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A Calibration Technique for Pipelined ADCs Using
Self-Measurement and Histogram-Based Test Methods

Tohid Moosazadeh and Mohammad Yavari, Member, IEEE

Abstract—This brief presents a digital background calibration
technique for pipelined analog-to-digital converters (ADCs) to
correct the capacitor mismatch, finite dc gain, and nonlinear-
ity of residue amplifiers. It estimates the calibration coefficients
at start-up by a modified self-measurement method with low-
precision stimulation signals in the multistage calibration. Then,
during the ADC normal operation, a sliding histogram in the vicin-
ity of the decision boundaries of stage comparators is utilized to
adjust the calibration coefficients in order to follow the variation of
errors. To do so, the ratio of information achieved from the initial
and new histograms is used to update the calibration coefficients.
Behavioral simulation results of a 12-bit pipelined ADC show that
the proposed calibration technique improves the ADC linearity by
more than 4 bits and it is robust against the variation of errors.

Index Terms—Digital background calibration technique, gain
error, gain nonlinearity, pipelined analog-to-digital converters
(ADCs).

I. INTRODUCTION

IGITAL calibration techniques have been widely used in
high-performance pipelined analog-to-digital converters
(ADCs) [1]-[9]. Correlation-based methods modulate the ana-
log errors by a pseudorandom noise (PN) sequence and then
extract the modulated information in digital domain to achieve
the required performance [1], [2]. In these methods, the input
signal appears as an uncorrelated noise with larger amplitude
than the PN sequence, resulting in a large convergence time. In
equalization-based calibration techniques, the errors are gener-
ally measured using the calibration signals [3], [4]. Although
these techniques achieve a fast conversion rate, they need extra
analog circuits to produce high-precision calibration signals.
Histogram-based calibration techniques correct the errors by
measuring the code density at the ADC output [5]. However,
their performance highly depends on the input signal statistics.
To alleviate this issue, a combination of the foreground and
background calibration techniques is utilized in [6] and [7]. At
the start-up, the errors are estimated by using a foreground cali-
bration such as [8] and [9], and then, the ADC output histogram
is used to follow the variation of errors in the background mode.
In this brief, a new calibration technique is proposed for
pipelined ADCs, which employs a modified self-measurement
method with relaxed accuracy calibration signals to correct
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Fig. 1. Architecture of a nonideal 1.5-bit stage.

AVies

vres,m= X2 Vres,max1
Vin / / v,
AN I in
- Vies

¢’1J—‘_r l¢2 p—0 / V / B
ATL v, L B J:"" [Pt prop=t

= 4 025 025 1
(a) (b)

\‘DZ
b, | Cr=Cs Vier=1V
|_ ¢1 1 Cs |
I L @,

Fig. 2. (a) MDAC circuit and (b) its transfer function including the circuit
nonidealities.

the errors at the ADC start-up. Then, a hardware efficient
histogram-based method called the “sliding histogram” is used
during the ADC normal operation to track the variation of errors
and realize a background calibration scheme.

This brief is organized as follows. In Section II, the modeling
of errors in pipelined ADC:s is presented. The proposed calibra-
tion technique is described in Section III. Behavioral simulation
results are provided in Section IV, and finally, Section V
concludes this brief.

II. ADC ERROR MODELING

Fig. 1 shows the commonly used 1.5-bit stage structure in
pipelined ADCs including the circuit nonidealities. Here, the
input signal V4, is quantized to D = {—1,0,1} using a sub-
ADC with decision points of +V;e¢/4. Then, the quantized
input signal is converted back to the analog domain with a sub-
digital-to-analog converter (sub-DAC). The sub-DAC output
Vbac = DV is subtracted from the amplified input signal to
produce the residue signal by employing a multiplying DAC
(MDAC) shown in Fig. 2(a). The MDAC circuit samples the
input signal during @1 on both C's and C'r. Then, during @5, the
capacitor C'r is placed in the feedback path, while the bottom
plate of C's is connected to Vpac to produce the residue signal.

Considering the circuit nonidealities such as the capacitor
mismatch ¢, finite amplifier dc gain, and nonlinearity, which
are modeled by v; and 3 in Fig. 1, the stage residue signal Vs
can be expressed by a third-order polynomial [10] as

V;es :’Yl‘/;“ +'73‘/;"3
Vi =24+¢)Vin — (1 +¢)Vbac. (1)
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Fig. 3. Self-measurement method in [11].

It should be mentioned that (1) is an appropriate model for low-
to medium-resolution ADCs. A more precise model using higher
order terms of V. should be considered in (1) for high-resolution
ADC:s [8]. The transfer function of V¢4 including the aforemen-
tioned circuit nonidealities is shown in Fig. 2(b). To estimate
the stage input signal Vi, the inverse of (1) is approximated by
Vi m (1/91)Vaes — (73/71) V2. Therefore, we have

res*
- Vies + 0&3‘/3 + a1 DVier

Viu ~ @
g
where g, a1, and a3 are the calibration coefficients as
g=m2+e), ar=m(l+¢), az=-y3/v. 3

Assuming that D, = Vi, / Vier and Dyes = Vies/ Viet to denote the
digitized input and residue signals, respectively, D;, will be as

3
_ Dyes + a3D3
Din ~

g

-|-041D

“

Hence, the calibration process is to estimate g, a1, and a3 for
each of the 1.5-bit stages. It is performed recursively from the
last stage to the first one where the calibrated stages produce
the digitized output signal for the stage under the calibration.

III. PROPOSED CALIBRATION TECHNIQUE

A. Concept of the Self-Measurement Method

The starting point of the foreground phase in the proposed
calibration technique is the self-measurement method which
has been presented in [11] to correct the front-end sample
and hold amplifier (SHA) nonlinearity in a pipelined ADC.
Fig. 3 illustrates the concept of this method, where the SHA
nonlinearity is corrected by estimating its inverse transfer func-
tion £~1(.) in digital domain.

During the self-measurement intervals, when I; or I is high,
an inaccurate DAC with several dc voltage levels is used in the
SHA input, while the output is digitized by an ideal pipelined
ADC. Then, the DAC is disconnected from the SHA input, and
it is applied to the ADC. Therefore, the digital equivalents of
the SHA input and output signals are available, and f~1(.) is
properly estimated in digital domain with the ADC resolution.

Herein, the accuracy of the DAC signals is not important as
long as they remain constant during the calibration. However,
in practice, the accuracy of measurements will be affected
by the thermal noise. It can be alleviated by repeating the
measurements several times and using their average values.
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Fig. 4. Multistage calibration with the self-measurement method.

B. Proposed Self-Measurement Method

The conventional self-measurement method can also be em-
ployed in the MDAC using the sub-DAC path which has a similar
gain property as the SHA. This configuration can measure «
and a3 in (4). However, the gain error g is the main drawback of
this approach since it prevents the multistage calibration. Any
uncorrected gain error in the latter stages affects the coefficients
of the previous stages in the conventional self-measurement
method. For more clarification, suppose a pipelined ADC with
two 1.5-bit stages followed by an ideal backend ADC shown
in Fig. 4. Here, for simplicity, the 1.5-bit stages are supposed
to have only the gain error (3 = 0). The calibration starts
from the second stage to reach the first one. Conventional
self-measurement method in the second stage measures a1 o =
v1,2(1 4 €2), where the unmeasured g5 is considered as its ideal
value, i.e., 2. In this case, a linear output D51 containing the
gain error is resulted. Then, the second stage is combined with
the backend ADC as Fig. 4 to make the backend ADC for the
first stage. By repeating the same procedure to the first stage,
a1 =71,1(1 4+ €1) is estimated independent of the backend
ADC gain error, while its output D, is affected by this error.
According to Fig. 4, the digitized output D, will be as

Doy = (m171,224+¢€1)(2+€2)Vin

g192

*)

Therefore, assuming that g; = go = 2 in the conventional self-
measurement method, the digitized input samples are distorted.
To solve this problem, the self-measurement method is mod-
ified to measure ¢ in (4), which is the main achievement
exploited here for the multistage calibration. According to (5),
g1 =m,1(2+¢€1) and g2 = 1,2(2 + €2) result in a true cali-
brated digital output.

At first, the modified self-measurement method applies the
calibration signals into the sub-DAC path with a zero input sig-
nal (Vpac = Vear, and Vi, = 0). In this condition, considering
(4), the digitized residue signal D, is related to the digitized
calibration signal by the backed-ADC D, through the relation

(6)

where D is substituted by D, in (4) which means that the cali-
bration signal is applied to the sub-DAC path. Herein, the least
mean square (LMS) algorithm is used to estimate «; and a3 as

+ (g2a11 — 71,22+ €2)a1.1) Vbaca) -

Dres + OCSD?) + achal ~ 0

res

ar(n+1) =ai(n) — pre1(n)Dea(n)

ag(n+1) =as(n) — pse1(n) D3y (n) @)



828 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 62, NO. 9, SEPTEMBER 2015

& ~ NN Decision
p I Y af & P <, =
Backend v~ (D S ® R @* 7 pomt\
Code T ! T
. ; - Final histogram
Caset1: [H T H | !
H.
Case2: \> I—————— -l
LHlH |
Case3: LA H
@ Dissiias
Backend @ © Noisy codes
Code [® .
S EIEEEE = Conventional
SalEEEE = histogram bins

EH
>~

\'

N —
Final histogram (b)

Sliding
histogram bins

11

Fig. 5. (a) Concept of the sliding histogram method. (b) Simple example.

where p; and ps are the update step sizes of the LMS
algorithm and

e1(n) = Dres(n) + a3 (n)Dfes (n) + a1(n)Dear(n).  (8)

Having known the values of «; and a3, ¢ is estimated by ap-
plying the calibration signals to both of the paths of this stage
(Vin = Vbac = Vea). In this case, D, is related to D, as

(9 — a1)Deat — Dyes — a3D2 = 0 9)
and g is estimated with another LMS algorithm as

g(n+1) =g(n) — pgea(n)Dear(n)
where 14 is the LMS update step size and

ea(n) = (g(n) — 1) Dear(n) —

By this way, the modified self-measurement method can be
used in the multistage calibration where the calibration coeffi-
cients are estimated as (7) and (10) using two LMS algorithms.

Since the LMS algorithm is employed here, considering w
coefficients in the inverse model, at least (w + 1) independent
equations are needed to estimate them [8]. It means that more
calibration signals should be utilized in the estimation of a
higher order model.

(10)

Dyes(n) — azD3 _(n). (11)

C. Tracking of Errors With Sliding Histogram

A histogram-based calibration technique called the “sliding
histogram” is proposed to track the variation of errors due
to the temperature and power supply voltage changes in the
background. Supposing negligible amount of variations in am-
plifier nonlinearity and comparator offset for low- to medium-
resolution ADCs [6], [7], the relation (4) is simplified as

Dres + alD
7g .

The required information to track the changes in the coef-
ficient g can be achieved by Vies max1 in Fig. 2(b) similar to
[7]. Here, this capability is extended to track the changes in
a1 by Vies,max1 and Vies max2 in Fig. 2(b). Exactly after the
foreground calibration, Vies,max1 and Vies max2 are estimated,
and their values are used as the reference in the next estimation
to track the variation of errors.

Dy, = 12)

Digitize V., with
Backend ADC Update ay, a; and g
v using (7) and (10)
Digitize Vs with the backend
ADC when V., is employed in
sub-DAC path with zero input

Monitor backend ADC codes
* to run the sliding histogram
Digitize V,es with the backend ‘ —

ADC when V,, is employed in | Update coefficients
both sub-DAC and input paths using (13) and (14)

Fig. 6. Flowchart of the proposed calibration technique.
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Fig. 7. (a) MDAC structure with the proposed calibration technique.
(b) Resistive ladder with a switch array to generate the calibration signals.
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Fig. 8. Initial convergence of the calibration coefficients in the foreground phase.

For Vies,max 1, the sub-ADC output D is zero, and the relation
(12) is reduced to Din = Dyes max1/9- The ratio of the initially
estimated maximum residue signal D,.cs max 1,0ld = Gold Din1 to
its changed value D;es max 1,new = gnewDin2 18 given by

Dres,max 1,new >

Dres,max 1,0ld

9new = Yold < (13)
where D1 = Diye is used assuming the negligible variations
in the offset voltage of the comparators. In this equation, go1q
and gpew denote the parameter g before and after the variation,
respectively. Following the changes of Vies max2 in Fig. 2(b),
the new value of o1 can be obtained as

A1 new — Dres,max 2,new

Dres max 1,new
- (_al,old + Dres,max2,old)~
Dres,max 1,0ld

(14)

Therefore, the variation of errors can be corrected by following
the changes in Dyes max1 and Dies max 2-
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It is worth mentioning that, for high-resolution ADCs, the
variation of amplifier nonlinearity due to the temperature and
power supply voltage changes is not negligible. Therefore, the
relations (13) and (14) limit the accuracy of the background
calibration technique in high-resolution applications.

Taking into account the circuit noise, the histogram of
backend codes can be used to estimate the true values of the
maximum codes [5]. For the noisy codes around the decision
points, the height of the histogram bins will be much less than
the adjacent bins, and hence, they can simply be discarded [7].

Considering the maximum offset tolerance of a 1.5-bit stage
whichis V¢ /4, the output codes of its N -bit backend ADC in the
range of [2V~1 2V — 1] will contain Diesmax1 and Dies max2-
Therefore, the histogram length will be L = 2V~ and it needs
gN-1 digital comparators and counters to be realized [5], [7].

The sliding histogram method uses two n-bin histograms H;
and Hy (n < L) to monitor the backend codes of the stage under
the calibration. As shown in Fig. 5(a), they slide from the mini-
mum codes toward the decision point by the occurrence of back-
end codes. Finally, a short-length histogram is formed around
the maximum code. Here, due to the reduced length of the
histogram, the required hardware complexity is also reduced.

From Fig. 5(a), H1 and H, cover the codes of the initial ranges
of [L, L+n—1]and [L 4+ n, L 4 2n — 1], respectively. When
a backend code is produced, three different cases may occur. In
case “1,” the code is in the initial range, and H; and H, start to
count the number of that code occurrence. In case “2,” the code
is in the range of [L + 2n, L + 3n — 1], H; bins are set to this
range, and its counters are reset, while Hy bins remain as the
previous. In other words, Hs and Hy will cover [L +n, L+
2n — 1] and [L 4 2n, L + 3n — 1] ranges, respectively. In case
“3,” the code k is greater than L + 3n — 1, and the maximum
bin of H; is setto k, while it is set to k + n in Hy. At the end of
sliding, a short-length histogram shown in Fig. 5(a) is created
around the maximum residue voltage D;cs max. Applying this
procedure for D = 0 and D = —1 regions leads t0 Dy esmax1
and Dres max 2, respectively, which can be used in relations (13)
and (14) to track the variation of the calibration coefficients.

For more clarification, consider a pipelined ADC with a
1.5-bit first stage and a 4-bit backend ADC. Fig. 5(b) shows
the conventional and sliding histogram-based calibrations to
measure the maximum residue signal. The conventional method
needs an eight-bin histogram to count the occurrence of back-
end codes in the presence of the comparator offset and thermal
noise. In the proposed method, two one-bin histograms are
used, while one of them is initially set to “1000” code, and
the other one is set to “1001.” For example, sample “A” in
Fig. 5(b) occurs in the range of the initial bins and, therefore, it
is counted.

Then, the sample “B” occurs out of the initial range. There-
fore, the histograms cover the “1001” and “1010” codes similar
to case 2 in Fig. 5(a). After that, the sample “C” occurs like
case 3 in Fig. 5(a), and the histograms should slide to the
“1110” and “1111” codes. At the end of sliding, a two-bin
histogram in the vicinity of Dy .cs max Will be produced. This
simple example shows that, for a 4-bit backend ADC, the
number of histogram bins is reduced four times compared to the
conventional method. For long histograms, the reduction rate
will be significant. When the ADC’s circuit noise is comparable
to the quantization noise, it should be considered as a Gaussian
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white noise with a standard deviation of o,. Therefore, by
taking into account the noisy bins, a conservative choice for
the length of sliding histograms is n > 30, [5].

The flowchart of the proposed calibration technique is il-
lustrated in Fig. 6. It estimates the calibration coefficients by
the self-measurement method and tracks their variations by the
sliding histogram technique.

D. Hardware Complexity

To implement the modified self-measurement method, cali-
bration signals are employed at the input and sub-DAC paths of
1.5-bit stages using analog multiplexers as shown in Fig. 7(a).
In the foreground calibration phase, the digitized calibration
signal D, is produced in $pg, while the updated information
for calibration coefficients in (7) and (10) is provided in &.q
and ®.o, respectively. Then, during @., the ADC enters the
normal operation mode. A simple resistive ladder with a switch
array shown in Fig. 7(b) can be used to produce the calibration
signals. The calibration signals should settle fast enough such
that the ADC different paths could sample the same signals.
The foreground phase also needs some digital multipliers and
adders to implement two LMS algorithms in (7), (8), (10), and
(11) in addition to the divider, multipliers, and adders in (4).

The sliding histogram method needs some digital logic to
control the sliding algorithm in addition to 2n digital compara-
tors and counters. Assuming that o,, = m x LSB of an N-bit
backend ADC, at least 6m digital comparators and counters
are required for the sliding histogram method. Moreover, the
relations (13) and (14) require some adders, multipliers, and
dividers to be implemented.

Therefore, the hardware complexity of the proposed calibra-
tion technique is on the order of some analog multiplexers, a
resistive ladder with a switch array, and digital circuits to realize
the LMS algorithms along with the sliding histogram method.

IV. SIMULATION RESULTS

Several behavioral simulation results are provided for a
12-bit pipelined ADC comprising of two 1.5-bit stages and an
ideal 10-bit backend ADC. A Gaussian circuit noise is added
to the input signal to restrict the ADC effective number of
bits to 11.5. In these simulations, a comparator offset with
30 = Vier/8 and capacitor mismatch ¢ of —0.2% are consid-
ered. An amplifier with 45-dB dc gain is considered, which is
corresponding to y; = 0.99 and v3 = —0.5%. A 3-bit random
selector is used to select the calibration signals as Vi, =
{1, 4, 8, 12, 15} V;¢£/16 with a maximum accuracy of 7-bit.

The initial convergence of the first stage calibration coeffi-
cients with the calibrated second stage in the foreground phase
is shown in Fig. 8. The calibration coefficients a;, as, and g
are stable around their theoretical values 71 (1 + ¢) =~ 0.988,
—v3/93 = 5.2 x 1073, and 1/71(2 + ¢) ~ 1.978, respectively,
after almost 3 x 103 conversions. The simulated ADC output
spectrum for a full-scale sinusoidal input signal and 4096 FFT
points without any calibration is shown in Fig. 9(a). It is also
shown in Fig. 9(b) and (c) after the foreground calibration
with the modified and conventional self-measurement methods,
respectively. The modified self-measurement method improves
the signal-to-noise and distortion ratio (SNDR) and spurious
free dynamic range (SFDR) more than 25 and 40 dB, respec-
tively, while the conventional method improves them only 6 dB.



830

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 62, NO. 9, SEPTEMBER 2015

|SFDR = 47 dB
. ‘
ISNDR = 44 dB

Output spectrum (dB)
Output spectrum (dB)

-150

SFDR = 53 dB
SNDR = 50 dB
1

__________ il e
|
I
I
|

SFDR = 90 dB
SNDR =71 dB

&
S

Output spectrum (dB)
5]
o

| |
| |
I |
| |

Normalized input frequency (flfs)

(2)

0 0.1 0.2 0.3 0.4 0.5 o 0.1 0.2
Normalized input frequency (flfs)

-150
0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Normalized input frequency (flfs)

(b) ©

Fig. 9. Simulated ADC output spectrum (a) before any calibration, (b) after the foreground calibration with the modified self-measurement method, and (c) after

the foreground calibration with the conventional self-measurement method.

£ 400
9 -
° 200 Sine input
3
© 1317 1321 1324
£ 1000
§ 500 Ramp input |
3
© 1315 1319 1322
£ 2000
[=]
31000 Random input
3
0
© 1317 1321 1324

Backend code

Fig. 10. Histogram of the backend codes in the vicinity of V;ef/4 for input
signals of (a) sine, (b) ramp, and (c) random.

TABLE I
COMPARISON RESULTS WITH SEVERAL OTHER
CALIBRATION TECHNIQUES

Ref. Sensitivity to }/,; accuracy | Hist. length | Tracking capability
[4] High — oy and a3
[5] - Long o
[6] High Long orjand g
[7] Low Average g
[10] Low - —
This work Low Short oarand g

To demonstrate the tracking capability of the sliding his-
togram method, ¢ and ~; in the first stage are changed to
—0.4% and 0.95, respectively. In this condition, SNDR and
SFDR degrade to 39 and 43 dB, respectively, before tracking
the variation of errors, where, after about 2 x 108 samples, they
are returned to the values achieved in the foreground phase.

With a sampling frequency on the order of multihertz, the
error tracking takes a few seconds. Therefore, considering the
slow variation of power supply voltage and temperature which
is on the order of minutes as mentioned in [6] and [7], the
tracking phase is fast enough to follow the errors.

The probability distribution of the input signal affects the
performance of the histogram-based calibration techniques [5].
To examine this issue, the histograms of the first stage output
with sine, ramp, and random input signals are obtained after
2 x 108 input samples. The histogram of the codes in the
vicinity of Ver/4 is shown in Fig. 10, where they are produced
with two four-bin sliding histograms. According to this figure,
the maximum back-end code is “1320” for each input. It is clear
that the noisy code of “1321” should be discarded.

The proposed calibration scheme is compared with several
other techniques in Table I. In summary, the hardware com-
plexity is reduced in each phase of the proposed calibration
technique; in particular, the background phase has an out-
standing hardware reduction rate. Since the number of bins
in the sliding method is decreased in comparison with the
conventional histogram-based methods, its power consumption
will be reduced as well.

V. CONCLUSION

A digital background calibration technique has been pre-
sented to correct the gain error and gain nonlinearity in the
pipelined ADCs. At start-up, it corrects the errors in the fore-
ground mode using the modified self-measurement method
which allows the multistage calibration with accuracy relaxed
calibration signals. Then, during the ADC normal operation, a
sliding histogram is employed to track the variation of errors.
Behavioral simulation results show that the errors are appropri-
ately corrected, and their variations are tracked with very low
hardware complexity.
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