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Abstract— This paper describes how the usage of digital
post-correction techniques in pipelined analog-to-digital
converters (ADC’s) can be exploited optimally during the
design-phase of the converter. It is known that post-
correction algorithms reduce the influence of several cir-
cuit impairments on the final accuracy of the converter
[1], [2]. However, until now, no models relating these cir-
cuit impairments to the final accuracy of the ADC, tak-
ing the usage of a post-correction algorithm into account,
have been known to exist. To take maximum advantage
of a certain correction algorithm, this model is a must.
Therefore, this paper introduces a behavioral model of a
pipelined ADC, including several important error mecha-
nisms, representing possible circuit impairments like offset,
gain error, harmonic distortion, etc. With this model, in-
cluding the post-correction algorithm, simple design con-
straints for each part of the circuit can be derived such
that a certain target accuracy of the ADC is achieved. In
the analog design-phase these high-level constraints can
be translated to implementation-dependent low-level de-
sign requirements. If these low-level requirements are
fulfilled, the model guarantees that the converter will
achieve its target accuracy. A design-example for a 12-bit
pipelined ADC is worked out. Simulation results will be
shown, validating the correctness of the presented design-
method. The proposed design-strategy can be applied to
all pipelined ADC’s with post-correction like in [1], [2], tak-
ing maximum advantage of the benefits of the correction
algorithm during the analog design-phase.

I. INTRODUCTION

Pipelined analog-to-digital converters (ADC’s) are
used in many different applications like video process-
ing, telecommunications, digital imaging, etc. The
reason why this architecture is very suitable for these
applications is because pipelined ADC’s are able to
combine high speed (in the order of 10 — 100 MSPS)
and high accuracy (in the order of 8 — 14 bit) at the
same time. However, as the target applications be-
come more and more demanding (higher speed, higher
accuracy), the design of pipelined ADC’s becomes

more and more complicated.

In particular, the maximum resolution achievable
by pipelined converters is limited by technology prop-
erties like mismatch of components and values of para-
sitics. Traditionally, this problem is solved by increas-
ing the size of all critical components until a certain
matching (and hence accuracy) can be achieved. How-
ever, with this method, the required chip area grows
exponentially with the required accuracy in bits. A
simple but very effective solution to achieve high ac-
curacy even though the intrinsic design from itself is
not accurate, is to use digital post-correction as pro-
posed by [1], [2]. This technique starts with an ADC
having a low initial accuracy, hence physically small
devices can be used. Then the post-correction algo-
rithm is used to correct for circuit deviations, thereby
improving the accuracy significantly.

Even though these digital post-correction tech-
niques have been known and applied successfully for
a long time, no models relating circuit impairments
directly to the overall achievable accuracy of the con-
verter, taking the usage of post-correction into ac-
count, have been known to exist. However, to take
maximum advantage of the possibilities of the correc-
tion algorithm, this model is required definitely. In
this paper, a design strategy is proposed that takes the
effect of the correction algorithm into account. With
this strategy, the intrinsic accuracy requirements for
the analog components can be derived such that af-
ter post-correction, the targeted accuracy is achieved.
Because of that, the requirements on the analog de-
sign can be kept as relaxed as possible and the digital
post-correction algorithm can be exploited optimally.

In section II, an introduction to pipelined ADC’s
with digital post-correction is given. Section III in-
troduces a behavioral model of the ADC including
important error sources. The effect of these errors on
the overall accuracy is studied in section IV. The de-
sign strategy is presented in section V and an example
is worked out in section VI. Finally, conclusions are
drawn in section VII.
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II. PiPELINED ADC WITH POST-CORRECTION

In this section, the basic architecture of the ADC
used throughout this paper is described. Also, the
used digital post-correction technique is introduced.
Although the synthesis method described in this paper
can be applied to many different pipelined converters,
as an example, a converter compromising 1.5-bit-per-
stage basic cells is used here. The target accuracy of
the converter is chosen to be 12 bits.

A. Pipelined architecture

The general structure of a pipelined converter is
given in figure 1: it is composed of a sample-and-hold
(S&H) stage, a concatenation of k basic blocks and
a digital correction algorithm. The S&H-stage sam-
ples the analog input V;, at the sample frequency f;.
The basic blocks perform the actual analog-to-digital
conversion. Each block in the pipeline has an analog
input and both an analog and a digital output. The
digital output gives a coarse quantization of the input
voltage. The analog output represents the quantiza-
tion error, and will be quantized in the consecutive
stages. A digital post-correction algorithm is used to
combine the separate digital outputs of each cell, cor-
rect for several circuit impairments, and to provide a
valid N-bit output code. In the example considered
in this paper, the output code is 12-bits large.

This paper investigates the relation between circuit
impairments and overall performance, taking the in-
fluence of the post-correction algorithm into account.
As the correction algorithm has influence only on the
impairments in the basic blocks and not on impair-
ments in the S&H-stage, this stage is left out of con-
sideration here.

Vin —3 S&H —; — — >
N-bit
Digital logic —> output
code

Fig. 1. Example of a N-bit pipelined ADC with digital
post-correction.

A detailed view of a basic block is given in figure
2, all blocks in the pipeline are assumed to be identi-
cal. It was decided to use a small number of bits per
cell to reduce circuit complexity as much as possible.
By employing 1.5-bit-per-stage blocks (instead of 1-
bit), a certain redundancy is added to the coding pro-
cess, providing room for the correction algorithm to

solve impairments of the basic cells afterwards, with-
out feedback to the analog part of the circuit.

Tk SHA

1.5 bit out

Fig. 2. Basic block of the pipelined ADC.

The two elements of the correction technique, being
1.5-bit redundancy and digital post-correction, will be
explained briefly in the next sections. Detailed expla-
nations can be found in [1], [2], [3].

B. 1.5-bit redundancy

The reason for adding redundancy to the digital
output of each individual basic block is to relax the
accuracy requirements of the sub-ADC’s. Moreover,
this redundancy is required for the post-correction al-
gorithm as will be explained in the next section.

For comparison, a system without redundancy is
considered first. In this system, the sub-ADC and
sub-DAC both have a 1-bit resolution while the gain
of the SHA equals two. Ideally, the sub-ADC divides
the input range of the basic block in two equal parts
(indicated by ‘0’ and ‘1’ in figure 3 (left)). When,
for example, the input signal is in the ‘1’-range, the
analog output of the basic block (after subtraction of
the sub-DAC output and multiplication by two) will
fit exactly in the allowed output range of the block.

However, when the sub-ADC’s reference level V,..¢
deviates from the ideal value (due to a static devia-
tion or dynamic behavior of the comparator) the in-
put range is not divided equally. Because of that, it
is possible that the output signal will exceed the al-
lowed range, resulting in a large quantization error
(see figure 3 (right)).

Input range Output range Input range Output range
Amax [R— 7 Amax [R— -
1 1
50% 55%
100% . 110%
{0} 0
50% ) 45% °
Aray Y noal Ay, N 3
max max N

Fig. 3. Ideal behavior (left), and behavior in case of devi-
ation of V,.s (right) of a 1-bit basic block.

A solution to prevent overflow of the output range
in case of deviations of the comparator levels is to use
redundancy. Redundancy is achieved when condition
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1 is fulfilled. Here, n represents the number of bits in
the sub-ADC and sub-DAC and A is the gain in the
SHA.

A<2” (1)

The design concept described in this paper can be
used with all combinations of n and A fulfilling this
condition. However, throughout this paper, n = 1.5 is
used in combination with A = 2; the small number of
bits per stage is used to minimize circuit complexity.
The functionality of redundancy is illustrated in fig-
ure 4. Due to the 1.5 bits, the input range is now di-
vided in three parts. As the gain is still equal to two,
normally only 67% of the output range is used (left
picture). When a deviation of one of the comparator
levels occurs now, the output will be still in the al-
lowed range', and no distortion is introduced. It is
important to notice that, due to the gain of two, the
digital output of the pipeline can be still constructed
according to equation 2, hence no post-correction al-
gorithm taking the actual comparator levels into ac-
count is required in this situation. Also, the actual
values of the comparator levels have no influence on
the accuracy of the converter, as long as the output
range is not exceeded in one of the basic blocks.

k-1
Doyt = Z 27'D(i) , where (2)
=0
Dyt is the N-bit digital output of the pipeline, D(7)
is the 1.5-bit output of block ¢ (with ¢ numbered from
0tok—1).

Input range Output range Input range Output range
Amax 7 e Amax 7 T
=1 =1
T o T 760
33% - 29% -
33% 33%
-Amax — -Amax =

Fig. 4. Ideal behavior (left), and behavior in case of devi-
ation of V,.s (right) of a 1.5-bit basic block.

C. Digital post-correction

The second correction technique applied is based on
the method introduced by [1] and also described in [2],
[3]. Its aim is to correct for linear and constant errors

'Except when the deviation is larger than 8% of the full-scale
range.

in the sub-DAC, summing-node, amplifier and S&H-
circuit. Non-linear distortion is not corrected com-
pletely, but it will be shown that this method reduces
the influence of non-linearity on the overall accuracy
of the converter.

The basic idea of a digital post-correction method
(see figure 5) is that most errors can be corrected af-
terwards (in the digital domain) as long as the analog
output of each block remains in the allowed output
range. The algorithm performs a simple mapping-
function from the 1.5-bit uncorrected digital codes of
the basic blocks to the corrected output code of the
converter.

Vin — S&H —>

N-bit
—> output
code

Digital post-correction

Fig. 5. Example of a pipelined AD converter with digital
post-correction.

In this section, the correction method is described
on system level. First, a system without post-
correction will be described, after which the post-
correction algorithm is added.

C.1 System without post-correction

When it is assumed that the transfer function of
each 1.5-bit basic block is ideal, like in figure 6, post-
correction is not needed. The N-bit output code is
generated simply by a summation of constant weights.
FEach stage adds a single weight, dependent on the
produced code of that stage (‘0’, ‘1’ or ‘2’), and the
place of the stage in the pipeline. Table I shows the
weights for a 1.5-bit per stage converter with 5 stages.

For example, when the pipeline produces code ‘01220’,
1

the output code becomes —x + 0 + 1z + %x — 162
Digital output
[ -z
Q a c f
N
+
g
3
>0
o
g
<
@
Ve b d
-1 -1/3 1/3 !
Vioct Vioc, Analog input

Fig. 6. Ideal transfer function of a basic block.

504



Stage 0 1 2 3 4
Code
0 | x| -3z | —3x —%JJ —%Gx
‘1’ 0 0 0 0 0
‘2’ T %x %aj %z %Gm
TABLE I

EXAMPLE OF THE WEIGHTS OF EACH STAGE IN THE
PIPELINE, * IS AN ARBITRARY CONSTANT.

C.2 System with post-correction

Now, consider the situation that the transfer func-
tion of each basic block shows a certain deviation from
the ideal curve. Moreover, each block can have a
different deviation due to mismatch, process spread,
etc. In figure 7, two examples of non-ideal curves are
shown. In the following, it is assumed that the non-
ideal curves are always linear. Non linearities are left
out of consideration for the moment, but will be in-
cluded in section III and IV.

Digital output

Digital output
77777 et e kX

77777 LSS LR T

a 4

Analog output
Q.-
Analog output

-1 +1 -1 +1

Vaoer Ve Vaoc: ~ Vaoc
Analog input Analog input

Fig. 7. Non-ideal transfer functions of a basic block. Curve
with deviation of the DAC-level for code 2 (left), and de-
viation of the gain stage (right).

To make clear that it is possible to correct all devi-
ations of the transfer function afterwards, the transfer
function of each stage is described with four parame-
ters:

1. The slope of the three linear parts of the curve.
(As the same amplifier is used in all regions, the three
linear parts always have the same slope.)

2. A constant offset value, equal to the output voltage
when the input voltage equals 0 and the digital code
equals 1.

3. The transition height of the curve around input
level Vapc1, the first comparator level.

4. The transition height of the curve around input
level V4pca, the second comparator level.

With these parameters, the transfer function can
be reconstructed without ambiguity. The first two
parameters don’t have influence on the overall accu-

racy of the pipelined converter. The only effect is that
they produce a single input referred offset and gain er-
ror of the pipelined ADC. Only the deviations of the
two transition heights from their ideal value results
in loss of overall accuracy. Luckily, the deviations of
the transfer heights can be corrected by making use of
variable weights, instead of using fixed weights. The
correction algorithm measures the transition heights
first, and then it derives the optimal values of the
weights. It is assumed that the deviations of the trans-
fer function are static, i.e. the deviations are constant
during the time of operation. In that situation, it is
sufficient to determine the correct weights once at the
beginning of operation.

Before explaining the post-correction algorithm,
some definitions are introduced:
- the pipelined converter consists of k stages, num-
bered from 0 (first stage) to k — 1 (last stage),
- the output code of stage i is indicated with u(i) €
[0, 1,2},
- U(3) is the concatenation of the output codes from
stage ¢ up to stage k — 1:

UG) =u(@u(@+1)--u(k —2)u(k—1) (3)
- the variable weights of stage ¢ are indicated with
wo (i), w1(3) and wy(i) for code ‘0, ‘1’ and ‘2’ respec-
tively. As the correction algorithm only needs two
degrees of freedom per stage (there are two transition
heights that need correction), one weight can be fixed.
For simplicity wy (i) = 0 will be used,

- M(-) is the mapping function from the output code
of the pipeline to the corrected output code of the
converter:

k—1
MU@) =Y wu( () (4)
j=t
Before the pipelined converter can be used, a mea-
surement procedure is performed to determine the op-
timal weights for each stage. The measurement pro-
cedure measures each stage one by one. Suppose, one
would like to measure the weights of stage ¢. The
measurement procedure for wp(7) is as follows:
- the analog input of stage 7 is set to Vapc1, the first
reference level of the sub-ADC as indicated in figure
6,
- the input of the sub-DAC is forced to code ‘0’. Mark
a in figure 6 indicates the output voltage of the stage
in this situation, named v,. The output code of the
converter from stage ¢ up to k — 1 now equals:

0T, (i + 1) (5)
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Uy(i + 1) is the digital code, produced by the part
of the pipelined converter following stage ¢, when the
input voltage of stage ¢ + 1 equals vy,

- the input of the sub-DAC is now forced to code ‘1’
Mark b in figure 6 indicates the output voltage of stage
i. The output code equals:

VUi + 1) (6)

This procedure yields two codes (‘0'U,(i + 1) and
‘1’Up(i + 1)), both describing the same analog input
voltage Vapci1. So, after post-correction, the codes
should be equal to each other:

M(‘0'U,(i + 1)
wo (i) + M(Ua(i + 1)
wo(i) + M(Ua(i + 1)
wo (i

= M(‘1TUy(i+1))
= wi(i)+ MUp(i + 1))
= 0+ MUp(i+1))
= MUy(i+1))
M(Ua(i + 1)) (7)

)
)
)
)

Likewise, the second weight can be measured by
applying Vapcs in combination with code ‘1’ and ‘2,
yielding:

w(i) = M(Uc(i +1)) = M(Ua(i + 1)) (8)

So, wp(i) and wa(i) can be determined in the digital
domain, by making use of the blocks following stage
i. Yet, the weights of stage ¢ can be determined only
when the weights of the stages following stage ¢ are al-
ready known. Therefore, the measurement algorithm
starts at the back-end of the pipeline. The last stage
(k — 1) can not be measured, as there are no consec-
utive stages anymore, so the values of this stage are
fixed to wp(k —1) = —1 and we(k —1) = 1. Then, one
by one, stages k — 2, k — 3, ---, 0 are measured.

In most calibration systems, the accuracy of the
calibration algorithm limits the achievable accuracy
of the calibrated converter. in this case,
the accuracy of the calibration algorithm increases for
each additional block that is calibrated. Because of
that, the accuracy of the calibration algorithm is not
a limit for the achievable accuracy of the pipelined
ADC.

However,

III. BEHAVIORAL MODEL

To investigate the influence of errors on the con-
verter’s accuracy, the model of the basic block (figure
8) is extended with several error sources. The model
of each component is described below. Only static and
quasi-static deviations are taken into account, as the
aim of this paper is to show the influence of the two

exploited correction techniques, and they are aimed

at (quasi-)static errors only.
> S&H |+ Vou
1.5bitout Noise ——T

Fig. 8. Basic block for a pipelined converter.

It is assumed that all error sources are stochastic
and independent on other error sources. Systematic
errors, as opposed to stochastic errors, can be pre-
vented by proper design and layout. If required, the
formulas derived in this section can be adapted to de-
scribe systematic errors as well.

The effect of clock jitter is not taken into account
by the presented model, even though it can be a ma-
jor limitation for the accuracy of the converter. The
reason not to include this effect is that the clock jitter
will have by far the most influence on the front-end
sample-and-hold stage (placed before the first block
of the pipeline) and the design of this stage is beyond
the scope of this paper.

For simplicity the input and output range of each
basic block are normalized to [—1,+1]. In practice,
any arbitrary range can be used when all values given
here are adjusted accordingly.

A. Sub-ADC

The sub-ADC is a 1.5 bit AD converter, having two
comparator levels (Vapci and Vapea). Due to tran-
sistor mismatch, these levels show a stochastic devia-
tion dgpc from the ideal value:

{ Vapci(i) =

—%+6apci (i)
Vapca(i) = )

+35 + dapc2(7)

dapc1 and d4pcoo represent the stochastic deviation,
using a normal distribution with mean 0 and variance
04 pc- Due to the symmetry of the two comparator
levels, the same variance is used for both levels. As
the deviation is stochastic, each basic block will have
different reference levels. Thus, an index i is used to
indicate each individual basic block.

B. Sub-DAC

The 1.5 bit sub-DAC has three reference levels. As
was the case with the sub-ADC, these levels show a
stochastic deviation due to mismatch of components:

Vb aco(i) —2 4+ 5paco(i)
Vpaci(i) dpaci(i) (10)
Vpac2(i) = +3+dpaca(i)
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The deviation of the ideal values is indicated with
dpac, and is unique for each reference level of each
basic block. It is assumed that the deviations are
constant during the time of operation and that they
have the same variance 0123 ACH

C. SHA

The summing node, amplifier and sample-and-hold
stage are combined in the sample-and-hold-amplifier
(SHA). A white noise source is added to the SHA to
represent thermal noise, produced by the circuit itself.
The SHA is modelled as follows:

Vour(i) = A(i)Vy(i) — A3V,(i)® , with (11)

Ve(i) = Vinli) + Vosp(i) = Vpac (i) + Vi(i, t)
with:

A(i) = 2(1+0a(i)) (12)

Vors(i) = dopr(d) (13)

V(i t) = 0,(i,t) (14)

The gain A of the SHA (normally 2) and the input-
referred offset voltage V, ;¢ are modelled with a ran-
dom deviation with variance 0% and o2 77 respectively.
The white noise source V,, is modelled with a nor-
mal distribution with variance o2, and is a function
of time ¢. The non-linearity of the SHA is modelled
with a third-order distortion component As. As the
implemented circuit will be fully differential, it is as-
sumed that the third-order component is the dom-
inant source of non-linear distortion, therefore only
this component is taken into account. Ag is equal for
all basic blocks, as our goal is to see the influence of
harmonic distortion, and not to see the influence of
deviations of the harmonic distortion.

IV. RELATION BETWEEN ERRORS AND
PERFORMANCE

In this section, mathematical expressions are de-
rived, showing the relation between each individual er-
ror source and the accuracy of the pipelined converter.
This is done for a 1.5-bit per stage pipelined converter
with post-correction algorithm employed. The num-
ber of stages equals k, and the required overall reso-
lution is N bit. For comparison, the results for the
same converter without correction are given as well.

A. Noise

To derive an upper bound for the amount of noise
allowed for a certain accuracy, we use the rule that

the average input referred thermal noise power is of
the same magnitude as the quantization noise power
according to N bits accuracy.

Each stage contains a noise source with an average
noise power of o2. The average input referred thermal
noise power is the sum of all noise sources, corrected
by the intermediate gain stages:

k—1 1

4
=0

(15)

The input range of the first stage is [—1, 1], for N bits
accuracy this means:
1 -N
ivlsb =2 (16)

When the probability distribution of the quantization
error is uniform, the average quantization noise power

is:
1y, 2
2Visb 1 171
P :/ 22dr = ()
" )i Vi 3\2N

Combining the equations for thermal and quantiza-
tion noise power yields:

(17)

Ptn

On

IN

Py
2—(N-‘rl)

IN

(18)

This relation is valid both for converters without post-
correction and converters with post-correction.

B. Constant and linear deviations

In the previous section, the following constant and
linear error mechanisms were modelled:

- deviations in the sub-ADC (modelled with o 4p¢),
- deviations in the sub-DAC (modelled with opac),
- offset in the SHA (modelled with o),

- gain error in the SHA (modelled with o4).

For this class of errors, the usage of post-correction
has a great influence. Therefore, the two situations
will be discussed separately, starting with a converter
employing post-correction.

B.1 With post-correction

As the post-correction algorithm corrects constant
and linear errors completely, they will not affect the
overall accuracy of the converter. Nevertheless, their
values should be such that their combined influence
does not exceed the ‘error budget’ created by the 1.5-
bit redundancy, i.e. the transfer function of each ba-
sic block should not exceed the allowed output range
[—1,+1].
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An example of a transfer function of a basic block
was given before in figure 6. Mathematically, this
function is given by the following relations?:

Vout = A(Vip, + Voff — Vpaci) , with:
i =0 if Vin < Vapci

i=1if Vapc1 < Vi < Vapeo
i1 =2 if Vapos < Vin

(19)

To prevent that the allowed input range of the
next stage is exceeded, the output voltage should be
bounded by:

-1 S ‘/out S 1 (20)

Looking at figure 6, this means that the six corners
(marked with a up to f) should be in this range. Using
the definitions from equations 9, 10, 12 and 13 this
leads to the set of constraints:

—doff +0DACO

1 <

3 = o(T45)

3 +dapc1 + doff — dpaco < 2T53)

3 —dapc1 — doff +0pac1 < 257) (21)
3 +0apc2 + doff — Opac1 < 2C57)

? —0Apc2 — Ooff +0pace < @

3 +loff —0DAC2 < 3354

The stochastic deviations (dapc, dpac, doff and 64)
are limited by 30 with great certainty (99.74%), so it
is assumed that the following conditions are valid:

—304apc < 0apc < 30apC
—30pac < 0pac < 30pac
—30ory =

< dopp < ooy
—304 <

04 <304 (22)
Using this assumption, the set of constraints can be
simplified to the single restriction:

1
= +30apc + 300ff + 30pac < 2 (23)

3 1+3JA)

B.2 Without post-correction

When no post-correction is applied, condition 23
has to be fulfilled in order to prevent overflow in one
of the blocks. Moreover, the deviations of the sub-
DAC levels and the gain error of the SHA have a di-
rect influence on the accuracy of the converter. The
deviations of the sub-ADC have no influence in the

2Note that here the non-linearity of the SHA is not taken into
account.

overall performance as they are corrected by the 1.5-
bit redundancy automatically. The offset of the SHA
has also no influence, as it can be represented as an
input-referred offset. The requirements on the accu-
racy of the sub-DAC and gain error of the SHA for an
overall accuracy of N bits will be discussed now.
The input-referred error of a deviation dpac(i) in

one of the levels of the sub-DAC in the ith stage of
the pipeline equals:
%np,err(i) = 272’5DAC’(Z.) ) (24)

when all deviations dpac(i) are bounded by 3opac,
the total input-referred error is estimated by:

k—1
V;np,err = Z ‘/inp,err(i) < 6opac (25)
1=0

Equating this value with %Vlsb results in the con-
straint:

1 —-N
Qst = 2

~ 60opac

1 N
=0 < =27 26
‘/inp,err } DAC > 6 ( )

The gain error of the SHA in stage ¢ is modelled by
04(7). When other errors are neglected, the transfer
function of a basic block is given by:

Vout = 2(Vin — Vpac) +204(Vin — Vbac)  (27)

The maximum absolute deviation is achieved for max-
imum Vj, — Vpac, as this signal is bounded by %
(due to the 1.5-bit redundancy), the maximum input-
referred error is given by:
. i1
‘/inp,err(z) =2 15514 (28>
As opposed to the deviations in the sub-DAC’s, the
deviations due to gain error are correlated from one
stage to the other. As the gain error in the first stage
has the most influence on the input-referred error, the
situation is considered where V;,, — Vpac = % for
the first stage. In that situation, the output of the
first stage (and hence the input for the second stage)
equals 2(1 + 64(0)) ~ 2. This means that for the
second and following stages V;, — Vpac = 0, so their
gain errors have minor influence. Therefore, the total
input-referred error is estimated by the error made by
the first stage only. Bounding d4(0) with 304 and
equating this value with %Vlsb yields the requirement:
%st = 27N

} =g <27V (29)
~ o0

‘/inp,e'rr

508



C. Non-linear distortion

As was the case with gain error, the errors due to
non-linearity of the SHA are correlated from one stage
to the other. When the first stage experiences the
maximum error, the errors in all other stages are neg-
ligible. Therefore, the total error due to harmonic
distortion can be estimated quite accurate by the dis-
tortion of the first SHA only.

The situation of a converter without post-correction
is considered first. Assuming that all other compo-
nents are ideal, the distortion of the first SHA is given
by (derived from equation 11):

3

Vaa(i) = A3 (Vin(i) = Vpac (i) (30)

Maximum distortion is achieved when the maximum

input signal is applied ([Vin—Vpac|maz = %) Making
this distortion input-referred yields:

1

As
Vhd,in,max = ‘ 5 u

1 (31)

13
L=

The maximum allowed distortion for N bits accuracy
now becomes:

1 -N
*Vl b = _N
v 2T 4y }:>\A3\§54-2 (32)
hd,jin,max — 54

In case of a converter with post-correction applied,
it appears that the requirement on the linearity of the
SHA becomes less strict. As before, the distortion of
the first stage only is considered.

Figure 9 (left) shows an example of an ideal trans-
fer function, and an example of a transfer function
including 3"¢ order harmonic distortion. In a system
without post-correction, it is assumed that the trans-
fer function equals the ideal curve, thus the maximum
deviation occurs at the highest absolute output-level.
In case of a system with post-correction (right pic-
ture), the correction algorithm reconstructs the trans-
fer function such that the actual curve and its recon-
struction exactly match around the transitions of the
transfer curve. The picture shows that in this situa-
tion, the maximum distortion occurs not at the max-
imum absolute output-level, but somewhere in the
middle.

Figure 10 shows the error due to harmonic dis-
tortion in case of a system without and a system
with post-correction. Obviously, the same amount of
distortion in the SHA has less influence when post-
correction is applied.
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Fig. 9. Reconstruction of a transfer function with har-
monic distortion in case of a system without post-correction
(left) and with post-correction (right).
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Fig. 10. Introduced deviation due to non-linearity in the
SHA for systems without and with post-correction applied.

A simple analysis shows the improvement after ap-
plication of the post-correction algorithm. First, con-
sider the system without post-correction. The actual
curve is given by:

Yact = 2T — CL3?L‘3 (33)

For simplicity, variables x and 4. are used instead of
the actual names of the signals. Moreover, only the
middle part of the transfer function is dealt with, as
the other two parts show exactly the same behavior.
The converter uses the reconstruction function:

Y =22 (34)
Thus, the resulting input referred deviation is:
1 1
Ydevl = i(yact - yl) = —§CL3$3 (35)

If the maximum input signal is m, the maximum ab-
solute deviation is:

1

Ydevl,max = §’a3|m3 (36)

In case of a system with post-correction, the recon-

struction function equals:
y2 = bz (37)

b is chosen such that for the maximum input m, yo
equals Yget:

Y2(m) = yaer(m) = b =2 — agm? (38)
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The input referred deviation now becomes:

1 1 1

Ydev2 = §<yact - y2) = §a3m2$ — 5(13.%3 (39)
The maximum deviation is now achieved for:
0Ydev2 1
a;U =0= Ydev2,max = 5\/§|a3’m3 (40)

The improvement of accuracy after application of the
post-correction algorithm is determined by the ratio

between Ydevl,mazx and Ydev2,maz:

log, (L1 — Jog, (g\/ﬁ) ~ 1.38 bit

Ydev2,maz

(41)

Where the non-linearity of the SHA for a converter
without post-correction was restricted to relation (32),
in systems with post-correction, the restriction is:

|A3] < 81V3 - 27N (42)

V. DESIGN STRATEGY

In this section, the requirements to achieve a cer-
tain overall accuracy as derived in the previous sec-
tion, are summarized briefly. A simple design strategy
on system level for the various components of the ba-
sic block is given, based on these requirements. As
the usage of digital post-correction has significant in-
fluence on these requirements, converters without and
with post-correction are discussed separately.

A. Without post-correction

When a pipelined ADC without post-correction but
with 1.5-bit redundancy has to be designed, relations
18, 23, 26, 29 and 32 have to be fulfilled in order to
achieve N bits overall accuracy. For convenience, the
requirements are repeated below:

On < 2_(N+1) (43)
L3 + 30, +3 < (44)
3 OADC Oof f ODAC < 2(1 + 304)
ly-n
OpAC < 62 (45)
oq <27 (46)
|A3] < 54-27 (47)

B. With post-correction

When a pipelined ADC with post-correction has to
be designed, relations 18, 23 and 42 have to be fulfilled
in order to achieve N bits overall accuracy. In short,
the requirements are:

oy < 27D (48)
T + 30,57 +3 <1 (49)
|Az] <81v3. 27N (50)

Comparing these requirements with the require-
ments in case of a design without post-correction (sec-
tion V-A), one can see that the requirements on the
following properties have been relaxed significantly:

- sub-DAC level accuracy,

- SHA gain accuracy,

- SHA linearity.

When these effects of the post-correction algorithm
are taken into account during the design-phase of the
converter, the abilities of the algorithm can be ex-
ploited optimally. The relations given in this section
(eq. 48, 49 and 50) represent the design strategy
for a pipelined ADC with digital post-correction at
system-level. During the transistor-level design phase,
these requirements can be translated to requirements
on component level, like matching of capacitors and
transistors, linearity of the amplifier and minimum
capacitor sizes with respect to thermal noise.

VI. DESIGN EXAMPLE

To verify the design strategy, a design example for
a 12-bit ADC is worked out for a converter without
and a converter with post-correction.

A. Without post-correction

To achieve 12-bits accuracy with an ADC without
post-correction, the requirements given in section V-A
have to be fulfilled. For N = 12, a possible solution,
fulfilling these constraints marginally, is:

o, = 12-107*

oapc = 3.0-1072

Ooff = 2.5-1072

opAC = 4.0-107° (51)
o4 = 24-107%

Az = 13-1072

Using these values, system-level simulations were per-
formed. The results will be shown in section VI-C.
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B. With post-correction

When post-correction is employed, the require-
ments given in section V-B have to be fulfilled. For
N = 12, a possible solution, fulfilling these constraints
marginally, is to use the following values:

o, = 12-107*

oapc = 2.0-1072

Ooff = 2.0-1072

opac = 1.0-1072 (52)
o4 = 1.0-1072

A3 = 3.4-1072

Using these values, system-level simulations were per-
formed. The results will be shown in the next section.

Comparing these values with the values for the con-
verter without correction (51), one can see that the re-
quirements on ocapc and o,r¢ actually become more
severe. However, the requirements remain of the same
order of magnitude (e.g.: oapc goes from 3.0 - 1072
to 2.0 - 1072). On the other hand, the requirements
for DAC accuracy (opac from 4.0-107° to 1.0-1072)
and gain-accuracy (o4 from 2.4 -107* to 1.0 - 1072)
are relaxed several orders of magnitude, giving major
advantages in the design of these blocks.

C. Simulation results

The two converter designs (without and with post-
correction) were implemented in C++, according to
the model described in section III. The parameters
of the modelled error-sources were set according to
(51) and (52) for the converter without and with
post-correction respectively. As these parameters (ex-
cept for the harmonic distortion parameter As) are
stochastic, a Monte-Carlo Code-Density-Test (CDT)
analysis was performed on the converters to deter-
mine the achieved accuracy. The CDT was repeated
1000 times to obtain satisfactory results. By deriving
the INL from the CDT, the accuracy was determined.
The results are given in fig. 11.
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Fig. 11. Simulated accuracy without and with digital post-
correction employed.

The achieved average accuracy of both designs is
slightly less than the expected 12-bit. This is because
the combined influence of several error sources can be
more severe than the influence of a single error source
only. To achieve true 12-bit performance, the design
strategy should be targeted at a value slightly higher
than 12-bit. One can see that the average accuracy of
the system with post-correction is slightly lower than
that of the converter without post-correction. Nev-
ertheless, the spread of the accuracy of the converter
without correction is larger. When a yield of (for ex-
ample) 99% is required, the guaranteed accuracy of
the converter with post-correction will be better than
that of the converter without correction. The rea-
son why the spread of the accuracy of the converter
with post-correction is much smaller, even though the
spread of its error-sources is larger, is because its ac-
curacy is dependent only on the non-linearity of the
SHA, and this parameter is modelled with a fixed
value. The other error sources have no influence on
the final accuracy as they can be corrected completely
by the post-correction algorithm.

VII. CONCLUSION

In this paper, a design strategy for pipelined ADC’s
employing digital post-correction is presented. By
modelling important error sources and deriving their
relation with the overall accuracy, accuracy require-
ments for each component of the converter can be
derived. To make the theory generally applicable,
the model is implemented on system level. During
the actual transistor-level design of the converter, the
system-level requirements can be translated directly
to low-level constraints.

By making use of the presented strategy, the re-
quirements on the accuracy of the analog blocks can
be minimized while the correction technique guaran-
tees the desired accuracy target.

Finally, simulation results were given to verify
the presented strategy with an example of a 12-bit
pipelined ADC.
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