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Abstract — A continuous digital calibration technique for pipeline  ideal type of calibration is “continuous calibration” since the
Analog-to-Digital Converters (ADCs) is presented. The scheme uti-  converter is in its normal mode of operation while being cali-
lizes an existing digital calibration algorithm and extends it to work  prated. Continuous calibration is done in the background with-
in real-time. This is accomplished by introducing two additional gyt interrupting the ADC operation. Environmental and inter-
stages at the end of the pipeline which are used only during calibra- 5] changes are continuously taken into account and corrected.
tion process. Calibration scheme is transparent to the overall sySem g\ /0ra) analog continuous calibration schemes have been re-
and is demonstrated using a 14-bit ADC, with 1-bit per stage archi- 404 i the literature [5, 6]. Calibration techniques based on
tecture and 18 identical stages (including two additional stages for e

analog schemes are generally difficult to scale to new process

calibration). Dominant static errors in a pipeline are successfully . . .
corrected by the proposed calibration. Simulation results show more technologies due to the increase in sub-threshold and gate leak-

than 2-bits improvement in the number of effective bits and more ~ @de currents and reduced power supply voltage [8].
than 20 dB improvement in the dynamic range of the converter. This paper expands on a digital calibration algorithm devel-
oped in [1] and derives a continuous digital calibration scheme
Keywords — Pipeline analog-digital conversion, digital calibration.  targeted for pipeline ADCs [9]. This calibration technique is
completely digital, transparent to the overall system and appli-
I. INTRODUCTION cable to multiple bits per stage pipeline architectures. It is im-
plemented in VHDL and requires two additional stages located
L . L . at the end of the pipeline. The extra stages are only used during
Applllc.:atlons SUCh. as wireless cqmmumgaﬂoqs, IMagfhe calibration process. The calibration technique is demon-
recognition and medical instrumentation require high-spee trated using a 14-bit ADC with 1-bit per stage pipeline archi-

hlgh-(rjeso(ljurt:_o?] Anallo %—to-DlgltaItConvertef;s (ADC|:s). H;QZ' tecture and interstage gains less than two. DAC and interstage
speed and high resoiution converters are often Implemented gy, oors due to the charge injection and capacitor mismatch

ing p_ipeline mu_ltist_age ADC architectures._ The hardware co re corrected successfully.
plexity of the pipeline converter is proportional to the number
of bits resolved. Monolithic, high-resolution pipeline ADCs
are difficult to obtain due to extraordinary component match- II. PROPOSED REAL-TIME CALIBRATION OF
ing requirements. Component matching becomes increasingly PIPELINE CONVERTERS
difficult as CMOS technologies are scaled to smaller geome-
tries. Without using some form of calibration, standard CMOS
process technologies limit the resolution of pipeline architec- A conventional pipeline converter architecture is shown in
ture to approximately 8-10 bits. Figure 1. Each stage in the pipeline serves two purposes: to
Different calibration techniques have been proposed to inprovideg;, the coarse resolution digital representation of the
prove speed and linearity of ADCs. Most calibration techinput voltage and to provide the next stage in the pipeline
niques fall into one of three categories: calibration performedith r;, the difference between the input voltage and analog
in a factory, calibration performed every time the converter idorm of ¢;. This residual voltages;, is passed on to the sub-
powered up (foreground calibration) [1-4], and continuous calsequent stages for quantization in an attempt to improve the
ibration [5—7]. Calibrations performed in a factory, such as cadigital representation of the input. Adl;’s are collected in
pacitor trimming, are one time events. Before packaging ththe digital encoder block where they are combined properly
ADC, capacitors are trimmed to accomplish the best possibte achieve a higher resolution representation of the input volt-
capacitor matching and therefore improve the linearity of theage X. Digital calibration schemes measure the error contri-
ADC. Because the calibration is performed only once, it canndiutions of the stage in the digital domain. The measured gain
take into account changes in the environment that may affeand reference voltage variations are used to form the ADC out-
performance of the converter. In contrast, “foreground caliput code [1, 3,7, 10]. The accuracy of the calibration depends
bration” allows re-calibration at power up, but requires a conen how well the errors are measured in the digital domain. To
verter to be off-line while (re)calibration is in progress. Thedigitally correctthe ADC output code, modifications need to be
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o ) ) (a) Off-line digital calibration applied to the seventh stage.
made to the digital encoder block. Section A describes an off-

line digital calibration scheme developedin [1]. This technique
forms the basis for the proposed continuous digital calibration
scheme discussed in Section B.

A. Off-line Calibration

Figure 2 illustrates the foreground calibration process de-
veloped in [1] for a single stage of a pipeline ADC. The illus-
trated case is based on the implementation of a 14-bit ADC !
with 16 identical stages, interstage gains less than two, and 1- L, a0 5 a=1 :
bit per stage topology. Gains less than two are chosen for all 16 Ty T k]
stages so the output of each stage does not saturate the remain- ’
ing stages. Call_brat_lon begins with the least significant st_ag(_as (b) Residual error plot of 1-bit per stage
(the end of the pipeline) and progresses toward the most signif- architecture with errors.
icant stages. For example, to calibrate stage 7, we must assume
that stages 8-16 have already been calibrated, or have been
fabricated to sufficient accuracy that calibration is not needed - 2. Pipeline ADC with off-line digital calibration applied to the seventh
Figure 2(a) shows the off-line digital calibration applied to the stage.
seventh stage of a 16-stage architecture. Figure 2(b) shows
residual characteristics for the stage being calibrated with thiéght segment, producing residual voltaggand in turn digital
threshold offset, interstage gain and DAC errors. FollowingutputDs,. The equation for the digital output of thé-stage
calibration of the seventh stage, the process continues with tbenverter is given by:
sixth stage, and so on until the first stage is reached and the
calibration of the converter is complete. D =q (G1G2G3...GN-1) + g2 (G2G3Gy .. .Gn-1)

Pipeline error characteristics often show discontinuities as- coo+qn-1GN-1 +qn 0
sociated with the change in the output of the sub-ADC com-
parators. The residual error shown in Figure 2(b) consists ¢fach stage output bit is given a weight indicated by the gain
two segments (fog=0 andg=1) and the transition between the Products given in parenthesis. Most pipeline ADCs use ‘nomi-
segments is determined by the comparator threshold. The gdta!’ design gains to construct the digital output. This approach
of digital calibration is to make sure that for the same inputs correct only if the converter is free of any gain or sub-DAC
voltage, the digital ADC output remains unchanged regardleg$rors. If the implemented gain is different from the design
Of Wthh Segment iS Se'ected by the Sub_ADC Comparator d{alue, or if sub-DAC errors eXiSt, there will be error in the
the stage. To assure this consistency, the converter outputA®C output. Making these weights programmable is the idea
examined for a stage input set to zero volts, where the stagel§hind the foreground digital calibration technique discussed
forced to operate on each of the segments. Seitim® with N [1]. Equation (1) can be re-written in terms of these pro-
V;,,=0, forces Stage 7 to operate on the left segment, producigagmmable weights,
output residual voltag®';. S; is quantized by the remaining N
pipeline stages (stages 8, 9, 10,..., 16), producing digital out- D= Z(hwiv )
put Dg, . Settinggz=1 (V;,,=0) forces Stage 7 to operate on the =




whereg; is the output bit for stagé and NV is the number of cle. Table | shows the calibration of Stage 5. An artificial sam-
stages used and; is the programmable term associated withple is introduced at the beginning of the pipeline denoted “T".
the stage. Once found, the correction termis fed back to At the same moment, sample number 3 is shifted as an input
the digital encoder and calibration logic block. This value is @anto Stage 3. This means that Stage 3 for this instant acts as a
weight associated with the bit of the stage being calibrated ariist stage of the pipeline and last stage for this sample will be
it carries the information about the interstage gain and sulstage 18. Sample number 2, which should be at the calibration

DAC errors. moment occupying Stage 3, is how shifted two stages down to
the next free odd stage, Stage 5 and so on. The last sample that
B. Real-Time Digital Calibration Scheme Development needs to be shifted at the calibration instant is located in Stage

14. Instead of going to Stage 15 on the next clock phase, it will
o ) be routed to Stage 17. The same shift is used for the coarse dig-
Pipeline architecture ADCs rely on a two-phase, noNyg gutputs for these samples. The only difference is the clock
overlapping clock signals with phases denatedand¢;. All hhase on which shift of the digital counterpart occurs. It can
the odd stages in a pipeline sample during phasand present  po seen from Table | that all samples still propagate through 16
the valid residue output to the next stage during All the  giaq65 with no time delay introduced and no lost samples.
even stages work on the opposite clock phase. This allows for p e 15 the pipeline shift, certain considerations need to be

all stages in the pipeline to operate concurrently. taken into account when forming the digital output code during

_ A proposed real-time digital calibration based on the algoge calibration process. With all identical stages Equation (1)
rithm derived in [1] was realized using two extra stages lopecomes

cated at the end of the pipeline. These two extra stages are
active only during calibration. Two additional stages allow for D=qGV ' 4+ @GN 4+ ¢sGN P
a calibration sample to be introduced in the pipeline and still i gN_2G? 4+ qn1G + gy ©)
maintain the normal operation of the converter. Table | shows ) ) ) ) )
propagation of samples through the pipeline during the calibrd="0™M (3) it can be seen that there is a weight associated with
tion process. Table | is based on a 14-bit ADC with 1-bit pefach bit of the stage. When calibration occurs, Stage 3 be-
stage topology, 16 identical stages plus two additional stag€@mes the first stage of the pipeline, and should be given
for calibration (total of 18 pipeline stages), and gains less thaf€ightG™ . Similarly the weights associated with the other
two. Numbers 1 through 18 indicate pipeline stages. stages peed to shift to reflect the reorganization of the pipeline.
Two-phase, non-overlapping clocks are indicatedbyand T_he weights for Stages 1, 2, 3, need to be available at Ic_)ca—
9. Values -1, 0, 1, 2, ..., correspond to sample number bei n of .Stage.s.3, 4,5, .., respectwely fpr th'e correct formation
acquired by a given stage, atel 1, Do, D1, Do, ..., corre- 9 the final digital output during the calibration.
spond to digital representation of the sample produced at the
output of a given stage. For example, sample number 4 is prd}. RESULTS AND COMPLEXITY OF THE DEVELOPED
cessed by Stage 1 on a phaseand its digital representation CALIBRATION TECHNIQUE
as well as a residual is available gn. At this time, Stage 2
is ready to acquire this residual voltage. Stage 2 produced its The calibration scheme was implemented using Verilog
coarse digital representation on the following This goes on HDL and simulated using the Verilog-XL simulator. The real-
until all 16 stages in a pipeline have coarse digital representtime calibration technique was derived for a 14-bit ADC with
tion of sample number 4 available for the digital encoder and-bit per stage architecture implemented using 18 identical
calibration logic block where the corresponding digital valuestages (including two extra stages for calibration purposes). To
for the sample is obtained. verify that the derived real-time calibration technique works, it
After the inherent pipeline delay, digital outputs becomevas necessary to model a pipeline stage in Verilog HDL and
available on every,. This is considered a normal converteralso to control gain, threshold and sub-DAC reference voltages
operation and it must be preserved during the calibration pr@f the stages being calibrated. To imitate the accurate behav-
cess. When calibrating a stage using the digital calibration aier of the pipeline ADC, fully digital odd and even stages were
gorithm derived in [1], the stage being calibrated needs to bereated using Verilog HDL. Gain, threshold and sub-DAC ref-
taken off line which in turn will interrupt normal operation of erence voltages were made as controllable variables at the in-
the converter. To avoid this, two extra stages are added at tpat of each simulated pipeline stage. Nominal gain for all 18
end of the pipeline. This allows one conversion cycle to batages was set to 1.81. The input ranged) for this converter
freed for calibration purposes and at the same time maintaimas set to" 1.12 V and the reference voltage for the converter
normal converter operation. was set toVggr = 1 V. A sampling frequency of 51.2 MHz
When calibrating, all samples at the various stages of th@as used and the sinusoidal test signal was set to 150 KHz with
pipeline are shifted by two stages down in the pipeline. Théhe amplitude at -1 dBFS (994 mV). Errors were introduced in
two extra stages at the end of the pipeline make sure the coall 18 stages (including two extra stages used during calibra-
verter maintains a full 14-bit output during the calibration cy-tion) of the converter and 1024 samples were used. Capacitor



TABLE |
SAMPLE PROPAGATIONTHROUGH THE PIPELINEFOR THE PROPOSEIREAL-TIME DIGITAL CALIBRATION TECHNIQUE.

Increasing time—
D1 | P2 | d1 | b2 | b1 [ P2 | b1 | b2 | b1 | P2 | b1 | p2 | b1 | P2 | P1 | b2 | b1 | P2 | b1 | P2 | b1 | P2 | b1 b2
1 D1 2 Do T | Dr 4 Dy 5 Ds
Do 1 D1 2 Do T | Dr 4 Dy 5 Ds
0 Do 1 D1 3 Ds T | Dr 4 Dy 5 Ds
D_1| O Dy 1 D1 3 D3 T | Dr 4 Dy 5 Ds
-1 |D_4| O Do 2 Do 3 D3 | Cs |Dcs| 4 Dy 5 Ds
-1 (D_4| O Do 2 Do 3 D3 | Cs |Dcs| 4 Dy 5 Ds
IO T | Di| 2 [Da| 3 [Ds|Cs [Des| & [ Dal 5 [ D5 o
T D] T | Di| 2 | Da| 3 [ Ds|Cs [Dos] & [Da| 5 | D5
0 [ Do T | Di| 2 [Da] 3 [Ds|Cs [Des| 4 | Da | 5 [ Ds |
0 Do 1 D1 2 D> 3 D3 | Cs5 |Des| 4 Dy 5 Ds
-1 |D_4| O Do 1 D1 2 Do 3 D3 | Cs5 |Des| 4 Dy 5 Ds
-1 [D_4| O Dy 1 D1 2 Do 3 D3 | Cs5 |Des| 4 Dy 5 Ds | ...
-1 |D_1| O Do 1 D1 2 Do 3 Ds | Cs5 |Des| 4 Dy 5 [Ds

o |

T D] 0 Do T [Di| 2 [Da| 3 | Ds|Cs [Dos| 4 |Dal 5 (D
1 |[D_1| O |[Do| I |Di| 2 | D2]| 3 | D3| Cs |Dcs| 4 |D4| 5

%]
| | 1| 1] 1 1| 1| 1] 1 2
&K 5| &| | &| K| 5| 5| ©| | ~| | 1] & o ] | &
M

-1 |[D_1| 0 | Do 1 D 2 Do 3 D3

a ‘generic build’ command. This produces unoptimized digi-
tal logic necessary to implement the real-time calibration tech-

40

SFDR =70.6884 dB SFDR =97.1424 dB . . . .
SNRD = 654244 bits |, SNRD = 78.4418 bis nique. Approximately 100,000 logic gates are needed to im-
*Olenos=1087850ts | ENOB = 12,7378 bis 1 plement the derived calibration. For a minimum feature size of

135 nanometers the required area to implement the derived cal-
. ibration logic is approximately 0.26:m 2, based on the ITRS

5:? report from year 2003 [11]. This is a fully digital logic design
5 i and therefore, the required area scales down easily with new
= A E ; process technologies.
3 ?'fi.: X f _ _ +21SB
: -2Ls8 IV. CONCLUSIONS
10+ é i
g Different calibration techniques targeted to pipeline ADCs
-20- f . g have been proposed in the literature and successfully imple-
‘ ‘ ‘ -_real-time caliraton (Veriog HDU)| mented. Most of the reported calibration schemes rely on the
0 200 400 600 800 1000 1200 . . . . .
Sample Number converter being off line while calibrated or are analog in nature.

Here we proposed a continuous digital calibration scheme tar-
geted for pipeline ADCs. The scheme expands on a digital
calibration algorithm developed in [1]. The proposed archi-

tecture is completely digital, transparent to the overall system
and applicable to multiple bits per stage pipeline architectures.

old voltage variations, a maximum error of up to/40f Vg It is realized using two extra stages located at the end of the

was simulated. Figure 3 shows the residual error character%'-pelme' These stages are used_ only du_rlng callbrat|or_1 pro-
cess. A hardware model was designed using VHDL and it was

tics for a simulated 14-bit ADC calibrated in a real-time. Be- S . :
fore activating the calibration signal, the behavior of the ADCeﬁeCtNe in showing the success of the proposed technique. For

a simulated ADC, the number of effective bits was improved

with the error contributions in all 16 stages is presented. Thg at least 2-bits and the dynamic range of the converter was

ADC behaves as a 10-bit converter before calibration and a . .

: o S . improved by at least 20 dB. The required area to implement

12.7 bit converter after calibration. Once the calibration sig:, - . . .
the necessary digital logic scales down easily with the new

nalis "’%C“""’.‘ted’ 154 clock cycles are _needed for Completlon.céfrocess technologies, making it an attractive solution for im-
the calibration process. At the sampling rate of 51.2 MHz thi . : L

. . roving resolution of pipeline converters.
corresponds to3s to complete a calibration of 7 stages. Th(—:*D
complexity of the digital logic required to implement the pro- Al A.N. Karanicolas szfeleaNngESL Bacrania, “A 15-b 1-Msample/s
posed calibration technique was evaluated using BuildGateS! G i\ saibrated pipeine ADCJEEE Journal of SidSate Cir

Extreme synthesizer. Verilog modules were synthesized using cuits, vol. 28, pp. 1207-1215, Dec. 1993.

Fig. 3. Residual error characteristics for a simulated ADC with applied
real-time calibration and errors introduced in all 18 stages of the converte

matching error between 0.1-O/5was simulated. For thresh-
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