DIGITAL CALIBRATION TECHNIQUES OF
PIPELINED AND ALGORITHMIC ADCS

Chinmaye Ramamurthy

Doctor of Philosophy Thesis
June 2022

)
L

mi-b

International Institute of Informatlon Technology, Bangalore



DIGITAL CALIBRATION TECHNIQUES OF
PIPELINED AND ALGORITHMIC ADCS

Submitted to International Institute of Information Technology,
Bangalore
in Partial Fulfillment of
the Requirements for the Award of
Doctor of Philosophy

by

Chinmaye Ramamurthy
PH2017006

International Institute of Information Technology, Bangalore
June 2022



Dedicated to

family and friends



Thesis Certificate

This is to certify that the thesis titled Digital Calibration Techniques of Pipelined
and Algorithmic ADCs submitted to the International Institute of Information Tech-
nology, Bangalore, for the award of the degree of Doctor of Philosophy is a bona fide
record of the research work done by Chinmaye Ramamurthy, PH2017006, under our
supervision. The contents of this thesis, in full or in parts, have not been submitted to

any other Institute or University for the award of any degree or diploma.

Prof. Subhajith Sen

At )

/

Prof. Chetan Parikh

Bangalore,

The 20% of June, 2022.




v

DIGITAL CALIBRATION TECHNIQUES OF PIPELINED AND
ALGORITHMIC ADCS

Abstract

Analog to Digital Converters (ADCs) act as a bridge between the real world analog
signals and digital signal processors. ADCs convert continuous amplitude, continu-
ous time signals to discrete amplitude, discrete time signals, which makes it easier for
processing them. For the applications that require high speed and moderate resolution
ADC:s, pipelined ADCs, have become an obvious choice due to their many advantages
like low complexity, low power dissipation and high conversion rate compared to other
ADCs. With shrinking technologies, mismatches in the analog components used to
build an ADC result in the digital output of the ADC having large distortion which
require calibration. This thesis presents calibration techniques for improving the per-

formance of the pipelined ADCs.

There have been many background and foreground calibration techniques proposed
so far and they can be broadly classified into analog, statistical and deterministic tech-
niques. Analog calibration techniques deal with tweaking the analog components to
calibrate the ADCs and are more prone to error. Deterministic calibration techniques
are suited for moderate resolution, moderate speed applications, while requiring min-
imal calibration hardware. Statistical Calibration techniques are suited for advanced
technology node precision circuit designs where non-linearities cause significant errors.

Calibration hardware generally consists of a microprocessor and many filters.

This thesis presents two background and four foreground digital calibration tech-



niques for pipelined ADCs. The proposed techniques have been tested on 1.5 bits/stage,
10/12 stages; 9/12 bits pipelined ADC designed using flip around MDAC where first
3-4 MSB stages are calibrated but can be used in higher resolution ADCs as well. The
proposed calibration techniques can also be used to calibrate algorithmic ADCs with

little or no modification in the calibration logic.

All the calibration techniques proposed in this thesis requires calculation of cali-
bration coefficients which are used to obtain a calibrated digital output from the ADC.
The first foreground calibration technique accounts for mismatches between the sam-
pling and feedback capacitors and comparator offsets used in pipeline stages. Rest of
the calibration techniques discussed in this thesis accounts for mismatches between the
sampling and feedback capacitors, comparator offsets, finite op-amp gain, systematic
offset errors and parasitic capacitance. The first and second calibration techniques nei-
ther requires a precise voltage generator nor probing the intermediate stages. The two
calibration techniques can be used to calibrate any existing pipeline ADC:s if there is an
access to the digital output code of the pipeline stages. The third foreground calibration
technique requires a reference ADC for calibration but very simple digital hardware.
All calibration coefficients are accurate to 12 bits. The fourth calibration technique
is based on an iterative algorithm which takes 5-10 cycles to calculate the calibration
coefficients. The fifth and sixth calibration techniques are background deterministic
calibration techniques which neither uses microprocessors nor does it take a longer
time for calibration. Compared to other existing deterministic calibration techniques,
the proposed techniques are characterized by its simplicity, minimal hardware and low

power dissipation.

The circuits were implemented in Semiconductor Complex Limited, India (SCL)’s
180-nm CMOS technology, and were simulated in Cadence-AMS environment with
the digital portions coded using Verilog HDL. In the proposed techniques, along with

significant reduction in the INL and DNL in both pipelined and algorithmic ADCs after



calibration, there has been improvement in SNR and SFDR as well.
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CHAPTER 1

INTRODUCTION

1.1 Overview

All electronics system consists of sensors, digital signal processing unit and actu-
ators. Sensors sense the incoming analog signals just like voice signals are sensed by
a microphone, RF signals are sensed by antennas in the mobile phone etc. Due to low
cost and low programmability, these signals are processed digitally and converted back
to analog domain before they are output by the actuators. Therefore Analog to Digital
Converter (ADC) plays a very important role in any electronics system. Among the var-
ious ADCs that are available today, pipelined ADCs are preferred due to its high speed
and high conversion rate. State-of-the-art resolution specifications of pipelined ADCs
range from 8 to 16 bits with sampling rates ranging from a few MHz to several GHz.
Analog-front-ends (AFE) with this high bandwidth, high resolution specifications are
required in a wide range of equipment such as communication, RADAR, instrumenta-
tion, sensing and imaging systems. For example, synthetic-aperture-radars and imaging
cameras are useful in applications for defence, agriculture, urban planning, disaster
management, etc. However, technology scaling has led to reduced supply voltage and
decreased device gain which in turn has led to noise, distortion and non-linearity in
the analog circuitry that limit the ADC performance. Also, small value capacitors for

high speed and low chip area are required which increase capacitor mismatch. Hence



calibration of ADCs is very important to enhance the linearity of the ADCs. Several
calibration techniques have been introduced in the past and they can be categorised
into analog calibration techniques, statistical calibration techniques and deterministic
calibration techniques. Analog calibration technique requires trimming of capacitors
in the amplifiers to adjust the gain to the required value and it requires more number
of cycles for calibrations. Hence, they are more prone to errors since they deal with
tweaking the values of the analog components in the circuit. Statistical techniques are
superior for calibrating ADCs in advanced technology nodes where the process-related
errors are larger. But these techniques require a large amount of hardware and hence
dissipate more power. They also require a larger number of clock cycles for calibra-
tion. Deterministic techniques measure the errors caused by non-ideal components, by
comparing the actual digital outputs of the ADC with an ideal mathematical model, for
known analog inputs. This error is then added to / subtracted from the digital output
of the ADC during normal operation, thus correcting the error, and making the ADC
output linear. Deterministic techniques require very little hardware and memory and
are also faster in calibration, compared to statistical calibration techniques. Hence de-
terministic calibration techniques are generally preferred for moderate technology node
designs. Calibration of ADC can be done either in background or in the foreground.
Background calibration techniques do not disturb the actual working of the ADC since
the calibration logic is run in parallel with the ADC where as foreground calibration

techniques disturbs the actual working of the ADC during calibration.

The goal of this research is to develop novel digital calibration techniques to cal-
ibrate a pipelined ADC. Calibration algorithms have been demonstrated on 1.5 bit-
s/stage, 10/12 stage pipelined ADC but these techniques can be used to calibrate high
resolution ADCs as well. Six novel calibration techniques, out of which four foreground
and two background calibration techniques have been implemented and are discussed

here. All the techniques have been implemented in cadence in SCL 180nm technology.



* The first technique is a foreground calibration technique where the discontinuities
due to jumps in the output transfer characteristics of the ADC (for a ramp input
signal) caused by capacitor mismatches are calculated in all stages that needs
calibration. This acts as calibration coefficients which are then added/ subtracted
from the raw code of the ADC to get a calibrated digital output. This technique
requires just a few adders and comparators for calibration. Considering 10 stages,
1.5 bits per stage pipeline ADC with upto 5% mismatches in the capacitances in
the 3 most significant bit stages, INL of the pipelined ADC was reduced to less
than 0.8 LSB after calibration; Signal-to-noise ratio improved by more than 10 dB
and spurious-free dynamic range improved by 15 dB in the pipelined ADC. This
calibration technique works well where the capacitor mismatches in the pipeline

stage 1s 5% or less.

* The second technique is a foreground calibration technique where the calibration
coefficients account for capacitor mismatch error which results in discontinuities
and the finite op-amp gain error that results in the change of slope of the ADC out-
put characteristics. The calibration coefficients are calculated and are later used
to obtain calibrated digital output code of the ADC. This technique requires mul-
tipliers and dividers along with adders and comparators. Considering 10 stages,
1.5 bits per stage pipeline ADC with upto 10% mismatch in capacitances in the
3 MSB stages, the calibration technique improved SNR by more than 15 dB and
SFDR by around 24 dB. INL of the pipelined ADC reduces to less than 0.7 LSB
after calibration. This calibration technique works well for large capacitance mis-
matches. This technique has been slightly modified to calibrate one stage algo-

rithmic ADC:s.

* The third calibration technique is a foreground calibration technique. This tech-
nique directly extracts the weights with which the digital raw code of the pipelined

ADC has to be multiplied, with minimal digital operations. The output digital



codes of the pipeline ADC are compared with that of the reference ADC to ex-
tract the weights directly. With calibration technique applied to the 12 stages
pipeline ADC, it achieves SNDR of 62 dB @ input frequency equal to one third
the sampling frequency and 71 dB at lower input frequencies and SFDR of 64 dB
@ input frequency equal to one third the sampling frequency and 75 dB at lower
input frequencies. Also, the measured INL and DNL of the calibrated ADC lie
below 0.65 LSB and 0.3 LSB respectively.

The fourth technique is foreground calibration technique implemented on 12 stages
1.5 bits/stage ADC. The calibration algorithm accounts for capacitor mismatch,
offset errors, parasitic capacitances and finite open loop gain of the op-amp. A
fixed point iterative algorithm is used to determine the weights, with which the
digital codes of the pipeline stages of the ADC are multiplied, to obtain calibrated
digital output. Unlike the state of the art calibration techniques, the proposed tech-
nique uses very less number of samples and cycles for calibration. The calibra-
tion algorithm has been implemented on 40 MSPS, 1.5 bits/stage; 12 bits pipeline
ADC where 4 MSB stages are calibrated. For a 5% mismatch in capacitances in
the 4 MSB stages of the pipelined ADC and open loop gain of the op-amp (A)
equal to 52 dB, the calibration technique improved SNDR by more than 23 dB
and SFDR by around 29 dB. The technique can also be slightly modified to cal-
ibrate algorithmic ADCs. For a 5% mismatch in capacitances of the algorithmic
ADC and A = 52 dB, the proposed calibration technique improved SNDR by 22
dB and SFDR by around 29 dB.

The fifth technique is background calibration technique implemented on 12 stages
1.5 bits/stage ADC. This requires an extra pipeline stage and an SHA. Each
pipeline stage that requires calibration in the ADC is treated as one stage algo-
rithmic ADC and calibration coefficients to correct capacitor mismatch and gain

mismatch are calculated. These calibration coefficients are later used to get a



calibrated digital output of the ADC.

* The above algorithm can be slightly modified to calibrate 2 pipeline stages at a
time. This technique doesn’t require extra SHA but requires two pipeline stages.
In both these techniques, during calibration, the pipeline stage that is being cal-
ibrated is replaced by the extra stage so that the actual working of the pipeline
ADC is not affected. For a 6.25% mismatch in capacitances in the 4 MSB stages,
both the calibration techniques improved SNR by more than 25 dB and SFDR
by around 33 dB. INL of the pipelined ADC reduces to less than 0.67 LSB after

calibration.

1.2 Thesis organization

Chapter 2 gives the literature survey of various calibration techniques that have been
implemented so far. Chapter 3 to Chapter 7 discusses 6 novel calibration techniques
of the pipelined ADCs and algorithmic ADCs along with the implementation of the

calibration techniques and simulation results. Chapter 8 concludes the thesis.



CHAPTER 2

OVERVIEW OF CALIBRATION TECHNIQUES OF PIPELINED
ADCS

The working of the ADC and various architectures of ADC are discussed in detail
in [1]. Different architectures and sources of errors of pipeline ADCs are discussed in
detail in [2]. In this chapter, we discuss various calibration techniques in literature used

to calibrate pipelined ADCs.

Karanicolas [3], proposed a technique for 1 bit/stage ADCs which is very simple to
implement, uses simple hardware and needs very little memory to store digital calibra-
tion co-efficients. The algorithm works as follows: To calibrate the n'* stage, first the
analog input to that stage and the digital output of the stage are forced to 0. The residue
output of the stage (say R1) is digitized by an ideal backend ADC. While keeping the
analog input of the stage at 0, the digital output of the stage is forced to 1. From the
digitized residue output (say R2), R1 is subtracted, and this gives the digital correction
code of the n'* stage. Digital correction codes for all required stages are calculated
similarly. These digital calibration codes are added to / subtracted from the raw ADC
output to obtain a calibrated digital output. The limitations of this algorithm are: the
gain of the first few (i.e. MSB) stages are intentionally reduced to less than 2 to avoid
saturation of the subsequent stages in order to avoid missing decision levels. But this

lowers the resolution of the ADC. The calculation of digital calibration co-efficients is



done in a nested manner starting from LSB to MSB of the stages to be calibrated. The

technique accounts for capacitor mismatch error and not finite gain of the op-amp.

Sahoo and Razavi [4] described a calibration technique for a pipelined ADC that
had a 4-bit resolution in the first stage, 1.5-bit resolution in the next 7 stages and 2 bits
in the last stage. Digital calibration was carried out to account for capacitor mismatch
error and finite op-amp gain error in the first stage and only capacitor mismatch errors
in the next 4 stages. The technique requires generation of some precise analog voltages

and hardware for digital multiplication and division.

Chuang and Sculley [5] describe a digital calibration technique for 1.5 bits/stage
ADC similar to [3]. The stage gain of less than 2 reduces the resolution of ADC.
A stage gain of greater than 2 saturates the output when the inputs are close to the
reference voltage. This technique uses amplifiers with stage gain little greater than 2
which inturn reduces the input range. This technique uses simple hardware and very

little memory for implementation.

Sahoo and Razavi [6] proposed a calibration technique that corrects the capacitor
mismatch, finite op-amp gain error along with the error introduced due to the non lin-
earity of the amplifier using LMS technique. This technique limits the input frequency
to 94% of the Nyquist frequency. Also, this technique requires a lot of calculations to

solve for 122 filter coefficients.

Most of the foreground calibration techniques makes use of calibration input of —;

for the calibration of each stage. C.Ravi [7] proposed a modification in the MX2

. . . . Vief
stage to obtain output residue voltage corresponding to an input of jf that accounts

for capacitor mismatches and finite op-amp gain of the particular stage with V¢ as the
input voltage. This makes use of 2 extra capacitors in each MX2 stage instead of a
standalone resistor ladder to provide the calibration inputs. This technique still requires

external controlling and interruption of the ADC during the calibration.



V.Sarma [8] uses dithering in the MX2 stages to reduce the quantization noise in the
ADC. Although the SFDR of the ADC is close to the theoretical limits, this requires

extra hardware like the LFSR for pseudo random noise generation.

Yun-Shiang Shu [9] uses dithering technique to measure the capacitor mismatch
errors and op-amp gain errors in the background. Dither added to the signal during
calibration is signal dependent so that the actual signal range is not affected due to the
addition of the dither. This again requires extra hardware and a lot of testing so that the

signal does not go out of the range.

Carl R. Grace [10] proposed an adaptive calibration technique for pipelined ADCs
that accounts for both gain mismatch and non-linearity of the ADC. This technique
requires an embedded microprocessor for calibration and takes a long time to converge.
Also this calibration technique holds good for MX2 stages built from non flip around
MDAC.

X. Wang [11] and Y. Chiu [12] proposed background adaptive calibration technique
where the output of the ADC is compared with a slow and accurate ADC and calibration
coefficients are calculated based on the error output. This technique requires calibration

of the reference ADC.

Nan Sun [13] proposed a calibration technique to correct the errors due capacitor
mismatch by swapping the capacitors depending of the digital output bit. But, this
technique works well only for ADCs with less than 4% capacitor mismatch. This also

requires extra capacitors for calibration.

Ozan E. Erdogan [14] proposed a simple adaptive algorithm to calibrate 1 bit/stage
algorithmic ADC. This technique uses very little hardware but takes a longer time to
converge. Also, this calibration algorithm can be applied only to ADCs with non flip

around DAC.



Jipeng Li [15] estimates the calibration co-efficient in each stage with the help of

PN sequence by extracting the radix from each stage using digital correlation method.

H. Adel [16], proposed a split ADC calibration scheme where the slope of one ADC
is used in the calibration of the other. Although this does not involve any feedback or

iterations, this requires 2 similar ADCs and hence larger area.

The next 5 chapters proposes novel digital calibration techniques for pipeline and

algorithmic ADCs and also showcases the simulation results.
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CHAPTER 3

A DETERMINISTIC DIGITAL CALIBRATION TECHNIQUE
FOR PIPELINED ADCS USING A NON-NESTED ALGORITHM

This chapter proposes a novel deterministic technique to digitally calibrate 1.5-
bits/stage and 1-bit/stage pipelined as well as algorithmic ADCs. The technique ac-
counts for mismatches between the sampling and feedback capacitors, comparator off-
sets and charge injection. Compared to other existing deterministic calibration tech-
niques, this technique is characterized by its simplicity, minimal hardware and low
power dissipation. The technique is demonstrated on a 1.5-bits/stage, 10-stage pipelined
ADC, in a 180-nm CMOS technology. The pipeline hardware is neither interrupted nor
externally controlled during calibration; the technique can handle both missing codes
and missing decision levels (i.e. MDAC gains less than 2 as well as greater than 2). For
5% mismatches in the capacitances in the 3 most significant bit stages, there was a sig-
nificant reduction in the integral nonlinearity in both pipelined and algorithmic ADCs
after calibration; Signal-to-noise ratio improved by 10dB and spurious-free dynamic

range improved by 15dB in the pipelined ADC.
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3.1 Proposed Calibration Technique

To illustrate the technique, a 1.5-bits per stage, 10-stages fully-differential pipelined
ADC is considered, of which the first 3 stages are calibrated, and stages 4 to 10 are
assumed to be ideal [3]. The input analog voltage is assumed to have the range —1.2
V to 1.2 V. Nominally, the MDAC gain of every stage is designed to be 2. But due to
capacitance mismatch, the gain of a stage may be lower or higher. The former leads
to missing codes, and the latter leads to missing decision levels [5]. Capacitance mis-
matches reported in [7] is 3%. The SCL foundry has capacitance mismatches in the
range of 2-3%. Advanced technology node helps us to build capacitor with smaller area
which in turn leads to larger mismatch [17]. Unfortunately, deterministic calibration
techniques, such as the one proposed in this chapter, cannot correct for missing decision
levels (gains > 2 in 1 bit/stage pipelined ADCs) [3]; they can correct only for missing
codes (gains < 2 ). Therefore the technique proposed here performs calibration in two
steps. In the first step, it is determined if the gain of each stage to be calibrated is less
than or greater than 2. If it is greater than 2, then the circuit of the MDAC is modified so
as to make the gain less than 2. To first determine the gains, a finely incremented ramp

voltage is input to the ADC from O to Vfo. As the input voltage is ramped up, when

the N output code changes from 0 to +1, an increased gain of the N stage MDAC
causes a negative jump in the output characteristics and a decreased gain causes a posi-
tive jump [5]. This is illustrated in Figure FC3.1, for a gain error in the first stage (due
to capacitance mismatch) and an ideal backend ADC. If the gain of a particular MDAC
stage is greater than 2, then the capacitors in the MDAC (also called as MX2) of that
stage are swapped, so that the stage gain becomes less than 2. This is done as shown
in Figure FC3.2, which shows a modified MX2 circuit that enables the swapping of

capacitors.

A conventional MX2 circuit (for a gain of 2) will not have the switches marked with
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Output digital code —»
Output digital code —»

-1.2 0 ' 12 -12 ) 0 ' 12
Input Signal ——» Input Signal ——»

Figure FC3.1: 1.5 bits/stage pipeline ADC output characteristics with first stage gain (a) greater
than 2, and (b) less than 2
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Figure FC3.2: MX2 circuit of the Pipelined ADC of the stages that require calibration



13

a ‘swapb’ clock signal, and its gain will be (1+&2 I ) with C1 = C2 in the ideal case. If
due to capacitance mismatch, C2 > CI, then this gain will be greater than 2. In such a
case, in the circuit of Figure FC3.2, the clock signals ‘¢ 1swapb’ are made high, rather
than the signals ‘¢ 1swap’. This causes the gain to be (1+ ) which becomes less than

2 [5]. The residue output, V,,,;, with signal swapb high is given by Eqn 3.1.

(C1 (l’l) + Cz(l’l))vm(n) — Vref-cl (n)Dn

Viesn = (Egn 3.1)
’ Co(n) !
The residue output, V,,,;, with signal swap high is given by Eqn 3.2.
C C Vi —Vier.Ca(n).D
Viesn = (Culn) +Caln))-Vinl) e C2(n)-Dn (Eqn 3.2)

Ci(n)

Once this is done for all the stages that are to be calibrated, each of them will have
a gain less than 2, and the digital calibration technique described below can then be
applied. This process of swapping the capacitors eliminates the need for intentionally
forcing the gain of each stage to be less than 2 by design, as was done in [3]. The latter
caused a reduction in the resolution of the ADC, which the present technique does not
suffer from. Note that only the stages that are to be calibrated need to have the modified
MX2 circuit of Figure FC3.2. The rest of the stages will have the conventional MX2

circuit.

We now discuss the second step of the proposed calibration algorithm. For the 1.5-
bit per stage architecture being considered, the output voltage (V,,;) of the MX2 stage

(assuming that the op-amp open-loop gain is large) is given by Eqn 3.3 [5]

Vour = (1 "’ﬁ)vm _B-Vref-B (Eqn 33)

Where B = 1 if Vin > ’ef ,B=-1if Vin < - ""f and B = 0 otherwise, V,.s is the

reference voltage and f3 is the inverse of the signal gain.
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Let B1, B2 and B3 be the capacitance ratios of stagel, stage2 and stage3, respec-
tively. With each of these three stages having a gain less than or equal to 2, a capacitance
mismatch will cause an upward jump in the transfer characteristics. The goal now is
to determine the height of each jump, and then correct it in the digital output of the
ADC. We begin by noting that a gain error in the n’ stage causes a jump in the output
characteristics when the n'* output digital code changes from —1 to 0 or from 0 to +1.
This is shown in Figure FC3.3 for capacitance mismatches in the first three MSB stages,
where a capacitance mismatch of 10% is considered for each of these stages. Note that
as the digital output traverses from all —1’s to all +1’s, the MSB stage causes 2 jumps
in the transfer characteristics (indicated by triangles in Figure FC3.3), the second MSB
causes 6 jumps (shown by rectangles in Figure FC3.3), and the third MSB causes 14
jumps (shown by circles in Figure FC3.3), so that there are a total 23 segments in the

characteristics. The jumps caused by a particular stage have the same height, because

Output digital code —»

Input VSig:ual —

Figure FC3.3: Output characteristics of ADC for the capacitor mismatch in 3 MSB stages

this height is a function of only the capacitance mismatch of that stage. Thus only one
jump per stage needs to be measured. Let S1, S2 and S3 be the heights of the jumps

due to stages 1, 2 and 3 respectively. We calculate S3 for an analog input of around
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75mV (=~ Vlrgf ), which corresponds to an input to the 3’ stage of 300mV (:%). At

this voltage, the 3" MSB changes from 0 to +1. The analog equivalent (V3,1) of the

ADC digital output when the input to stage3 is Vﬁff and the 3" MSB is +1 is given by

[3] Eqn 3.4.

V .
Ver (14B3).2L — B3,
Vs = 8f+( p3) 5 B3 Ve (Eqn 3.4)

Similarly, the analog equivalent (V3 ) of the ADC digital output when the input to
stage3 is ij and the 3" MSB is 0 is given by Eqn 3.5.

V. s
1+B3). 2
Vip= UHh)- 75 ﬁg )5 (Eqn 3.5)

Thus the analog equivalent of the jump in the output when the 3" MSB transitions from

+1 to 0, is given by Eqn 3.6.

Vier B3V,
53,analog = V.1 = V30 = =" — % (Eqn 3.6)

Note that ideally, B3 = 1, and then S3, analog = OV, which is as expected. Similarly,
the jump due to the 2¢ MSB is determined at analog input of around 150 mV, and can

be written as S2,analog = % - %, and the jump due to the MSB is determined

. V, 1.
at 300 mV, and can be written as, S1,analog = ’2—ef L PV ;/ el

. During calibration, the
hardware required for digital computations consist of a few comparators and adder /
subtractor. Hardware complexity is highly reduced since no division and multiplication
operations are necessary. Calibration mode ends when the calibration co-efficients for

all the stages to be calibrated are calculated.

Having determined the jumps (S1, S2 and S3), we now use them to perform correc-
tion in the digital output of the ADC (cf. Figure FC3.3). The goal of the correction

algorithm is to obtain a smooth straight line [3], [S]. To achieve this, any of the 23
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segments in Figure FC3.3 is taken as a reference segment, and for all other segments
an appropriate linear combination of S1, S2 and S3 is added/subtracted to eliminate the
jumps. We choose segment 12 as the reference, as this requires the minimum hardware
for error correction. Starting with segment 12, segments 11 and 13 encounter jumps due
to the capacitance mismatch of the 3¢ MSB stage. So S3 is added to the digital codes
belonging to segment 11 and subtracted from the digital codes of segment 13, to align
them with segment 12. Similarly (S3 + S2) is added to the digital codes of segment
10 and subtracted from the digital codes of segment 14, and so on. The complete set
of corrections 1s shown in Table TC3.1. With these corrections, all the jumps due to
capacitor mismatches are eliminated and the output characteristic of the ADC is made

linear.

A bird’s eye view of the calibration algorithm for the capacitance mismatch in the

first stage is shown in Figure FC3.4 [18].
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Output digital code —»

‘Missing Code
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Figure FC3.4: Bird’s eye view of the calibration algorithm to calibrate the first stage
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Table TC3.1: Correction magnitudes for each of the segments of FC3.3

Segment | D1 | D2 | D3 Correction
1 00 | 00 | 00 | S1#14+S2*3+S3*7
2 00 | 00 | O1 S1*1+S2#34+S3%6
3 00 | 00 | 10 | S1#14+S2*3+S3*5
4 00 | 01 | 00 | S1#1+S2*2+S3*5
5 00 | 01 | O1 S1*1+S2*2+S3*4
6 00 | 01 | 10 | S1*1+S2*2+S3*3
7 00 | 10 | 00 | S1*1+S2*1+S3*3
8 00 | 10 | O1 ST*1+S2#14+S3%2
9 01 | 00 | O1 S2*%1+S3%2
10 01 | 00 | 10 S2*1+S3*1
11 01 | 01 | 0O S3*1
12 01 | 01 | O1 0
13 01 |01] 10 -(S3*1)
14 01 | 10 | 00 -(S2*1+S3*1)
15 01 | 10 | 01 -(S2*#1+S3*2)
16 10 | 00 | O1 | -(S1*1+S2*14+S3%*2)
17 10 | 00 | 10 | -(S1*1+S2*1+S3*3)
18 10 | 01 | 00 | -(S1*1+S2*2+S3%3)
19 10 | O1 | O1 | -(ST1*1+S2*2+4S3*4)
20 10 | 01 | 10 | -(ST1*1+S2*2+4S3*5)
21 10 | 10 | 00 | -(S1*1+S2*3+S3*5)
22 10 | 10 | O1 | -(S1*1+S2*3+S3*6)
23 10 | 10 | 10 | -(S1*1+S2*3+S3*7)

Figure FC3.4(a) shows the output characteristics of the ADC for a first stage gain
greater than 2. Figure FC3.4(b) shows the output characteristics for a first stage gain
less than 2, after the sampling capacitor and feedback capacitors are swapped. The
calibration coefficients are calculated by subtracting x1 from x as shown in Figure
FC3.4(b). Figure FC3.4(c) shows a graph of the calibrated output digital code of the
ADC after adding/subtracting the calibration coefficients from the raw code of the ADC.
The calibration algorithm improves the linearity of the ADC, but it results in missing

codes (y-y1) near the rails [18].

The proposed algorithm can also be used to calibrate 1 bit/stage pipelined ADCs,
as well as algorithmic ADCs. For algorithmic ADCs, which is a single 1-bit pipelined

stage used in a cyclic fashion, there is only one stage, and only one MX2 circuit, and
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therefore only a single-step calibration is necessary. The procedure for calibration is as
follows: Force the input voltage to 0 V and the first digital output bit to 1. Then, let
the algorithmic ADC calculate the rest of the bits. At the end of (N-1) cycles, the (N-1)
bits are output. Let the N-bit output (with MSB=1) be called R1. Find the complement
of R1 (say R1’). Then (R1 — R1’) is the digital calibration code equivalent to S1 of the
pipelined ADC. Similarly, let R2 be the first, i.e. most significant, (N-1) bits of R1, and
let R2’ be the complement of R2. Then (R2 — R2’) gives the digital calibration code
equivalent to S2 of the pipelined ADC. This process is repeated for as many bits as is
desired. The higher the number of bits calibrated, the better is the INL, but the lower
is the resolution [3]. The flowchart to calculate the calibration coefficients of the "N’

MSB stages to be calibrated in a pipeline ADC is as shown in Figure FC3.5 [18].

During normal operation of the ADC, correction magnitudes are calculated as dis-
cussed earlier in this section, and these are added / subtracted from the raw code to get
the calibrated digital output. The algorithm can also be applied to calibrate a 1.5 bit-
s/stage algorithmic ADC with the input voltage forced to 0.3V and first digital output

bit forced to +1.

3.2 Implementation and Simulation Results

The circuit was implemented in Semiconductor Complex Limited, India (SCL)’s
180-nm CMOS technology, and was simulated in Cadence-Spectre. As mentioned in
section.3.1, a 1.5 bit/stage, 10-stage pipelined ADC was implemented as a test case.
The 1.5-bit flash ADC in each stage was designed with Strong-ARM latch comparators

[19]. The reference voltages (4 fo ) for the comparator were generated using switched-

capacitor voltage divider circuit [20]. The circuit of the multiply-by-2 DAC (MX2) was
discussed in 3.1 (see Figure FC3.2). The op-amp in the MX2 was a two-stage op-amp

with a telescopic cascode first-stage followed by a push pull common source stage, and
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common-mode feedback for each stage. The op-amp was designed to provide a gain of
87dB, a unity-gain frequency of 5S00MHz, and a phase margin of 56° over all process
corners [Appendix A.1].

The hardware required for calibration consisted of the digital block needed to calcu-
late the correction codes of TC6.3, and a circuit to generate a ramp voltage. The block
level representation of the calibration algorithm that calculates the calibration coeffi-
cients of the first MX2 stage is shown in Figure FC3.6. This circuit was used for all the

stages that were calibrated. In Figure FC3.6, the input D [9:0] represents the 10 bits

10 . .
In ou Calibration
Coefficient

Inl gy btractor Diff
In2 Borrow

Swap

MX2_ 1 MSB

MX2 1 MSB B

AND1
Up_Down

Figure FC3.6: Block diagram of the calibration algorithm

raw digital output from the ADC before calibration. It is known that the digital output
code from each MX2 stage can take a value of +1, 0 or -1 (cf. Eqn 3.3) which is digi-
tally represented using 2 bits. The MX2 digital output code ‘+1’ is represented by the
digital bits ‘10°, ‘0’ is ‘01 and ‘-1" by ‘00’. The input bit MX2_1_MSB represents the
MSB of the first MX2 stage which takes a value of ‘0’ if the digital output code of the
MX2 stage is ‘0’ or ‘-1, and takes a value of ‘1’ if the digital output code of the MX2
stage is ‘+1°. The bit MX2_1_MSB_B is a complement of MX2_1_MSB. The signal
Up_Down, if set to ‘1’, indicates that the input signal is ramping up (to swap the sam-
pling and feedback capacitors if the stage gain is greater than 2), else the signal is set

to 0 when the input signal ramps down (to calculate the calibration co-efficients). The
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output signals Swap and Calibration Coefficient are latched once during the calibration
cycle. The former is latched when the input MX2_1_MSB changes from O to 1 during
input signal ramp-up and the latter is latched when the bit MX2_1_MSB changes from
1 to O during ramp-down. Any further modification to the output signals is prevented
by setting the flag bit to low (initially set to high) after the output signals are latched
once. During the calibration phase, with input signal ramp-up (U p_Down = 1, flag = 1),
when MX?2_1_MSB bit changes from O to 1, the corresponding ADC output D [9:0], is
subtracted from the delayed ADC output DI [9:0]. If the subtraction operation sets the
Borrow bit low, indicating a stage gain greater than 2, then, swap signal is set high, else
swap signal is set low indicating that the stage gain is less than 2. At this point, the flag
bit is set low so that the Swap signal remains unchanged after it is latched once. With
decremented ramp (Up_Down = 0, flag = 1), when MX2_1_MSB bit changes from 1 to
0, the corresponding ADC output D [9:0] is subtracted from the delayed ADC output
D1 [9:0] to calculate the calibration coefficients. At this point, the flag bit is set low so
that the calibration coefficients remain unchanged after it is latched once. This marks

the end of calibration phase.

The ramp voltage that is required for calibration needs to have a step size of LSTB

and was generated using a switched capacitor integrator [21]. As this calibration tech-
nique is a foreground technique, the same (high-performance) op-amp was used for the
sample-and-hold circuit during normal operation and for the switched-capacitor inte-
grator during calibration. The circuit of the combined block is shown in Figure FC3.7.
Ch, ¢1.calb and ¢2.calb form the sample-and-hold circuit, and C¢, Cr, Crg, ¢ 1.cal and
¢2.cal form the calibration circuit. ¢1 and @2 are non-overlapping clocks. Switches
S1 and S2 are connected to calp and caln, respectively, during calibration and to calpb
and calnb, respectively, during normal operation. Recalling from section 3.2 that the
ramp is used to determine the three jumps in the transfer characteristics due to the mis-

matches in the three MSB stages, the ramp needs to be extremely fine in the vicinity
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of the three jumps of interest, and can be coarse while traversing from one jump to the
next. A fine ramp throughout will also work, but will take an inordinately long time to
process. Thus in the switched capacitor integrator, Cr provides a fine ramp, and C¢ is
added in parallel to obtain a coarse ramp, with Cr set approximately to 1CTC0'

02.calb
v

$1.calb ¢ 1.calb

Vint ~N I
Cu Cre
$1.cal Cr 02.cal =

i | |
Vdet ™~ I calpb

1 -
\iomse Cc id}l,cal calp \51

Vde- ~ 11
Course Cc
$2.cal i L\ | id)l.cal ‘ca]n Js2

Vout-

Vout+

Cu
$1.calb [ ]| ¢1.calb
~
$2.calb

Figure FC3.7: Sample and hold amplifier and switched capacitor integrator

The ramp signal needs to traverse the range from OV to 302mV (=~ %) for cal-
ibration. The range of the fine ramp that is to be generated varies depending on the
maximum gain error considered. For this design, fine ramp is required to be generated
between 75SmV+15mV, 150mV+10mV and 300mV=E2mV. Therefore a coarse ramp is
generated from O to 60mV, 90mV to 140mV and 160mV to 298mV. Both increasing and
decreasing ramps are generated, the former to determine the gain and latter to calculate

the digital calibration coefficients. Figure FC3.8 shows the ramp voltage.

For the purposes of the present work, the calibration logic was implemented by a
Verilog HDL code. This code was run along with the Spectre simulation of the analog

circuit of the ADC in a mixed-mode AMS simulation environment of Cadence.
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Figure FC3.8: Generation of fine and coarse ramp
3.2.1 Simulation Results

A ramp signal varying from -1.2V to 1.2V was applied to the ADC. The outputs
of the ADC before and after calibration for capacitance mismatch error of up to 5% in
the 3 MSB stages are shown in Figure FC3.9. Figure FC3.9 shows that the proposed
algorithm effectively eliminates the errors caused by capacitance mismatches. A couple

of jumps are highlighted in Figure FC3.9. Figure FC3.10 shows the INL plots of the
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Figure FC3.9: Output transfer characteristics of the ADC before and after calibration
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ADC before and after calibration. As can be seen, INL is reduced significantly after

calibration. Figure FC3.11(a) and Figure FC3.11(b) show the output spectrum of a

= After Calibration

- Before Calibration

0 200 400
Bins —»

Figure FC3.10: INL of the 1.5 bits/stage pipelined ADC Before Calibration and After Calibra-
tion

1.45MHz full scale analog sine input which is sampled at 4 MSPS ( N= 2048), before
and after calibration. It is seen that SFDR improves from 47dB before calibration to
62 dB after calibration. The power consumed by the ADC was 110mW, out of which
digital calibration hardware consumes only 76 uW. The power of the digital calibration
circuit was estimated by the Cadence-Genus tool after synthesis of the Verilog HDL
code to the target 180-nm CMOS SCL library. The speed of the ADC is limited by the
unity gain bandwidth of the op-amp. The op-amp used in this design [22] allows the
ADC to operate with maximum sampling frequency of 40MHz. For the purpose of test-
ing the digital calibration algorithm, the input signal is being sampled at f; = 4MSPS.
The designed ADC allows an input frequency of up to ]é with little SNR degradation for
2% capacitance mismatch. Figure FC3.12(a) shows the output plots for a 10-stage, 1-
bit/stage ADC with capacitance mismatches of 5% in the first 3 stages, before and after

calibration, simulated in Matlab. Once again, it can be seen that the post-calibration plot



25

Before Calibration
0+ — After Calibration

0 IM M
Freqin Hz —

Figure FC3.11: Pipelined ADC output spectrum Before and After Calibration

eliminates the jumps due to capacitance mismatches. Figure FC3.12(b) shows the INL
of the ADC after calibration, which is seen to be within £0.5 LSB. Similar to Figure
FC3.12(a) and Figure FC3.12(b), Figure FC3.13(a) and Figure FC3.13(b) show the
characteristics of a one bit/stage algorithmic ADC for a 9 bits resolution simulated in
Matlab. Once again it can be seen that the proposed algorithm is effective in obtaining

a linear output characteristic and an INL in an acceptable range.

Table TC3.2 summarizes the performance of the ADC.

3.3 Summary

A simple and efficient deterministic digital calibration technique is proposed to cali-
brate the errors due to capacitance mismatch in pipelined ADCs. The technique handles
both missing codes and missing decision levels, thus reducing the INL of the ADC. The

technique was demonstrated on a 10-stage, 1.5-bits/stage pipelined ADC. With upto
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Figure FC3.12: (a) Output Characteristics of 1bit/stage pipelined ADC (b)INL of 1 bit/stage
pipelined ADC after calibration
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Figure FC3.13: (a) Output Characteristics of 1bit/stage algorithmic ADC (b) INL of 1 bit/stage
algorithmic ADC after calibration.
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Table TC3.2: Performance table of the 1.5 bits/stage ADC

Resolution 9-bits
Sampling rate 4MHz
SNR 50 dB@1.45MHz
SFDR 63dB@1.45MHz
INL 0.72LSB
DNL 0.56LSB
Input voltage swing 1.2Vp-p
Power dissipation (Without scaling currents in stages) 110mW
Predicted power dissipation by scaling consecutive stages 40mW
Process 1.8V, 180nm CMOS
Power supply 1.8V

5% capacitance mismatch in the three MSB stages, calibration reduced the INL to less

than 0.8 LSB for inputs ranging from -1.2V to 1.2V. The technique can be used for

algorithmic ADCs as well.
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CHAPTER 4

DETERMINISTIC DIGITAL CALIBRATION TECHNIQUE FOR
1.5 BITS/STAGE PIPELINED AND ALGORITHMIC ADCS
WITH FINITE OP-AMP GAIN AND LARGE CAPACITANCE
MISMATCHES

This chapter proposes a high speed deterministic digital technique to calibrate the
errors due to capacitance mismatch and finite op-amp gain. Unlike other calibration
techniques, this technique requires neither forcing the inputs of the intermediate stages
being calibrated to exact voltages, nor reducing the gains of each stage to avoid sat-
uration of output digital codes.The advantages of the deterministic digital calibration
technique presented are as follows: It can handle both stage gains of greater than 2 and
less than 2; the pipeline is neither interrupted nor externally controlled during calibra-
tion; it can be used to correct finite op-amp gain error as well as capacitance mismatch.
The calibration technique can be applied to any 1.5 bits/stage pipelined ADC if there is
an access to the digital bits from the pipeline stage. A new technique to calibrate algo-
rithmic ADC:s is also proposed in this chapter. A 1.5 bits/stage, 10 stages, 9 bits pipeline
ADC with the three most significant stages calibrated is demonstrated in this chapter.
For a 10% mismatch in capacitances in the 3 MSB stages of the pipelined ADC, the
calibration technique improved SNDR by more than 20dB and SFDR by around 27dB.

The technique can also be slightly modified to calibrate algorithmic ADCs. For a 7%
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mismatch in capacitances of the algorithmic ADC, the proposed calibration technique

improved SNDR by 18dB and SFDR by around 28dB.

4.1 Proposed Algorithm to calibrate pipelined ADCs

The proposed algorithm has been demonstrated with the help of 1.5 bits/stage, 10
stage pipelined ADC which includes errors due to finite op-amp gain and capacitance
mismatch. The input analog voltage ranges from —1.2 V to 1.2 V. A decreased gain
leads to missing codes while an increased gain leads to missing decision levels. This is
shown in Figure FC3.1 assuming a capacitance mismatch in the first stage and an ideal
backend ADC consisting of the remaining stages. The above-mentioned errors can be
corrected by calculating the capacitance mismatch and gain mismatch of all the stages
to be calibrated. To demonstrate the proposed algorithm, we calibrate 3 MSB stages
of the pipeline ADC assuming an ideal backend ADC (stages 4-10). For calibrating 3
MSB stages, the algorithm requires calibration of the 3¢ stage first, then the second
stage and finally the first stage, because the calibration coefficients of the 3¢ stage are

used to calculate the calibration coefficients of the second stage, and so on.

We begin with the working of the multiply-by-2 (MX2) stage of the ADC. Figure
FC4.1 shows a fully-differential MX2 circuit. During the sampling phase (¢2 high), the
capacitors C; and C; are charged to an voltage equal to input voltage minus the offset
voltage since the op-amp is connected in unity gain configuration. This offset voltage
will be cancelled in the following amplification phase (¢ 1 high) as the circuit performs
autozeroing. The disturbances caused by the charge injection due to switches, appear
as common-mode signals and are rejected by the fully balanced differential amplifier
to a great extent . During the amplification phase (¢ 1 high), C; becomes the feedback
capacitor and (3, the input(sampling) capacitor. Due to autozeroing, the contribution

of offset voltage of the op-amp is very insignificant and can be neglected. The residue
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output, Vi, of any n' " MX2 stage at the end of the amplification phase can be written

as shown in Eqn 4.1.

¢1
e
2 Cl
/| _I
Vin+ —DE (lj% g |
1
D Veet — —— Cp
o1
_
!
D Vier —— Cp
2
= 2 —|—
91 ’

—i—

Figure FC4.1: Multiply-by-2 DAC (MX2) circuit

(C1(n) +Ca(n)).Vin(n) = Vyer.Ca(n).Dy

~ Vout-

— Vout+

Vres,n -
o) (I/L) + Cz(”)+%((ﬂ"))+cl (n)

(Eqn 4.1)

Where Cj(n) is the feedback capacitor of the n'”* stage, C(n) is the sampling capacitor,

Vin(n) is the analog input to the n'h stage, Vy.r is the reference voltage, Cp(n) is the

parasitic capacitance, A(n) is the finite open loop gain and D,, is the digital output code:

. V,
D,=1;if Vres,n—l > ’Zf,
. \%
= —1;if Vres,n—l < — :ff7

= 0;Otherwise.

Eqn 4.1 can be re-written as,

Vres,n = an-vin,n - Vref-ﬁn-Dn = O‘n-vres,nfl - Vref-ﬁn-Dn

(Egqn 4.2)

(Eqn 4.3)
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where

Qy, =

Ci (n)_|_ ( )+Cp((rz))+C1( )
B Cy(n)

Ci( )+C2(n)+if)((n))+q( )

In an ideal case, the open loop gain of the op-amp is infinite, C), is zero, and C1 =
C2, so that @=2 and 3 = 1. In an actual circuit, due to capacitance mismatch and finite
op-amp gain, a and B differ from their ideal values. This causes discontinuities and
changes in slope in the transfer characteristics, as shown in Figure FC3.1. The goal
of deterministic calibration techniques is to measure the magnitude of these discontinu-
ities, to determine the actual values of o and B from these and use these actual values to
obtain a calibrated digital output. In all such techniques, the operations for calculating
o and B are performed on the digital output, and their values are stored in a fixed point

format.

Figure FC4.2 shows the block diagram of the 1.5-bits/stage, 10-stage pipelined
ADC, with the relevant symbols indicated [23]. The 3 MSB stages are assumed to be
non-ideal, and the rest of the stages are assumed ideal. Equations inside the boxes for
each stage are reproductions of Eqn 4.3. The digital outputs shown (the D;’s) are the
raw outputs of the 1.5-bit stage that can take three different values as shown in Eqn 4.2.
Note that the analog output of the n'* stage (Vyes,n) converts to (10-n) raw digital output

codes. The residue voltage of any stage can vary from —V,.r to +V,..

For example, the digital equivalent of the residue voltage of the 3" stage can be

written as in Eqn 4.4

Dy 0= D4.271 +D5.272 —|—D6.273 —I—D7.274 —|—Dg.275 +D9.276 —|—D10.277
(Eqn 4.4)
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Figure FC4.2: Block diagram of the pipelined ADC, with the relevant equations and symbols

where D; can take the values —1, 0 or 1. The analog equivalent of Dy_1¢ is V,.y if all
the codes are 1, and it is =V, if all the codes are —1. We observe that non-idealities
in the n'” stage cause discontinuities in the transfer characteristics at input voltages for
which the n'” digital output (D) changes from 0 to +1 [3]. This discontinuity can be
measured by monitoring the digital output of the ADC as the input is swept from 0 to

Vye . )
4f , and from this, o and B can be calculated, as discussed below.

A finely incremented voltage ramp is applied to the input (V;,) of the ADC [23].

4.1.1 Finding oz and [

When V;, is close to Vl’gf , the input of stage 3 (V) changes from szf -AV to

%+AV, and Ds transitions from O to +1 (cf.Figure FC4.2), and non-idealities in stage
3 cause a discontinuity in the digital output (cf. Figure FC4.3). Due to redundancy
in each pipeline stage, the voltage AV ~ % LSB. The voltage, AV, has been neglected

further for all calculations. From Eqn 4.3, for V., ~ Vfo and D3 = 0, the output of the

3rd stage, Vs 3(D3=0), is given by Eqn 4.5

Vre f
4

Vres73 (D3 = O) =03 (Eqn 4.5)
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Figure FC4.3: (a) Details of discontinuity in digital output (Stages 3-10) for non-idealities in
stage 3, (b) Digital output (Stages 3-10) for an ideal 3'? stage pipelined ADC

For Vyes 0 ~ Vﬁff and D3 = 1, the output of the 3" d stage, Vies3(D3=1), is given by Eqn 4.6

Vie f

Vres,3(D3 — 1) =03 4

- B3 'Vref (qu’l 4.6)

As stages 4-10 are assumed ideal, they accurately convert the analog voltages of
Eqn 4.5 and Eqn 4.6 to digital outputs (D4_1¢), which are obtained by dividing these
equations by V.. These are as shown in Eqn 4.7 and Eqn 4.8.

04
Di-10(D3 =0) = . (Eqn 4.7)

(04
D4,10(D3 = 1) = Zg) — P3. (Eqn 4.8)

As indicated in Figure FC4.3, D4_19(D3=0) and D4_19(D3=1) are measured at the point

. o . . Vie .
where a discontinuity is detected in D, for the input voltage around Tf. Solving the
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last two equations, we get Eqn 4.9 and Eqn 4.10.

B3 = D4_10(D3 = 0)-D4_10(D3 = 1) (Eqn 4.9)

o3 = 4.D4_10(D3 = 0) (Eqn 4.10)

and thus o and f3 are determined.

4.1.2 Finding o, and 3,

As V52 passes through the non-ideal stage 3, the conversion of Vi, > to the digital
output is not accurate. Thus, unlike Eqn 4.9 and Eqn 4.10, o, and 3, cannot be
directly determined from the measured residue digital outputs. We write the equations
Eqn 4.11 and Eqn 4.12 to determine o, and 3, [23]. Writing Eqn 4.3 for stages 3 and

2, respectively:

Vres,3 = a3-Vres,2_Vref-B3-D3 (Eqn 4.11)

Vres,Z = aZ-Vres,l_Vref-ﬁZ-DZ (Eqn 4.12)

Substituting Eqn 4.12 in Eqn 4.11, we get Eqn 4.13

Vres,3 = a3(aZ-Vres,I_Vref-ﬁZ-DZ)_Vref-ﬁ:%-D3 (Eqn 413)

. Ve . Vye ..
When V;, is close to 8f , the input of stage 2 (V,s,1) crosses 4f , and D, transitions

from O to +1 (cf. Figure FC4.2 and Figure FC4.3). Non-idealities in stage 2 cause a

discontinuity in the digital output at this point. Similar to Eqn 4.5 and Eqn 4.6, we
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write Eqn 4.14 and Eqn 4.15 for D,=0 and D=1 respectively.

Ve
4

Vies 3(D2 = 0) = 03 (0.~ )V, .B3.D3 (D2 = 0) (Eqn 4.14)

V,
Vies3(D2 = 1) = 03(0tz. :ff ~Vier-B2)~Vier.B3.D3(Dy = 1) (Eqn 4.15)

T

where D3(D,=0) and D3(D,=1) are the stage 3 digital outputs when V;,, crosses % for
D,=0 and D=1, respectively. As with Eqn 4.7 and Eqn 4.8, the conversion of V3 to
digital outputs (D4_10) is accurate. Hence, dividing the last two equations by V., we
get these digital outputs which can be measured where D, makes a transition from 0 to

1. This is as shown in Eqn 4.16 and Eqn 4.17.

0.0
Dy-10(D2=0) = = ——3.D3(D2 = 0) (Eqn 4.16)
0.0
Dy_1o(D2=1) = 34 2 —03.B2-.5.D3(D2 = 1) (Eqn 4.17)

The above two equations can be solved to determine o, and f3,, as everything else in

the equations is known.

4.1.3 Finding o and 3

The analysis done above for a, and 3, can be repeated for stage 1, with Vj, cross-

. Ve e . . .
ing 4f , and Dy transitioning from O to 1, to finally obtain the equations as shown in

Eqn4.18 .

Vies3 = 03.00.001 .Vig=V,er 03.00.B1.D1-Vye 5. 03.32.D2Vye r-f3.D3 (Eqn 4.18)
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For V;, = ij , with Dy transitioning from O to 1, we obtain Eqn 4.19 and Eqn 4.20.
03.00.0
D4_10(D1 = 0) = T—(Xg,.ﬁzDz(Dl = 0)—ﬁ3.D3 (Dl = 0) (Eqn 419)
03.00.04
D4y 10(D1=1) = T—%-azﬁl —03.5D2(Dy = 1)-f35.D3(D1 = 1)

(Eqn 4.20)

where D,>(D1=0) and D,(D=1) are the stage 2 digital outputs when V;,, crosses V:ff for

D1=0 and D=1, respectively. The last two equations can be solved to determine &; and

B1, as everything else in the equations is known.

This marks the end of the calibration phase. During normal operation of the ADC,
the values of ¢; and B; (for i=1,2,3) obtained above are used to calculate the calibrated
digital output as follows. For an analog input V;,, let the corrected (calibrated) digital
output be Dy, As Vi 3 yields an accurate digital output D4 1¢ (cf. Figure FC4.2), we
divide Eqn 4.18 by V,..s to write Eqn 4.21 .

Dy_10=03.00.04 .D(,W—O@.Otz.ﬁl .D; — (X3.BzD2—ﬁ3.D3 (Eqn 4.21)

Solving for D,,;, we get Eqn 4.22

Dy
Doy = &Dl + BZ D + B3 D3+ 4-10
(04] 0.0 01.0n.03 0q.0n.03

(Eqn 4.22)

where D1D>D3Dy4_ 1 are the ADC output codes for the input Vi,,. Bi, B2, B2 are the
capacitance mismatches of stages 1, 2 and 3, respectively, and o, Qp, 0 are gain

mismatches. If n stages are calibrated, then Eqn 4.22 can be generalized as shown in
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Eqn 4.23

DBE,,_
D(,m:&.l)ur 22 .D2+L.D3+....+ B D, n—10
(04] 1.0 01.0n.03 o1.00....00 0.00....0

(Eqn 4.23)

Note that in case of an ideal ADC, % =21 Bi_ -2 and so on.
1 1.0

The proposed algorithm works well assuming there are no comparator offsets. How-
ever, finite comparator offsets does not introduce non-linearity in the output character-
istics of the ADC but changes the slope of the output characteristics of the ADC thus
limiting the input signal range. Simulation results shows that a comparator offset of

SmV in the first stage reduces the signal range by 2%.

4.2 Proposed Algorithm to calibrate algorithmic ADCs

The method described above is modified slightly to calibrate algorithmic ADCs,
because unlike pipelined ADCs, algorithmic ADCs do not have ideal backend stages
[24]. As an algorithmic ADC has only one stage, calibration requires the calculation of
o and B of this one stage. In case of an n bit algorithmic ADC, therefore, we say that o
= =03 =...=Q, =a and B; = B, =f3 =...=B,= B. Once a and B are calculated, the

weights with which the digital output has to be multiplied to get the calibrated digital
B B B B

output (D,,) can be calculated from Eqn 4.22 as ¢, i and so on, and D,,; can

be written as shown in Eqn 4.24 [24].

B B B B B, B B
Doyt :D1~a +D2~$ +D3‘$ +D4.m +D5.$.D6.$ +D7.$

B B B
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o and B are calculated as follows. An analog voltage % is input to the algorithmic

ADC with the MSB forced to 0. After 9 clock cycles, we get the 10 digital output codes
from the algorithmic ADC with the output of the most significant MX2 forced to 0. The

calibrated digital output D, can be obtained from the digital outputs using Eqn 4.24.

Now a voltage fo is input with the MSB forced to 1. After 9 clock cycles, we get

the 10 digital outputs with the output of the most significant MX2 forced to 1. The
calibrated digital output D,,,;; can be obtained from the raw bits using Eqn 4.24. As
D, is the calibrated output, the equations obtained for D,,; by forcing the MSB to 1
and to 0 will be equal, that is, D,;0= Dous1. B Will get cancelled in this equation, thus
yielding a polynomial equation for &, which can be solved numerically. We used the
Newton Raphson method to solve it, with an initial estimate of @ = 2. Once « is found,
B can be calculated using the equation for D, or D,,1.This completes the calibration

phase.

During normal operation of the ADC, Eqn 4.24 is used to obtain the calibrated
digital output from the raw digital output codes. Li [25] proposed ratio independent
algorithmic ADC which takes multiple phases of the clock for conversion whereas the
proposed technique performs conversion in just 2 phases of the clock. Erdogan [14]
and [24] calibrates the ADC using LMS algorithm which requires thousands of clock
cycles to converge. The proposed algorithm calibrates the ADC using Newton Raph-
son method which converges in just 5 cycles [26]. Figure FC4.4 shows the rate of

convergence of ¢ for a capacitance mismatch of 6.25%.

4.3 Circuit Implementation

The circuit was implemented in Semiconductor Complex Limited, India (SCL)’s

180-nm CMOS technology, and was simulated in Cadence-Spectre. As mentioned in
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Figure FC4.4: Convergence of o for capacitance mismatch of 6.25%.

section. 4.1, a 1.5 bit/stage, 10-stage pipelined ADC was implemented as a test case.

The 1.5-bit flash ADC in each stage was designed with Strong-ARM latch comparators

[19]. The reference voltages (+ Vfo ) for the comparator were generated using switched-

capacitor voltage divider circuit [20]. The circuit of the multiply-by-2 DAC (MX2) was
discussed in section. 4.1 (see Figure FC4.1). The op-amp in the MX?2 was a two-stage
op-amp with a telescopic cascode first-stage followed by a push pull common source
stage, and common-mode feedback for each stage. The op-amp was designed to provide
a gain of 87dB, a unity-gain frequency of S00MHz, and a phase margin of 56° over all
process corners [Appendix :A.1].The first stage of the pipelined ADC was designed to
work as a differential sample and hold amplifier (SHA) during normal operation and
as a ramp-generating switched-capacitor integrator (SCI) during calibration. This is

explained in detail in Chapter 3 (cf. Figure FC3.7).

Note that MX2 stages used in pipelined ADC works in a ping-pong fashion, sam-
pling the input at ¢2 (¢ 1) and producing a residue output at ¢1 (¢2) which in turn is
sampled by the next MX2 stage at ¢1 (¢2). Algorithmic ADC cannot work in a ping
pong fashion as it consists of only one MX?2 stage and therefore the residue output of the

MX?2 stage should be held constant until it is processed by the same MX2 stage again.
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This can be done using the same SHA that is used to sample the input signal. Unlike the
SHA for the pipelined ADC, a conventional SHA can be used for an algorithmic ADC
since ramp generation is not required to calibrate algorithmic ADC. This is as shown in
Figure FC4.5. During calibration, the switches S1 and S2 connect the input of the SHA
to V.4 during the first clock cycle to sample the calibration signal %. During the rest
of the 9 cycles, the input of the SHA 1is connected to MX?2 which samples the residue
output of the MX2 stage. During the normal operation of the ADC, the input of the
SHA is connected to V;, during the first clock cycle to sample the input signal. During
the rest of the 9 cycles, the input of the SHA is connected to MX2 which samples the

residue output of the MX2 stage.

$2
Mx2- = -
Vin+ calb Ve N l ”_1_/ _I
Veal+ & S1 ¢l ‘1)1
Vout-
M+ ol Vout+
L s2 o1
Vin calbr N '_1_\
Veal- cal G |
$2

Figure FC4.5: Conventional sample and hold amplifier for an algorithmic ADC.

4.4 Simulation results

The pipelined ADC and algorithmic ADC along with the calibration scheme were
implemented in a 180-nm CMOS technology of Semiconductor Complex Limited, In-
dia (SCL), and were simulated in Cadence-AMS environment. The simulation results
[Bode plots] of each stage of the op-amp are as shown in [22]. The op-amp has also
been simulated across the process corners and results are promising. SHA built using

this op-amp shows a minimal overshot with the final value of the output settling with
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an error of 601V for a full scale input when operated at 40 MHz [22]. The representa-
tive system level timing diagram of the pipeline ADC during calibration is as shown in

Figure FC4.6.
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Figure FC4.6: Representative system level timing diagram of the piprline ADC during calibra-
tion

During Calibration, Cal signal goes high indicating the commencement of the cal-
ibration. The output of the SHA starts off with a coarse ramp and alternates between
fine ramp and coarse ramp during the period of calibration. Measurement of the cali-
bration coefficients takes place during the fine ramp while coarse ramp is to speed up
the calibration process. The calibration coefficients ¢, and f3, are calculated when the
n'" digital code changes from O to +1. This is as shown in Figure FC4.6. o, and B,
are stored and used later during the normal operation of the ADC to obtain calibrated

digital output code.
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The pipelined ADC was designed to work for inputs ranging from 1.2V to -1.2V. To
test the digital calibration technique, a ramp varying from 1.2V to -1.2V was fed to the
4 MSPS pipelined ADC where the capacitance mismatches can vary upto 10%. Note
that the proposed digital calibration logic can be implemented with pipelined ADCs of
much higher speed as the op-amp limits the speed of the pipelined ADC and not the
digital hardware used for calibration. The raw digital output and the calibrated digital
output were input to an ideal DAC to obtain an analog output (for ease of visualiza-
tion). The transfer characteristics of the pipelined ADC before and after calibration are
shown in Figure FC4.7. The plots demonstrate that the proposed calibration technique
eliminates the discontinuities caused by capacitance mismatch and gain errors and pro-

duces a linear, rail-to-rail output. A couple of discontinuities are highlighted in Figure

FC4.7a.
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Figure FC4.7: Output transfer characteristics of the pipeline ADC (a) before calibration and (b)
after calibration

The output transfer characteristics of the algorithmic ADC before and after calibra-
tion are shown in Figure FC4.8. Once again, it can be seen that the proposed technique
eliminates the capacitance mismatch and gain errors to produce a linear, rail-to-rail out-

put. A couple of discontinuities are highlighted in Figure FC4.8a.

The integral non-linearity (INL) and differential non-linearity (DNL) of the pipelined

ADC were calculated using the simulation results from Cadence, as follows. Up to 10%



43

—
h

—

h

[=]
=

Output voltage in Volts —>
Output voltage in Volts —»

—

h
[y
N

1 ' 2 1 2 3
Time inms ——» Time inms ——»
(a) (b)

=
L8]
1
L
[=]

Figure FC4.8: Output transfer characteristics of the algorithmic ADC (a) before calibration and
(b) after calibration

mismatch was introduced in the capacitance values of the first 3 stages. An input ramp
from -1.2V to 1.2V was fed to the input. The output data was processed in Matlab to
extract the INL and DNL of the ADC. The INL plots before and after calibration of
the pipelined ADC is shown in Figure FC4.9. The plots show that the maximum INL
is reduced to less than 0.7 LSB, after calibration. Figure FC4.10 shows the INL plot
before and after calibration for a 9 bit resolution algorithmic ADC, with a 7% mismatch
in the capacitance values. It is observed that the INL of the ADC is reduced to 0.64 LSB
after calibration. Figure FC4.11 shows the output spectrum (N=2048) of a 1.2MHz full
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Figure FC4.9: INL of pipelined ADC. (a) Before calibration, and (b) after calibration.

scale analog sine input which is sampled at 4 MSPS by the pipelined ADC, before and
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after calibration. It is seen that SFDR improves from 35dB before calibration to 62 dB

after calibration.
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Figure FC4.10: INL of algorithmic ADC for 9 bits resolution. (a) Before calibration, and (b)
after calibration
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Figure FC4.11: Pipelined ADC output spectrum (a) before calibration and (b) after calibration

Figure FC4.12 shows the output spectrum (N=2048) of the 120 KHz full scale ana-
log sine input where each sample is sampled at 400 KSPS by the algorithmic ADC,
before and after calibration. It is seen that SFDR improves by 28dB after calibration.
Figures FC4.13 and FC4.14 show an improvement in SNDR and Effective Number Of
Bits (ENOB) for a full scale analog input before and after calibration of the pipelined

ADC and algorithmic ADC respectively. Table TC4.1 and Table TC4.2 give the per-
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formance of the pipelined ADC and algorithmic ADC respectively.
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Figure FC4.12: Algorithmic ADC output spectrum for 10 bits resolution (a) before calibration
and (b) after calibration
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Figure FC4.13: SNDR and ENOB plot of the pipelined ADC

4.5 Conclusions

A novel deterministic digital calibration technique is proposed to correct both ca-
pacitance mismatches as well as gain errors, in 1.5-bits/stage pipelined as well as al-

gorithmic ADCs. To illustrate the technique, a 10-stage, 1.5-bits/stage pipelined ADC,
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Figure FC4.14: SNDR and ENOB plot of the Algorithmic ADC for 10 bits resolution

Table TC4.1: Performance table of the 1.5 bits/stage pipelined ADC

Resolution 9-bits
Sampling rate 4MHz
SNR 51 dB@1.8MHz
SFDR 58 dB@1.8MHz
INL 0.66LSB
DNL 0.4LSB
Input voltage swing 1.2Vp-p
Power dissipation (Without scal- 110mW

ing currents in stages)

Predicted power dissipation by 40mW
scaling consecutive stages

Power dissipated by the calibra- 460uW
tion hardware synthesized using

Cadence-Genus

Process 1.8V, 180nm CMOS
Power supply 1.8V

and a 1.5-bit stage algorithmic ADC were designed in a 180nm technology. With 10%
mismatch in capacitance values, INL and DNL of the calibrated pipelined ADC were
reduced to 0.66 LSB and 0.4 LSB, respectively, and with 7% mismatch, the INL and
DNL of the calibrated algorithmic ADC were both reduced to 0.64 LSB and 0.4 LSB.
A significant improvement in the SNDR, ENOB and SFDR after calibration in both

pipelined as well as algorithmic ADC was also observed.



Table TC4.2: Performance table of the 1.5 bits/stage algorithmic ADC

Resolution 9/10-bits
Sampling rate 400KHz
SNR 57dB @150KHz
SFDR 63dB @150KHz
INL 0.64LSB/1.28 LSB
DNL 0.4LSB/ 0.8 LSB
Input voltage swing 1.2Vp-p
Power dissipation (SHA+MX2 19mW
stage)

Power dissipated by the calibra- 3.6mW

tion hardware synthesized using
Cadence-Genus

Process

1.8V, 180nm CMOS

Power supply

1.8V

47
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CHAPTER 5

DETERMINISTIC DIGITAL CALIBRATION OF 1.5
BITS/STAGE PIPELINED ADC BY DIRECT EXTRACTION OF
CALIBRATION COEFFICIENTS

This chapter proposes a novel foreground digital calibration technique for 1.5 bit-
s/stage pipeline ADCs to calibrate ADC errors due to capacitor mismatch and finite
op-amp gain. The proposed algorithm directly extracts the weights with which the
digital raw code of the pipelined ADC has to be multiplied, with minimal digital op-
erations. Unlike other foreground calibration techniques, the proposed technique does
not require forcing the inputs and outputs of the intermediate stages to be calibrated. A
1.5 bits/stage, 12 stage ADC with the four MSB stages calibrated is demonstrated. The
INL and DNL of the calibrated ADC lie below 0.65 LSB and 0.3 LSB, respectively. In

addition, an algorithm for the calibration of an algorithmic ADC is described.

5.1 Proposed Calibration Technique

The proposed algorithm is demonstrated with the help of a 1.5 bits/stage, 12 stage
pipelined ADC where 4 MSB stages are calibrated. Each pipeline stage is made up of
a multiply-by-2-amplifier (MX2) using a flip-around DAC and comparators. A detailed

working of the MX?2 stage along with the equations are given in Chapter 4 (cf. Figure
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FC4.1).

Considering a 12 stage pipelined ADC where 4 stages are calibrated with an ideal
8-bit backend ADC, the calibrated digital output, D,,,, can be written as shown in
Eqn 5.1.

B B2

Dout:—.D1+ D + ﬁ3 B4
o

Ay D3+ .
.00 01.0p.03 01.00.03.04
Ds D1y
I + ...+ 3
20.00.0p.063.04 2°.001.00p.03.04

Dy

(Eqn 5.1)

Where D; is the digital output code from the i* MX2 stage, ; and f3; are represented in

fixed point format. Eqn 5.1 can be re-written as shown in Eqn 5.2.

Doy = D1 W +Dry Wo +D3.W3+ ... D1y Wio (Eqn 5.2)

The proposed algorithm obtains all the weights (calibration coefficients), W; = g—ll,
‘/V2 — ﬁZ , ‘/V3 — L, W4 — # W5 = m, required to CalCUIate

0.0 03.00.00 0g.03.00.00

the calibrated digital output with minimal mathematical manipulations. With an ideal
backend ADC, the weights of the LSBs Dg to D> can be calculated by dividing the

weight of Ds by appropriate powers of 2 (right shift operation).

The algorithm requires a slow and accurate ADC like an algorithmic ADC or sigma
delta ADC that gives an accurate digital output of the analog input voltage in fixed
point format. An algorithmic ADC with one MX2 stage is used as reference ADC. It
is required to set the gain of the 4 MSB stages of the pipeline ADC to a little greater
than 2. Also, the 1* stage gain of the pipeline ADC should be greater than the 2" stage
gain which in turn should be greater than the 3"¢ stage gain which should be greater
than 4'" stage gain. This is to make sure that there are no missing codes introduced by
the pipelined ADC for a slow ramp input during calibration. The high level view of the

calibration algorithm is as shown in Figure FC5.1.
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Figure FC5.1: High level view of the calibration algorithm

The proposed algorithm works as follows. A fine voltage ramp is input to the
pipeline ADC and to the algorithmic ADC. The pipeline ADC has to wait until the algo-
rithmic ADC completes conversion before it receives the next input, since both pipeline
ADC and algorithmic ADC convert the same input signal during calibration. The step
size of the ramp should be such that the algorithmic ADC does not encounter missing
codes in between. The pipeline ADC weights W;-Wj, are measured during calibration
and stored in digital fixed point format so that they can be used to get a calibrated digital
code during the normal operation of the ADC. The calculated weights of the pipeline

ADC are accurate to 12 bits.

5.1.1 Finding W5 — Wy,

. Vief .
When the ramp input reaches an analog value close to 32f , the digital output code of

the pipelined ADC is monitored until it produces a digital output code “0,0,0,0,1,0,0,0,0,
0,0,0” . This corresponds to a calibrated digital output of s———— (Eqn 5.1). Ide-

21.a1.a2.oc3.a4
1 1

ally, 35 —a = 32 But, due to capacitance mismatches and finite gain of the

op-amp, the actual analog input that produces this output digital code differs from

Vref
32

The input signal for which the pipeline ADC produces the digital output of
“0,0,0,0,1,0,0,0,0,0,0,0” can be accurately measured using the digital output from al-
gorithmic ADC, Dy;g01. Therefore, D401, which is stored in fixed point format, gives
Ws. The weights of the LSB bits Wy - W;» can be obtained by dividing W5 by 2!, 2% up

to 27 respectively. The representative circuit diagram for the generation of the weights
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Ws — Wi, is as shown in Figure FC5.2. Each MX2 stage of the pipelined ADC out-
puts a digital code which can take a value of 1, 0, or -1. These are represented using
2 digital bits. The digital code ‘1’ is represented by ‘10°, ‘0’ by ‘01” and *-1° by ‘00’.
The MSB of the digital code of the 5 stage (D5_MSB) and LSB of the digital codes of
the rest of the stages (D1_LSB to D12_LSB except D5_LSB) are used in the calculation
of Ws. The weight Ws is calculated when the output digital code of the pipeline ADC
is “0,0,0,0,1,0,0,0,0,0,0,0” each code represented using 2 bits. For DS_MSB =1 and
D1_LSB to D12_LSB except D5_LSB = 1, the corresponding 12 bits digital output from
the algorithmic ADC is stored as W5. The right shift operation on W5 yields W, right
shift on Wg produces W7 and so on [27].

5.1.2 Finding W,

Similar to finding W5, Wy can be measured by monitoring the digital output of the

pipelined ADC for the digital code “0,0,0,1,0,0,0,0,0,0,0,0” whose analog equivalent

Vl’e6f ) is given by the algorithmic ADC in digital fixed point format, Dgj0p. This

(=~

code Dgjq02, corresponds to the pipeline ADC calibrated digital output of m

which is equal to W4 (Eqn 5.1).

5.1.3 Finding W3

W3 can be calculated similar to W4 and W5. But this increases the calibration time
(explained in detail in the next section). Therefore W3 is calculated as follows. The digi-

tal output of the ADC is monitored for the output digital code “0,0,1,-1,0,0,0,0,0,0,0,0™.

This corresponds to a pipeline ADC digital calibrated output of al.gé & ap af ‘&3. &

(Egn 5.1) which ideally corresponds to an analog voltage of Vl’gf. The digital equiva-

lent of the actual analog input voltage, D3, 18 obtained using algorithmic ADC. The

weight, W3, can be calculated by adding Dy;g02 With Dy 4,3 Which corresponds to digital
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Figure FC5.2: Calculation of weights W5 — Wy, of Pipelined ADC
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Figure FC5.3: Calculation of weights W3 of Pipelined ADC

calibrated output of al.g; & The representative circuit diagram for the generation of

the weight W3 is as shown in Figure FC5.3. We monitor MSB of the digital codes of

the 3¢ and 4" stage (D3_MSB and D4_MSB) to take the digital value 1 and 0 respec-
tively and LSB of the digital codes of the rest of the stages (D1_LSB to D12_LSB except
D3_LSB and D4_LSB) to take the value of 1 and D4_LSB equal to 0. The corresponding
digital output bits from the algorithmic ADC are added to Wy to obtain Ws [27].
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5.1.4 Finding W,

W, can be calculated similar to W4, by monitoring the digital output of the pipelined
ADC for the digital code “0,1,0,0,0,0,0,0,0,0,0,0”. The digital equivalent of the ana-
log input voltage, Djq04, is Obtained using algorithmic ADC. This corresponds to the

pipeline ADC calibrated digital output of % which is equal to W, (Eqn 5.1).

5.1.5 Finding W

Wi is calculated similar to W3 by monitoring the digital output of the pipelined

ADC for the digital output code equal to “1,-1,0,0,0,0,0,0,0,0,0,0”. This corresponds to

a pipeline ADC digital output of a—i - rzaz which is ideally an analog voltage of

Vref
7 -

The digital equivalent of the analog input voltage, D405, i obtained using algorithmic

ADC. The weight, Wy, can be calculated by adding Dy;¢05 With D04 [27].

This completes the calibration phase. During the normal operation of the pipelined
ADC, the weights calculated during calibration are used to obtain a calibrated digital

code from the pipeline ADC. This is as shown in Eqn 5.2.

Algorithmic ADC, which consists of only one MX2 stage using non-flip-around
DAC [7], also needs to be calibrated so that it produces a correct digital equivalent of
the analog input voltage and calibration of algorithmic ADC can be done without using
precise voltage generator. The advantage of using non-flip-around DAC architecture is
that it does not have 3 and requires calculating only o [7]. The algorithmic ADC can be
calibrated using a slow ramp signal (similar to pipeline ADC) instead of a precise volt-
age generator. The calibrated digital output of the algorithmic ADC, D, is obtained

using Eqn 5.3 where D; is the digital output code from the MX2 stage of algorithmic
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ADC during i*" iteration [7].

1 1 1 1 1
Dom = D]a + Dzm + D3$ S + D]l.m + Dlz.m (Eqn53)

A ramp signal which is slowly incremented from % -AVto % + AV is given as
input to the algorithmic ADC and MSB of the MX2 stage is monitored for a change
in the digital code from O to +1. At the point when the digital code of the MSB stage
changes from O to +1, the 12 output digital code of the algorithmic ADC with MSB +1,
(DuysB1), Eqn 5.3 and its previous 12 output digital code with MSB 0, (Dysspo), Eqn 5.3
are stored in registers. Relation between Dyssp1 and Dysspo 1s given by Eqn 5.4 where
1LSB corresponds to a calibrated digital output of #. This equation can be solved
using Newton-Raphson method to obtain . Note that the calibration speed is limited
by the speed of the Algorithmic ADC since it uses a non-flip around DAC architecture.
The calibrated algorithmic ADC is accurate to 12 bits which otherwise would degrade

the performance of the pipeline ADC.
Dysg1r = Dyspo + 1LSB (Eqn 5.4)

During the calibration of the pipeline ADC, the digital equivalent of the analog input

that is obtained from the algorithmic ADC as shown in Eqn 5.3.

5.2 Circuit Implementation

The op-amp that has been used in all MX2 stages works rail-to-rail, and has been
designed with a telescopic cascode stage followed by a push-pull common-source stage
[22]. The gain achieved by the op-amp is 87 dB with a unity gain frequency of 500 MHz
and a phase margin greater than 56° over all process corners [Appendix. A.1]. The 1.5-

bit flash ADC in each stage was designed with Strong-ARM latch comparators [19].
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Vie . : . . . .
The + Tf voltage generation for comparators is obtained using a switched-capacitor

circuit [20].

The first stage of the pipelined ADC was designed to work as a differential sam-
ple and hold amplifier (SHA) during normal operation and reconfigured into a ramp-
generating switched-capacitor integrator (SCI) during calibration. This is explained in

detail in Chapter 3 (cf. Figure FC3.7). We deduce from the discussion in Sec. 5.1 that

Vref Vref Vref
32° 16> 4 °

the ramp needs to be extremely fine when the input voltages are close to
A fine ramp all the way through will also work, but will take an extremely long time to

process. The digital output codes required for calibration are produced by the pipeline

: Vre Vre
ADC, when the analog inputs to the ADC are close to 32f , (measure Ws), 16f (measure

W, and W3) and Vﬁff (measure W, and W), respectively.

Note that if we adopt the same technique as used in measuring W5, Wy and W, to
measure W3 and Wi, then it is required to generate extremely fine ramp at voltages close
to % and % which in turn would take longer for calibration. The ramp signal needs
to traverse the voltage range from OV to 305mV (=~ %) for calibration. The voltage
range for the fine ramp depends on the maximum gain error introduced in each stage so
that pipeline ADC does not encounter any missing code. For this design, a fine ramp
is required for 37.5mV + 7.5mV, 75mV 4 15mV and 300mV + 5SmV for 5%, 3.75%,
2.5% and 1.25% capacitance mismatch in the 1%, ond 3rd and 4th stages so that the
stage gains are 2.05, 2.0375, 2.025 and 2.0125 respectively. Therefore a coarse ramp is
generated from O to 30mV, 45mV to 60mV and 90mV to 295mV. This is as shown in
Figure FC5.4 which also indicates the fine ramp voltages during which the weights W

— Ws are captured.

MX2 stages used in algorithmic ADC works in a ping pong fashion, sampling the
input at ¢, (¢;) and producing a residue output at @¢; (¢,) which in turn is sampled by

the next MX2 stage at ¢ (¢). Algorithmic ADC cannot work in a ping pong fashion
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Figure FC5.4: Generation of coarse and fine ramp voltages

as it consists of only one MX2 stage and therefore the residue output of the MX?2 stage
should be held constant until it is processed by the same MX?2 stage again. This can be

done by cascading an SHA to the MX2 stage of an algorithmic ADC.

5.3 Simulation Results

The pipelined ADC and algorithmic ADC required for the calibration of pipelined
ADC were implemented in a 180-nm CMOS technology of Semiconductor Complex
Limited, India (SCL), and were simulated in Cadence-AMS environment with the dig-

ital portions coded using Verilog HDL.

The 12 bits pipelined ADC was designed to convert the inputs ranging from 1.2V to
-1.2V. The calibration technique was tested using a ramp varying from 1.2V to -1.2V.
This was fed to the 4 MSPS pipelined ADC where the capacitance mismatches of the
4 MSB stages are 5%, 3.75%, 2.5% and 1.25%. Note that the proposed calibration
scheme can be implemented on pipelined ADCs of much higher speed as the op-amp
limits the speed of the pipelined ADC and not the digital hardware used for calibration.

The calibrated digital output was input to an ideal DAC to obtain an analog output (for
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Figure FC5.5: Output transfer characteristics of Pipelined ADC before calibration

ease of visualization). The transfer characteristics of the pipelined ADC before and

after calibration are shown in Figure FC5.5 and Figure FC5.6 respectively.

The plot demonstrates that the proposed calibration technique eliminates the discon-
tinuities caused by capacitance mismatch and gain errors and produces a linear output
from -V, ¢ to +V,.r. The non-linearity of the pipelined ADC was measured using the
simulation results of the pipelined ADC from Cadence. With, mismatch introduced in
the 4 MSB stages, a ramp signal varying from -1.2V to 1.2V was given as input to the
ADC and the digital output of the ADC was processed in MATLAB to obtain the INL
and DNL of the ADC. The INL plot of the ADC before and after the calibration is as
shown in Figure FC5.7. The plot shows that the INL of the ADC after calibration is
less than 0.7 LSB which otherwise is close to 30 LSB. Figure FC5.8 shows a plot of
SNR and SFDR for full scale analog input sampled at 4MSPS for frequencies varying
between 100 KHz and 1.33 M Hz.

Table TCS.1 summarizes the performance of the ADC.
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Figure FC5.7: INL plot of the ADC before and after calibration
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Table TCS5.1: Performance table of the pipelined ADC

Resolution 12-bits
Sampling rate 4MHz
Calibration time 250 cycles

SNR 62 dB@1.3MHz, 71 dB
@ 100KHz

SFDR 64 dB@1.3MHz, 75 dB
@ 100KHz

INL 0.65LSB

DNL 0.3LSB

Input voltage swing 1.2Vp-p

Power dissipation (Without scaling | 128mW

currents in stages)

Predicted power dissipation by scaling | 50mW

consecutive stages

Power dissipated by the calibration | 22mW

hardware Algorithmic ADC (SHA
+MX2 stage+ digital hardware)

Estimated area occupied by the digital
hardware

127 pm X 130 um

Estimated area occupied by the analog
hardware

650 um X 750 um

Process

1.8V, 180nm CMOS

Power supply

1.8V

59
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5.4 Conclusion

A novel foreground calibration technique to calibrate a pipelined ADC is presented
in this chapter. The calibration algorithm has been tested on 12 bits, 1.5 bits/stage
pipelined ADC. The proposed algorithm requires a slow but accurate ADC which is
used to directly extract the digital calibration coefficients. The calibration technique
does not require precise generation of any analog voltages. It is seen that the INL and
DNL of the calibrated pipeline ADC was reduced to 0.65 LSB and 0.3 LSB respectively.

A significant improvement in the SNR and SFDR of the ADC was also observed.
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CHAPTER 6

NOVEL DIGITAL CALIBRATION OF ALGORITHMIC ADC
AND PIPELINED ADC BY CYCLING MSB STAGES

The chapter proposes a novel digital calibration technique for pipelined ADC and
algorithmic ADC which accounts for capacitor mismatches, parasitic capacitances, off-
set errors and finite open loop gain of the op-amp. A fixed point iterative algorithm is
used to determine the weights, with which the digital codes of the pipeline stages of
the ADC are multiplied, to obtain calibrated digital output. Unlike the state of the art
calibration techniques, the proposed technique uses very less number of samples and
cycles for calibration. The calibration algorithm has been implemented on 40 MSPS,
1.5 bits/stage; 12 bits pipeline ADC where 4 MSB stages are calibrated. For a 5% mis-
match in capacitances in the 4 MSB stages of the pipelined ADC and open loop gain of
the op-amp (A) equal to 52dB, the calibration technique improved SNDR by more than
23dB and SFDR by around 29dB. The technique can also be slightly modified to cali-
brate algorithmic ADCs. For a 5% mismatch in capacitances of the algorithmic ADC
and A = 52dB, the proposed calibration technique improved SNDR by 22dB and SFDR
by around 29dB.
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6.1 Proposed Algorithm to Calibrate Pipeline ADC

Each pipeline stage of the ADC consists of a multiply-by-2 amplifier (MX2) and
comparators. Capacitor mismatch, parasitic capacitances and finite op-amp gain in the
MX?2 lead to discontinuities and the change in the slope in the output transfer char-
acteristics of the ADC (Cf. FC3.1). These errors can be corrected by calculating the
calibration coefficients for each stage. The calibration coefficients are calculated using
fixed point iterative algorithm by cycling the pipeline stages. The fixed point itera-
tive algorithm is used to solve N non-linear equations with N unknowns with minimal

computation [28]. Let F(X) be a set of N non-linear equations represented as:

f] (xl,xz,....x,,) = 0
fo(x1,x2,...%y) = 0
fu(x1,%2,...%y) = 0

Now, F(X) can be transformed into another set of equations of the form X = G(X),

which can be elaborated as follows.

X1 = gl(xl,xz,....xn)
X2 = gz(xl,xz,....xn)
Xp = gulx1,Xx2,....%n)

With the conditions of contraction mapping theorem satisfied, we calculate the fixed
points, X, starting with an initial guess of X(0). Then, subsequent iterations are com-

puted as follows,

XK = G(x%), Kk =0,1,2... (Eqn 6.1)

The equations F(X) and hence G(X) depends on capacitor mismatches, parasitic

capacitances and finite open loop gain of the op-amp. The set of equations G(X) sat-
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isfies contraction mapping theorem for a finite open loop gain of 52 dB and capacitor

mismatches from +1% to £10%.

An empirical understanding of the MX2 stage is required to use fixed point iteration
to obtain the calibration coefficients. A detailed working of the MX2 stage along with

the equations are given in Chapter 4 (cf. FC4.1).

The goal of the calibration technique is to measure the actual magnitudes of o and
B to obtain a calibrated digital output. The operations for calculating o and 8 of each
stage are performed on the digital output codes and their values are stored in a fixed
point format. To demonstrate the algorithm, we consider a 1.5 bits/stage, 12 stages
ADC, where the calibration coefficients of 4 MSB stages are to be calculated assum-
ing ideal backend stages (stages 5 to 12). Assuming stages 5-12 are ideal, the digital

equivalent of the input voltage to the 5" stage is calculated as

Dins=Ds2" '+ D272+ D723 4+ Dg. 274+ Dg.27 + D192 %+  (Eqn 6.2)

D 277 +D12.278

The block diagram of pipeline ADC is as shown in Figure FC6.1. Vj,, refers to
the input analog signal to be converted by the ADC. V,,; refers to the calibration input
signal set to %. During the normal operation of the ADC, the switches are connected
as follows. Switch S| connects the external signal to be converted by the ADC, Vj,, to
the input of stage-1. Switches S5 and S, connect the residue output of the stage-1 to the
input of the stage-2. Switches Sg and S3 connect the residue output of the stage-2 to the
input of the stage-3. Switches S7 and S4 connect the residue output of the stage-3 to the
input of the stage-4. Switches Sg and S9 connect the residue output of the stage-4 to the

input of the stage-5.

The switches S1-Sg are used to cycle the stages to calculate the calibration coeffi-
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Figure FC6.1: Block diagram of Pipeline ADC

cients.

Fixed point iterative algorithm is used to calculate the actual values of calibration
coefficients (¢, B) of the 4 MSB stages. The proposed algorithm takes 5-10 iterations
to converge to the actual values of a and f3 for capacitance mismatches upto £10% in

the stages to be calibrated when simulated with finite op-amp gain of 52dB.

6.1.1 Calculating o; and S,

During the calculation of the calibration coefficients in the first stage, the switches

are connected in the following manner. Switch S connects the calibration signal,

(Vear = ij ) to the input of stage-1. Switches S5 and S, connect the residue output
of the stage-1 to the input of the stage-2. Switches Sg and S3 connect the residue output
of the stage-2 to the input of the stage-3. Switches S7 and S4 connect the residue output
of the stage-3 to the input of the stage-4. Switches Sg and Sg9 connect the residue output

of the stage-4 to the input of the stage-5.
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The block diagram of the pipeline ADC shown in Figure FC6.1 reduces to Figure

FC6.2.
Veal Vres,1 N Vres2 _ Vres,3 Vresa
»| stage-1 *| Stage-2 ”| stage-3 >| stage-4 Ideal Ds - D12
>
D1 D, b D Backend
Iy ) 3 + | ADC
— — —

Figure FC6.2: Reduced block diagram of Pipeline ADC

With the input to the ADC, V. (= V:ff) (as shown in Figure FC6.2) and the digital

output code of the 1* stage, Dy, forced to code 0, the residue voltage of 1% stage is

calculated. The residue equation for the first stage is given by V,. 1 (D1 = 0) as shown,

V,
Vyes.1 (D1 = 0) = o .%f (Eqn 6.3)

For V;, = % and D forced to code 1, the residue voltage of the 1* stage, Vies,1(D1=1),

is,

Vre f
4

Vres71(D1 = 1) = 0. - ﬁl-vref (qu’l 6.4)

The digital equivalent of the analog residue voltages, V., 1, are obtained by dividing
Eqn 6.3 and Eqn 6.4 by V.
(091

Dres,l,O = Z (Eqn 65)

a
Dyes 1.1 = Il — B (Eqn 6.6)

It is required to obtain the values of D, 1 o and D, 1 in order to calculate o and

B1. We calculate the approximate digital equivalent of the residue voltages, Dy 1 o and
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D511, as shown in Eqn 6.7 and Eqn 6.8, using the 11 digital codes from stage 2 to
stage 12 of the pipeline ADC with an initial estimate of tp =03 =0y =2, Br = B3 = P4 =
1. During the calculation of D,.;;_j, let D;_j ; be the digital codes of the pipeline stages
where i represents the stage being calibrated, j represents the digital output code that
is forced to stage i, k represents the stage to which the digital code correspond to. The
digital equivalent of the residue voltages is not the correct estimate of analog residue

voltages as @, and f3, (n = 2,3,4) used to calculate D, | are not accurate.

B> Bs Dins.0.1

D =D .—+D . D . : Eqn 6.7

res,1.0 102 +D1 03 .0 +D1 04 oo .o (Eq )
B2 B3 Ba Dins.1.1

Dyes11 =Dy 12.—+ D1 13. + D 1 4. +—= (Eqn 6.8)
(05) 0h .03 0h.03.04 0n.03.04

where D;, 5 o | represents the digital equivalent of input to the 5" stage when 1%
stage is being calibrated with its digital code forced to 0, D;, 5 | | represents the digital
equivalent of input to the 5 stage when 1% stage is being calibrated with its digital

code forced to 1.

By substituting Eqn 6.7 and Eqn 6.8 in Eqn 6.5 and Eqn 6.6, the updated values of

oy and fB; can be expressed in the required form as shown,

01y =4%Dyes1.0=281(002,03,04,B2,B3, Ba) (Eqn 6.9)

ﬁl,u - Dres,l,O - Dres,l,l - g2(a27 03, (X4,ﬁ2, ﬁ3a ﬂ4) (Eqn 610)

The updated values of o and f; are calculated from Eqn 6.9 and Eqn 6.10. Let us

call the value of ¢; and B as a;_, and B;_, which act as intermediate values to calculate
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the final values of ¢ and f;.

6.1.2 Calculating oy and 4

Now, the pipeline stages 1-4 are right shifted in a circular manner such that the
4" stage now becomes the MSB pipeline stage, the 1 stage becomes the 2™ pipeline
stage, 2" stage becomes the 3" pipeline stage and 3" stage becomes the 4" pipeline

stage. This is as shown in Figure FC6.3.

Switch S4 connects the calibration signal, (V. = fo ) to the input of stage-4.

Switches Sg and 1 connect the residue output of the stage-4 to the input of the stage-1.
Switches S5 and S, connect the residue output of the stage-1 to the input of the stage-2.
Switches Sg and S3 connect the residue output of the stage-2 to the input of the stage-3.
Switches §7 and Sg connect the residue output of the stage-3 to the input of the stage-5.
Now, with ot = ¢y, ap = a3 =2, B1 = By B2 = B3 = 1, a4 and B4 are calculated. With
input voltage V., = % and forcing D4 = 0 and 1 respectively, we calculate the residue

outputs of stage 4, V,esa(Dg = 0) and V,p54(Dg = 1).

v,

Vyes4(Ds = 0) = 0. ;f (Eqn 6.11)
D= 1)=ay el Eqn 6.12
Viesa(Ds = 1) = 04. 2 BsVier (Eqn 6.12)

We calculate the approximate digital equivalent of the residue voltages as,

(04
Dres,4,0 = Z4 (Eqn 6.13)
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Figure FC6.3: After shifting the pipeline stages of ADC shown in FC6.2
0y
Dres,4,1 = Z — P4 (Eqn 6.14)

The approximate digital equivalents of the residue voltages D, 4 o and D, 4 1 are ob-
tained from 11 digital codes D, D, D3 and Ds to Dy, of the pipeline ADC with o =
0y 0 =03=2,B1 =By Bo=P3 =1 as shown in Eqn 6.15 and Eqn 6.16. Note that
Dyes.4.0 and D, 4 1 are not accurate since ¢’s, 3’s used in the calculation of D, 4 are

only approximate values.

B3 N Djn50.4

B
b p B Do s Eqn 6.15
res;4.0 4.0-1 o D402 o).00 +Da03 01.0.03  01.00.03 (Eq :
By B> B3 Dins14
resab1 = Data o +Dy 12 .0 +D413 0.0 + P (Eq )

where Dy, 5 o 4 represents the digital equivalent of input to the 5 " stage when 4" stage is
being calibrated with its digital code forced to 0, D;, 5 | 4 represents the digital equiv-
alent of input to the 5 stage when 4" stage is being calibrated with its digital code

forced to 1.

By substituting Eqn 6.15 and Eqn 6.16 in Eqn 6.13 and Eqn 6.14, the updated values

of a4 and B4 can be expressed in the required form as shown,

04y =4%Dyesa0=g3(01,00,03,B1,B2,53) (Eqn 6.17)
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Bau = Dres.4.0 — Dresa 1 = ga(0t1, 00,03, B1, B2, B3) (Eqn 6.18)

The intermediate values of ay ,, and B4, are calculated similar to o ,, B .

6.1.3 Calculating o3 and 33

Now, the pipeline stages are again right shifted in a circular manner such that the
37 stage now becomes the MSB stage, the 4" stage becomes the 2" pipeline stage, 1

stage becomes the 3 pipeline stage and 2" stage becomes the 4 pipeline stage.

Switch S3 connects the calibration signal, (V. = Vﬁff ) to the input of stage-3.

Switches S7 and S4 connect the residue output of the stage-3 to the input of the stage-4.
Switches Sg and S connect the residue output of the stage-4 to the input of the stage-1.
Switches S5 and S, connect the residue output of the stage-1 to the input of the stage-2.
Switches Sg and S9 connect the residue output of the stage-2 to the input of the stage-5.

This is as shown in Figure FC6.4.

Veal > Vres3 _ Vres4 -~ Vies,1 Vres,2
Stage-3 ”| stage-4 ”| stage-1 | Stage-2 | ] Ideal Ds - D12
R
D3 D Backend
—> ‘s D ADC
—» 1' . D2

Figure FC6.4: After shifting the pipeline stages of ADC shown in FC6.3

ref

At this point, with input V4 = V4 and D3 forced to 0 and 1 respectively, we cal-

culate the residue output voltages of stage 3, V,es3(D3 = 0) and V,3(D3 = 1). The
intermediate value of o3, and B3, are calculated similar to oy, and B4, by calcu-

lating approximate digital equivalents D,,s3 o and D, 3 1 as shown in Eqn 6.19 and
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Eqn 6.20.
B B1 B> Dins03
D =D —+D ——+D . : Egn 6.19
res,3.0 2040 +D3 0 1 .0 +D302 0.0 + .00 (Eq )
4 1 2 Diy513
Dyes3 1 = D3,1,4-B— + D31 1. i + D31 5. P + — (Eqn 6.20)
Oy 1.0y 0.0 .00 0.0 .00

Where o) = o, 04 = 0y, and o = 2, ﬁl = Bl,u, ﬁ4 = ﬁ4,u and ,82 = 2. With this,
we obtain the equations gs(ot, 0, 0, B2, Ba, B1), g6(C1, 0, a4, B2, Ba, B1) to calculate

o3y and ﬁS,u-

6.1.4 Calculating o; and 3,

Now, the pipeline stages are again right shifted in a circular motion such that the
2" stage now becomes the MSB pipeline stage, the 3™ stage becomes the 2"¢ pipeline
stage, 4/ stage becomes the 3'? pipeline stage and 1% stage becomes the 4 pipeline
stage. The intermediate updated values of o, and 3, , are calculated with o =
O uy 04 = Qqy, O3 = 034, B = PBiu Pa = Psy and B3 = B3, and from equations
g7(0, 03,04, B3, Ba, B1), gs(0t1, 03,04, B3, Ba, B1) - This completes one cycle of calcu-

lating digital calibration coefficients.

Eqn 6.1 is used to update the values of o’s and f8’s iteratively. With the Digital Code
sets (D;_j ) already known, the digital portion of calibration algorithm is executed until
all a’s and B’s reach the fixed points. This is as shown in FC6.5, for capacitor mismatch
of -10% in stage 1, -5% in stage 2, +10% in stage 3 and +5% in stage 4 with finite open

loop gain of 52dB in all stages.

This marks the end of the calibration phase. During normal operation of the ADC,
the values of o; and B; (for i=1,2,3,4) thus obtained are used to calculate the calibrated

digital output. For an analog input V;,, the corrected (calibrated) digital output, D,,,, is
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Figure FC6.5: Convergence of &’s and s in the pipelined ADC
given by Eqn 6.21.
-1
B B2 B3 Ba 2
D,y =Di.—+ D». + Ds. + Dy. + Ds.
(04] .00 0.0n.03 0.00.03.04 01.00.03.04
22 -3 2—4 25
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01.00.03.04 01.00.03.04 01.00.03.04 01.00.03.0
276 277 278
Dyy——+Dn.————+Dpp.—————
01.00.03.04 01.00.03.04 01.00.03.04
(Egn 6.21)

where D to Dj; are the digital output codes of stages 1 to 12 respectively.

6.2 Proposed Algorithm to Calibrate Algorithmic ADC

Algorithmic ADC consists of only one MX2 stage and hence it is required to calcu-
late o and B of one stage. 12 bits algorithmic ADC takes a new input every 12 cycles.
During the rest of the cycles, the output of the pipeline stage is fed back to its input.

Therefore algorithmic ADC takes 12 cycles to convert the sampled analog input to its
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digital equivalent. Neglecting offset voltage, the residue output of the MX?2 stage during
the n'” iteration, Vyes.n, at the end of the amplification phase can be written as [11],

(C2 + Cl)Vm (n) — Vref.CQ.Dn

resin = G+CyiC
Cl + 2 Ap 1

(Eqn 6.22)

Ci, (3, Cp, and A are the feedback, sampling, parasitic capacitors and open loop gain
of the op-amp, respectively, Vj,(n) is the analog input during the n'" iteration (note that
Vin(n) = Viesn—1 where V,s,—1 is the analog residue output voltage of the previous
iteration), Vs is the reference voltage and D, is the digital output code of the MX2

stage during n'” iteration:

(

. Vie
+1; lfvres,nfl > + 4f7

— . V
Dy =4 -1 sif Viesn—1 < — foa

0 ; Otherwise.
\

Eqn 6.22 can be re-written in terms of « and 3 as shown in Eqn 4.3, where

Ci+G

Cl + (C2+C/;1 +Cp)

G

B =

(Egn 6.23)

The residue output of the MX2 stage during the n' iteration, Vyes,n, Can be re-written

as,

Vres,n = a-Vin,n - Vref-ﬁ-Dn = a-Vres,n—l - Vref-B-Dn (Eqn 624)
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The calibrated digital output of the ADC at the end of 12 clock cycles is given by,

B B B B B B B

Dalg() :D].a +D2.? +D3.$ —|—D4.m —I—D5.$ +D6.$ —|—D7.?

B B B B B
+D8$ —}—ng +D10W +D11m +D12W (Eqn 625)

6.2.1 Calculating @ and 3

With the input to the ADC, V,, forced to % and the digital output code of the 1*
iteration, D, forced to code 0, residue output of the MX2 stage is given by V,.s(D; =0)

as shown,

Vi
Vies(Dy = 0) = a. :f (Eqn 6.26)
For V,, = % and D; = 1, the residue voltage V,.s(D; = 1), is
. . Vref
Vies(D1 = 1) = 0. 2L _ B Vs (Eqn 6.27)

4

The digital equivalent of the analog residue voltage, D,, is obtained by dividing Eqn 6.26,
Eqn 6.27, by V..

(04
Dyeso = Z (Egn 6.28)

(04

Dyes1 = Z - ﬁ (Eqn 6.29)

It is required to obtain the values of D,,s; and D, in order to calculate & and 3. We
calculate the approximate digital equivalent of the residue voltages, D,.s; and D4, as

shown in Eqn 6.30 using the 11 digital codes (D,—D13) of the algorithmic ADC with an
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initial estimate of c =2 and B =1 .

B B B B B B B

Dyes :DZ-E +D3-E +D4-$ +D5.m +D6.$ +D7.E —I—Dg.m
B p B p
+D9'$ ‘*’DIO-@ —{—Dll.m +D12.m (Egn 6.30)

By substituting D,.s; and D, obtained from Eqn 6.30 in Eqn 6.28 and Eqn 6.29, o

and B can be expressed in the required form as shown,

OCbt:4'>|‘(Dres0) :gl(aaﬁ) (Eqn 631)

Bu = Dyeso — Dyes1 = 82(057[3) (Eqn 6.32)

Let o, and B, be the updated values of o and  which are calculated using Eqn 6.31

and Eqn 6.32. Note that ¢, and B, are not the final values of o and f3.

This completes one cycle of calculating digital calibration coefficients. With the
digital code sets already known, the digital portion of calibration algorithm is executed
to update the calibration coefficients until o and B converge to its fixed point. This

marks the end of the calibration phase.

During normal operation of the ADC, the values of & and 3 thus obtained are used

to calculate the calibrated digital output as in Eqn 6.25.

6.3 Circuit implementation

The op-amp that has been used in SHA stages works rail-to-rail, and has been de-
signed with a telescopic cascode stage followed by a push-pull common-source stage
[22]. The gain achieved by the op-amp is 87 dB with a unity gain frequency of 500

MHz and a phase margin greater than 56° over all process corners [Appendix A.1]. The
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op-amp that has been used in all MX2 stages works rail-to-rail, and has been designed
for a gain of 52dB with a unity gain frequency of 700 MHz and a phase margin greater
than 61° [Appendix A.2].

The 1.5-bit flash ADC in each stage was designed with Strong-ARM latch com-
parators . The j:% voltage generation for comparators is obtained using a switched-
capacitor circuit [20]. The differential sample and hold circuit was built using a switched

. — Vre .
capacitor circuit [19]. The reference voltage, 4f required to generate the datasets for

calibration can be obtained as in [7].

6.3.1 Pipelined ADC

There are 2 modes of operation.
1. Normal mode

2. Calibration mode

There are few static control signals such as: CAL, CAL1, CAL2, CAL3, CAL4 and
FRC. All the control signals are a combination of these signals.
CAL: Enables the calibration mode.

CALn: Enables n" stage for calibration where n = 1,2,3.4.

* CALI enables the following connections. Switch S; connects the calibration sig-
nal, (V. = %) to the input of stagel. Switches S5 and S, connects the residue
output of the stagel to the input of the stage2. Switches S¢ and S3 connects the
residue output of the stage2 to the input of the stage3. Switches S7 and S4 con-
nects the residue output of the stage3 to the input of the stage4. Switches Sg and

So connects the residue output of the stage4 to the input of the stage5.

* CALA4 enables the following connections. Switch S4 connects the calibration sig-
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nal, (Vo = V’If ) to the input of stage4. Switches S8 and S1 connects the residue

output of the stage4 to the input of the stagel. Switches S5 and S2 connects the
residue output of the stagel to the input of the stage2. Switches S6 and S3 con-
nects the residue output of the stage? to the input of the stage3. Switches S7 and

S9 connects the residue output of the stage3 to the input of the stage5.

* CAL3 enables the following connections. Switch S3 connects the calibration sig-

nal, (V. = Vf-f) to the input of stage3. Switches S7 and S4 connects the residue

output of the stage3 to the input of the stage4. Switches S8 and S1 connects the
residue output of the stage4 to the input of the stagel. Switches S5 and S2 con-
nects the residue output of the stagel to the input of the stage2. Switches S6 and

S9 connects the residue output of the stage? to the input of the stages.

* CAL2 enables the following connections. Switch S2 connects the calibration sig-

nal, (Voy = fof ) to the input of stage2. Switches S6 and S3 connects the residue
output of the stage2 to the input of the stage3. Switches S7 and S4 connects the
residue output of the stage3 to the input of the stage4. Switches S8 and S1 con-
nects the residue output of the stage4 to the input of the stagel. Switches S5 and

S9 connects the residue output of the stagel to the input of the stage5.

FRC: Signal for forcing the two comparators to the desired region. During calibra-
tion mode, signal FRC when set high forces a digital code of +1 at the output of the
pipeline stage if CAL signal of the particular stage is set to 1. When set to low, forces
a digital code of 0 by overriding the output of the comparator. Table TC6.1 shows the

configuration of FRC signal during calibration and normal mode of operation.

Table TC6.2 shows the input configuration of control signals during calibration
mode in the same order. All the digital backend codes thus obtained during calibra-
tion are stored in registers to be reused during iterations until actual values of & and 3

are obtained.
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Table TC6.1: Configuration of FRC signal

CALn | FRC Remarks

1 0 Force digital output code of pipeline stage 'n’
to 0 with its input =V,

1 1 Force digital output code of pipeline stage 'n’
to 1 with its input = V4

0 X Normal mode of operation

Table TC6.2: Input Configuration of control signals during calibration mode

Mode of Op- | CAL | CAL1 | CAL2 | CAL3 | CAL4 | FRC Remarks

eration

Updating a1 | 1 1 0 0 0 0 al = Peio
Updating ﬁl 1 1 0 0 0 1 ﬁ 1= Dresl,O — Dres171
Updating a4 | 1 0 0 0 1 0 o4 = Do
Updating ﬁ4 1 0 0 0 1 1 B4 = Dres4,0 — Dres4,l
Updating a3 | 1 0 0 1 0 0 3 = Do
Updating B3 | 1 0 0 1 0 1 B3 =Dyes30— Dyess.
Updating o2 | 1 0 1 0 0 0 o2 = Do
Updating B2 | 1 0 1 0 0 1 B2 =Dyes20— Dyesat

After one cycle of updating the calibration coefficients, iterative algorithm contin-
ues with its second cycle of updating the calibration coefficients and so on until all the
calibration coefficients converge to their actual values. During this phase, the signals
CALn and FRC are set low and signal CAL is set high to indicate the process of calibra-
tion coefficient calculation is not complete yet. The signal CAL is set low after all the
calibration coefficients converge to their actual values. This completes the calibration

phase.

6.3.2 Algorithmic ADC

Algorithmic ADC requires calibration of one stage. There are 2 modes of operation.
1. Normal mode

2. Calibration mode



78

There are 2 static control signals: CAL and FRC.

CAL enables the calibration mode when set high. The input of the Algorithmic
ADC is connected to (V. = %) and FRC is set low to force digital code of O at the
output. In the subsequent 11 clock cycles the residue output of the algorithmic ADC is
connected to its input. The 11 output digital codes thus obtained are stored in registers.
Now, the input of the Algorithmic ADC is connected to (V.4 = %) and FRC is set
high to force digital code of +1 at the output. In the subsequent 11 clock cycles the
residue output of the algorithmic ADC is connected to its input. The 11 output digital

codes thus obtained are stored in registers. These output digital codes are used to obtain

the actual values of o and 3 using the iterative algorithm.

6.4 Simulation Results

The pipelined ADC and algorithmic ADC along with the calibration scheme were
implemented in a 180-nm CMOS technology of Semiconductor Complex Limited, In-
dia (SCL), and were simulated in Cadence-AMS environment with the digital portion
coded in verilog. The op-amp has also been simulated across the process corners and
results are promising. SHA built using this op-amp shows a minimal overshot with the
final value of the output settling with an error of 60uV for a full scale input when oper-
ated at 40 MHz [Appendix A]. The pipelined ADC works for the inputs ranging from
-1.2Vto 1.2V.

To validate the calibration algorithm, a ramp signal varying from -1.2V to 1.2V is
input to the designed 40MSPS pipelined ADC where the capacitance mismatches varies
from 1% up to 10%. The digital output thus obtained is calibrated with the proposed
calibration algorithm and fed to an ideal DAC to obtain the analog output for ease of
visualization. This is as shown in Figure FC6.6. It can be seen that the linearity of

the output transfer characteristics of the ADC improves after calibration. Note that the
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proposed calibration scheme can be implemented on pipelined ADCs of much higher

speed as the op-amp limits the speed of the pipelined ADC and not the digital hardware

used for calibration.

1.5 1.5
=05 &
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203 7 -0.5
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15 0505 15 15 05 0.5 15
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(a) (®)

Figure FC6.6: Output transfer characteristics of pipeline ADC (a) Before calibration (b) After
calibration

To validate the calibration algorithm on algorithmic ADC, an input ramp signal
varying from -1.2V to 1.2V is input to the designed 4MSPS algorithmic ADC where the
capacitance mismatches varies up to 5%. The digital output thus obtained is calibrated
with the proposed calibration algorithm and fed to an ideal DAC to obtain the analog
output for ease of visualization. It can be seen that the linearity of the output transfer

characteristics of the ADC improves after calibration. This is as shown in Figure FC6.7.

Figure FC6.8a shows the output spectrum of a 12.7MHz full scale analog sine in-
put which is sampled at 40 MSPS (N=1024) by the pipelined ADC, before and after
calibration. It is seen that SFDR improves from 36dB before calibration to 65 dB after
calibration. Figure FC6.8b shows the output spectrum of a 1.5MHz full scale analog
sine input which is sampled at 4 MSPS(N=2048) by the pipelined ADC, before and
after calibration. It is seen that SFDR improves from 37dB before calibration to 66 dB

after calibration. The Integral non linearity (INL) of the pipelined ADC and algorith-
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Figure FC6.7: Output transfer characteristics of algorithmic ADC (a) Before calibration (b)
After calibration
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Figure FC6.8: Output spectrum of (a) Pipeline ADC and (b)Algorithmic ADC before and after
calibration
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Figure FC6.9: INL of (a) Pipeline ADC and (b)Algorithmic ADC before and after calibration

mic ADC before and after calibration are as shown in Figure FC6.9a and Figure FC6.9b.
The INL of the pipeline and algorithmic ADC after calibration reduces from 60 LSB to
0.7 LSB and 30 LSB to 0.65 LSB respectively for up to 5% variation in the capacitance

mismatch.

The proposed method obtains o and 8 values to a higher accuracy. It is necessary
that these values are stored and manipulated to this higher accuracy (e.g. for a 12-bit
ADC where four MSBs are calibrated, the o and 8 values must be stored and manipu-

lated to 16 bits).

Figure FC6.10 shows an improvement in SNDR for a full scale analog input be-
fore and after calibration of the pipelined and algorithmic ADC. Table TC6.3 gives the
performance of the pipelined ADC and algorithmic ADC respectively.

6.5 Conclusions

A novel deterministic digital calibration technique is proposed to correct both ca-

pacitance mismatches as well as gain errors, in 1.5-bits/stage pipelined as well as algo-
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Figure FC6.10: SNDR of (a) Pipeline ADC and (b)Algorithmic ADC before and after calibra-
tion

Table TC6.3: Performance table of the 1.5 bits/stage pipelined ADC and algorithmic ADC

Pipeline Algorithmic

Resolution 12-bits 12-bits

Sampling rate 40MHz 4MHz

SNR 62 dB@13MHz, 73 | 60dB @1.5MHz 73
dB @ 1MHz dB @ 100KHz

SFDR 65 dB@13MHz 66dB @1.5MHz

INL 0.7 LSB 0.65 LSB

DNL 0.29 LSB 0.32 LSB

Input voltage swing 1.2Vp-p 1.2Vp-p

Power dissipation (With- | 50mW 12mW

out scaling currents in

stages)

Predicted power dissipa- | 32mW -

tion by scaling consecu-

tive stages

Process 1.8V, 180nm | 1.8V, 180nm
CMOS CMOS

rithmic ADCs. To illustrate the technique, a 12bits, 1.5-bits/stage pipelined ADC, and a

1.5-bit stage algorithmic ADC were designed in a 180nm technology. With close to 5%

mismatch in capacitance values, INL and DNL of the calibrated pipelined ADC were

reduced to 0.7 LSB and 0.29 LSB, respectively, and the INL and DNL of the calibrated

algorithmic ADC were reduced to 0.65 LSB and 0.32 LSB. A significant improvement
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in the SNDR, ENOB and SFDR after calibration in both pipelined as well as algorithmic

ADC was also observed.
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CHAPTER 7

BACKGROUND DETERMINISTIC DIGITAL CALIBRATION
OF 1.5 BITS/STAGE PIPELINED ADC BY SUBSTITUTING THE
PIPELINE STAGES

This chapter describes two novel background calibration techniques to digitally cal-
ibrate pipeline ADCs. The proposed deterministic calibration techniques account for
capacitor mismatches in the pipeline stage, finite op-amp gain, comparator offsets and
charge injection. The techniques have been tested on a 40 MSPS 12 bit pipelined ADC
where the 4 most significant stages are calibrated. The idea behind the calibration tech-
nique is that each pipeline stage of the ADC that undergoes calibration is disconnected
from the pipeline ADC and substituted by a pre-calibrated extra pipeline stage until
the calibration of the disconnected pipeline stage completes. This ensures that the con-
version process by pipeline ADC is not hampered. The proposed technique does not
require any DSP or microprocessor for calibration and requires fewer samples and cy-
cles for calibration. For up to 6.25% mismatch in capacitances and open loop op-amp
gain of 52dB in the 4 MSB stages, both the calibration techniques improved SNR by
more than 25dB and SFDR by around 33dB at close to Nyquist input frequency.
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7.1 Proposed Algorithm

The proposed calibration algorithms are demonstrated with the help of a 1.5 bit-
s/stage, 12 stage pipelined ADC where 4 MSB stages are calibrated. Each pipeline
stage consists of MX2 stage and 2 comparators to obtain the output digital code. The
analog residue output of each pipeline stage is fed as input to the succeeding pipeline
stage. The output digital codes of the pipeline stages are connected to digital block
which is a combination of an array of D flip-flops and calibration block to obtain cali-
brated digital output. The circuit and working of MX2 is explained briefly in Chapter 4.
The goal of the calibration technique is to compute & and 8 of the 4 MSB stages in the
background and use them during the normal operation of the ADC to obtain calibrated

output.

7.1.1 Calibration Technique 1

During the calibration phase, calibration coefficients of the 4 MSB stages are mea-
sured by treating each pipeline stage as one stage algorithmic ADC. Calibration algo-
rithm requires an Extra Sample and Hold Amplifier [ESHA], extra pipeline stage and
an additional digital block which is made up of an array of D flip-flops and calibra-
tion coefficient calculation block to calculate o and 8. The procedure to calculate the
calibration coefficients for pipeline stagel has been demonstrated in this section. This
procedure holds good for calculating calibration coefficients of all the stages to be cal-
ibrated. The pipeline stagel is disconnected from the pipeline ADC for calibration
and replaced with an extra pipeline stage so that the actual working of the ADC is not
hindered. A pictorial representation of pipeline stagel, being swapped with the extra
pipeline stage during calibration is as shown in Figure FC7.1. The pipeline stagel is
connected to ESHA and D flip-flop array from additional digital block as shown in Fig-

ure FC7.1 to form one stage algorithmic ADC. The outputs of D flip-flop array from
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additional digital block are in-turn connected to the calibration coefficient calculation
block to calculate & and 8. The calibration coefficients of the algorithmic ADC are
calculated using Newton Raphson technique as explained in Chapter 4. This completes
the calibration phase of one pipeline stage. The same procedure is repeated for the other

pipeline stages that require calibration.

Vs ™
input sianal SHA_out # i)
nput signa - In Res_out -
¢—> In SHA ¢’2 - gltjetugﬁ residue Stages 2-12 of
2L ek » Clk1 ;'t:e":e Pipeline ADC
ge i
01 Dig_out [———
¢'2_, Clk2 ——»{ Clk2 = Digital output code
o >
%
Pipeline ADC
at
Swap just before| rising edge [of §2
Fe ™\
Calib sianal —
—\—. Res_out|"Extra stage
' d1_slow Extra residue output
a =5 Pipeline
Stage . »
$2_slow Dig_out Digital output
- code

Calibration block

Figure FC7.1: Replacement of pipeline stages during calibration (Technique 1)

Following are to be noted during calibration.

* If the pipeline stage to be calibrated, samples the new input when ¢2 is high
and produces the residue output when ¢ 1 is high, the replacement of the pipeline
stages for calibration should happen just before ¢2 goes high. Otherwise, the
residue output from the previous stage, required to obtain the output digital codes
and hence the residue output of the current stage is lost. Similarly, the pipeline
stage that samples the new input when ¢ 1 is high and produces the residue output
when ¢2 is high, has to be replaced just before ¢1 goes high. Thus, the time at

which the pipeline stages are swapped during calibration is very important.

 The calibration coefficients do not account for the finite op-amp gain of the ESHA.
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Linearity of the ESHA can be improved by using a larger capacitance in the circuit
which compensates for the finite op-amp gain of ESHA. With this larger capaci-
tance, the speed with which the calibration is performed reduces. Therefore, the
calibration of the pipeline stages is performed at a lower speed when compared to

the speed of the ADC.

* During the calibration of any pipeline stage, the extra pipeline stage replaces the
pipeline stage under calibration in the pipeline ADC. The clock signal of the extra
pipeline stage has to be switched from lower speed to the higher speed. As a
precautionary measure, the high speed clock is connected to the extra pipeline
stage one cycle before it replaces the pipeline stage under calibration to avoid any
settling problems in the pipeline ADC. Once the calibration of the pipeline stage
is completed, again, high speed clock is connected to the pipeline stage one cycle

before it replaces the extra pipeline stage after calibration.

Once, the digital calibration coefficients o and 8 are measured for all the stages
undergoing calibration, they are used to get a calibrated digital output code, D,,;, of the

pipelined ADC as shown in Eqn 7.1. This is as explained in detail in Chapter 4.

o By B B B:

W) D3+ .
(04] .00 01.0p.03 01.0p.03.04
Ds D1»

+...+
21.061.062.063.064 28.061.062.063.064

Dy

(Eqn 7.1)

7.1.2 Calibration Technique 2

Although the finite gain error of the ESHA can be reduced by choosing a higher
order capacitor, it cannot be completely eliminated. This problem can be overcome by
using 2 extra pipeline stages, pipe_ex1 and pipe_ex2. With this, the calibration coef-

ficients of the 2 pipeline stages of the pipeline ADC can be calculated at a time. Two
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stages of the pipeline ADC that are required to be calibrated, are substituted with the al-
ready calibrated extra stages, pipe_ex1 and pipe_ex2 in the pipeline ADC. The 2 stages
of the pipeline ADC that are disconnected from the pipeline ADC can be calibrated to-
gether treating them as 2 stage cyclic ADC. Note that the 2 MSB stages of the pipeline
ADC cannot be substituted at once as it leads to the loss of the intermediate data. If
pipeline stagel and pipeline stage2 are substituted by extra stages at the same time,
then the data that is being transferred from stagel to stage2 during the time of substitu-
tion is lost. Also pipe_ex2 will not have any input data to be converted. If 2 MSB stages
of the pipeline ADC has to undergo calibration, the MSB stage is substituted after the
residue output of the present data is calculated and before a new data is sampled onto
the MSB stage similar to one stage algorithmic ADC. Since the pipelined ADC works
in a ping pong fashion, the 2 MSB stage is substituted half a clock cycle later, after
the residue output of the present data is calculated and before the new data is sampled

onto the 2"¢ MSB stage. This is as shown in Figure FC7.2.

Calibration technique similar to the one used in algorithmic ADC cannot be used to
calibrate a cyclic ADC since there are 4 unknowns (¢ and p; of the MSB stage and
o, and B, of the 2"¢ MSB stage) instead of 2. Fixed point iterative algorithm can be
used to calculate the calibration coefficients of 2 stages at a time. This technique does
not require swapping of clock signals and hence the calibration algorithm works at the
speed of the pipeline ADC. The proposed algorithm can be used to calibrate two stage
cyclic ADC as well.

Let pipe_1 and pipe 2 be 2 stages to be calibrated. Let o, Bi, o and 3, be the
calibration coefficients of stages pipe_1 and pipe 2 respectively. During the initial
iteration, let, oy = ap = 2 and fB; = B, = 1. By forcing the input of the pipe_1 to %

and digital output code D; of the pipe_1 to 0, the residue output of the pipe_1 stage is
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given by Eqn 7.2. (Refer Chapter 4)

Vre f

Vres,l,O =0 4

(Eqn 7.2)

The approximate digital equivalent of V. 1 0, Dous1 0, is obtained by dividing Eqn 7.2

by Vref~

Doutl,O = (Eqn 73)

D110 1s obtained with the help of 11 digital codes from D, to Dy, of the cyclic
ADC after 6 cycles (Most significant code forced to 0) with oy = oy =2 and B; = B =
1 as shown in Eqn 7.4. Note that D, ¢ is not accurate since a’s and ’s used in the

calculation of D,,;1 o are only approximate values.

B2 B B2 B B2
D =—=Dr+ D3+ ——Dy+——— D5+ —F—.
our1-0 (0%) 2 .00 3 01.00.0 4 (OC] .(Xz)z > 062.(061 .062)2

B D B2 B1 B2

D7+ .Dg + .Dg +
((X].Otz)3 062.(061.062)3 (OC].(X2)4 OCz.((Xl.(Xz)4

B2
— "~ D, (Eqn7.4
+a2.(a1_a2)5 12 (Eqn7.4)

Dg

_|_

Where D; is the output digital code obtained from pipe_2 during the first cycle,
D3 and Dy are the output digital codes obtained from pipe_1 and pipe 2 respectively
during the second cycle and so on. The new value of ¢ is calculated by substituting
Dus,1 0, which is calculated from Eqn 7.4 in Eqn 7.3. Let us call this value of o as
o1, as shown in Eqn 7.5. Note that ¢ , is not the final value of ;. The value of o
is inaccurate as D, | o is calculated with initial estimates of & = 0p =2 and B = 3,

= 1 which is not accurate. However, this acts as an intermediate value to calculate the
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final value of «;.

oy = 4-D0ut1,0 (Eqn 75)

By forcing the input of the pipe_1 to Vﬁff and digital output code, D, of the pipe_1 to

1, the residue output of the pipe_1 stage is given by Eqn 7.6.

Vie
Vies,1 1 = 0. 4f Vs By (Eqn 7.6)
Digitizing Eqn 7.6 gives
Qa
Dour1 = i Bi (Eqn 7.7)

Dyyt.11 1s obtained using digital codes D, to Dy, of the cyclic ADC with oy = o
=2 and B; = B, = 1. (cf. Eqn 7.4). The new value of 31, B, is calculated as shown in
Eqn 7.8. Similar to o, B, is not the final value of 3 but serves as an intermediate

value to calculate the final value of f3;.

BLM = DounLO - Dounl,l (Eqn 7.8)

o, and B, are now used to calculate o, , and B, ,. oy, and B, , are calculated

similar to a; , and B;_, with an initial estimate of &; = o ,, B = B4, 0 =2 and 3,

= 1 by forcing the input of pipe_2 to Vﬁff and MSB output digital code of pipe_2 to 0

and 1 respectively. The digital representation of the residue output voltage of stage 2 is
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given by D,,s» . This is as shown in Eqn 7.9.

By, B, B B B

. D3+ D4+ D5+ ———.
(04] .00 0h.0 .00 ((Xl.OQ)Z 061.(061.062)2

B, . B B B

.D7 + .Dg + .Dg + .
(061.062)3 061.(061.062)3 (061.062)4 ocl.(al.az)“

B> B1
(OC] .(Xz)s ’ (04 .(a1 .a2)5 -D12 (Eqn 7.9)

Deg

Do

Dy +

Where D, is the output digital code obtained from pipe_1 during the first cycle,
D3 and D, are the output digital codes obtained from pipe_2 and pipe_1 respectively
during the second cycle and so on. The approximate digital equivalent of the residue
voltage of pipe_2 with its most significant output digital code forced to 0 and 1 respec-
tively (Dyyu2.0 and Dyys2_1), are calculated from Eqn 7.9. Using D, 0 and Dyys0_1, the

updated values of & and 3, (0, and ;) are obtained similar to a;_, and B; .

This completes one iteration of calculations. The next iteration of calculating ¢t and
B starts with an estimate of &y = a1 _y, B1 = Pi_u, 0 = @, and By = B_,. This process
is repeated until both o’s and fB’s converge to its actual values. The above technique
can be used to calibrate all the required stages of the pipeline ADC. Once, o and 3 of
all the stages are calculated, they can be used to calculate the calibrated digital code of

the pipelined ADC.

The rate of convergence of a; and o are as shown in Figure FC7.3 for capacitance
mismatch of +7.5% in the first stage and -5% in the second stage. It is seen that &
converges to its final value in about 5 cycles. The comparison table for calibrating
pipeline ADC by substituting one stage at a time and two stages at a time is tabulated

in Table TC7.1.

During data conversion by the pipelined ADC, initially, the output digital codes are

error prone until all the MSB stages are calibrated. Once the calibration cycle starts
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Figure FC7.3: Rate of convergence of a’s with oy = 2.075 and o = 1.95

Table TC7.1: Comparison table for calibrating pipeline ADC by substituting one stage at a time

and two stages at a time

Calibration Technique 1

Calibration Technique 2

Extra hardware required for calibration in-
cludes one pipeline stage and one SHA along
with additional digital block

Extra hardware required for calibration in-
cludes 2 pipeline stages along with additional
digital block

Only one Pipeline stage is calibrated at a time

Two pipeline stages are calibrated at a time

Calibration clock speed is decreased to over-
come the errors introduced by the SHA

Calibration takes place at the same speed as
that of the pipelined ADC

Requires extra signals to swap the clock sig-
nals during calibration

Swapping of clock signals are not required
during calibration

calibrating pipeline stages one by one, the linearity of the ADC gradually improves.

7.2 Circuit Implementation

7.2.1 Pipelined ADC

Op-amp forms a major building block of all the MX2 stages and SHA. The op-amp

used in the SHA works rail to rail and is designed with a telescopic cascade stage fol-

lowed by push pull common source stage [22]. The op-amp works with a unity gain
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frequency of 500MHz and gain and phase margin of 87dB and 56 over all process cor-
ners. The differential sample and hold amplifier used in the pipelined ADC is designed
as in [21] with a bootstrap switch (Appendix A.3) at the input. The differential MX2
stage is as shown in Chapter 4. The op-amp that has been used in all MX?2 stages works
rail-to-rail, and has been designed with a 5T differential amplifier with NMOS input
pair in the first stage followed by a common-source stage. The gain achieved by the
op-amp is 52dB with a unity gain frequency of 700 MHz and a phase margin greater
than 59° (Appendix A.2). The 1.5-bit flash ADC (Appendix A.5) in each stage was

designed with Strong-ARM latch comparators (Appendix A.4) [19]. The ivﬁf voltage

generation for comparators is obtained using the switched capacitor circuit [20].

The representative digital block diagram to calculate calibrated digital codes is as
shown in Figure FC7.4. o, and 3, represent the calibration coefficients of the n'” stage
respectively. The inputs to all the multiplexers are represented in fixed point format.
The select lines to the multiplexer are the output digital code from the pipeline stage
that can take a value of 1, O or -1. These are represented using 2 digital bits, An_M and

An_L, where An_M represents the MSB of the n' pipeline stage and An_L represents the
B

LSB. The output of the first multiplexer is — a

if the most significant output digital code
of the pipeline stage is ‘-1’ represented by the digital bits A1_ M =0and A1 L =0, 0 if
Al M=0and Al L=1and g—ll ifA1_-M =1and A1_L = O respectively. Assuming stages

5-12 are ideal, the inputs to the 2”d, 3rd gth and 5 multiplexers are 0 and i%,

-1 . .
+ al.g; @ + ar af ‘&3. @ and im respectively. The outputs of all the multiplexers

are then added to get the 12 bit calibrated digital output of the pipelined ADC.

7.2.2 Calibrating one stage at a time

Let the pipeline stages required to be calibrated in a 12 stage ADC are extra pipeline

stage (stage_ex), pipeline stagel (stage_1), pipeline stage2 (stage_2), pipeline stage3
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Figure FC7.5: Block diagram representing the calibration signals for calibrating the MSB stage
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(stage_3) and pipeline stage4 (stage_4). Signals are assigned for calibration of each
of these stages of the pipeline ADC. Let the signals to initiate calibration of stage_ex,
stage_1, stage 2, stage 3 and stage 4 be calex,call,cal2,cal3 and cal4 respectively.
The early calibration signals call _e,cal2 _e,cal3_e and cal4_e are used to connect the
high speed clock signals to the extra stage before initiation of calibration. The early cal-
ibration signals are raised one cycle before the calibration is initiated for the reasons ex-
plained in section 2. The extra pipeline stage is calibrated initially by raising the signal
calex high. Once stage_ex is calibrated, the signal calex goes low. During calibration of
stage_1 of the pipelined ADC, it is required to change the clock signal of stage_ex from
slow clock to high speed clock one cycle before it replaces stage_1. Also, it is required
to swap the input output signals of stage_1 with stage_ex at the time of replacement.
The representative block diagram of this is as shown in Figure FC7.5. In Figure FC7.5,
the signal SHA _pipe stands for the output of the SHA of the pipeline ADC, SHA _ex_out
and SHA _ex_in denotes the output and input of the extra SHA required for calibration.
¢1 and ¢2 are high speed, non-overlapping clock signals required for the operation of
the ADC. ¢1_slow and ¢2_slow are low speed, non-overlapping clock signals required
during the calibration. Pipeline_stage2 represents the input of the 2" stage of the
pipeline ADC. DFF _pipe and DFF _extra represents the input to the D flip flop array
which are connected at the output of pipeline stagel and extra pipeline stage respec-
tively. The connections to the switches S_SHA, S_SHAb, S_cl1, S_cl2, S_res, S_resb,
S_DFF,S_DFFb, S_cl3 and S_cl4 during the normal operation of the ADC and during
calibration are as shown in Table TC7.2 and Table TC7.3 respectively.

Table TC7.2: Switch connections during the normal operation of the ADC, when no pipe line
stages are undergoing calibration

Switches Signals

S_SHA SHA_PIPE
S_cll o1

S_cl2 02

S _res Pipeline_stage2
S DFF DFF _pipe2
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During the normal operation of the ADC, when none of the stages are undergoing
calibration, the extra pipeline stage is not functioning and hence the inputs and outputs
of this stage are grounded.

Table TC7.3: Switch connections during calibration of the ADC, when pipeline stagel under-
going calibration

Switches Signals
S_SHA SHA _ex_out
S_cll o1 _slow
S_cl2 02 _slow
S_res SHA ex_in
S_DFF DFF _extra
S_SHAb SHA

S_cl3 o1

S_cl4 02

S_resb Pipeline_stage2
S_DFFb DFF _pipe

During the calibration of stage_1, initially, call _e signal goes high. This indicates
that the switches S_c/3 and S_cl/4 are connected to ¢ 1 and ¢2 respectively. This switch-
ing activity is done before switching the inputs and outputs since stage_ex is switching
to a high speed clock. In the subsequent clock cycle, call signal goes high and the
signals are connected to the switches as shown in Table TC7.3. This arrangement takes
care of the normal working of the pipeline ADC. Now, the digital calibration coeffi-
cients o and B are calculated as discussed in section 2. Subsequent to calibration
of stage_1, Call _e signal goes low indicating that the fast clock signals are connected
to the MSB pipeline stage. Then, Call signal goes low indicating that MSB pipeline
stage replaces the extra pipeline stage in the pipeline ADC with connections as shown
in Table TC7.2. o and fB; of the MSB stage calculated during calibration are stored in
the memory to be used by the pipeline ADC. During the calibration of stage_2, cal2_e
signal goes high indicating that the switches S_c/3 and S_c/4 are connected to ¢2 and
@1 respectively, during replacement. This is due to the fact that the pipeline ADC works

in a ping pong fashion. Note that two calibration signals, (eg. Call and Cal2) cannot
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be high at the same time as two stages cannot be calibrated at the same time using this
algorithm. When stage_1 is replaced by stage_ex for calibration, stage_ex now forms
the MSB pipeline stage. During the period, o and B of the stage_ex are used during
data conversion by the pipelined ADC in the place of ¢ and B; of stage_1. This holds

well during calibration of any stage.

7.2.3 Calibrating two stages at a time

The advantage of calibrating 2 stages at a time is that it neither requires an ESHA
nor swapping clock signals. Therefore, this technique does not require early calibration
signals. Let the calibration signals for calibrating stage_ex1 and stage_ex2 be calex,
stage_1 and stage 2 be call2, stage 3 and stage 4 be cal34 respectively. Signals swapl
and swap?2 are used to swap stage_1 and stage_2 with stage_ex1 and stage_ex2 during
calibration. Similarly, signals swap3 and swap4 are used to swap stage_3 and stage 4
with stage_ex1 and stage_ex2 during calibration. Figure FC7.6 shows a representation
of the signals required for calculation of calibration coefficients of the 2 MSB pipeline
stages. The signal SHA_pipe represents the output of the SHA of the pipeline ADC.
Calib_signal is the % voltage required for calibration. Pipel _res and Pipe2 _res cor-
respond to the residue voltage of the 1* and 2 MSB pipeline stage of the pipeline
ADC. Pipel_res_ex and Pipe2_res_ex signify the residue voltage of the 1% and 2™ ex-
tra pipeline stages required during calibration. Pipeline_stage3 represent the input of
the 3”4 MSB stage of the pipeline ADC. DF F _pipel and DFF _pipe2 denotes the input
to the D flip flop array connected from the 1% and 2"¢ MSB pipeline stages respec-
tively. Similarly DFF _pipe_ex1 and DF F _pipe_ex2 denotes the input to the D flip flop
array connected from the 1% and 2"¢ extra pipeline stages respectively. Initially, the
extra stages are calibrated by raising calex signal high. The connections to the switches

S_inl, S_in2, S_inlb, S_in2b, S_res, S_resb, S_.DFF1, S_DFF2, S_DFF3 and S_DFF4

during the normal operation of the ADC and during calibration are as shown in Table
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TC7.4 to Table TC7.7 respectively.

Table TC7.4: Switch connections during the normal operation of the ADC, when none of the
calibration signals are high

Switches Signals
S_inl SHA _pipe
S_in2 Pipel _res
S_res Pipeline_stage3
S_DFF?2 DFF _pipe2
S_DFF1 DFF _pipel
S_inlb -

S_in2b -

S_resb -

S_DFF3 -

S_DFF4 -

Table TC7.5: Switch connections when the signal call is high and cal2 is low

Switches Signals

S_inl Calib_signal / Pipe2 res
S_in2 Pipel res_ex

S _res Pipeline _stage3
S_DFF?2 DFF _pipe2
S_DFF1 DFF _pipe_exl
S_inlb SHA _pipe
S_in2b -

S_resb -

S_DFF3 DFF _pipel
S_DFF4 -

Table TC7.6: Switch connections when both signals call and cal2 are high

Switches Signals

S_inl Calib_signal | Pipe2 res
S_in2 Calib_signal / Pipel _res
S_res Pipe2 _res

S_DFF?2 DFF _pipe_ex2
S_DFF1 DFF _pipe_exl

S_inlb SHA _pipe

S_in2b Pipel res_ex

S_resb Pipeline_stage3
S_DFF3 DFF _pipel

S_DFF4 DFF _pipe2

Raising signals swapl and swap?2 high, indicates that the input output signals of
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Table TC7.7: Switch connections when the signal cal?2 is high and call is low

Switches Signals
S_inl SHA _pipe
S_in2 -

S_res -

S_DFF?2 -

S_DFF1 DFF _pipe_l
S_inlb -

S_in2b Pipel _res
S_resb Pipeline_stage3
S_DFF3 -

S_DFF4 DFF _pipe2

pipeline_stagel and pipeline_stage? are swapped with pipeline _stage_ex1 and

pipeline_stage_ex2 stages respectively. As explained in section 2, swap1 is raised just
before the raising edge of ¢1. Similarly, swap?2 is raised just before the raising edge
of ¢2. With the arrangement as shown in Table TC7.6, the 2 most significant pipeline
stages are ready to undergo calibration. Since, the extra pipeline stages that are already
calibrated replace the pipeline stages at appropriate time; the normal working of the
ADC is not affected. Subsequent to this, call2 signal is raised to indicate the initiation
of calibration of the 2 stages. The switch S_inl is connected to Calib signal while

sampling the signal Vﬁff and to Pipe2 _res for the rest of the cycles. Similarly, the switch

S_in2 1s connected to Calib signal while sampling the signal % and to Pipel _res for
the rest of the cycles. Calibration of 2 stages takes place as explained in section 2.
Post calibration, cal12 signal goes low indicating the end of calibration of the 2 stages.
Swapl and Swap?2 goes low just before the raising edge of ¢1 and @2 respectively
indicating that pipeline stagel and pipeline stage? takes its place in the pipeline ADC.
This is as shown in Figure FC7.6. Similar to calibrating one stage at a time, it is to
be noted that during the calibration of pipeline stagel and pipeline stage2, the extra
pipeline stages replace these stages. Hence, during this time, o and B of the extra

pipeline stages are used to obtain the calibrated digital code of the pipelined ADC.
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7.3 Simulation Results

The 12 bits pipeline ADC which consists of 11 pipeline stages and one 2 bits flash
ADC (Appendix A.6) as well as the extra pipeline stages are designed and implemented
in a 180-nm CMOS technology of Semiconductor Complex Limited, India (SCL), and

were simulated in Cadence-AMS environment.

The 12 bits pipelined ADC was designed to handle inputs ranging from -1.2V to
1.2V. The proposed calibration algorithms were tested using a ramp and sine wave
input. Figure FC7.7 shows a graph of output characteristics of the ADC for a ramp
input varying between -400mV to 500mV. Up to 6.25% capacitance mismatches were
introduced in the 2 MSB stages to validate the proposed algorithm calibrating one stage
at a time. This holds good for calibrating the 3"¢ and 4" pipeline stages as well. The
output digital bits of the pipeline ADC is converted into its equivalent analog value for
ease of visualization. As discussed in section 2, it can be seen that the extra pipeline
stage is calibrated in the beginning followed by first stage and then the second stage.
Jumps due to capacitor mismatch in the first stage and second stage can be seen at
input voltages close to -300mV and -150mV. These jumps in the output characteristic
rests in the fact that the first pipeline stage and second pipeline stage are not calibrated
yet. These are marked in red circles in Figure FC7.7. The green, orange and blue
rectangles depict the period during which the extra pipeline stage, first pipeline stage
and second pipeline stage undergo calibration respectively. Jump at +150mV is not seen
in the output characteristic due to the fact that the 2" pipeline stage is replaced by the
already calibrated extra stage. Subsequent to calibration, ADC output characteristics
vary linearly with respect to the inputs without resulting in any jumps. The effective
functioning of the pipeline ADC is not hampered during calibration of the pipeline

stages.

Similarly, FC7.8 shows the output characteristics of the ADC during calibration of 2
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Figure FC7.7: Output characteristics of the pipeline ADC calibrating 2 MSB stages one stage
at a time

stages at a time. Capacitance mismatch in the 2 MSB stages introduce jumps at -300mV
and -150mV as marked in red circles in Figure FC7.8. The green and grey rectangles
depict the period during which the extra pipeline stages and 2MSB pipeline stages are
calibrated respectively. Jump at +150mV is not seen in the output characteristic due to
the fact that the 2" pipeline stage is replaced by the already calibrated extra stage. It can
be seen that after the calibration of the 2 MSB stages, the jumps due to the capacitor
mismatches are not seen in the output transfer characteristics of the ADC. These are
marked in blue circles.
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Figure FC7.8: Output characteristics of the pipeline ADC calibrating 2 MSB stages two stages
at a time
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Figure FC7.9 shows the INL plot of the pipeline ADC before and after calibration.
Up to 5% capacitance mismatches were introduced to validate the proposed algorithm.
A ramp input varying from -1.2V to 1.2V was input to the pipeline ADC. The output of
the pipeline ADC was processed in Matlab to obtain the INL and DNL of the pipeline
ADC. It is seen that INL and DNL of the ADC reduces to 0.71 LSB and 0.35 LSB
respectively after the calibration of the ADC one stage at a time and to 0.69 LSB and

0.34 LSB respectively after the calibration of the ADC two stages at a time. FC7.10

60

.20‘4ﬂ1ﬁ n[ll L

AR LT

Before Calibration
After Calibration (One stage at a time)
60 i | | After Calibration (two stages at a time)
0 1000 2000 3000 4000
Bins —

INLin LSB

Figure FC7.9: Plot of INL of the ADC before and after calibration of ADC

shows the plot indicating the variations of SNR and SFDR of the ADC before and after
calibration for up to 6.25% capacitance mismatch. SNR-BC and SFDR-BC represent
the SNR and SFDR of the ADC before calibration. SNR-AC1, SNR-AC2, SFDR-
AC1 and SFDR-AC?2 represent the SNR and SFDR of the ADC after calibration using
Technique 1 and Technique 2 respectively. Significant improvement in SNR and SFDR
is observed after the calibration of the ADC using the proposed techniques. FC7.11
shows the output spectrum of a 14MHz full scale analog sine input which is sampled
at 40 MSPS by the pipelined ADC, before and after calibration. It is seen that SFDR
improves from 36 dB before calibration to 69 dB after calibration while calibrating one

stage at a time and to 70 dB after calibration while calibrating two stages at a time.
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Figure FC7.12: ENOB plot of the ADC before and after calibration

Figure FC7.12 represents the plot of Effective Number Of Bits (ENOB) before cal-
ibration and after calibration of the ADC. Table TC7.8 summarizes the performance of

the ADC after implementing the calibration algorithms.

7.4 Conclusion

A novel background deterministic calibration technique to calibrate a pipelined
ADC is presented in this chapter. The calibration algorithm has been tested on 12
bits, 1.5 bits/stage pipelined ADC with finite op-amp gain and capacitor mismatch of
up to 6.25%. The advantage of the proposed technique is that the calibration algorithm
is deterministic and hence takes very few clock cycles for calibration. It is seen that
the INL of the calibrated pipeline ADC was reduced to 0.71 LSB and 0.69 LSB when
calibrated using technique 1 and technique 2 respectively. A significant improvement

in the SNR, ENOB and SFDR of the ADC was also observed.



Table TC7.8: Performance table of the pipelined ADC after calibration

Calibrating 1 stage
at a time

Calibrating 2 stages
at a time

Resolution 12-bits 12-bits

Sampling rate 40MHz 40MHz

SNR 64.1dB@14MHz, 63.32 dB@14MHz,
73 dB @ 1MHz 72.67 dB @ 1MHz

SFDR 70dB@14MHz, 82 | 69 dB@14MHz, 81
dB@ 1MHz dB@ 1MHz

INL 0.69LSB 0.71LSB

DNL 0.34LSB 0.35LSB

Input voltage swing 1.2Vp-p 1.2Vp-p

Power dissipation (Without scal- | 60mW 58mW

ing currents in stages)

Power dissipated by the digital | 4.18mW 3.34mW

calibration hardware

Process 1.8V, 180nm | 1.8V, 180nm
CMOS CMOS

Power supply 1.8V 1.8V

107



108

CHAPTER 8

CONCLUSIONS AND FUTURE WORK

This chapter summarizes the conclusions of this thesis and discusses the areas for

future work.

8.1 Conclusions

This thesis presents 6 novel calibration techniques to calibrate the pipelined ADC
out of which 4 are foreground and 2 background calibration techniques. The goal of
the thesis is to calibrate the pipelined ADCs which suffer from non linearity due to
mismatches in the analog components like capacitance mismatch, finite op-amp gain
error, parasitic capacitance and comparator offsets. All the algorithms were initially
implemented in MATLAB to verify the functionality of the calibration algorithm. The
pipelined ADC and algorithmic ADC were implemented in a 180-nm CMOS technol-
ogy of Semiconductor Complex Limited, India (SCL), and were simulated in Cadence-

AMS environment with the digital portions coded using Verilog HDL.

The first calibration technique discussed in chapter 3 accounts for the errors in-
troduced due to small capacitance mismatches in the MX2 stage. The technique is
characterized by its simplicity, minimal hardware and low power dissipation. The sec-

ond calibration technique discussed in chapter 4 calibrates the errors due to capacitance
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mismatches, finite op-amp gain and parasitic capacitances. The above techniques can
be applied to any 1.5 bits/stage pipeline ADC if there is an access to intermediate digital
codes. The pipeline hardware is neither interrupted nor externally controlled during cal-
ibration. The third calibration technique discussed in chapter 5 calibrates the errors due
to capacitance mismatches, finite op-amp gain and parasitic capacitors. The calibrations
coefficients of all the stages are accurate to 12 bits. The technique requires another slow
and accurate reference ADC for calibration. The forth calibration technique discussed
in chapter 6 calibrates the errors due to capacitance mismatches, finite op-amp gain,
offset errors and parasitic capacitors. The calibration coefficients of all the stages are
calculated from 11 backend stages and are hence accurate unlike the 2" calibration
technique. The accuracy of the calibration coefficients are maintained without using a
reference ADC. Two background calibration techniques that accounts for the errors due
to capacitance mismatches, finite op-amp gain and parasitic capacitors are discussed in
chapter 7. The calibration coefficients are calculated to 12 bits accuracy in background
and are utilized to obtain calibrated digital output during the normal operation of the

ADC.

Table TC8.1 gives a comparison all the calibration techniques that are discussed in

the thesis.
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8.2 Future scope

All the calibration techniques have been simulated at the schematic level in cadence.
The next step would be to perform RC extraction by laying out the transistors and

validate the results.

The calibration techniques mentioned above does not take care of the 3 order non-
linearity of the op-amp. The calibration techniques can be extended to account for 3'¢

order non linearity as well.

Perform Monte-Carlo simulations to study the impact of process variations on the

proposed calibration techniques.



[1]

(2]

[3]

[4]

[5]

[6]

(71

112

Bibliography

R. Jacob Baker. CMOS Circuit Design Layout and Simulation. WILEY, third
edition, 2010. doi: 10.1002/9780470891179.

Chithira Ravi. Improvised Calibration Techniques for High Speed Pipelined ADC.
PhD thesis, Amrita Vishwa Vidyapeetam, Amritpuri Campus (INDIA), 2018.

A.N. Karanicolas, H.S. Lee, and K.L. Bacrania. A 15-b 1-Msample/s Digitally
Self-calibrated Pipelined ADC. [EEE J. Solid-State Circuits, 28(12):1207-1215,
1993. doi: 10.1109/4.261994.

Bibhu Datta Sahoo and Behzad Razavi. A 10-b 1-GHz 33-mW CMOS
ADC. IEEE J. Solid-State Circuits, 48(6):1442-1452, 2013. doi:
10.1109/JSSC.2013.2252518.

Shang-Yuan (Sean) Chuang and Terry L. Sculley. A Digitally Self-Calibrating
14-bit 10-MHz CMOS Pipelined A/D Converter. IEEE J. Solid-State Circuits,
37(6):674-683, 2002. doi: 10.1109/JSSC.2002.1004571.

Bibhu Datta Sahoo and Behzad Razavi. A 12-Bit 200-MHz CMOS ADC. [EEE J.
Solid-State Circuits, 44(9):2366-2380, 2009. doi: 10.1109/JSSC.2009.2024809.

Chithira Ravi, Vineeth Sarma, and Bibhu Datta Sahoo. At speed digital gain error
calibration of pipelined adcs. In 2015 IEEE 13th International New Circuits and
Systems Conference (NEWCAS), pages 100-110, Apr. 1996. doi: 10.1109/NEW-
CAS.2015.7182041.



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

113

Vineeth Sarma, Chithira Ravi, and Bibhu Datta Sahoo. Achieving Theoretical
Limit of SFDR in Pipelined ADCs. [EEE J. Solid-State Circuits, 25(11):3175-
3185, 2017. doi: 10.1109/TVLSI1.2017.2731262.

Yun-Shiang Shu and Bang-Sup Song. A 15-bit Linear 20-MS/s Pipelined ADC
Digitally Calibrated With Signal-Dependent Dithering. IEEE J. Solid-State Cir-
cuits, 43(2):342-350, 2008. doi: 10.1109/JSSC.2007.914260.

C.R. Grace, PJ. Hurst, and S.H. Lewis. A 12-bit 80-MSample/s pipelined ADC
with bootstrapped digital calibration. IEEE J. Solid-State Circuits, 40(5):1038—
1046, 2005. doi: 10.1109/JSSC.2005.845972.

Xiaoyue Wang, P.J. Hurst, and S.H. Lewis. A 12-bit 20-Msample/s pipelined
analog-to-digital converter with nested digital background calibration. IEEE J.
Solid-State Circuits, 39(11):1799-1808, 2004. doi: 10.1109/JSSC.2004.835826.

Y. Chiu, C. W. Tsang, B. Nikolic, and P. R. Gray. Least mean square adaptive
digital background calibration of pipelined analog-to-digital converters. [EEE
Transactions on Circuits and Systems I: Regular Papers, 51(1):38-46, 2004. doi:
10.1109/TCSI1.2003.821306.

Nan Sun, Hae-Seung Lee, and Donhee Ham. Digital Background Calibration in
Pipelined ADCs using Commutated Feedback Capacitor Switching. IEEE Trans-
actions on Circuits and Systems II: Express Briefs, 55(9):877-881, 2008. doi:
10.1109/TCSII.2008.924369.

O.E. Erdogan, P.J. Hurst, and S.H. Lewis. A 12 b digital-background-calibrated
algorithmic ADC with -90 dB THD. IEEE J. Solid-State Circuits, 34(12):1812 —
1820, 1999. doi: 10.1109/4.808906.

Jipeng Li and Un-Ku Moon. Background Calibration Techniques for Multistage
Pipelined ADCs with Digital Redundancy. IEEE Transactions on Circuits and



114

Systems I1: Analog and Digital Signal Processing, 50(9):531 — 538, 2003. doi:
10.1109/TCSI1.2003.816921.

[16] H. Adel, M.-M. Louerat, and M. Sabut. Fast Split Background Calibration for
Pipelined ADCs enabled by Slope Mismatch Averaging Technique. Electronics
Letters, 48(6):318 — 320, 2012. doi: 10.1049/e1.2012.0357.

[17] Omran. H., Alahmadi. H, and Salama. K. N. Matching properties of femtofarad

and sub-femtofarad mom capacitors. IEEE Transactions on Circuits and Systems-

1, 63(6):763-772, 2016. doi: 10.1109/TCS1.2016.2537824.

[18] Chinmaye. Ramamurthy, Surya. Padma, Subhajit. S, and Chetan Parikh. A
Deterministic Digital Calibration Technique for Pipelined ADCs using a Non-
nested Algorithm. Analog IC design and Signal processing, 110:557-568, 2022.
doi:10.1007/s10470-021-01961-5.

[19] B. Razavi. The StrongARM Latch [A Circuit for All Seasons]. IEEE Solid-State
Circuits Magazine, 7:12 — 17, 2015. doi:10.1109/MSSC.2015.2418155.

[20] Andrew Masami Abo. Design for reliability of low-voltage, switched-capacitor

circuits. PhD thesis, University of California, Berkley, 1999.

[21] B Razavi. Design of Analog CMOS Integrated Circuits. Tata McGraw-Hill Pub-

lishing Company Limited, third edition, 2001.

[22] P. Surya, S. Das, S. Sen, and C. Parikh. High Performance Operational Am-
plifier with 90dB Gain in SCL 180nm Technology. In 24th International
Symposium on VLSI Design and Test (VDAT), July. 2020. doi: 10.1109/V-
DAT50263.2020.9190288.

[23] Chinmaye. Ramamurthy, Subhajit. S, and Chetan Parikh. Deterministic Digital
Calibration Technique for 1.5 bits/stage Pipelined and Algorithmic ADCs with



[24]

[25]

[26]

[27]

(28]

115

Finite Op-Amp gain and Large Capacitance Mismatches. Circuits, Systems and

signal processing, 40:3684-3702, 2021. doi: 10.1007/s00034-021-01652-6.

Chinmaye. Ramamurthy, Subhajit. S, and Chetan Parikh. Digital Calibration of
1.5 bits/stage Algorithmic ADC. In 18th International SoC Design Conference,
Oct 2021. doi: 10.1109/ISOCC53507.2021.9614017.

W. Li. P, Chin. M. J, and Castello. R. A ratio-independent algorithmic analog-
to-digital conversion technique. IEEE Journal of Solid-State Circuits, 19(6):828—
836, 1984. doi: 10.1109/JSSC.1984.1052233.

Rebentrost. P, Schuld. M, Wossnig. L., F. Petruccione, and Lloyd. S. Quantum
gradient descent and newton’s method for constrained polynomial optimization.

New Journal of Physics, 21, 2019. doi: 10.1088/1367-2630/ab2a%e.

Chinmaye. Ramamurthy, Subhajit. S, and Chetan Parikh. Deterministic Digital
Calibration of 1.5 bits/stage Pipelined ADCs by Direct Extraction of Calibration
Coefficients. In 34th International Conference on VLSI Design, Feb 2021. doi:
10.1109/VLSID51830.2021.00010.

J. D. Faires Richard.L.Burden. Numerical Analysis, Theory and Applications.
CENGAGE Learning, ninth edition, 2010.



116

APPENDIX A

CIRCUITS USED IN PIPELINE ADC

A.1 High gain Op-amp

The op-amp works rail-to-rail, and has been designed with a telescopic cascode
stage followed by a push-pull common-source stage [22]. The gain achieved by the
op-amp is 87 dB with a unity gain frequency of 500 MHz and a phase margin greater
than 56° over all process corners. FA1.1 presents the complete circuit diagram of the
high gain opamp, which includes a telescopic cascode differential amplifier in the first
stage, its CMFB circuit, stage-2 with its common-mode feedback (CMFB), and two
separate dc bias circuits. RC-Miller compensation is used for the main opamp. Two
separate dc biasing networks are designed: the one labelled “Bias Network™ in FA1.1
supplies biases to all sub-networks except the first-stage telescopic cascode differential
amplifier. The latter has its own bias network, which labelled “Cascode Bias” in FA1.1.
The detailed descriptions of the individual blocks are discussed in the following sub-

sections.

A.1.1 Bias Circuit for Input Stage

The bias circuit implemented generates only two bias voltages (V _up and V_down).

The voltage V _up is used to bias M3-M4 as well as M7-M8. This is possible because
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the swing required at the output of the first stage is very small. This is compensated by
the gain of the second stage (around 30dB). Therefore, the same DC voltages can be

used at M3-M4 and M7-M8, to keep all transistors in saturation.

A.1.2 Second Stage

FA1.2 shows source degenerated class AB stage. The stage of FA1.2(b) provides a
push-pull operation at the output node, which increases the gain as well as the slew rate,
compared to the traditional CS stage of FA1.2(a). The source degenerated configuration
is chosen because it provides an additional degree of freedom to control the dc output
voltages (St/I1_OutP, StII_OutN) by controlling the gate voltage of M11 via a CMFB
loop. This is necessary for setting the output voltages to a dc value of zero. The push-
pull circuit creates an additional pole at the drain of M9; to optimize the location of this
pole, the left half of FA1.2(c)) is designed to carry %th the magnitude of the current in
the right half. This also makes the first stage experience a comparatively smaller load.
By using the class AB stage, the overall gain of the opamp increased from 81dB to

89dB.

A.1.3 Common-Mode Feedback (CMFB)

Changes in the common-mode input voltage can cause the outputs of the second
stage to saturate, even for a small first stage common-mode gain, due to the gain of the
second stage. Thus, CMFB is necessary for the first stage to significantly reduce its
common-made gain. CMFB is needed for the second stage to ensure a well-defined dc
output voltage. A continuous time CMFB configuration is used in the design. Discrete
time CMFB circuits involve additional capacitors and switches thereby increasing the

load capacitance and reducing the overall speed.

The circuit was implemented in a 180-nm CMOS technology of Semiconductor
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Complex Limited (SCL), India. Simulations were done in Cadence® environment.

FA1.3 shows Bode plots of the overall opamp with a load capacitance of 1 pF. A dc

gain of 89 dB, and a unity-gain bandwidth (UGB) of 584 MHz at a phase margin (PM)

of 55° were obtained.

100

~ 76 |

g 52
28
4

Gain

180

140 |

100
60

Phase (°)

20|

|

| Max Gain = 89 2dB

| P™m =54.60

| UGB =584.6MHz
|

Tl i 11

1

: —
]

]

101 102

10° 10 10°  Frequency (Hz)

Figure FA1.3: High gain op-amp Bode plots (with a 1pF load)

FA1.4 shows the output spectrum (N=2048) of a sample and hold amplifier for

0.69MHz and 1.91MHz full scale analog sine input which is sampled at 4 MSPS by

the op-amp.
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Figure FA1.4: Output spectrum of the op-amp (with a 1pF load)

A.2 Low gain two stage Op-amp

The op-amp has been designed with a 5T differential amplifier with NMOS input
pair in the first stage followed by a common-source stage. This is as shown in FA1.5.
The gain achieved by the op-amp is 52dB with a unity gain frequency of 700 MHz and
a phase margin greater than 59°. The op-amp works with the resistive CMFB circuit.
The transistors M1, M2, M3, M4 and M9 form the first stage amplifier. M5, M6, M7
and M8 form the second stage amplifier. Resistors R1, R2, RS and R6 form a CMFB
circuit. Without transistor M10, the output common mode level at V,, is equal to the
gate source voltage of M8. This voltage is slightly greater than the threshold voltage
of M8 and far away from zero. In order to maintain the required common mode level
at the output, a small transistor M10 is added so that it draws just enough current to
maintain the output common mode level at the required value [21]. The op-amp works

with supply voltage -0.9V and 0.9V and draws a total current of 1.6mA.

The circuit was implemented in a 180-nm CMOS technology of Semiconductor
Complex Limited (SCL), India. Simulations were done in Cadence® environment.

FA1.6 shows Bode plots of the overall opamp with a load capacitance of 1.2 pF. A dc




121

gain of 52 dB, and a unity-gain bandwidth (UGB) of 700 MHz at a phase margin (PM)

of 59° were obtained.
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Figure FA1.5: Two stage low gain Op-amp
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Figure FA1.6: Low gain op-amp Bode plots (with a 1.2pF load)

FA1.7 shows the output spectrum (N=2048) of a sample and hold amplifier for

1.55MHz and 1.91MHz full scale analog sine input which is sampled at 4 MSPS by
the op-amp.
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Figure FA1.7: Output spectrum of the low gain op-amp (with a 1pF load)

A.3 Bootstrap Switch

FA1.8 shows the circuit of the bootstrap switch. It operates with a single clock
and turns ON and OFF the switch (M1) with respect to clock (clk). With clk low, the
transistors M9 and M 10 discharges the gate the M1. At the same time, VDD is applied
onto the capacitor CO by turning on M3 and M8. During the ON phase, CO acts as a
battery connected to Vg of M1 to turn ON the switch. Transistors M2 and M7 are used
to isolate the capacitor from the switch while the capacitor is charging. When clk goes
high, M3 pulls down the gate of M7, allowing charge from the capacitor on the gate
of M1. Hence both M1 and M2 are turned on. M2 enables the gate of M1 to track the
input voltage V;, shifted by VDD, keeping the gate-source voltage constant independent

of the input signal. Actual switch is highlighted in FA1.8.

The transient response of the differential bootstrap switch for sine wave input is
as shown in FA1.9. FA1.10 shows the output spectrum (N=2048) of a 0.45MHz and
1.94MHz full scale analog sine input which is sampled at 4 MSPS by the bootstrap

switch.

2M
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Figure FA1.9: Transient response of Bootstrap Switch
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Figure FA1.10: Output spectrum of Bootstrap Switch (a) 0.45MHz and (b) 1.94MHz

A.4 StrongARM Latch

The StrongARM latches are widely used in sense amplifiers, comparators etc. The
circuit of the latch is as shown in FA1.11. The circuit provides rail-to-rail outputs at X B
and Y _B in response to the polarities of V;,+ and V;,,_. The latch consists of a clocked
differential pair represented by M1-M2, two cross-coupled pairs, represented by M3-
M4 and M5-M6. There are four precharge switches, M9, M10, M11, M12. In the first
phase, when clk is low; M1 and M2 are off; the nodes X, Y, P and Q are precharged to
VDD. In the second phase, when clk goes high, M9, M10, M11, M12 turn off. Input
transistors M1 and M2 turn on, drawing a differential current that is proportion to Vj,
and Vj,— . With M3-M6 off, the differential current allows the difference between V),
and V, (|V, —V,]) to grow and possibly extend beyond |V, — Vi,—|. This is the third
phase, called amplification phase since it provides voltage gain. As V), and V, changes,
the cross-coupled NMOS transistors (M3-M4) turn on. This allows the drain currents
of M1 and M2 to flow from X and Y. The positive feedback around these transistors
eventually brings one output back to VDD while allowing the other to fall to VSS. If

Vin+ 1s greater Vj,_, the the output X _B eventually raises to VDD and Y _B falls to VSS

M
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and vice versa.

VSS

Figure FA1.11: StrongARM latch

A.5 Switched Capacitor Differential Comparator

The sub ADC in the pipeline stage consists of 2 fully differential comparators. It

is required to compare the differential input V;,,+ — Vj,_ against the thresholds szf and

—% for an ADC input ranging between Vs and -V, s to obtain the digital output code
of that particular stage. The switched capacitor comparator shown in FA1.12, operates
in 2 phases using 2 non overlapping clock signals, clkl and clk2. During the phase
when clk2 is high, the reference voltage V. is sampled onto the capacitor C, while the
capacitor 3C is shorted to ground. During the phase when c/k1 is high, the differen-
tial input voltage is applied on to both the capacitors 3C and C resulting in a voltage
proportional to Vj, — @ If this voltage is greater than zero, then the output of the
comparator, built using StrongARM latch, B1, is high and vice versa. This is equivalent

. o Ve
to comparing V;, with -=4Z.
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Another comparator is required to compare V;, with Viff . The voltages V,.r and -V, r

in the circuit shown in FA1.12 are swapped in order to obtain a voltage proportional to
Vin+ %. If this voltage is greater than zero, then the output of the comparator (built

using StrongARM latch), BO, is high and vice versa.

The output digital code of the ADC is calculated based on B1 and BO as shown in
TAT1.1.

Table TA1.1: Output digital codes of 1.5 bits/stage

B1 | BO | Output Digital code
0 0 -1
0 1 0
1 1 +1
Vref-\‘- —/
clk? —
eIkl Gnd
Vin+ k
eIkl k2 clk e
| e ||
Gnd—— [ >
clk2 [ B1
Comparator
3C
clk2 l B1_b
Gnd—~ ‘ [ | -
clkl
clk2
Vin-
clkl Gnd
C
clk2
Vref— '__\ I_'

Figure FA1.12: Switched Capacitor Differential Comparator

A differential input signal varying from -1.2V to 1.2V is given as the input to both
the comparators. The output of the comparators B1 and BO are latched. FA1.13 shows
how the outputs B1 and B0 vary as the differential input varies from -1.2V to 1.2V. B1 =
0 and B0 = 0 for a differential input less than -300mV. BO changes to 1 for a differential
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input between -300mV and 300mV while B1 stays at 0. For input greater than 300mV,
BO=0and Bl1=1.

+ t | 1 : :
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Figure FA1.13: Output of Differential Comparator

A.6 Two Bit Flash ADC

The 2 bit Flash ADC forms the last stage of the pipeline ADC. This consists of
3 comparators built using Strong ARM latch. The resistors used in Flash ADC are
connected as in Resistor String DAC. Since the input varies from —V,,¢ to +V,,r, one
end of the resistor string is connected to +V,.r and the other end is connected to -V, .
The output across each resistance is compared with the analog input, V;,, using a series
of comparators. The output of the comparator is high, if Vj, is greater than the voltage
across the resistance to which the other input of the comparator is connected. The
output of the comparators which is in the form of a thermometric code (7p, T, T>)is
then converted to a binary code (Dgy, D;)by a digital encoder. Since the comparison
operation can be done in parallel, it just takes one clock cycle for data conversion. The
block level representation of the 2 bit Flash ADC is as shown in FA1.14. FA1.14 shows

the single ended version of the comparator while a differential version is used in the

100
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Figure FA1.14: 2 bits Flash ADC

The output of the 2 bits flash ADC is as shown in FA1.15. B1 =0 and BO = 0 for

a differential input less than -600mV. B1 = 0 and BO = 1 for an input that lies between

-600mV and 0. B1 = 1 and BO = 0 for an input that lies between 0 and 600mV. B1 = 1

and BO = 1 for an input greater than 600mV.
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Figure FA1.15: Output of 2 bits Flash ADC




