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Gain error correction technique for pipelined
analogue-to-digital converters

L. Siragusa and . Galton

A min error correction {GRC) technique 3s presented  Lhat
continunusly meastiees and digitally compensates for analogue
gain crrors present in each stage of a pipelined analogue-1o-
digital-converter (ADC), Simulations with and without (he GEC
rechnique indicate  that the  technigue results in & large
improvement in the signal-io-naisc-and-distontion (SINALYY and
spurious-Mree-dynamic-range (SFDR) of the converter,

Inivoefection: A gain error corvection (GLC) techmigue is presented
that continuously measures and digitally compensales for ana-
logue gain crrors present in each stage of a pipelined analogue-lo-
digital-converler (ADC). Tn this Letter, the four-stage pipelined
ADC in g, 1 is used 1o demonstrate ihe GREC technique. Exeept
for the last stape which contains only a 33 level tlash ADC, each
stage of (he pipeling contains a4 17 level Mash ADC, a 17 level
switched-capacitor (8C) digital-to-analogue-converter (DAC), a
summing node, and an interslage gaim block. The gaing A, i =
2, 3, represent the digital scaling necessary to correctly align the
digital outputs from cach stage. The analogue outpul of a stage,
referred to as the residue, is a sign-inverted and amplified version
of the slape’s ADC quantisabion noisc. Subseguent stages of the
pipeline digitise the residue, and the digital outputs of all the
slages are combined, ldeally this generates a high precision digital
representalion of the mput signal.

pipalined

ADG input
(] — (S5

[ | analogus
[ digitai

15871)

pinelined
ADC putput

Fig. | Exasple fowr-stage pipelived ABRC

Dielays not shown

Gor (he purpose of demonstrating the GLC iechnique it is
agsumed throughout this Letter that gain crrors are the dominant
contribuitors Lo the overall pipclined ADC error, [n particular, itis
assumed that the sample-and-hold-amplifier (SHA) at he con-
verler input aned the op-umps in the switched-capacitor circuits do
not limit the averall performance, 1 is also assumed that the DAC

signal-dependent errors {which are usually the domimant source of

errar [I]) have been corrected for by another technique such as
thut presented in [2]. 1t can be shown thal each stage’s ADC
errors have virlually no cffect on the overall pipelined ADC por-
formance provided they do not cause the input range ol the [ol-
lowing stage Lo be cxceeded [1). Ta leave a margim for the {lash
ATDIC creons, the interstage gains ave chosen such that the maxi-
mm swing of the residue, in the absence of flash ADC grrors, is
half the allowable input range of the nexi stage.

GEC fechnigrer As shown below, gain errors canse incompleie
cancellation of the quantisation noise Trom each stage’s coarse
ADC, which leads 1o 4 reduction in the overall converler’s signal-
Lo-noise-and-distortion (SINAD) and spurious-free-dynamic range
(SIFIIR). For example, crrors in the DAC gain and interslage gain
in the firsi stage, and the crror in the overall gain in the remaiming
stages cause the guantisation noise from the first stage’s ADC o
not be completely cancelled.

A simplified example wherein (he GEC technique is applied
only o the first stage is shown in lig. 2. Stages 2 4 conslilule a
pipclined ADC in their own vight and are modelled as o single
ADC. To implement GEC a pseudorandom 1 signal #yln] s
scaled by } and added to the output of the first-stage ADC in
order to fravel 1he same paths that the first-stage quantisation
noise travels. Note that the ICHOIUIIOH of the DAC must be
increased Lo accommedate the +4 signal, and hall the extra input
range of the next stage i consumed,
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|
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Fig. 2 Simplified model of pipelined ADC with GEC
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The details of the block labelled GLIC logic are shown in Fig, 3,
The digitised residue of the first stage, Ryla), s corrclated against
rfn] and scaled to obiatn an estimale ol the normalised guin,
cilled @, in the path travelled by ihe guantisation poise. Thus

g (!/) Zh’”nmnflwq (1)
o n=1

where ¥ is the tolal number of samples in the correlation and €,
is the gain error estimate. The digitised residuc is then divided by
the gain cslimale to beiler eliminaie the first-siage quantisulion
nodse in the linal cutpul.

Behavioural C-languape sinnulations of the pipelined ADC were
performed using realistic values for non-ideal circuit behaviour,
The refercnce vollages for each flash ADC were generated by a
simulated resislor ladder wherein cach resistor was chosen with a
random error of 0.3% standurd deviation, and the offsel voltage of
each comparator in the ADC was chosen randomly with a stand-
ard deviation of 10 mV. For the first stage DAC und first-slage
inlerstage gain, fixed errors of -14.5% were chosen to give o worst
case candition where the pain errors have the sume polarity, The
interstage gains for the second ard third stages were chosen with
random error of 0.3% standard deviation. Except for the first-
stage DIAC pain crror, the fivst and sccond stage DACs were ideal,
as il was assumed that another technigue was used to conrecl them

i
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if’ necessary, Mismatches in the third stage 17 level DAC were
modelled by selecting the two output voltages corresponding to
cach | bit DAC with random errors of 0,3% standard deviation,

Yig, 4 shows the power spectral density (PSD) of the converter
ontput before and afler application of the GEC technigue, Use ol
the GLEC techniue resulted in a 17dB improvement in SINAD
and a 28dB imprdvement in SFDR. The number of samples used
in the correlation to produce the gain estimate was 225, For a
10MHz sample rate converier, this corresponds to a 3.2 sceond
warm-up period, during which the converter can still be operated
normally, The 1P8Ds were performed on the converter output data
after completion of the warm-up petiod.
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[=]

¢ 01 62 03 04 050 01 02 03 04 05
normalised frequency

¢ ?

Vig. 4 Power specival density of owiput of pipetined ADC
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Theory: Tn the abscnee of GEC, it can be shown using Fig, 2 that
the overall pipelined ADC output is

uln] = cezln] + Aol — aglegn] - eaeanln] + e [n) (2)

where x[n] is the input lo Lthe converler, eg[n] is the fisi-stage
gluantisation noisc, cyf4] is the first-stage DAC noise coror, ¢, (n]
18 the quantisation noise from the remamning stages, o is the over-
all pipelined ADC converter gain, oy is the gain from the DAC
output to the overall pipelined ADC converter output, and o, is
the gain from the ADC outpnt (o the digitised residue. With GEC,
it can be shown that the corrected output is

y[n] = eorwln] 1 Ao [1 - z—ﬂ (e,,{,[n.] n "Ui”")
]

o

& aln] + 2
+ B eqa[n] + 3 (n
where af,- is the new converter gain, which is approximately cqual
to o, Thus for perlect gain estimation, eyql#] is completely can-
celled. The GEC also causes slight changes (o the coefficients of
the other signals, which is usually acceptable as it does not signifi-
cantly degrade the SEINAD or SFDR.

Provided that sy[n] is uncorrelated with the other signals present
it Rgln), it can be shown that ¢ is an unbiased estimator for o,
and that the law of large numbers guaraniess its convergence with
probability 1 as (he number of samples taken in the correlation
approaches infinity. Therefore, in the limil as & — o, ¢, fn] is
completely cancelled. n practice the number of samples chosen
for the length of the correlation depends on the magmitude of ryln]
relative to the magnitudes of the other signals in f[#], smd how
close @i, is required to be to o,

Implermentation issies: Although a specific simplitied example has
been shown, the GEC technique cun be applied to other pipelined
ADC architecturcs, and it can be applied to more than one stape.
Other magnitudes of the random signal may also be used, as long
as the input range of the next stage is not cxcesded. Te avoid
increasing the resolution of the DAC, the random signal can be
added to the input of a stage’s ADC instead of at its output. How-
ever, since the gain of the ADC would be in the path of the ran-
dom signal, an additional correlalion would be needed at the
stage’s digital output in order to determine this gain. This random

signal can be created by adding an offsel to the ADC that can be
togpled. For example, the number of resisiors in the reference Jad-
der for the flash ADC can be increased {without changing the
total resistance) and the reference inputs of the comparators can
be rundomly switched up or down the ladder to produce the ofl-
scl.
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Accurate modelling of planar microwave
circuit using conformal FDTD algorithm

Wenhua Yu and Raj Mittra

A conformal finite difference time domuin (CEDTDY) algorithm iy
presented for accurntely modelling perfectly conducting curved
obpects and illusteated by applying iU o a circulary shaped ridial
siub.

Inmtroduction: While the finile difference time domain method
(FDTD) has been very successiully used to model various electro-
magnetic phenomena [1], its application to complex, non-Carte-
sian geomelrics has been rather limited owing to the crrors caused
by staircasing of the geometry. Adthough 2 number of attenipts
have been made to alleviate the staircasing problem [2, 3] by using
a conformal DT scheme, the difficullics of complex mesh gon-
cration and the problem caused by the instability of the algorithm
persist, because of the use of distorted cell areas in the updale
algonithm. In contrast, the conformal technique proposed in this
Letter neither reguires any modifications of Yee's FDTD differ-
ence equations, nor does it employ distorted cell areas, but instead
uses the length of the distoried cell side in the update equations
for the magnetic fields. The conformal algorithm presented in this
work can be used to accurately model perfect cleclric conducler
{PEC} objects with curved surfices and edges, is computationally
efficient and numerically stable.
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