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ABSTRACT. A digital-domain self-calibration technique that calibrates capacitor mis-
match of digital-to-analog converter (DAC) for successive approximation register (SAR)
analog-to-digital converter (ADC) is presented. An extra calibration DAC is not required,
because the error voltages due to the mismatches in the most-significant-bit (MSB) side
part of DAC can be measured by the least-significant-bit (LSB) side part of DAC. More-
over, the terminal capacitors combined with a third reference voltage are used to further
improve the calibration precision. A 12-bit SAR ADC is implemented in 40nm CMOS
technology to verify the proposed calibration technique. The simulation result shows that
the proposed calibration technique can significantly improve the performance of SAR
ADC.

Keywords: Successive approximation register (SAR), Analog-to-digital converter
(ADQC), Self-calibration, Capacitor mismatch

1. Introduction. Capacitor mismatch of digital-to-analog converter (DAC) seriously
limits the linearity of charge redistribution successive approximation register (SAR) analo-
g-to-digital converter (ADC). Usually, larger capacitors can be applied to meeting the
requirement of match performance. However, the larger capacitors not only increase
the area and power consumption of SAR ADC, but also increase the settlement time of
DAC. Recently, several calibration techniques have been proposed to improve the capac-
itor match performance [1-6]. Thus, the smaller capacitors can be applied to decreasing
the area and power consumption of SAR ADC. However, those calibration techniques re-
ported in [1,2] require massive computation. The techniques in [3,4] require an additional
reference ADC and an additional calibration DAC, respectively, resulting in increasing
chip area and power consumption. The method in [5] works as a single-ended circuit and
needs an FIR LPF to reduce the effect of the common-mode noise. The SDEC method
6] is designed for single-ended SAR ADC and not suitable for fully differential one.

In this paper, a digital-domain self-calibration technique without extra calibration DAC
and extensive computation is presented and verified by simulation. Moreover, the calibra-
tion precision is further improved by using the terminal capacitors combined with a third
reference voltage to generate an additional redundant bit for calibration. The simulation
result shows that the signal to noise and distortion ratio (SNDR) and the spurious free
dynamic range (SFDR) are improved from 58.2 to 71.1dB and 64 to 78.2dB, respectively,
for a 12-bit fully differential binary-weighted SAR ADC.

The remainder of this paper is organized as follows. Section 2 introduces the architec-
ture of SAR ADC with proposed calibration technique. Section 3 illustrates the detailed
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implementation of the proposed digital-domain self-calibration technique. The applica-
tion example of SAR ADC with digital calibration technique and simulation results are
presented in Section 4 and conclusions are made in Section 5.

2. The Architecture of SAR ADC with Proposed Calibration Technique. Fig-
ure 1(a) shows the proposed N-bit SAR ADC with self-calibration, which consists of two
differential DAC branches (DACP, DACN), comparator, SAR control logic, calibration
control logic, memory and adder. The schematic of the differential DAC is shown in Fig-
ure 1(b) and the DAC can be regarded as two parts: MSB-side part (non-shaded part)
and LSB-side part (shaded part). The MSB-side part consists of M-bit capacitor array.
The LSB-side part consists of L-bit capacitor array and a pair of unit capacitor (C, o and
Cno). N is the sum of L, M and 1.

After powered on, SAR ADC first jumped into the getting error code (GEC) phase.
During this phase, DAC, comparator and the calibration control logic constitute a mea-
surement loop. The voltage of V., is sampled on both DACP and DACN, and the LSB-side
part in DAC is used as a calibration DAC to measure the error voltage of each bit due to
the capacitor mismatch in the MSB-side part. Then these corresponding error voltages
are digitized into error codes and these error codes are stored in the memory.

After the GEC phase, the SAR ADC goes into the normal conversion (NC) phase.
The normal conversion loop consists of DAC, comparator and the SAR control logic. The
input voltages Vi, and Vi, are sampled on DACP and DACN, respectively. Benefited
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FIGURE 1. (a) Block diagram of the proposed N-bit fully differential SAR
ADC architecture with self-calibration; (b) the schematic of the differential
DAC
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from the top-plate sampling, the MSB-side part can be used to generate higher M+1-bit
digital codes (Dpias,...,Dre1,Dp). During the normal conversion phase, the LSB-side
part is reused to generate lower L-bit and a redundant bit codes (Dy_1,...,Dg,Dg5). The
additional redundant bit (Dg5) is generated by the terminal capacitors (Cpo and C, )
combined with the voltage of Vi (Vem = 1/2Viyef). It is only used for calibration with a
weighted factor of 0.5LSB.

3. The Implementation of Proposed Digital-Domain Self-Calibration Tech-
nique.

3.1. Principle. During the normal conversion phase, the output voltage of DACN (Vpacn)
gradually approaches as follows

Vbacn

:‘/En+|:‘/mf

STAH (25"M=D a4 -+ + 25Dy + 257D 4 -+ Dy + O.5D0)]
+ [‘/errn,LJrMDLJrM +--+ ‘/errn,L+1DL+1 + V:srrn,LDL + -+ ‘/errn,lDl + ‘/errn,ODO]
(1)
where Vyn,; (1 =0,..., L, ..., L+M) is the error voltage due to the mismatch of capacitor
Cy,; in DACN. Assuming that the mismatch of the unit capacitor Cy has a zero mean
and a standard deviation of g, and the mismatches of all the capacitors are independent

identically distributed random variables. Then the variation of the mismatch value AC,;
of capacitor Cp; (1 =1,...,L,..., L+ M) in DACN can be derived as

E(AC2)=2""03, i=1,...,L,....L+M (2)

So, the variation of the error voltage Vi, can be obtained as

E(V2

errn,?

AC? . o2 V2
_ 1,7 2 _ 0i—170 ref .
)—E<C2 Vref>—2 LT i=1,...,L,....L+M  (3)

n,total

where C,, tota1 is the total capacitance in DACN. This analysis method can also be used
for DACP, so the output voltage of DACP (Vpacp) is derived as follows, by substituting
D; into (1 — D;) in (1)

VDACp

Vie
:‘/ip+‘/1"ef_|: d

oL+M

(25D 0y + -+ + 25Dy + 257Dy 4 -+ Dy +0.5Dy)

- [‘/errp,L—l—MDL—l-M + -+ ‘/Yerrp,L-i-lDL—&—l + ‘/errp,LDL + -+ V;errp,lDl + V:arrp,ODO]
(4)

The variation of the error voltage (Verp:) due to the mismatch of capacitor C,; in
DACP can also be achieved as

2 190 Vi :
E (Vi) =2 C_32Z<L+M>’ i=1,...,L,..., L+ M (5)
According to (3) and (5), the linearity of capacitive DAC is mainly determined by the
match performance of the MSB-side part of DAC. If the maxim standard deviation of the
total error voltages due to the mismatches in the LSB-side part of DAC is smaller than
0.5LSB by 30, as

L
30 Lmax = 3y| O [E (Vi) +E (V20,)] = 3\/2L+1%LSB < 0.5LSB (6)

i=0 0
then the mismatches in the LSB-side part of DAC can be neglected. Thus, the LSB-side

part of DAC can be reused as a calibration DAC to measure the capacitor mismatch of
each bit in the MSB-side part of DAC.
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The error voltages (Verp: and Veymi, @ = L+ 1,..., L + M) due to the mismatch of
capacitor C,; and C,,; in the MSB-side part of DAC can be converted to the digital codes
(Derrpi and Depniy, @ = L+ 1,..., L+ M) with a weight factor of Vie/25. Hence, the
input voltage can be expressed as

%p - ‘/in
Vie
= 2L (2MMD 4+ 25Dy -+ 21D 4 D) — Vi

2L+M
+ (‘/errp,L+M + ‘/errn,L+M> DL+M + - F (‘/errp,LJrl + ‘/errn,L+1> DL+1
Vie
= —2L+L (2"*"MDpyp + -+ 2 Dy + -+ +2'Dy + Dg) — Vit

‘/rof ‘/rof
w (Derrp,L+M + Derrn,L+M) DL+M +oee Tt w (Derrp,L+1 + Derrn,L+1) DL+1
(7)
Thus, the corrected output code Dy of SAR ADC after calibration can be expressed
as

2L+M
Dout = V— (‘/Ip - ‘/in + ‘/ref)
ref
= (2D 4+ 28D + - +2'Dy + Dy) ®)

+ (Derrp,L+M + Derrn,L+M> DL+M +-+ (Derrp,LJrl + Derrn,LJrl) DL+1

3.2. Error-code estimation of capacitor mismatch. During the GEC phase, the
error voltages Verm; and Veup; (i = L+ 1,...,L + M) are converted to (L + 2)-bit
digital codes Dern,i and Depnp i, respectively. The error estimation procedure includes
three phases, i.e., pre-charge phase, switching phase and estimation phase. After the
pre-charge phase and the switching phase, the error voltages are achieved at the output
node of DAC. Then during the estimation phase, the error voltages are digitized into error
codes. The details of these phases are described as below.

The error estimation procedure of Veyp .+ Will be described as an example. During
the pre-charge phase, the top plates of all capacitors in DAC are connected to V. The
bottom plates of the capacitor C, 14 of DACP and all capacitors of DACN are discharged
to GND; the rest of DACP are pre-charged to Vies as shown in Figure 2(a). During the
switching phase, the top plates of all capacitors in DAC are disconnected to Ve,. The
bottom plate of the capacitor Cp 4y of DACP is switched to Vier and the rest of DACP
are switched to GND as shown in Figure 2(b). Then the output voltage (Vpac) of the
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FIGURE 2. (a) Pre-charge phase of the error estimation procedure of
Verrp. L+ (b) switching phase of the error estimation procedure of Verp 140
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DAC is achieved as
‘/ref

Vbac = Vbacp — Vbacn = Vew + W2L+M'l + Verrp. L+ M
Vie _
_2L+;/[ (2L+M 2 +--+ 14+ ]') - (V;rrp,L—l—M—l + -+ ‘/errp,O) - ‘/cm (9>

= ‘/crrp,L+M - (‘/crrp,L—{-M—l + -+ ‘/crrp,O) = 2‘/crrp,L+M—1

In Equation (9), it is the fact that the summation of all error voltages (Verp n+m +
Verrp.o4m—1 + -+ + Verpo = 0) is zero. After the switching phase, the error voltage of
Verrp,N—1 due to the mismatch of capacitor Cp 43 in the DACP is achieved. During
the estimation phase, this error voltage of Viyp n+as is converted to (L + 2)-bit digital
code Deyp 1 of (De ..., Dgo, Dros). The switching scheme of the estimation phase
is similar as a (L+2)-bit fully differential SAR ADC. If Vpac is positive, C, 1 will be
switched to V. Otherwise, Cp, 1 will be switched to V. This operation will be repeated
until the last conversion. Before the last comparison, C, o or C,, o will be switched to Ve,
according to the previous comparison result. Then the comparator completes the last
comparison and gives the redundant output Dg 5. After all conversion, the error voltage
can be expressed as

1 ‘/rcf
Verrp,L+M = 3 (DE,LQL + -+ + Dgo + 0.5Dg ) SL+T (10)
The corresponding error code Deyp .+ can be represented in decimal, as
Derrp.rsar = Dp 257t 4+ 4+ 0.5Dg o + 0.25Dg 0.5 (11)

Figure 3 shows the output waveform of the DAC for estimating Vi 11 in 12-bit SAR
ADC during GEC phase with M = 8, L = 3 as an example.

Switching phase

I@I—_._______________'2Verrpll
TWoace — -4
- ‘ Error estimation ,
Pre-charge phase phase

FIGURE 3. The output waveform of the DAC for estimating Verp 11

The digital codes of the other error voltages due to the capacitor mismatches in the
MSB-side part can also be achieved by this method.

After the GEC phase, SAR ADC goes into the normal conversion phase. The input volt-
ages are sampled on the DAC and digitized into (/N +1)-bit digital code of (Dr4p, ..., Dy,
Dr1,...,Dg,Dg5). Then the raw digital code is summed with the error codes and the
last two bits are discarded to get the corrected N-bit output code. Figure 4 shows the
operation of the proposed digital-domain self-calibration technique. Thus, the corrected
output code D after calibration can be represented in decimal as

Doy = (2"™ x Dpyar + -+ + 0.5Do.5) + (Derr,z4mDrsar + - + Dewz1Dr)  (12)

where Derr,i = Derrp,i + Derrn,i (Z =L + ]_, ce L + M)
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FIGURE 4. The operation of the proposed digital-domain self-calibration scheme

4. Application Example and Simulation Results. A 12-bit SAR ADC with the
proposed digital-domain self-calibration technique is implemented in 40nm CMOS tech-
nology to demonstrate the effectiveness of the calibration technique. In addition, a low
offset comparator is required to achieve accurate error values of capacitor mismatch. Thus,
a dynamic comparator with offset calibration is applied [7]. For simplicity, the function of
the adder in the proposed SAR ADC is implemented in PC. The layout of the proposed
12-bit SAR ADC is shown in Figure 5. The LSB-side part of DAC, which consists of
3-bit capacitor array and 1 redundant bit, is reused as a calibration DAC and the unit
capacitor mismatch is 3%.
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FiGure 5. Layout of 12-bit SAR ADC with digital-domain self-calibration
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FIGURE 6. 12-bit SAR ADC output spectrum (a) before calibration; (b)
after calibration



ICIC EXPRESS LETTERS, VOL.11, NO.6, 2017 1087

The plots of the 12-bit SAR ADC output frequency-spectrums before and after calibra-
tion are shown in Figure 6. After calibration, SNDR and SFDR are improved from 58.2
to 71.1dB and 64 to 78.2dB, respectively.

5. Conclusions. A digital-domain self-calibration technique is proposed to correct the
error voltage due to the capacitor mismatch for SAR ADC. By using the proposed calibra-
tion technique, the capacitor match performance of fully differential binary-weighted SAR
ADC is significantly improved without extra calibration DAC. Applied to a 12-bit SAR
ADC with 3% capacitor mismatch, SNDR and SFDR are increased from 58.2 to 71.1dB
and 64 to 78.2dB, respectively. In the future, the proposed digital-domain self-calibration
technique can be expected to be applied to split-capacitor DAC to compensate for the
nonlinearities.
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