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Abstract- Main building blocks of a SAR-ADC are: sample &
hold circuit, comparator, timing and logic control which is
mainly SAR logic, DAC (Digital to Analog Converter) in the
feedback loop of ADC. For low-power applications designer
needs to come up with a compromise among speed, resolution
and speed. In this paper a SAR-ADC is designed in 0.18um
CMOS technology in such a way that the total power is
minimized while medium sampling rate and 8 bit resolution are
achieved. A passive sample-and-hold stage and a capacitor-based
digital-to-analog converter are used to avoid use of current to
voltage converter. This design is suitable for standard CMOS
technology with low-power low-cost VLSI implementation. It is
well applied when embedded into system-on-chip (SOC) circuit
designs.

Index Terms-Analog-to-digital converters (ADCs), CMOS
analog integrated circuits, low power, low supply voltage,
successive approximation.

[. INTRODUCTION

ODAYS trend in mixed-signal ASICs leads to integration

of Analog-Digital-Converters (ADCs) with complex
digital circuitry on a single chip. ADCs are a key element in
mixed-signal ICs. The SAR architecture has the advantage of
low power consumption at medium speed and medium
resolution. With the charge redistribution technique it is
possible to use self calibration to increased accuracy beyond
device mismatching limits. Compared with other popular
types of ADC architecture, successive approximation register
(SAR) ADC provides numbers of advantages. With only one
comparator in the whole system, SAR can achieve the demand
for low power consumption.
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Fig. 1. Overall system Architecture of SAR-ADC
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High resolution and accuracy can be achieved using
capacitor array during data conversion. Considering these
factors, SAR becomes an ideal component for some portable
or battery-powered instruments. The overall system
architecture is shown in “Fig.1”. We designed and
implemented all the blocks of SAR-ADC and results are
validated using CADENCE Virtuoso Analog Design
Environment IC (5.0.33/5.1.41) tool.

II. CONVERTER PRINCIPLE

Successive Approximation Converter based on a Charge
Redistribution Principle is characterized in “Fig. 2”. Binary
weighted capacitors are used for the DAC. The switching
point of the comparator is independent of the value of the
input signal. During conversion, at the comparator input
positive and negative voltages V¢ referred to analog ground
occur, whose magnitude is continuously decreasing with the
number of conversion steps performed within a complete
conversion cycle. Consequently, at the end of the conversion
cycle, i.e., when highest precision is demanded, both
comparator inputs are operated near analog ground [1].

Fig. 2. SAR-ADC Based on a Charge Redistribution Principle
III. THE SAMPLE & HOLD CIRCUIT DESIGN

The Sample & Hold circuit is completely passive. It
contains just a sampling switch, a dummy switch, a sampling
capacitor and two clock buffers “Fig. 3”. The passive S/H
circuit gives a simple solution to the requirements of both
small offset and wide input bandwidth of the SA-ADC to be
used in an ADC array [2].
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Fig. 3. Passive Sample & Hold Circuit
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In this architecture “Fig.3”, one dummy switch is used to
minimize clock feed through error [3]. The theory behind this
technique is that if the width of M1 is one half of MO
transistor, and clock wave form is fast enough then charge will
cancel. The “Fig.4”, shows the schematics of Sample and
Hold circuit. The value of holding capacitor is 1pF.

Where transistor MO operating in linear region, the
condition for operating in linear region is

Ves >V, (D
Vos <Vpsar =Vas =V (2)
w V
lps = KT(VGS —Viy _%SJVDS )
Where,
K' = 1.C.., Vss = Gate Source Voltage,
V= Supply Voltage, V; = Threshold voltage
K'w
gm= TT(VGS —Viy ) )

wout

Fig. 4. Schematic of Sample-and —Hold Circuit

The calculated value of W/L for MO & M1 is given in Table I
The “Fig.5”, shows the simulation result of S&H circuit
“Fig.4”.

TABLE I
ASPECT RATIO OF SAMPLE & HOLD CIRCUIT
Transistor w L
MO 2u 0.5u
Ml lu 0.5u
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Fig. 5. Output Wave form for selected Sample-and Hold Circuit

III. CAPACITOR ARRAY DAC

The Binary weighted Capacitor DAC or Charge scaling
DAC architecture is as shown in “Fig.6”.In this architecture, a
parallel array of the binary weighted capacitors is connected
[3],[8]. The voltage output, Vour, can be expressed as relation

©)
Vour = KVgee D (6)

Where, Vour is the analog voltage output, Vygr is the
reference voltage, K is a scaling factor and the digital word D
is given by relation (7)
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N is the total number of bits of the digital word, and bi is
the i" coefficient and is either 0 or 1. The relation (8) gives the
value of Vgyr for any digital word.

Vout = L eref (8)
(2C -Ceq)+Ceq
Where, Ceq is the capacitors whose bits are set.

Fig. 6 Architecture of Charge Scaling DAC

We have implemented the architecture shown in “Fig.6”
using CMOS capacitors and transistor switches as shown in
“Fig.7”, which is simulated using CADENCE Analog Design
Environment. The values of capacitors Cysg........ Crgp are
used as a multiple of unit capacitor of 20fF. Here we are
assuming the unit capacitance is 20fF. The calculated values
of all capacitors are given in Table II.

. . . . . - - »
. ,o [ T "o " . .,
= -t A B Y0 L P el O L el 0
. . . . . . . .
. (3 . E . . .
¢ A§ H A8 A A¢
-r . . R - - -’ -
w V ¥ & ¥ v
— fo. =) | = =
EX A X ER B B A e BE
- - Attt .. - —
- * - - - - * .

Fig. 7. Schematic of Charge scaling DAC
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IV. DAC SWITCH DESIGN

This design is used to reduce charge injection and clock
feed through errors by complimentary PMOS and NMOS
switches shown in “Fig.8”. All MOS transistors are operating
in linear region [4],[5].

The “Fig. 8” shows a unit capacitor connecting to Vggr
when bit-1 is set (High). Switch-1 PMOS, NMOS
combination goes ON and connects to Vygr.

Fig. 8. DAC Switch architecture

Switch-2 PMOS, NMOS combination goes ON and
connects to ground when bit-1 is reset [4],[6]. We have
calculated the W/L of switch transistors and is given in Table
I
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Fig. 9. Schematic of DAC switches

The “Fig. 9” shows implementation of DAC switch. The

Ron resistance of PMOS and NMOS transistor can be
calculated using relation (9).
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Fig.10 DNL plot for Charge Scaling DAC
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The Charge Scaling DAC is simulated in 0.18um CMOS
process. The threshold voltages are 0.327 V for the nMOS and
-0.4064V for the pMOS device. From “Fig.10”, and “Fig.11”,
it is observed that a value of DNL is+0.7LSBand INL is

+0.8LSB respectively.

V. COMPARATOR

The comparator is designed as a simple regenerative reset
able circuit “Fig. 127, [1],[8] followed by inverters for signal
level recovery. This type of comparator is use positive feed
back bi-stable element to compare two signals. The advantage
of this circuit is that there is no steady state power
consumption. The only current will be the one required by
bias circuit. The design approach is based on slew rate and
optimum propagation delay constraints. Apart from offset
related issues, the comparator is working as expected.

The bias current can be controlled by the bias transistor is
as shown in “Fig.13”, both transistor M2 and M3 is operating
in saturation region and drain current of M2 and M3 can be
given by equation (10)

K'w
lps = 7T(VGS Vi )2 (1 +AVps )

We have assumed 2uA bias current to calculate the W/L
ratio of the transistor M2 & M3. The aspect ratios of transistor
M2 & M3 given in Table IIl. The complete schematic of
comparator is as shown in “Fig.12”.
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Fig. 12. Schematic of Regenerative Comparator
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TABLE II
DAC SWITCHES SIZES AND ON RESISTANCES

For 0.18um Technology
Capacitor Cc7 Co6 C5 C4 C3 Cc2 Cl CO0
(MSB) (LSB)
Capacitor 2.56pF 1.28pF 640fF 320fF 160fF 80fF 40fF 20fF
Value
NMOS/PMO
S Switch Size | 0.27/0.18 0.27/0.18 0.27/0.18 0.27/0.18 | 0.27/0.18 0.27/0.18 0.27/0.18 0.27/0.18
inum
Ron (NMOS) 2.04K 2.04K 2.04K 2.04K 2.04K 2.04K 2.04K 2.04K
Ron (PMOS) 2.96K 2.96K 2.96K 2.96K 2.96K 2.96K 2.96K 2.96K

Fig. 13 Schematic of Biasing current source

The current Ip or bias current split in to Ip; and Ip, which
flows through M4 and M5 respectively in differential pair
transistor. This two current are depends on Vinl and Vin2.
Which can be expressed as relation (11).

L
|D=0.5|D+0.25|<'V%Av(4'0W—AVZJ2 (1)

KL
Where AV =Vin1 —Vin2
The (regenerative) decision making circuit is the heart of
any clock comparator where two pair of transistors are used
for making decision.

TABLE III
TRANSISTOR SIZE
Circuit MOS W L
Bias Current M2 2u 0.4u
Source M3 0.33u 0.4u
Differential M4 0.4u 0.18u
Pair M5 0.4u 0.18u
Switches M6,M7 0.35u 0.18u
M8,.M9 0.27u 0.18u
Pyios 3u 0.18u
Inverter Nuios 123u 0.18u

The decision making circuit is as shown in schematic in
“Fig.12”. In the schematic both M6 and M7 are acting as a
switch and this two transistor operating in linear region. And
similarly transistor M8 and M9 is the heart of decision making
circuit this two transistor are also operating in linear region the
aspect ratio of this four transistor can be calculated by relation

(3). Considering VDD=1.8V and maximum current 2uA.The
calculated W/L is given in Table III.

The output stage of comparator is nothing but the inverter
for high output impedance. The aspect ratio of inverter is also
given in Table III.

The simulation result of comparator is given in “Fig.14”,
where Vin2 is used one Ramp signal as a input for simulation
and Vinl is as a fixed input. The simulation result clearly
show that when Vinl> Vin2 and clock is low the Vout2 is low
and when clock is high then Vout2 is always high. So we
conclude that this comparator is working when clock is not
present.
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Fig. 14. Output waveform of Regenerative comparator

VI. SAR LOGIC DESIGN

A successive approximation register (SAR) is a digital
control circuit, which is implemented using D flip-flop. We
have designed D flip-flop using Verilog-A code. It has a
parallel world output, which is connected to the input of an n-
bit D/A converter. The input of the SAR is a one bit digital
signal, which is taken from the output of the comparator. To
start the conversion, MSB in the SAR is set to 1 and all the
other bit are set to 0. If the input is higher than the output of
DAC then MSB of the SAR is set to dO=1 other wise d0=0.
The content of SAR is changed to [dO 1 O....... 0] in the
second step, and [dO dl 1 0....0] in the third step. The
procedure of the successive approximation is continued until
the desired accuracy is reached. The classic SAR algorithm
flow chart is as shown in “Fig. 15” and the logic diagram of
successive approximation register is shown in “Fig.16”.
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Fig. 16. logic diagram of successive approximation register

VII. CONCLUSION

A successive approximation converter suitable for
operation at low supply voltage is designed in a standard
0.18um CMOS technology. We design all the building blocks
of SAR-ADC using transistors with threshold voltages of
approximately 0.327V for NMOS and — 0.4064 for PMOS.
The simulation results indicate that the circuit achieves 8-bit
monotonic conversion at high speed with differential
nonlinearity less than 1 LSB. This device is suitable for
standard CMOS technology VLSI implementation. These
results are validated using CADENCE mixed signal Virtuoso
Analog Design Environment IC (5.0.33/5.1.41) tool.
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