7130/$20.00© 2006IEEE



CULURCIELLO AND ANDREOU: 8-b, 800- W, 1.23-MS/S SUCCESSIVE APPROXIMATION ADC IN SOI CMOS 859

Fig. 2. Split-capacitor array and successive approximation register.

Fig. 3. Waveforms of the signals required for the ADC operation in Fig. 2.

fabricated in bulk CMOS technologies have substrate parasitic
capacitance that is proportional to their area. This parasitic
capacitance can couple noise from the substrate and limit the
reduction of unit capacitors due to matching. In contrast, ca-
pacitors fabricated in SOI technologies, and in particular SOS,
virtually eliminate parasitic capacitances. As an example, a
100-fF Poly-Poly2 linear capacitor in a regular CMOS 0.5- m
process has a parasitic capacitance to the substrate of 9.5 fF
(extracted). The same 100-fF capacitor in SOS has a parasitic
capacitance of 65 aF. In addition, by using the split-capacitor
array of Fig. 2, the area of SOS capacitor arrays can be one
eighth of the ones fabricated in bulk CMOS technologies while
maintaining the speciÞed accuracy. In our split-capacitor array,
we use 31 capacitors as opposed to the 256 needed for a full
array! With a reduced array size, the ADC circuits consume
less power as less energy is wasted in charging and discharging
larger arrays and the parasitic charge-sharing nodes. This way,
the lower bound on power consumption of the ADC is limited
only by the power used in the comparator.

Note that, in an SA-ADC, capacitor matching limits the min-
imum size of usable capacitors. In the SOS, MIM-type capaci-
tors have a standard deviation of approximately 50% at a nom-
inal value of 5 fF [6], [9]. This value is the lower bound on usable
capacitors due to matching in the 0.5- m process. Notice also
that capacitor switching noise does not impose a limi-
tation for an 8-bit ADC with a of 1 V. In fac, noise
in a 5-fF capacitor is less than 1 mV, while the LSB value is
4 mV. Therefore, it is theoretically possible to obtain a 10-bit
SA-ADC in SOS. In practice, the unit capacitor cannot be much

smaller than the gate capacitance of M1 or M2 in Fig. 4. Other-
wise, the ADC input range will be reduced and the LSB value
will also be reduced. In this design, we use a very conservative
unit capacitance value of 100 fF to avoid nonlinear effects at the
array-to-comparator interface in our Þrst prototype.

The advantage of the use of SOI/SOS technologies is that the
split-capacitor array architecture of Fig. 2 is obtainable without
the complications of substrate parasitics. This architecture is
very sensitive to any size error of the capacitor in Fig. 2.
In standard bulk CMOS technologies, a truly ßoating coupling
capacitor is not available, as one capacitor plate is facing the
substrate, and thus accurate sizing is complicated and requires
a very well-characterized process. The split-capacitor array can
be obtained in the CMOS process as well, but it is complicated
by the precise matching of the ßoating capacitor, since the sub-
strate parasitics have to be taken into account. For this reason,
the split-capacitor arrays is seldom used in standard CMOS [8].
In SOS instead, split-capacitor arrays are easily obtainable and
do not require precise characterization.

IV. COMPARATOR DESIGN IN SOS

In our prototype, we used a standard high-speed comparator
design [8], but innovate in the use of multiple threshold devices.
The comparator (Fig. 4) uses an active load for fast switching.
Zero-threshold MOS transistors are employed at the input stage
(M1 and M2). Zero-threshold devices do not have a threshold
adjustment implant and thus they are better matched compared
to regular threshold devices. In addition, intrinsic-type transis-
tors provide more transconductance. The load PMOS transis-
tors M3ÐM6 are also of the intrinsic type. This provides better
matching in the currents of the two branches of the differential
ampliÞer, and the zero-threshold allows for operation close to
the rail voltage. In addition, the active load provides high dif-
ferential gain and a differential output for the next stage. The
output of the comparator is a self biasing differential ampliÞer
[8]. The digital output signal is strobed using the outstrb line
(see the comparator strobe in Fig. 2), which activates the output
only when a comparison is in process. Switches are all designed
using regular threshold transistors.

The offset of the comparator was measured to be 15 mV with
small M1 and M2 m and has the effect of com-
pressing the input voltage range. The comparator was optimized
for speed and not power consumption. It is therefore inefÞcient



860 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMSÑ II: EXPRESS BRIEFS, VOL. 53, NO. 9, SEPTEMBER 2006

Fig. 4. Fast comparator circuit.

Fig. 5. ADC differential nonlinearity at 1 kHz.

at low conversion rates. We are targeting a low-power SOS com-
parator for our next generation of SA-ADCs.

V. EXPERIMENTAL RESULTS

The SA-ADC occupies an area of 450 315 m and oper-
ates with a power supply of 3.3 V. A micrograph of the core die
is given in Fig. 1. The reference voltage was set to 2.7 V
throughout testing. The power consumption of the chip is di-
vided into analog and digital parts. The analog power supply
provides currents for charging the capacitors, the DAC, and the
comparator. The digital power supply provides current to the
digital logic, clocking logic, and output buffers. The power dis-
sipation of the analog circuits is 0.8 mW over the operational
range of 1 kHz to 32 MHz. Digital power consumption accounts
for 0.79 mW at 1ÐkHz operation and increases with the fre-
quency because of the output buffers and capacitive load from
the output pads (25 pF). The digital power consumption is al-
most completely due to driving the 8-bit parallel output and can
be neglected if the output is used on-chip. In fact, the dynamic
digital logic used in the control unit consumes 38 W at 3 V and
running at 32 MHz (from simulations). A portion of the digital
power consumption is used by the digital interface of the com-
parator. The following equation gives an empirical function for
the digital power consumption :

[Hz] [mW]

Fig. 6. ADC integral nonlinearity at 1 kHz.

The circuit has been tested with clocks between 500 Hz
to 32 MHz, which corresponds to a sampling frequency of
19 S/sÐ1.23 MS/s; one data conversion necessitates 26 clock
cycles. The SA-ADC performed with an average of 0.18 LSB
differential nonlinearity (DNL) and a mean integral nonlin-
earity (INL) of 0.87 LSB. Figs. 5 and 6 show plots of measured
DNL and INL, respectively, as a function of the output digital
code. The data were collected at a clock frequency of 1 kHz,
corresponding to a sampling frequency of 38 S/s. The effective
number of bits (ENOBs) for the data converter is eight for
operational frequency of up to 3 MHz (115 kS/s) and with

V. This number decreases to 7 b at a clock frequency
of 10 MHz (384 kS/s). At faster speeds, the precision drops
due to insufÞcient settling time for charging and discharging
of the capacitor array as well as comparator settling time. The
total harmonic distortion (THD) was measured sampling a
2-V peak-to-peak 1-kHz sine wave with a 1.38-MHz clock
(53 KS/s). A plot of the measured fast Fourier transform (FFT)
spectrum for the sampled 1-kHz waveform is given in Fig. 7.
THD was measured to be 29.42 dB. The spurious free dy-
namic range (SFDR) for the same input was measured to be
29.09 dB. The scaling capacitor in Fig. 2 introduces a
scaling error that limits the harmonic-distortion performance
of the ADC. The input signal range is 2.1 V (0.2Ð2.3 V) using
a 3.3-V power supply with set to 2.7 V.
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Fig. 7. Measured FFT spectrum for a 1-kHz sine waveform (2 Vpp) sampled
at 53 KS/s.

TABLE I
PERFORMANCE SUMMARY

VI. SUMMARY

A common Þgure of merit (FOM) used to compare ADC de-
signs is given in [10]

FOM (2)

The FOM value for the SOS ADC at 3.3-V operation is
Hz/W, excluding the output pad drivers digital power. The

ADC can operate at a minimum of 1.5 V and a FOM of
Hz/W. A summary of the ADC characteristics is given

in Table I. The proposed SOS SA-ADC provides an 8-bit dig-
ital output, but effectively only 7 b are signiÞcant data, due to
the low THD. The low THD and SFDR are due to the split-ca-
pacitor architecture and the use of a scaling capacitor. Our Þrst
SA-ADC prototype provides a sampling rate that is ten times
higher than that of more recent ultralow-power SA-ADCs, and
its FOM is approximately ten times worse [4], [11], [12]. The
advantages of the use of SOI/SOS technology for the design of
SA-ADCs is the reduction in parasitic capacitance in the capac-
itor array and its interconnect. This feature simpliÞes the design,
thus eliminating the need for careful postlayout assessment of
the parasitics and multiple design iteration that is typical of bulk
CMOS.

In future design iteration, we plan to characterize the
matching properties of the scaling capacitor of the split array.
We also plan to design a comparator optimized for low-power
operation and to provide a serial output to the ADC data.
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