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TIME-INTERLEAVED PIPELINED-SAR 
ANALOG TO DIGITAL CONVERTER WITH 

LOW POWER CONSUMPTION 

FIELD OF THE INVENTION 

The present invention relates to an analog to digital con 
verter (ADC), and more specifically to a two-step time-inter 
leaved successive approximation register (SAR) ADCs. 

RELATED ART 

Typically, an analog-to-digital converter (ADC) is used to 
convert an input analog Voltage (or current) to a digital num 
ber proportional to the magnitude of the Voltage or current. 
A pipelined ADC is a type of ADC including sequence of 

stages with each stage containing a Sub-ADC that generates a 
residue signal needed to be amplified as an input to the next 
Stage. 
The power effectiveness of a traditional two-step or pipe 

lined ADC drops for resolution higher than 10-bit and the 
sampling rate of 50-100 MS/s because of the power required 
by the op-amp(s). The problem becomes more evident with 
nanometer CMOS technologies because high-gain op-amps 
are difficult to design. With resolution less than 10-bit, a SAR 
ADC has high power performance with Sampling rate around 
50MS/s. However, when the resolution goes above 10-bit and 
the speed is several tens of MHz, the power performance 
drops sharply. There is a need to provide a power effective 
ADC to solve this problem. 

SUMMARY OF THE INVENTION 

Therefore, the object of the present invention is to provide 
a low power consumption ADC. 

According to one embodiment of the present invention, an 
analog-to-digital converter (ADC) circuit comprises multiple 
time-interleaved Successive approximation register (SAR) 
ADCs. Each of the multiple time-interleaved SAR ADCs 
comprises: a first stage SAR sub-ADC for coarse conversion, 
the first stage SAR sub-ADC receiving and converting an 
analog input signal to generate a first digital code and a 
residue signal; a residue amplifier for amplifying the residue 
signal generated by the first stage SAR sub-ADC to output an 
amplified residue signal, wherein the residue amplifier is 
shared between the multiple time-interleaved SAR ADCs; a 
second stage SAR sub-ADC for fine conversion, the second 
stage SAR sub-ADC receiving and converting the amplified 
residue signal to generate a second digital code; and a digital 
error correction logic for receiving and combining the first 
digital code generated by the first stage SAR sub-ADC and 
the second digital code generated by the second stage SAR 
Sub-ADC to generate digital representation of the analog 
input signal. The residue amplifier is a single-stage operation 
amplifier having a low gain and operating in Sub-threshold. 
The gain of the residue amplifier is less than 32 so that the 

requirements of the gain, the signal amplitude, the noise, the 
accuracy, the power consumption and the speed of the residue 
amplifier are relaxed. Preferably, the gain of the residue 
amplifier is 8. 
The first stage SAR sub-ADC comprises a digital to analog 

converter (DAC) and the digital to analog converter includes 
a capacitor array that has triple usage to perform input Sam 
pling, SAR Sub-ADC conversion and residue generation so 
that input capacitive load, chip area and power consumption 
can be reduced as a result of elimination of extra capacitor 
arrays. 
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2 
The residue amplifier in the sub-threshold operates at a 1-V 

Supply. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an analog to digital converter 
(ADC) according to an embodiment of the present invention. 

FIG. 2 is a timing diagram illustrating the time relationship 
of the operation of the analog to digital converter in FIG. 1. 

FIG.3 is a block diagram of a first stage SAR sub-ADC and 
a residue amplifier according to an embodiment of the present 
invention. 

FIG. 4 is a block diagram of a second stage SAR sub-ADC 
according to an embodiment of the present invention. 

FIG. 5 is circuit schematic of the residue amplifier accord 
ing to an embodiment of the present invention. 

DETAILED DESCRIPTION 

A preferred embodiment of the present invention will be 
described hereinafter with reference to the accompanying 
drawings. 

Reference is now made to FIG.1. FIG. 1 is a block diagram 
of an analog to digital converter (ADC) according to an 
embodiment of the present invention. A two-step time-inter 
leaved successive approximation register (SAR) ADC circuit 
10 with 11-bit resolution and 60 MS/s sampling rate is shown 
in FIG.1. The ADC circuit 10 includes two time-interleaved 
two-step SAR ADCs. Each of the SAR ADCs comprises a 
first stage SAR sub-ADC 11, a second stage SAR sub-ADC 
12, a residue amplifier 13 and a digital error correction logic 
14. 
The first stage SAR sub-ADC 11, which is a 6-bit ADC, 

receives an analog input signal V, and converts the analog 
input signal V to generate a 6-bit digital code. Thus, the first 
stage SAR sub-ADC 11 converts the coarse 6-bit code. The 
first stage SAR sub-ADC11 also generates a residue signal to 
be amplified by the residue amplifier 13 for the next stage fine 
conversion. 
The residue amplifier 13 is a single-stage op-amp with a 

gain of 8 and amplifies the residue signal generated by the first 
stage SAR sub-ADC 11. The amplified residue signal is then 
provided as an input to the second stage SAR sub-ADC 12. 
The residue amplifier 13 is shared by the two time-interleaved 
two-step SAR ADCs. That is, the two time-interleaved two 
step SARADCs use the same residue amplifier. 
The gain of the residue amplifier should be normally 32 to 

comply with the 6-bit of the first stage SAR sub-ADC 11. 
However, high output Swing in the op-amp would constrain 
the low-voltage op-amp architecture. A suitable trade-off is to 
use a gain of 8. With the reduced gain of 8, the residue 
amplifier 13 has a low output swing, the benefit is that the 
requirements of the gain, the signal amplitude, the noise, the 
accuracy, the power consumption, the speed and the Swing of 
the op-amp are all relaxed with respect to what 32xamplifi 
cation needs. The low output Swing enables using a telescopic 
gain-boosted cascode, shared between the time-interleaved 
paths. 
The second stage SAR sub-ADC 12, which is a 6-bit ADC, 

receives the amplified residue signal from the residue ampli 
fier 13 and converts the amplified residue signal to generate a 
6-bit digital code. Thus, the second stage SAR sub-ADC 12 
converts the fine 6-bit code. 
The digital error correction logic 14 receives and combines 

the coarse 6-bit digital code generated by the first stage SAR 
sub-ADC 11 and the fine 6-bit digital code generated by the 
second stage SAR sub-ADC 12 to output a 11-bit digital code 
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to a multiplexer. The comparator offset in the first stage SAR 
Sub-ADC 11 and the second stage SAR sub-ADC 12 can be 
corrected by use of the digital error correction logic 14. 

Reference is now made to FIGS. 2 and 3. FIG. 2 is a timing 
diagram illustrating the time relationship of the operation of 5 
the ADC circuit 10 in FIG. 1. FIG.3 is a block diagram of the 
first stage SAR sub-ADC 11 with the residue amplifier 13 in 
FIG 1. 

In FIG. 3, the first stage SAR sub-ADC 11 comprises a 
6-bit digital to analog converter (DAC), a comparator 15, a 
Successive approximation register (SAR) logic 16. As shown 
in FIG. 3, an array of 8 unity capacitors and a 4-bit reference 
ladder circuit make the 6-bit DAC. 

In the SAR architecture of the first stage SAR sub-ADC 11, 
the SAR logic 16 operates to control the output of the 6-bit 
DAC and outputs the coarse 6-bit digital code to the digital 
error correction logic 14. The residue signal to be amplified 
by the residue amplifier 13 is generated by the 6-bit DAC. 
A process-tracked biasing network (not shown) generates 

V for setting the proper value of the input common-mode 
Voltage. The DAC capacitor array (the 8 unity capacitors 
array) is pre-charged to the input signal during time-slot des. 
Then, the 6-bit SAR conversion is performed during the 
remaining time slot d. At the end of the conversion, the 
residue charge remains on the top-plate of the DAC capacitor 
array. That charge is integrated on a unity capacitance of the 
DAC capacitor array for performing the 8x residue amplifi 
cation during time slot d. 
The residue amplifier 13 is shared between the two time 

interleaved paths. The time-interleaving enables a double use 
of the DAC capacitor array of the first stage SAR sub-ADC 
11. That is, the DAC capacitor array operates to perform the 
input sampling, SAR sub-ADC conversion and the residue 
generation. Therefore, the signal sampled for coarse conver 
Sion is reused for the residue generation. Only one capacitor 
array is needed to achieve the sampling, the ADC conversion, 
the DAC conversion and the residue amplification in the first 
stage SAR sub-ADC 11. This feature reduces the input 
capacitive load and power consumption and avoids error 
caused by clock misalignment in sampling the input for the 
coarse conversion and the fine conversion. The S/H reuse 
allow the use of bigger unity capacitance that improves the 
interleave path matching. 

Reference is now made to FIG. 4. FIG. 4 shows the second 
stage SAR sub-ADC 12. In FIG. 4, the second stage SAR 
Sub-ADC 12 comprises a 6-bit digital to analog converter 
(DAC), a comparator 17, a successive approximation register 
(SAR) logic 18. As shown in FIG. 4, an array of capacitors 
and a 2-bit reference ladder circuit make the 6-bit DAC. The 
capacitors 8C and 16C are not part of the second stage SAR 
Sub-ADC 12 but perform a scaling by 4 of the reference 
Voltages as required by the lower inter-stage gain of residue 
amplifier 13. 

In the SAR architecture of the second stage SAR sub-ADC 
12, the SAR logic 18 operates to control the output of the 6-bit 
DAC and outputs the fine 6-bit digital code to the digital error 
correction logic 14. The second stage SAR sub-ADC 12 
performs the conversion during time slotd. 

Reference is now made to FIG.S. FIG. 5 shows the circuit 
schematic of the residue amplifier 13. The residue amplifier 
13 operates in sub-threshold. In the residue amplifier 13, the 
transistors are kept in the sub-threshold, thus minimizing 
overheads and making possible a 1-V supply. Thanks to the 
Sub-threshold operation, the gate-source Voltage (V) of the 
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4 
transistor T1 can be set quite close to the override voltage 
(V) of the transistor T2 so that the headroom needed by the 
telescopic gain-boosted op-amp is not increased. The reduc 
tion of gain and the sub-threshold operation in the residue 
amplifier 13 enable the use of a power-effective, single-stage 
op-amp. 

In Summary, the present invention provides low power 
consumption time-interleaved two-step SAR ADCs whose 
optimal region of operation is in the higher resolution and the 
higher speed range instead of single-step dynamic SARDAC 
whose optimal region of operation is in the medium resolu 
tion and the lower speed range. In the present invention, the 
single-stage residue amplifier shared between the time-inter 
leaved paths has a reduced gain of 8 and operates in sub 
threshold to achieve the power effective design. 
The present invention is not limited to the above descrip 

tion. One skilled in the art may make various modifications to 
the details of the embodiment without departing from the 
scope and the spirit of the present invention. 
What is claimed is: 
1. An analog-to-digital converter (ADC) circuit, compris 

1ng: 
multiple time-interleaved successive approximation regis 

ter (SAR) ADCs, each of the multiple time-interleaved 
SAR ADCs comprising: 
a first stage SAR sub-ADC for coarse conversion, the 

first stage SAR sub-ADC receiving and converting an 
analog input signal to generate a first digital code and 
a residue signal; 

a residue amplifier for amplifying the residue signal 
generated by the first stage SAR sub-ADC to output a 
amplified residue signal, wherein the residue ampli 
fier is shared between the multiple time-interleaved 
SARADCs: 

a second stage SAR sub-ADC for fine conversion, the 
second stage SAR sub-ADC receiving and converting 
the amplified residue signal to generate a second digi 
tal code; and 

a digital error correction logic for receiving and combin 
ing the first digital code generated by the first stage 
SAR sub-ADC and the second digital code generated 
by the second stage SAR sub-ADC to generate digital 
representation of the analog input signal; 

wherein the residue amplifier is a single-stage operation 
amplifier having a low gain and operating in sub 
threshold. 

2. The analog-to-digital converter circuit according to 
claim 1, wherein the low gain of the residue amplifier is less 
than 32 so that the requirements of the gain, the signal ampli 
tude, the noise, the accuracy, the power consumption and the 
speed of the residue amplifier are relaxed. 

3. The analog-to-digital converter circuit according to 
claim 2, wherein the low gain of the residue amplifier is 8. 

4. The analog-to-digital converter circuit according to 
claim 1, wherein the first stage SAR sub-ADC comprises a 
digital to analog converter (DAC) and the digital to analog 
converter includes a capacitor array that has triple usage to 
perform input sampling, SAR sub-ADC conversion and resi 
due generation so that input capacitive load, chip area and 
power consumption can be reduced. 

5. The analog-to-digital converter circuit according to 
claim 1, wherein the residue amplifier in the sub-threshold 
operates at a 1-V supply. 


