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A 10-bit low power SAR A/D converter based on 90 nm CMOS*
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Abstract: Traditional and some recently reported low power, high speed and high resolution approaches for SAR
A/D converters are discussed. Based on SMIC 65 nm CMOS technology, two typical low power methods reported in
previous works are validated by circuit design and simulation. Design challenges and considerations for high speed
SAR A/D converters are presented. Moreover, an R—C combination based method is also addressed and a 10-bit SAR
A/D converter with this approach is implemented in SMIC 90 nm CMOS process. The DNL and INL are measured
to be less than 0.31 LSB and 0.59 LSB respectively. With an input frequency of 420 kHz at 1 MS/s sampling rate,
the SFDR and ENOB are measured to be 67.6 dB and 9.46 bits respectively, and the power dissipation is measured

to be just 3.17 mW.
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1. Introduction

A/D converters are pivotal building blocks in SoCs
(system-on-chip) and have been widely used in HDTV, GSM
and UWB communication systems. SAR A/D converters are
especially popular for wireless communications, touch screen
controllers and wireless sensor networks due to their simple ar-
chitecture, small area and eaziness to be integrated with other
IC blocks!! 31, There are many types of state-of-the-art SAR
A/D converterst> 4719 In Refs. [4, 5], 10-bit SAR A/D con-
verters are realized based on a combination of resistor ladder
and capacitor array. And several low power approaches have
been proposed!® 7!, Before, due to their inherent not very high
sampling rate, SAR A/D converters were just used in low to
medium speed systems[&%. But recently, as in Refs. [1, 10],
high speed SAR A/D converters have been realized with the
time-interleaved approach.

With regard to more stringent requirements coming with
the improved technology of SoC design, many novel ap-
proaches of high speed, high resolution and low power con-
version for SAR A/D converter have been proposed in pre-
vious works. Thereby, in this paper, the previous designs are
reviewed and studied. Discussions will not only be on the oper-
ation principles of these approaches but some challenges and
considerations during the circuit design. Based on SMIC 65
nm CMOS technology, two typical low power methods re-
ported in previous works are validated by circuit design and
simulation. This is the first time that low power theories have
been researched and compared based on 65 nm CMOS tech-
nology. With silicon feature dimensions downscaling into the
nanometer scale, this research is of great importance to the de-

EEACC:

1280; 2570

velopment of embedded IP cores. Lastly, an R—C combination
based approach is introduced and it is compared with tradi-
tional approaches. A 10-bit SAR A/D converter with this ap-
proach is implemented in SMIC 90 nm CMOS process. The
measurement shows that it is very applicable to embedded
SoCs.

2. Description of SAR A/D converter

An SAR A/D converter is illustrated in Fig. 1. It con-
sists of an S/H circuit, a comparator, an SAR control unit and
a D/A converter. Its operation is based on a “binary search”
algorithm. The analog input is sampled and compared with
the output of the D/A converter, which is under the control
of the logic circuit. The reference voltage at particular stage
depends on the value of the calculated bit. The reference volt-
age is calculated with the formula: b, Viet/2! + bp_n Ve /2% +
by Veet/23 + - -+ + boVier/2", where n is the resolution of the
converter. The digital outputs can then be sequentially gener-
ated by these comparisons.

SAR A/D converters can usually be implemented with
either voltage scaling or charge redistribution approaches.
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Fig. 1. Architecture of SAR A/D converter.
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Fig. 2. Voltage scaling approach.
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Fig. 3. Charge redistribution approach.

Figure 2 shows the architecture of a voltage scaling SAR A/D
converter. A resistor string is used to divide the voltage refer-
ence into multiple voltages for comparison with the sampled
input. For this type of converter with more than 8-bit reso-
lution, high performance can hardly be achieved due to the
correspondingly bad matching performance of the resistors.

The charge redistribution approach is illustrated in Fig. 3.
Its internal D/A converter is realized with a capacitor array.
Since capacitors have an inherent S/H function and are easier
to match than resistors, this method is more popular than the
voltage scaling approach.

3. Low power approaches for SAR A/D convert-
ers

In wireless sensor networks and wireless communication
systems, designing low power A/D converters is one of the
major challenges!"-?! Compared with the voltage scaling ap-
proach, charge redistribution D/A converters are more suitable
for low power applications because capacitors have no static
consumption. In this part, two recently reported low power ca-
pacitor arrays for charge redistribution SAR A/D converters
are discussed, and validated based on 65 nm CMOS technol-

ogy.
3.1. Capacitor splitting approach!®!

Figure 4(a) is a 2-bit sample with traditional charge redis-
tribution approach. From Fig. 3, we know that V, equals —V;,
during the hold step. When the converter enters the charge re-
distribution step, C; in Fig. 4(a) is switched to Vi to gener-
ate Dy. If Vi, > Viet/ 2, D, = “17, and then the capacitor C;
will also be connected to Vi to decide D; (an “up” transi-

0O
Il

G,
T L &V"
B "down"

-~
<
il

(b) —
Fig. 4. Operation of (a) traditional charge redistribution approach and
(b) capacitor splitting approach.

tion shown in Fig. 4(a)). During this transition, energy should
be drawn from V. to change the state of the capacitor array.
Based on the capacitor energy formula:

153 153
EChange = f ref Vierdt = Vreff irerd?
fn a1

= Vref(Qtz - Qll)’ (1)

the energy drawn from V. during the “up” transition can be

= Vref Qn b

computed as follows:

Eup = Vref(QC1,11—>tz + QCz,[l—ﬂz)

xr

Here, Qc, -1, and Qc, -, represent the charge changes of
Cj and C, during the “up” transition.

If Vin < Viet/2, D, = “0”, and then, to generate Dy, C,
is connected to ground while C| is switched to Vit (a “down”
transition shown in Fig. 4(a)). In this process, only C; needs to
be charged by Vit. From Eq. (1), the energy drawn from V¢
in this process can be derived as below:

1
VietCo = ZCOVrzef~ 2)

= Vref

3 (1 5.,
Edown = Vref |:Z - (_5):| COVref - ZC()Vref' (3)
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Fig. 5. Two-step approach.

It is five times the energy dissipated in the “up” transition. This
occurs because all of the charge initially on C; is discharged
to ground, but all the charge that ends up on C| must be deliv-
ered from V.. To reduce energy dissipation in the “down”
transition, a capacitor splitting approach is presented in
Ref. [6].

Figure 4(b) is a 2-bit sample with the capacitor splitting
approach. The MSB capacitor C, is split into C,_ | and C ¢ in
parallel, where C;, ;| = Cy, Ca,9 = Cy. During the “down” tran-
sition, what needs to be done is just to switch C,,; to ground
directly, thereby avoiding charging any capacitor to V. The
energy required is just to drive the state change of C, . It can
be computed with Eq. (1) as below:

3 1 1
Edown,Split = Vref (_ - E) C()Vref = ZCOVrzef‘ (4)

4
Compared with Eq. (3), the capacitor splitting approach con-
sumes less energy in the “down” transition. For an A/D con-
verter with this approach, the k-th bit capacitor Cy, is realized
by Cy + C; + --+ + Ci—1. This methodology guarantees that
only one capacitor needs to be switched. For each bit cycle,
the energy consumed in the “down” transition is identical to
that consumed in the “up” transition.

3.2. Two-step approach!”!

In the traditional charge redistribution approach, a large
amount of energy is consumed in the decisions of upper bits
which correspond to large size capacitors. The two-step ap-
proach proposed in Ref. [7] uses two capacitor arrays to decide
the upper bits and lower bits separately. In the decision of the
upper bits, smaller capacitors can be used in the coarse quan-
tization, so energy dissipation can be dramatically reduced.

Figure 5 shows a 4-bit sample with the two-step ap-
proach. In the sample step, Vi, is sampled by Cs, V, = Vj,.
When the converter enters the coarse quantization step, V, is
unchanged and V, is controlled to approximate V, for the de-
termination of bit-4 and bit-3. Since the coarse quantization
capacitor array is just to decide the first two bits, just 22Cy
is needed. During the fine quantization step, V, is kept un-
changed and V, is controlled to move towards V,, for the deci-
sion of bit-2 and bit-1. In Fig. 5, after the coarse quantization,
Cy is connected to Vi so V can be boosted by Vir/4, and
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Fig. 6. Switching energy of capacitor arrays in 10b A/D converters
with () traditional charge redistribution approach, (b) capacitor split-

ting approach, and (c) two-step approach versus digital code.

then, at the beginning of the fine quantization step, V,<<V,. A
4-bit capacitor array is used to meet the voltage resolution for
fine quantization. Since the upper bits have been generated, the
bottom plates of C3 and C4 are connected to ground during the
fine quantization step, causing no extra energy consumption.

3.3. Discussion and considerations

With no extra sequence and area, the capacitor splitting
approach dissipates less energy in the “down” transition than
the traditional approach. But the improvement is just made for
the “down” transition, so the energy saving advantage would
be minimal at large output codes. Also, the layout design of
this approach is complex. Especially for higher resolutions,
linearity errors can be caused by coupling from so many in-
terconnection lines. The parasitic capacitances will influence
the overall performance of the converter. Shielding is a solu-
tion for minimizing the influence of the parasitic capacitances,
but careful layout design is still necessary to minimize the mis-
match due to the technological process, because any mismatch
between two capacitors will cause nonlinearity!!!> 121,

Due to the minimization of the capacitors corresponding
to the upper bits, the two-step approach can dramatically re-
duce the energy dissipation. But the LSBs must be obtained
by the complementary code of the fine quantization results,
and to meet the resolution of the fine quantization, more ca-
pacitors are required.

Based on SMIC 65 nm CMOS technology, three 10-bit
SAR A/D converters are designed with the traditional charge
redistribution approach, the capacitor splitting approach and
the two-step approach. In the two-step structure, a “5 MSBs
+ 5 LSBs” approach is utilized, and the capacitor splitting ap-
proach is combined with this structure to further reduce the
energy dissipation. Here, the value of unit capacitor Cy is SOfF.
Attention must be paid to the trade-off, where larger capacitors
consume more power dissipation and smaller ones make it dif-
ficult to realize good matching performance. Figure 6 shows
the simulated switching energy of capacitor arrays in the de-
signed converters. Compared with the traditional approach, the
capacitor splitting approach can save more energy at smaller
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Fig. 7. Scaling capacitor based approach.

output codes. The energy-saving advantage of the two-step ap-
proach is obvious in the full range.

4. High speed approaches for SAR A/D convert-
ers

With silicon feature dimensions downscaling into the
nanometer scale, high speed A/D converters have become
more important than ever in SoC design'*!. As we know, SAR
A/D converters are generally used in low sampling rate ap-
plications. However, approaches have been proposed for SAR
A/D converters to realize high sampling rates.

4.1. Scaling capacitor based approach !

The concept of the scaling capacitor based approach used
in Ref. [14] is to decrease the size of the MSBs’ capacitors.
Figure 7 shows an 8-bit sample with this approach. It combines
two 4-bit charge redistribution sub-D/A converters. The scal-
ing of the LSB sub-converter is accomplished through the scal-
ing capacitor Cs. Since the series combination of Cs and the
LSB array must terminate the MSB array or equal C, we find
that the value of the scaling capacitor, Cs, should be 16C/15.
The equivalent voltage of the MSB array, V;, and the LSB ar-
ray, V,, can be written as follows:

Vi = Viet (D7 X 8C + Dg X 4C + D5 X 2C + D4 X C)/15C,

and
Vo = Vit X (D3 X 8C + Dy X4C + Dy X 2C + Dy x C)/16C.

From the approximation principle for SAR A/D converters, at
the end of the conversion step, we have:

Vin X 16C =V, x C + V| x 15C.
After rearrangement, we obtain:
7
Vin = Vref Z Di X 2_(N_i)- (5)
i=0

With this approach, the sizes of the MSBs’ capacitors
are dramatically decreased. Thus, with careful optimization
of the switches connected to the capacitor array, a small time
constant of D/A conversion can be realized. Certainly, a high
speed comparator and logic circuit are also important in high
speed SAR A/D converters. In Ref. [14], a I0MS/s SAR A/D
converter has been realized with this approach.

4.2. Time-interleaved approach®!

The time-interleaved approach was initially proposed in
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Fig. 8. Time-interleaved approach.

Ref. [15]. As shown in Fig. 8, a time-interleaved A/D converter
consists of m parallel A/D converters, which are called “chan-
nel converters” and have the same sampling rate. Yet they op-
erate at interleaved sampling times, as though they were ef-
fectively a single A/D converter operating at m times higher
sampling rate. Recently, with this approach, SAR A/D con-
verters with a high throughput rate have been realized without
sacrificing their inherent low power merit - 10],

4.3. Design challenges and considerations

SAR A/D converters are generally used for medium to
high resolution, low sampling rate operations. An n-bit SAR
A/D converter requires at least n + 1 clock periods to produce
the output. Its speed is mainly limited by the settling time of
its internal D/A converter and the comparator. The compara-
tor must resolve small input differences within the specified
time. For the D/A converter, it must settle to within the reso-
lution of the overall converter. As we mentioned in part 2, the
charge redistribution approach is more popular. However, the
challenge of realizing a high speed SAR A/D converter with
this approach is the trade-off between choosing small size ca-
pacitors and realizing good linearity.

For the scaling capacitor based approach, it really can re-
alize higher speeds due to the decreased capacitor size. How-
ever, this approach is very sensitive to errors in the scaling
capacitor because the correct generation of LSBs is based on
accuracy of the scaling capacitor Cs. In fact, with standard
CMOS technologies, the substrate parasitic capacitances make
it hard to realize good matching performance and an accurate
Cs.

Time-interleaved SAR A/D converters can realize sam-
pling rates as high as flash converters!!”!, But their per-
formance is limited by the offset mismatch, gain mismatch
and sample time mismatch among time-interleaved channels.
Thus, careful layout, foreground calibration, digital filters or
trimming are usually used to minimize these mismatches. Ad-
ditionally, from comparison with a flash A/D converter in
Ref. [16], we must note that time-interleaved SAR A/D con-
verters are preferential to flash converters only when the reso-
lution is larger than a certain threshold.
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5. C—R combination based approach!* 5!

SAR A/D converters with no less than 10-bit resolution
are necessary for the touch-screen controllers used in GPS
and mobile phones?®!. But for traditional voltage scaling and
charge redistribution SAR A/D converters, with the resolu-
tion increasing, the total number of resistors or capacitors in
their D/A converters will also increase exponentially. There-
fore, many passive components make it difficult for them to be
integrated with other IC blocks in SoC design!!7l.

Figure 9 is a C—R combination based approach used in
Refs. [4,5]. A “5 MSBs + 5 LSBs” approach is utilized, where
the 5 MSBs are realized by a capacitor array, and the 5 LSBs
are realized by a resister ladder. In Fig. 9, C5 = 2C4 = 4C;
= 8C, = 16Cy, C; = Cp. In the sampling step, Vj, is sam-
pled by capacitors Cy—Cs with switches ShO-ShS5 connected
to Viy. During the conversion step, capacitor Cy is connected
to ground, and capacitors C;—Cs are switched to V¢ or ground
under the control of the logic circuit. Dg—Ds can then be gener-
ated. After Dy—Ds are generated, the resistor ladder is used to
generate Ds—D, with the switches S (—S3; controlled by logic
circuits. Then, with the approximation principle of SAR A/D
converters, at the end of the conversion step, we have:

Via X 2°Co = Vier (Dio-1 X 27 Co
+D1g_p X 25_2C0 + -+ Djos5 X Co) + Vi X Co.

With the substitution of Vi = Vief(Ds_; X 27! + Ds_p X

272 +...+ Dy x 277D 4 Dy x 27%), we can approximate Vi,
as below:
545
Vin = Veer ZDlo X2+ Z Dyoi X 2™
i=5+1
10 ‘
= Viet Z Dy X 27" (6)

i=1

With this approach, the total passive components used
for the internal D/A converter are dramatically reduced, which
is important for high resolution applications. Also, due to the
inherent sample and hold function of the capacitor array, no
additional S/H circuit is needed.
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Fig. 10. An R—C combination based approach.

6. R—C combination based approach
6.1. Topology and operation

Figure 10 shows an R—C combination based approach.
10-bit D/A conversion is realized with the combination of a 7-
bit resistor ladder and an 8:1 capacitor pair. V) represents the
output of the 7-bit voltage scaling D/A converter while V| is
the output value of its last three bits, and C| = 8Cy, C, = Cy.
Here, Cy represents the unit capacitor. In the sampling phase,
with the switch S turned on, the analog input V;, is sampled by
capacitor C; while Vp, is connected to V5 which has a voltage
value of 9V,¢/ 256. In the converting phase, V) is connected
to Cy and V¢ is connected to C;. Then, with the approximation
principle of SAR A/D converters, at the end of the converting
phase, we have:

Via X8Co+ Vs X Cyp = VX 8Cy + VI X 1C.

After rearrangement, we obtain:

1
Vin=VM+§(VL_V5)-

With the substitution of Vy; = —< D;x273 +
1 € substitution O M 128(2

2
Vi N .
and Vi = 1 zeé [; D;x2' + 5] into it, we can approximate
Vin as below:
ref
Vin = D; x 2. 7
1024 Z % D

6.2. Discussion and comparison

Obviously, in this approach, the total number of passive
components is less than that in traditional approaches. Thus, it
is easier to utilize to realize high resolution SAR A/D convert-
ers. As discussed in Section 6.1, due to the inherent sample
and hold function of the capacitor, no additional S/H circuit is
needed. This is very similar to the approach discussed in Sec-
tion 5. For the capacitor matching performance, only C; and
C, need to be matched well in this architecture, while more
than two capacitors need good matching performance in the
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Table 1. Summary of traditional and hybrid approaches.

10-bit voltage division

10-bit charge redistribution

3MSBs + 7LSBs C—R  7MSBs + 3LSBs R—C

Unit resistor 210R, — 2R, 2'R,
Unit capacitor — 219¢, 23C, 23+ 1Cy
Resistor need to be matched ~ 2°R; — 2Ry 2'Ry
Capacitor need to be matched — 219¢, Co, Co, 2Cy, and 4C, Cy, and 8C
0.30 @
0.15 |
% 0.00
52 .0.15
a
-0.30
™ 0307LSB
S -045 ! : L L !
I i 0 200 400 600 800 1000
Capacitors { '—l... Hii Digtal Cods
4 n?ﬁ::as”:hna- igtal Code
Tl = 4 1
- AR Jl’a W :r 'm: (] J 0.65 (b)
AR s N I0.41LSB
Fig. 11. Micrograph of the proposed converter. 0.35 M
5 0.05 Wi
=  -0.25
&
-0.55
T~ 0.59LSB . _
-0.85
0 200 400 600 800 1000
Digtal Code

Fig. 12. Chips for measurement.

C—-R combination based approach. Thus, with this R—C com-
bination based approach, it is easier to realize good matching
performance than in the C—R combination based approach.

Table 1 gives a summary of the traditional approaches
and the two hybrid approaches. Here, Cy and Ry represent the
unit capacitor and the unit resistor respectively.

6.3. Circuit implementation and measurement

With this R—C combination based approach, a 10-bit
SAR A/D converter has been implemented in the SMIC 90 nm
CMOS 1P6M process. The design results show that it is very
suitable for embedded systems. A layout photograph is shown
in Fig. 11, where it occupies an area of 253 x 217 um?. In the
layout design, each unit resistor is sided by dummies for good
matching performance, and the capacitors are routed with a
common-central symmetry method to reduce the nonlinearity
error.

The chips for measurement are shown in Fig. 12. The
DNL and INL of this converter are measured with the his-
togram testing method'®!. After the mass sampled data are

Fig. 13. Measured DC characteristics: (a) DNL; (b) INL.

processed with the “Matlab” program, DNL and INL plots are
generated from “Microsoft Office Excel”, as shown in Fig. 13.
The measured DNL and INL are 0.31 LSB and 0.59 LSB, re-
spectively.

The AC characteristics are measured at 1 MS/s sampling
rate. Figure 14(a) is a 2000 point DFT spectrum measured with
a 420 kHz single-ended sine wave input signal. The ENOB
is 9.46 bits and the SFDR is measured to be 67.6 dB. Figure
14(b) indicates the measured SINAD and SFDR at different in-
put frequencies. With low frequency inputs, this ADC features
even better performance.

The overall performance of the proposed A/D converter
is summarized in Table 2. To enable a comparison with other
works, the FOM (figure of merit)

P diss
FOM = 2ENOB y¢ fsample
is used, where Py is the power dissipation of the converter,
and ENOB is measured at the sampling rate fsample. For the
proposed converter, the typical power dissipation is 3.17 mW
including the output drivers and the ENOB is 9.46 measured
with a 420 kHz single-ended sine wave sampled at 1 MS/s. Ta-
ble 3 gives a comparison with some previous work®*#, From
the comparison, it can be seen that the proposed converter
features high performance. This converter also features a bet-
ter FOM than ADS7843 from Texas Instruments which has a
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Fig. 14. Measured AC characteristics: (a) 2000 point DFT spectrum @ 420 kHz input; (b) SINAD and SFDR versus fi,.

Table 2. Performance summary of the A/D converter.

Paramenter Value
Technology 90 nm CMOS 1P6M
Supply voltage 12,25V
Input range 1.25+1.235V
Sampling rate 1 MS/s

ENOB (fi, = 420 kHz) 9.46 bits
SINAD (fi, = 420 kHz) 58.71 dB
SFDR (fi, = 420 kHz) 67.60 dB

THD (fi, = 420 kHz) 61.71 dB

DNL 0.31LSB

INL 0.59 LSB
Power dissipation 3.17 mW

Active area

253 x 217 pum?

Table 3. Comparison with some previous work.

Reference Resolution (bit) DNL (LSB) INL (LSB) Area (mm?) FOM (pJ/conversion step)
Ref. [2] 10 0.4 0.5 5.0 480
Ref. [4] 10 0.5 0.5 04 5.9
Ref. [8] 8 0.18 0.87 0.14 9.0
This work 10 0.31 0.59 0.054 4.5

maximum FOM of about 14.6 pJ per conversion step.

7. Conclusion

Several recently reported low power, high speed and high
resolution approaches for SAR A/D converters are discussed.
Two typical low power approaches proposed in previous works
are validated based on SMIC 65 nm CMOS technology. Some
challenges and considerations for high speed SAR A/D con-
verters are presented. Finally, an R—C combination based ap-
proach for SAR A/D converters is discussed. A 10-bit low
power converter with this approach is implemented in the
SMIC 90 nm CMOS 1P6M process. Measurement shows that
it achieves high performance. With silicon feature dimensions
downscaling into the nanometer scale, low power A/D con-
version within a small area has become a key requirement for
applications such as portable systems and touch screen SoCs,

and this proposed converter is very suitable for these applica-
tions.
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