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In recent years, due to the improvements in CMOS technologies, medium reso-
lution (8 to 10b) SAR ADCs have been able to achieve sampling rates of several
tens of MS/s with excellent power efficiency and small area [1]-[4]. When the
sampling rate increases, the SAR ADCs suffer from settling issues. In a typical
10b 100MS/s ADC, when the sampling settling time, comparator active time and
SAR logic delay are subtracted from each period, the DAC settling time has to be
less than 0.4ns in each bit cycle. Such a short time interval is not sufficient for
the capacitive DAC to stabilize because the increasing interconnect line imped-
ance in advanced processes slows down the charge transfer, especially in the
longest routing path of the DAC capacitor network. Furthermore, the reference
voltage sinks noise and line coupling also affects the settling. A non-binary SAR
can tolerate DAC settling error at the cost of increased design complexity and
hardware overhead [1]. This paper reports a 10b SAR ADC that uses binary-
scaled DAC networks for settling error compensation. The ADGC achieves
100MS/s while consuming only 1.13mW.

For a conventional binary SAR ADC, if a termination capacitor with the same
value as the LSB capacitor is added, the capacitance of the MSB capacitor would
be equal to that of the sum of all LSB capacitors. Likewise, the capacitor MSB-
1is equal to the sum of all the remaining LSB capacitors. After each DAC switch-
ing, the effective input range is reduced by a factor of 2 as depicted in Fig.
21.5.1. In a typical SAR ADC conversion, the difference between input and ref-
erence is less than one LSB in the last cycle. If a wrong decision is made before
the last cycle, even if the remaining decisions and their corresponding DAC
switching are all correct, the difference between the input and reference in the
last cycle is still larger than one LSB, resulting in performance degradation. In a
non-binary SAR ADC [1], the input range is reduced by a factor smaller than 2
per each bit cycle. In this case, more decision levels are generated than the con-
ventional design. Different digital codes can represent the same input voltage,
meaning different switching procedures can lead to the same result. Hence, a
certain range of DAC settling error does not affect the conversion result.
However, the non-binary architecture needs extra hardware including control cir-
cuits, a ROM to store the hit weights and an arithmetical unit to calculate the
sum. Moreover, the non-binary scaled bit weight is not favored for layout match-
ing, which limits the linearity of the DAC network. Unlike a non-binary one, the
input range of this work is reduced by a factor of 2. The basic difference of this
ADC with the conventional one is that it uses a compensation technique instead
of redundancy for tolerating DAC settling error. In some conversion cycles of the
presented work, the input range does not reduce but it shifts to compensate for
the DAC error (as shown in Fig. 21.5.1).

The DAC switching network in [4] saves 81% in switching energy and 50% in
capacitance as compared to the conventional one. Figure 21.5.2 depicts the pro-
posed binary-scaled error compensation SAR ADC where we inserts three com-
pensative capacitors (Cs;, Ceg, Coc) and a digital error correction (DEC) logic cir-
cuit to perform the error compensation. When conversion starts, the input sig-
nals are sampled onto the top plates of the two capacitor arrays. Then, the com-
parator performs the first comparison. Without the three compensative capaci-
tors, the voltage difference of the two DACs will add or subtract V/2, depending
on the first comparison, where V' is the maximum input amplitude. If the com-
parator makes the second decision at the moment the first DAC switching set-
tles to 50% of its target value (V/2x1/2'), the maximum error is V/2
(W2x1/2'+V/4), i.e., the incomplete settling value of the first DAC switching plus
the second DAC switching. Because the maximum sum of the remaining voltage
values is /4 (V/8+1/16+...), a voltage of /4 must be added to compensate for
the error. If the comparator makes the second decision after the DAC settles to
75% of its target value, the maximum error is 3V/8 (V/2x1/22+1/4). A voltage of
/8 is required to compensate for the error. Binary-scaled capacitors are insert-
ed in the original DAC network to provide compensative voltage values. In the

proposed case, the SAR ADC with three compensative capacitors can tolerate
settling error of at least 12.5% in each bit cycle. Note the precise error tolerance
range depends on where the wrong decision occurs. The amplitude of the input
signal swing is Viex(Ciyoe/Corr) Where Vg is the reference voltage range, Cyygis
the total capacitance of C; to Cy, Cyy is the total capacitance including Cyyg, the
three compensative capacitors and the parasitic capacitance at the comparator
input terminal.

Figure 21.5.3 illustrates the digital error correction logic, which converts the 13b
redundant codes to 10b binary codes. The bit weights of the 13b redundant
codes are 512, 256, 128, 128, 64, 32, 16, 16, 8, 4, 2, 2, 1. The digital output
equals to —(64+8+1)+(512xB;+256xB,+128xB5+128xBs;+...). As shown in Fig.
21.5.3, the digital codes have an offset of 73, and the offset is removed by logic
operation. Figure 21.5.3 also shows the logic implementation of digital correc-
tion circuit, which consists of 5 inverters, 9 full adders, 1 half adder and 10 mul-
tiplexers. The half-adder is used to detect overflow. If the signal swing is over
range, overflow occurs and the digital output codes will be set to either 0 or
1023 to keep the function normal.

This ADC uses a dynamic comparator with a p-type input pair. The dynamic
comparator does not consume static current and hence is suitable for an ener-
gy efficient design. Internal control logic triggered by the global clock and com-
parator output asynchronously generates internal control clocks, which avoids a
high frequency clock generator and makes the sampling rate equal to the clock
rate. The sampling phase is around 2ns, and each bit cycle is around 0.6ns.

The prototype is fabricated in a 1P6M 65nm CMOS technology with MOM capac-
itors. Figure 21.5.7 shows the chip micrograph and zoomed in view of the ADC
core which occupies 155x165um?. The digital error correction circuit only occu-
pies 18x27um>2 The unit capacitance is around 3.2fF, and the total sampling
capacitance of a single capacitor array is 1.86pF. Figure 21.5.4 illustrates the
measured static performance (at 100MS/s and 1.2V supply). The peak DNL and
INL are 0.58/-0.53LSB and 0.69/-0.61LSB, respectively. Figure 21.5.5 plots the
measured SFDR and SNDR versus the input frequency. At 1MHz input frequen-
cy, the measured SNDR and SFDR are 59.0dB and 76.5dB, respectively. The
resultant ENOB is 9.51b. When the input frequency is up to 50MHz (Nyquist fre-
quency), the measured SNDR and SFDR are 56.0dB and 66.9dB, respectively.
Figure 21.2.5 also provides the FFT spectrum of the output signal when the input
frequency is close to 10MHz. The analog circuits (the S/H circuit and compara-
tor) consume 0.37mW. The SAR control logic and digital error correction circuits
draw 0.46mW. The power consumption of the DAC reference voltage is 0.30mW.
Excluding the output buffers, the total power consumption of the active circuits
is 1.13mW. Figure 21.5.6 summarizes the performance and the comparison with
the state-of-the-art ADCs [2-5]. According to the well-known FOM equation
defined as Power/(2™**xmin{f, 2ERBWA), this ADC achieves 15.5fJ/conversion-
step, more than 3 times improvement than previous state-of-the-art ADCs. The
ADC consumes 1mW while providing more than 9b ENOB and operating at
100MS/s.

Acknowledgment:

This work was supported by the grant from National Science Council and Himax
Technologies, Taiwan. We also thank the fabrication support from TSMC, Taiwan
and measurement support of the Chip Implementation Center (CIC), Taiwan.

References:

[1] F. Kuttner, “A 1.2-V 10-b 20-Msample/s nonbinary successive approximation
ADC in 0.13-pym CMQS,” ISSCC Dig. Tech. Papers, pp. 176-177, Feb., 2002,.
[2] J. Craninckx and G. Van der Plas, “A 65fJ/Conversion-Step 0-to-50MS/s 0-
t0-0.7mW 9b Charge-sharing SAR ADC in 90nm Digital CMQS,” /SSCC Dig.
Tech. Papers, pp. 246-247, Feb., 2007.

[3] V. Giannini, P. Nuzzo, V. Chironi, A. Baschirotto, G. Van der Plas, J. Craninckx,
“An 820pW 9b 40MS/s Noise-Tolerant Dynamic-SAR ADC in 90nm Digital
CMOS,” ISSCC Dig. Tech. Papers, pp. 238-239, Feb. 2008.

[4] C. C. Liu, S. J. Chang, G. Y. Huang, Y. Z. Lin, “A 0.92mW 10-bit 50-MS/s SAR
ADC in 0.13um CMOS process,” Symp. on VLSI Circuits, pp. 236-237, Jun.
2009,.

[5] M. Boulemnakher, E. Andre, J. Roux, F. Paillardet, “A 1.2V 4.5mW 10b
100MS/s Pipeline ADG in a 65nm CMOS,” /EEE ISSCC Dig. Tech. Papers, pp.
250-251, Feb., 2008.

386

e 2010 IEEE International Solid-State Circuits Conference

978-1-4244-6034-2/10/$26.00 ©2010 |EEE



ISSCC 2010 / February 10, 2010 / 10:45 AM

Binary Non-binary Binary with compensation
v 18 vie v 18
L9 - : Clk_in
ok 88 wk B ol o tordecwonme | L6 16| € [Coe €] €] G [Cuc| €1 G| & [Coc -
6 : : Vip Dt TTTTTTTTTTTT+ 13 10
1 . 1 44 Vin D— P
Y Taaa v Tl W4 BD“W;"EW rrrrr1r1r1r1r1r
A 3 Switch TC1TCZT03%3:r coJco]celCuc] Gl Co| C;P?ec
\JCompensatwe ) i . | L s 8 N N ) —
VS S o Vo Fi— Ve 0. 0 level shift | C=2C;u1, i=1~8, C=Cic, j=3, 6,9
0o 1 0 0 0o 0 1 1 1 0 Vo
(B1) (B2) (Bs) (Ba) (B1) (B2) (B3) (Ba) (Bs) (B4) (Bz) (Bs) (Bac) (Ba) ror
Dout= 8*B1+4*B,#2*By+1*By  Dou= 7*B1+4*By#2"By+1*Byt1*Bs  Dou= 8*B1+4*By+2*By+2*(Byc-0.5)+1"B,
= 8*0+4*1+2*0+1*0 = 7H0+4%0+2*1+1*141%1 = -148*B+4*By+2*By+2*Byc+1°By
=4 =4 = 1+8*0+4*0+2*1+2*1+1*1

4

Figure 21.5.1: Successive approximations and digital outputs of different Figure 21.5.2: Block diagram of a 10b SAR ADC with binary-scaled error com-

methods. pensation.
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Figure 21.5.3: Digital error correction logic and its implementation. Figure 21.5.4: Measured DNL and INL.
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Figure 21.5.5: Measured SFDR and SNDR versus input frequency and 32768- = Figure 21.5.6: Performance summary and comparison with the state-of-the-art
point output FFT spectrum with input frequency close to 10MHz. ADCs.
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Figure 21.5.7: Chip micrograph and zoomed view.






