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Digital Background Calibration in Pipelined ADCs
Using Commutated Feedback Capacitor Switching
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Abstract—We propose a new digital background calibration
method for capacitor mismatches in pipelined analog-to-digital
converters (ADCs). It combines commutated feedback capacitor
switching with a background digital correlation loop to extract
capacitor mismatch information, which is subsequently used to
correct errors caused by the mismatch. This is an all-digital tech-
nique requiring minimal extra digital circuits, and is applicable to
both single-bit and multibit-per-stage architectures. Simulations
with a 15-stage, 1.5-bit-per-stage pipelined ADC with capacitor
mismatch of o = 0.25% in each stage show that the technique
improves signal-to-noise-distortion ratio from 62 dB (10 bits) to
94 dB (15.4 bits).

Index Terms—Analog-to-digital converters (ADCs), calibration,
digital background calibration, pipelined ADCs.

1. INTRODUCTION

NE primary consideration in the design of analog-to-dig-
O ital converters (ADCs) is capacitor mismatch errors. Var-
ious calibration techniques to correct them have been developed
in both analog and digital domains. Digital background calibra-
tion [4]-[17] is one class of such techniques.

In this paper, we propose a new technique for digital back-
ground calibration of capacitor mismatches in pipelined ADCs.
The starting point of our work is commutated feedback capacitor
switching (CFCS), originated from [1], [2]. This original work
used CFCS to remove differential nonlinearity, and later, to ef-
fectively shape mismatch-induced spectra out of the signal band
[3]. The contribution of the present work is to use CFCS in a new
way, suited for digital background calibration: we use CFCS in
cooperation with a background digital correlation loop to extract
capacitor mismatch information, which we then use to correct
the mismatch errors. This approach adds minimal digital cost.

Section II reviews the original CFCS technique of [1], [2],
on which we build our calibration technique. Sections III-V
describe our technique for 1-bit, 1.5-bit, and multibit-per-stage
pipelined ADCs. Section VI presents simulations.

II. THE ORIGINAL CFCS TECHNIQUE: REVIEW

Let us consider a standard 1-bit-per-stage pipelined ADC.
For simple exposition of CFCS, we assume capacitor mis-
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Fig. 1. (a) Sampling phase in the MSB stage in a 1-bit-per-stage pipelined
ADC. (b) Charge transfer phase. (c) Overall transfer curves.

matches only in the most-significant-bit (MSB) stage. Fig. 1(a)
and (b) shows two different operational phases of the MSB
stage. We represent the mismatches between the two, ideally
the same capacitors, C; and Cs, with parameter A defined
as A = (C1/C3) — 1. In the sampling phase [Fig. 1(a)], the
ADC’s input voltage V;,, sampled and held on C; and C} is
compared to voltage zero to make decision on the MSB, d;.
In the subsequent charge transfer phase [Fig. 1(b)], Vrer or
—Vgrer will be connected to C according to d;, and the total
charge will be redistributed between C; and C,, resulting in
the following residue voltage Vrgs:

Vo (2 + A)Viy + (1 + A)VRrEF,
RES ™) (24 A)Viy — (1 + A)Vrer,

fOI‘dl =0

ford; = 1. M

VREs is now an input to the following stage, which generates
the second-significant bit, dy. Repeating this procedure, V;, is
converted to a set of digitized bits, {d;,d2,ds,...,dn} (N:
total number of stages in the pipelined ADC). This set of bits
is the digital output of the ADC, or alternatively, we may think
of Dowt = —VREF + 2VREF Zf\;l(dﬂ_"’) as a representation
of the ADC’s digital output. Using (1), we can relate D,y to
Vin via

U (14 A/2)Viy — (A/2)VREF,

ford; =0
ford; = 1. )

We have omitted quantization noise terms to highlight capacitor
mismatch effects.

Fig. 1(c) plots the ADC transfer curve, D, versus Vi, using
(2). It is a straight line if A = 0; for A # 0, a discontinuity ap-
pears in the transfer curve, shown as wide code [1] in Fig. 1(c),
causing differential nonlinearity (DNL).

1549-7747/$25.00 © 2008 IEEE
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Fig. 2. CFCS [1], [2]. (a) Charge transfer phase. (b) Transfer curve.

To solve this DNL problem, CFCS was proposed and demon-
strated in [1], [2]. CFCS is applied during the charge transfer
phase, as shown in Fig. 2(a). If d; = 0, C; is selected as a feed-
back capacitor. If d; = 1, C is selected as a feedback capac-
itor. The essence of CFCS is that the selection of the feedback
capacitor in the charge transfer phase is based on d; determined
in the prior sampling phase. CFCS alters the expression for the
residue voltage of the MSB stage from (1) to the following:

ford; =0

AYWin + (1 -
ford; = 1. )

A)‘/;n - (1 +

A)VREF,

2 _
VrREs = (
(2 + A)VREr,

Subsequently, the ADC output D, is related to Vi, via

_ 1—A/2 va— (A/Q)VREF fOl"dl =0
- ]. + A/2 V;n — (A/2)VREF fOl‘dl =1
= Vin + (A/2)(|Via| — VrEF). “4)

In the simplification into the last line, we have used the fact that
Vin > 0 for dy = 1 and Vi, < 0 for d; = 0. The ADC transfer
curve, D, versus Vi, according to (4), is in Fig. 2(b). The
curve discontinuity has now disappeared, removing DNL.

III. CFCS-BASED DIGITAL BACKGROUND CALIBRATION:
1-BIT-PER-STAGE CASE

A. Basic Concepts

Our work in this paper builds up on CFCS of [1], [2]. In the
present work, we use CFCS to extract the capacitor mismatch in-
formation, in conjunction with a background digital-correlation
loop. The extracted mismatch information is subsequently used
to calibrate out errors caused by the mismatch. This approach
can improve ADC accuracy beyond what removal of only DNL
can achieve.

The central idea of this work, extraction of capacitor mis-
match information using CFCS, came from the realization
that there are two ways of executing CFCS in 1-bit-per-stage
pipelined ADCs. We already discussed one way in the previous
section: we selected C; as a feedback capacitor for d; = 0
and Cs as a feedback capacitor for d; = 1 [Fig. 2(a); redrawn
in Fig. 3(a)]. We call this specific CFCS execution, which led
to (4), CFCS-A. The other way is to select C as a feedback
capacitor for d; = 0 and to select C; as a feedback capacitor
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Fig. 3. (a) CFCS-A. (b) CFCS-B. (c) ADC transfer curves for CFCS-A and
CFCS-B, for A > 0.

for dy = 1 [Fig. 3(b)]. We refer to this CFCS execution as
CFCS-B, for which Vgrgs is given by
Vi _ (2 + A)Vzn + (1 + A)VREFa for dl =0 (5)
RES = (2 — A)va — (]. — A)VREF7 fOI’dl =1
and accordingly, Do, is related to Vi, via
Dout = Vvin - (A/2)(|va| - VREF) (6)

As evident from (4) and (6), CFCS-A and CFCS-B lead to dif-
ferent ADC transfer characteristics: see Fig. 3(c). For the same
analog input Vj,, the digital output D, of CFCS-A is always
smaller than CFCS-B for A > 0, and vice versa for A < 0. The
distance between the two transfer curves is proportional to A,
as we can see by subtracting (6) from (4):

A - (|Vin] — Vrer) N

where subscripts A and B indicate use of CFCS-A and CFCS-B,
respectively. Now A may be expressed as

Dout,A - Dout,B =

out A — Dout,B

A ——2 2
|D0ut A|

VREF ®
In going from (7) to (8), we approximated |Vi,| with | Doyt 4]
to express A in terms of digital quantities available at the ADC
output. We may alternatively replace |Vi,| with | Doy, g|. The
difference between | Doyt 4| and |Doys,g| in the denominator
adds only a second-order effect in the expression of A. Equa-
tion (8) shows that by measuring the distance Doy, 4 — Dout,B
between the transfer curves for CFCS-A and CFCS-B for any
input V;,,, we can in principle extract the capacitor mismatch in-
formation, A, which we can subsequently use to calibrate out
errors caused by the mismatch.

B. Implementation

In reality, we cannot simultaneously obtain Doy 4 and
Dy, for a given input Vi,. We could do so if we had two
identical ADCs, and operated one with CFCS-A and the
other with CFCS-B, but such an arrangement is impossible.
Therefore, extraction of A directly using (8) is not feasible.
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Fig. 4. Architecture and discrete-time signal processing for our digital background calibration.

We can instead obtain a time-averaged version of (7) or (8) to
extract A. This can be done in a given ADC first by randomly
choosing one CFCS mode between CFCS-A or CFCS-B with
equal probability for each input sample, then by creating a
data sequence consisting of the resulting ADC outputs but with
each output multiplied by 1 if CFCS-A was used and by —1
if CFCS-B was used, and then by time-averaging (low-pass
filtering) the data sequence. This procedure to extract A can be
executed using a background digital correlation loop shown in
Fig. 4.

Let us take a close look at the discrete-time processing in
Fig. 4. For simplicity, we continue to assume capacitor mis-
matches only in the MSB stage, and hence, in Fig. 4, the cali-
bration is performed only in the MSB stage. Switching between
CFCS-A and CFCS-B in the MSB stage is controlled by a pseu-
dorandom variable X [n], which assumes +1 and —1 with equal
probability. When X [n] = 1, CFCS-A is executed, and ADC
output Doyt 4 of (4) results; when X [n] = —1, the MSB stage
executes CFCS-B, yielding ADC output D¢, g of (6). We can
combine (4) and (6) into one equation, noting X|[n] = 1 for
CFCS-A and X [n] = —1 for CFCS-B:!

Dousln] = Viu[n] + X[n] - (A/2) ([Viu[n]| = VreF) . (9)
This pre-calibration ADC output with the error term, X[n] -
(A/2)(|Vin[n]| — VrEF), which we aim to calibrate out even-
tually, is now separated into calibration path P1 and capacitor
mismatch information extraction path P2 [Fig. 4]. We will focus
on P2 for now.

In P2, D,u[n] is first multiplied by X [n], is subsequently
multiplied by a certain function of Doyt[n], f(Dout[n]), and
then goes through the discrete-time infinite-impulse response
(IIR) low-pass filter (LPF). For 1-bit-per-stage pipelined ADCs,
we use f(Dout[n]) = 1. The utility of f(Dout[n]) will become
clear in the next two sections when we discuss the calibration
of 1.5-bit-per-stage and multibit-per-stage architectures.

The signal processing described above yields the following
signal at the input of the IIR LPF of Fig. 4:

X[n]Dow[n] = X[n]Via[n] + % (IVin[n]| = Veer) . (10)

ITo be rigorous, Vin[r — N] can be used instead of Vi,[n] to account for
the time delay in the pipelined ADC, but such a distinction is unnecessary in
understanding the essence of our scheme.

The IIR LPF outputs a dc component (time average) of the input
signal of (10). Since X [n] is a pseudorandom signal taking +1
and is not correlated with Vi,[n], the dc component of the first
term of (10) is zero. In contrast, the second term of (10) is always
positive or negative, for |Vi,[n]| < Vrer, and has a nonzero dc
component. Therefore, at the output of the IIR LPF we attain

A
2

X[n]Dow[n] = = (IVin[n]| = Vrer). (1)

where the overlines signify dc components or time averaging.
Note (11) is a time-averaged version of (7). From (11), we can
express A as
) X[n]Dout[n]
| Dout[n]| — VREF

12)

where we approximated |V;,[n]| with |Dyyu[n]| in going from
(11) to (12): the difference between |Vi,[n]| and |Doue[n]| in
the denominator on the right hand side of (12) produces only a
second-order effect in the A expression. Now in (12), A is ex-
pressed in terms of quantities that we can explicitly measure and
know. First, | D,,¢[n]| in the denominator on the right-hand side
of (12) can be measured by low-pass filtering the pre-calibration
ADC output D,,¢[n]. Second, the numerator on the right-hand
side of (12) is what we measure at the output of the IIR LPF.
Therefore, (12), as a result of the background digital correlation
procedure of Fig. 4 in conjunction with CFCS, is the ultimate
equation that quantitatively informs on the capacitor mismatch,
A. Note that (12) is the time-averaged version of (8).

Once A is thus determined, we can use it to calibrate out the
error term in the pre-calibration ADC output Do, [n] of (9) in
a straightforward fashion using a digital calibration block in P1
of Fig. 4. The basic operation that it performs is

Dgwln] = Dowln] = X[n] - (A/2) (| Dows[n]] = Vrer)
~ Vin[n] 13)

where what is subtracted from D,, ¢ [n] in the first line is what we
now know (as A has been determined). In obtaining the second
line using (9) for Doyt [n], we omitted second-order effects. In
(13), D} . [n] represents the corrected digital output [Fig. 4].
Before concluding this section, we remark that quantization
noise has been omitted in the foregoing calculation to highlight

the capacitor mismatch effect, but this seemingly incomplete
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Fig. 5. 1.5-bit-per-stage case. (a) CFCS-A. (b) CFCS-B. (c¢) Transfer curves
for CFCS-A and CFCS-B for A > 0.

calculation does not make the extraction of the mismatch infor-
mation A, or (12), any less accurate. If we had carried out the
calculation including quantization noise e[n], we would have
had an additional term X [n]e[n] in the numerator of (12), but
the time average of e[n] sufficiently dithered by X [n] is a signif-
icantly reduced quantity, which may be ignored. In contrast, the
correction of the digital output using (13) is affected by quanti-
zation noise, for there is no averaging involved in this final step
of calibration. As a result, final accuracy will be slightly less
than the target resolution, as seen in simulations later. This in-
accuracy problem arising in the final correction step, intrinsic
in all digital calibration schemes, can be addressed by adding a
couple of bits at the back end at low cost, although we have not
taken this generic step, for it is tangential to our goal of demon-
strating the new calibration method.

IV. CFCS-BASED DIGITAL BACKGROUND CALIBRATION:
1.5-BIT-PER-STAGE CASE

Our calibration technique can be applied to 1.5-bit-per-stage
pipelined ADCs, which is the topic of this section. We will con-
tinue to assume capacitor mismatches only in the MSB stage.
We denote the MSB stage’s digital decision again as dy, which
now assumes one of 00, 01, and 10. As shown in Fig. 5, there are
two capacitors Cy and C in the MSB stage, whose mismatch
is again represented by A = (Cy/C5) — 1.

The starting point, as in the 1-bit-per-stage case, is realizing
that there are two different ways of executing CFCS. One way
(CFCS-A) is to select C as a feedback capacitor when dy =
01 and to select Cs as a feedback capacitor when d; = 00
or 10 [Fig. 5(a)]. The other way (CFCS-B) is to select C' as a
feedback capacitor when d; = 01 and to select C as a feedback
capacitor when d; = 00 or 10 [Fig. 5(b)]. For CFCS-A, Dgyut, 4
is related to Vi, through

(1= A/2)Viu — (A/2)Vrer, di =00
(1+A/2)Viy, dy =01 (14)
(1—A/2)Viy + (A/2)VrEF, di = 10.

Dout,A =

For CFCS-B, Dgyt,p is related to Vi, via

(1+A/2)Vin+(A/2)VREF, d1 = 00
(1=A/2)Vy, d; =01 (15)
(1 + A/2)va — (A/2)VREF7 dy = 10.

Dout,B =

Equations (14) and (15) show that as in the 1-bit-per-stage case,
CFCS-A and CFCS-B result in two different transfer curves, as
shown in Fig. 5(c), and the distance between the two curves is
proportional to A. Just like in the 1-bit-per-stage case, we are
now to extract A, by measuring the distance using the back-
ground digital correlation architecture of Fig. 4.

Note, however, that unlike the 1-bit-per-stage case where the
transfer curve for CFCS-A is always below that for CFCS-B
[Fig. 3(c); A > 0], the two transfer curves for CFCS-A and
CFCS-B in the 1.5-bit-per-stage case have a crossover at V;,, =
Doyt = 0 and Doyt a[n] > Dous,g[n] for Viy[n] > 0 but
Doyt a[n] < Dout,g[n] for Viu[n] < 0 [Fig. 5(c); A > 0].
Therefore, if we use f(Dout[n]) = 1 as in the 1-bit-per-stage
case, the resultant signal X [n]Doyut[n] (X[n] = 1 for CFCS-A;
X|[n] = —1 for CFCS-B) at the input of the IIR LPF of Fig. 4
will be time-averaged to zero at the output of the LPF, no matter
what the value of A is. Therefore, with f(Dyui[n]) = 1, we
cannot extract A.

This problem can be solved by using f(Dut[n]) specifically
defined, for the 1.5-bit-per-stage case, as the following:

if Dout[n] < 0

if Doye[n] > 0. (16)

FDalil) = { T}
With this f(Dout[n]), Dout[n]f(Dout[n]) of CFCS-A will
be always smaller than that of CFCS-B for any given
Vin[n], and hence the input to the IR LPF in Fig. 4,
X [n]Dout[n]f(Dout[n]), will be time-averaged to a nonzero
value that is proportional to A. This way we extract the capac-

itor mismatch information in the 1.5-bit-per-stage pipelined
ADC.

V. CFCS-BASED DIGITAL BACKGROUND CALIBRATION:
MULTIBIT-PER-STAGE CASE

Our background calibration technique can be easily gen-
eralized from 1-bit-per-stage and 1.5-bit-per-stage cases to
m-bit-per-stage or (m + 0.5)-bit-per-stage cases (typical values
for m are 1, 2, and 3). There are total 2™ capacitors in each
stage, and we again assume capacitor mismatches only in the
MSB stage for simplicity and focus on the MSB stage. We
denote the capacitors in the MSB stage as C'y, Cs, C5, ..., Com
and represent the capacitor mismatch between C}, and Cj41 as
A = (Cr41/Cr) — 1 where k = 1,2,3...,(2™ — 1). Once
every Ay is extracted, we can calibrate out errors brought by
all mismatches.

We use the procedure of Fig. 4 to extract Ag. We first de-
fine two CFCS execution modes, which we call CFCS-A and
CFCS-By.. In CFCS-Ay, we select C, as a feedback capacitor if
d; is even, and select C 41 as a feedback capacitor if d; is odd.
In CFCS-By., we select Cj41 as a feedback capacitor if d; is
odd, and select C}, as a feedback capacitor if dy is even. f(Dout )
isset at 1 at Dy, = Vi, = —VREr and continues to be 1 with
increasing Vi, until there is a crossover between the transfer
curves of CFCS-A, and CFCS-By: at the crossover, f(Dgut[n])
becomes -1 and remains to be -1 until the next crossover. This
procedure is repeated to completely determine f (Dot [n]). This
ensures that D[] f(Dout[n]) of CFCS-A is always smaller
(larger) than CFCS-By, for A > 0 (Ag < 0). From the output
of the IIR LPF, we extract Ay.
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Fig. 6. Simulated output spectra. (a) Pre-calibration. (b) Post-calibration.

The overall calibration algorithm can be summed up as fol-
lows, for each input sample (for each time index n).

1) Select k and decide which Ay is to be extracted, using
a pseudorandom signal Xc.p[n] = 1,2,3...,(2™ - 1)
(equal probability).

2) Select which CFCS mode to use between CFCS-A; and
CFCS-By, according to another pseudorandom signal
Xmode[n] = 1 (equal probability).

3) Let Xiode[n]Dout[12] f(Dout[n]) go through the kth LPF.
From the output, Ay, is extracted.

4) Using this Ay, perform digital calibration).

VL

We test our CFCS-based digital background calibration,
using behavioral simulations in MATLAB. A 16-bit pipelined
ADC consisting of 15 1.5-bit stages is modeled, and random
capacitor mismatches of o = 0.25% are assumed in each stage.
First 6 stages are calibrated in parallel using the proposed tech-
nique. Each of the stages has its own LPF and pseudorandom
generator with a period of 2'4. Fig. 6 shows the simulated
output spectra of the pipelined ADC for a full-swing sine wave
input, whose frequency is 1/v/101 of the sampling frequency:
we chose this irrational number so that the signal is always
sampled at different phases to avoid periodicity. The number of
samples we used is 2!4. The window we used is Kaiser Window
[ = 20 with window length 214,

Fig. 6(a) is the output spectrum in the absence of the digital
background calibration. We see appreciable harmonics gener-
ated by capacitor mismatches. When our digital background cal-
ibration is in force, the output spectrum of Fig. 6(b) is obtained.
Not only are the large harmonics eliminated, but the noise floor
due to high order harmonics is also significantly reduced. Quan-
titatively, the calibration increases the spurious-free-dynamic-
range (SFDR) from 70 dB to 120 dB, and the signal-to-noise-
and-distortion-ratio (SNDR) from 62 dB (10 bits) to 94 dB (15.4
bits), clearly demonstrating the validity of the proposed tech-
nique. The perfect 16-bit resolution was not achieved due to two
main reasons: firstly, the calibration was performed only for the
first 6 stages; secondly, although the extracted value of A is pre-
cise to the first order, quantization noise compromises the cor-
rection of the digital output using the extracted A, as mentioned
at the end of Section III.

SIMULATION

VII. CONCLUSION

We introduced a new digital background calibration tech-
nique for capacitor mismatches in pipelined ADCs. Its novelty
is combining two known techniques, CFCS [1], [2] and a dig-
ital correlation loop, to extract capacitor mismatch information.
This approach is applicable to single- and multibit-per-stage
cases. The cost of implementing our technique is low: only shift
registers, discrete-time LPF, and simple combinational logic are
needed in the background calibration loop.
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