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Algorithms for Digital Correction of ADC Nonlinearity

Haruo KOBAYASHI'®, Regular Member, Hiroshi YAGI', Takanori KOMURO'T,

SUMMARY  This paper describes two digital correction al-
gorithms for ADC nonlinearity, targeted for mixed-signal LSI
tester applications: an interpolation algorithm and a stochas-
tic algorithm. Numerical simulations show that our algorithms
compensate for ADC nonlinearity as well as missing codes and
nonmonotonicity characteristics, and improve ADC SNDR. and
SFDR.
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1. Introduction

The performance of electronic devices is continuously
improving, and accordingly there is an ever-growing de-
mand for fast new instruments such as LSI testers to
measure their performance [1]. LSI testers have to be
designed with today’s (relatively low performance) de-
vices to measure tomorrow’s (higher performance) de-
vices, and hence performance (speed and accuracy) is
the first priority in their development. Low power con-
sumption, small size, and implementation with popular
monolithic CMOS consumer devices, are desirable but
of lower priority. Analog-to-Digital converters (ADCs)
incorporated in such instruments have to operate at
high sampling rates with high accuracy. In order to im-
plement very high-speed ADCs, time-interleaved archi-
tectures are often used—even though there are channel
mismatch issues [2]-[5] which require complex calibra-
tion systems to compensate for. In this paper, we fo-
cus on the implementation of high accuracy ADCs for
mixed-signal LSI tester applications. By adding cir-
cuitry to a given ADC, and using our digital process-
ing algorithms, linearity, Signal-to-(Noise+Distortion)
Ratio (SNDR) and/or Spurious Free Dynamic Range
(SFDR) [6] can be improved. Note that compensation
for ADC nonlinearity is difficult, even though offset and
gain errors are relatively easy to compensate for, and
several digital and analog domain methods for these
have already been proposed [7]. Implementation of our
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compensation algorithms for ADC nonlinearity may re-
quire relatively complex and costly hardware and soft-
ware which may preclude their use in consumer product
applications, but still be reasonable for LSI tester sys-
tems.

Section 2 describes problem formulation, Sects. 3
and 4 present proposed algorithms, while Sect. 5 shows
numerical simulation results. Section 6 provides con-
cluding remarks.

2. Problem Formulation

Consider a p-bit ADC whose input-output characteris-
tics may exhibit some nonlinearities, whose input ana-
log voltage range is from 0 to Apg, and whose output
digital codes are 0,1,2,...,N — 1 (N = 2P). Then de-
fine analog input voltage Aj as follows (Fig. 1):

[ ] AQ =0

e A; is the input voltage where the ADC out-
put digital code changes from k£ — 1 to k (k =
1,2,3,...,N —1).

[} AN = AFS-

The analog voltages Ag, A1, As, ..., Ay are measured
and converted to digital values My, My, Mo, ..., My
which are stored in digital memory (Fig.2). When D
is the digital output of the ADC, we consider here how
to calculate a corrected digital output from the value of
D and My, My, Ms, ..., My. Suppose that when digi-
tal output D is equal to n, the corresponding corrected
digital output C, is given by
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Fig.1 ADC input/output characteristics.
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Fig.3 Servo-loop circuitry to measure the ADC static char-
acteristics. Some of these circuits can be embedded in a device
under test (ADC chip).

Cn:f(n,Mo,Ml,Mz,...,MN). (1)

Note that all of C,,,n, My, M1, Ms, ..., My are digital
values, so digital signal processing can be used to cal-
culate C,,.

In the following sections, we show two compensa-
tion algorithms which calculate C,, so as to improve
SNDR and SFDR of the ADC.

Remark (i) The servo-loop method [6] can be used to
measure the values of Ag, A1, Ao, ..., Ay (Fig.3), and
some of the servo-loop method test circuitry can be
included in devices to facilitate testing.

(ii) The rapid progress of VLSI technology has reduced
the cost of digital circuit and improved its performance
significantly. Hence the cost of digital memory to store
My, M1, My, ..., My, and the speed and cost of digital
signal processing circuitry to calculate C,, are unlikely
to be a big burden.

(iii) However, the progress in VLSI technology does not
benefit analog performance as much as digital perfor-
mance, hence it still remains difficult to develop and
produce precision analog circuits. The compensation
method that is proposed here improves ADC precision
utilizing digital rather than analog circuit technology.

3. Interpolation Algorithm

In this section, we propose a digital interpolation al-
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Fig.4 (a) A part of ADC characteristics with a missing code
m. (b) The corresponding ADC characteristics after the interpo-
lation algorithm is applied. (c¢) The corresponding ADC charac-
teristics after the stochastic algorithm is applied.

gorithm which improves SNDR and SFDR of ADCs.
When the ADC digital output D is equal to n, the dig-
ital correction output C), is given by

1 N
C, ==

Remark (i) The digital output D is given in p-bit
form, but the corrected digital data C,, is given in (p +
q)-bit form (g > 0); in other words, the corrected digital
data C,, require q extra bits.

(ii) Let us consider the case that an ADC has some

(Mn + Mn+1)' (2)
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Fig.5 (a) A part of ADC characteristics when the input-
output monotonicity is violated. (b) The corresponding ADC
characteristics after the interpolation algorithm is applied. (c)
The corresponding ADC characteristics after the stochastic algo-
rithm is applied.

missing codes as shown in Fig.4(a); for example, the
ADC output does not produce m, and hence A,, and
M,,, do not exist. In this case, Eq. (2) around the miss-
ing code m should be modified as follows: when the
ADC digital output D is equal to m — 1, the digital
correction output C,_1 is given by

1 N
Cq =

= §M_F,S'(Mm_1 + Mpq1).
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Figure 4(b) shows the ADC characteristics after this
algorithm is applied.

(iii) Let us consider the case that the monotonicity
of the ADC input-output characteristics is violated as
shown in Fig.5(a), where M,,,_1 < Mpy41 < M, <
M, +2. Then the algorithm for codes m — 1, m and
m + 1 should be modified as follows:

1 N

Cm—1:= §M—FS(Mm—1 + Mp,i1)

—_

Cm = = (Mm + Mm+2>

Cerl = _—(Mm + Mm+1)~

Figure 5(b) shows the ADC characteristics after this
algorithm is applied.

4. Stochastic Algorithm

In this section, we propose a digital “stochastic al-
gorithm” which especially improves SFDR of ADCs.
When the ADC digital output D is equal to n, calcu-
late K, by

_1N
T 2 Mpg

K, (My, + Myi1). (3)

Next let us decompose K, as follows:
K,=1,+F,, (4)

where [, is the integer part of K,, and F,, is the frac-
tional part of K,,; I, is equal to 0 or a positive integer
and 0 < F,, < 1.0. Then the corrected digital output
C,, is given by

j— In
C"_{ I,+1

with probability of 1 — F}, (5)
with probability of Fi,.

For example, when I,, = 15 and F,, = 0.3 and we have
10 samples of output data D = n, then 7 samples of
C,, are 15, 3 samples of C,, are 16, and outputs 15 or
16 occur in pseudo-random order.

Remarks (i) The average of C,, is given by

Ch=I1,(1—FE)+ (I, +1)F, = I, + F, = K,,.

(ii) The corrected digital data C,, and the digital out-
put D are both represented in p-bit form; their number
of bits is the same. Hence this algorithm does not re-
quire that connected digital systems which handle p-bit
digital data input be modified. On the other hand, the
output of the interpolation algorithm is represented by
(p+q)-bits (which is larger than p-bits), and hence con-
nected digital systems have to accept (p+ ¢)-bit digital
data input.

(iii) When we apply this algorithm to DC input, the
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ADC output fluctuates by 1LSB (because when D =
n,Cp, = I, or C, = I, + 1), which is sometimes de-
scribed as “1LSB noise.” This algorithm can be used
for applications where “1LSB noise” is acceptable.

(iv) Let us consider the case again that an ADC has
some missing codes as shown in Fig. 4(a); the ADC out-
put does not produce m, and hence A,,, and M,, do not
exist. The algorithm for missing code parts should be
modified as follows: when the ADC digital output D is
equal to m — 1, calculate K, by

1 N

K1 = EM—FS(Mm_l + Mppt1). (6)

Similarly decompose K,,_1 as follows:
Km—l = Im—l + Fm—h (7)

where I,,,_1 is equal to 0 or a positive integer and 0 <
F,,—1 < 1.0. Then the corrected digital output C,,_1
is given by

C I with probability of 1 — F},, 1 (8)
m=1 7\ I,,_1+1 with probability of F,_;.

Figure 4(c) shows the ADC characteristics after this
algorithm is applied.

(v) Let us consider the case that the monotonicity of the
ADC input-output characteristics is violated as shown
in Fig.5(a), where M, 1 < Muy11 < My < Mppyo.
Then Eq.(6) for codes m — 1 and m + 1 should be
modified as follows:

1 N
K1 = EM—FS(Mm—l + M7n+1)
1 N
Koy == M, + M,,12).
+1 2MFS( + Myypt2)
Note that K,, is defined by
1 N
K, == M, + M,,
5 MFS( + Mypt1)

which is the same as Eq.(3). Figure 5(c) shows the
ADC characteristics after this algorithm is applied.

5. Numerical Simulations

We have conducted numerical simulations to evaluate
our algorithms. Eight-bit ADCs with some nonlineari-
ties are used and Tables 1, 2 and 3 summarize the simu-
lation results, where units of SNDR and SFDR are dB.
We see that SNDR and SFDR are improved by our al-
gorithms. The ADC input-output characteristics used

Table 1  Case 1 of numerical simulation result.

Original Interpolation Stochastic

ADC output Algorithm Algorithm
SNDR | SFDR | SNDR | SFDR | SNDR | SFDR
33.2 34.7 49.2 64.0 45.1 63.5
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Fig. 6

Table 2 Case 2 of numerical simulation result.
Original Interpolation Stochastic
ADC output Algorithm Algorithm
SNDR | SFDR | SNDR | SFDR | SNDR | SFDR
35.6 41.2 46.7 65.9 43.6 69.2
Table 3 Case 3 of numerical simulation result.
Original Interpolation Stochastic
ADC output Algorithm Algorithm
SNDR | SFDR | SNDR | SFDR | SNDR | SFDR
33.1 35.7 49.0 66.6 45.1 65.4
-
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(a) A part of ADC characteristics used in case 1 (Ta-
ble 1). (b) The corresponding ADC characteristics after the in-
terpolation algorithm is applied.
characteristics after the stochastic algorithm is applied.

(¢) The corresponding ADC
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in case 1 is monotonic and has no missing codes. Fig-
ure 6(a) shows a part of the original characteristics, and
Fig.6(b) shows the corresponding characteristics after
the interpolation algorithm is applied while Fig.6(c)
shows the one after the stochastic algorithm is applied.
The ADC input-output characteristics used in case 2 is
monotonic but has a missing code as shown in Fig. 4,
and also that in case 3 it has no missing codes but is
not monotonic as shown in Fig. 5. Note that SNDR and
SFDR of an ideal 8-bit ADC are 49.8 [dB] and 67.3 [dB]
respectively.

Remark The stochastic algorithm is especially useful
for improving SFDR. However, our simulations show
that when ADC nonlinearity is small, applying this al-
gorithm sometimes leads to slight degradation of SNDR,
(though when the ADC nonlinearity is modest to large,
SNDR usually improves as shown above).

6. Concluding Remarks

o It is known [3]-[5] that time-interleaved ADC sys-
tems suffer from channel mismatch problems which
especially cause deterioration in SFDR. The pro-
posed algorithms would alleviate this problem.

e The algorithms described here are to correct the
DC characteristics of ADCs, but digital algorithms
for correcting AC characteristics would also be in-
teresting.
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