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derived from the calibrated gain for each one of the PPS. A 
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SCHEME FOR NON-LINEARITY 
CORRECTION OF RESIDUE AMPLIFIERS IN 

A PIPELINED ANALOG-TO-DIGITAL 
CONVERTER (ADC) 

BACKGROUND 

[0001] The present disclosure relates generally to an ana 
log-to-digital converter (ADC) used in electronic circuits, 
and more particularly to a method and an apparatus for 
improving the performance of pipelined ADC’s. 
[0002] An ADC is generally used to sample an analog sig 
nal at various time instances, and generate a digital code 
representing the strength of the sampled analog signal at the 
corresponding time instance. A pipelined ADC is a type of 
ADC Which contains multiple (pipelined) stages, With each 
stage resolving a number of bits forming a digital sub-code. 
The digital sub-codes generated by various stages are used to 
generate a digital code corresponding to the analog input. 
[0003] FIG. 1A is a block diagram illustrating a pipelined 
ADC 100, according to prior art. The ADC 100 is shoWn 
containing a sample and hold ampli?er (SHA) 110, a plurality 
of pipelined stages 120 (e.g., stage 122 through stage 128), 
and a digital error correction block 130. In some con?gura 
tions of the ADC 100, the SHA 110 may be excluded. The 
SHA 110 samples an analog input signal received at an input 
terminal coupled to a conductive path 134 and holds the 
voltage level of the sample for further processing. Each one of 
the plurality of pipelined stages 120 generates a digital sub 
code corresponding to a voltage level of an analog signal 
received as an input, and an ampli?ed residue signal provided 
as an analog input to a doWnstream stage. For example, stage 
112 converts a voltage level present on path 111 to generate a 
digital sub-code provided to the digital error correction block 
130 via path 132, and the ampli?ed residue signal is provided 
as an analog input to stage 124 via path 112. 
[0004] The digital error correction block 130 receives digi 
tal sub-codes from each one of the plurality of stages 120, and 
generates a digital code corresponding to the analog input 
signal sample received via paths 132,134, and 138 respec 
tively. Essentially, the digital error correction block 130 per 
forms a Weighted addition of the sub-codes to generate the 
overall code, as is Well knoWn in the relevant arts. The gen 
erated digital code is provided to an external circuit via path 
146. 

[0005] FIG. 1B illustrates a block diagram of each stage 
included in a plurality of pipelined stages described With 
reference to FIG. 1A, according to prior art. Each one of the 
plurality of stages 120 (including stage 122 through stage 
128) is shoWn to contain ?ash ADC 150, digital to analog 
converter (DAC) 160, subtractor 170 and gain ampli?er 180. 
Flash ADC 150 (an example of a sub ADC) converts a sample 
of an analog signal received on an input path, e. g., path 111, 
into a corresponding P-bit sub-code provided on path 156 
(contained in path 132 ofFlG. 1A, and P is less than N). DAC 
160 converts the sub-code received on path 156 into corre 
sponding analog signal (V dac) on path 168. 
[0006] Subtractor 170 generates a residue signal 178 as the 
difference of sample 111 (Vi) and the analog signal received 
on path 168 (Vdac). Gain ampli?er 180 ampli?es the residue 
signal 178 (V i-Vdac) and is provided on an output path, e. g., 
path 112, as an ampli?ed residue signal. The signal on path 
112 is used to resolve the remaining bits in the N-bit digital 
code by the subsequent ADC stages. Subtractor 170, DAC 
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160, and gain ampli?er 180 may be implemented using a 
capacitor netWork and an operational ampli?er. 
[0007] As noted above, ADCs need to be generated With 
loW bit errors. Digital error correction block 130 may correct 
for errors in the sub-codes to a limited extent. Speci?cally, 
small errors in the comparator reference voltages may be 
corrected by the digital error correction block 130. HoWever, 
some (typically large) errors in the sub-codes may not be 
entirely corrected due to various limitations of digital error 
correction block 130. 
[0008] One source of error in the sub-code, commonly 
knoWn as gain error, is due to a non-accurate gain in each 
stage. Gain error and settling error in each stage of the plu 
rality of stages 120 typically leads to non-linearity in the 
overall A/D transfer characteristics. This results in stringent 
gain error and bandWidth speci?cations for the operational 
ampli?ers implementing the gain ampli?er 180. Typically, 
the poWer dissipation of a pipelinedADC is dominated by the 
plurality of stages 120. As noted above, in a stage having P bit 
resolution, the ideal gain of the gain ampli?er 180 needs to be 
2**P (Where ** represents the ‘to the poWer of’ operation). 
Any deviation from this value leads to non-linearity that may 
not be corrected by the digital error correction block 130. 
[0009] The pipelined ADC 100 described With reference to 
FIGS. 1A and 1B, may include compensation for small gain 
errors but generally does not include compensation for non 
linearity errors. One solution to compensate for non-linear 
gain uses complex algorithms and complex digital ?lters (not 
shoWn) to correct the non-linearity once it has been estimated. 
Such a solution, hoWever, requires very large complexity of 
the digital circuits, Which require large silicon areas and 
increased poWer for implementation. For example, one 
implementation of the solution requires a complete, off-chip, 
digital post-processing system (not shoWn) to correct the 
non-linearity of the gain. Therefore, a need exists to provide 
an improved pipelinedADC that compensates for non-linear 
ity of gain in each stage preferably Without incurring a sub 
stantial penalty in noise performance, cost, poWer consump 
tion, and silicon area. 

SUMMARY 

[0010] Applicants recogniZe that knoWn techniques of 
applying inverse non-linear ?lters having smoothly varying 
values to correct knoWn non-linearity in the gain may be 
theoretically possible but are impractical. For example, ?lters 
using inverse cosine function and large lookup tables (stored 
in large amounts of memory) are required to represent the 
smoothly varying inverse non-linear characteristics of the 
gain. The need for large silicon areas and increased poWer for 
implementation of such complex algorithms makes the solu 
tion impractical to be used in a mixed circuit environment, 
especially in high speed communication applications. There 
fore, it Would be desirable to provide an improved technique 
for modeling non-linear gain in a residual ampli?er that is 
e?icient in terms of simplicity in design and implementation, 
silicon area usage, poWer consumption usage, noise perfor 
mance, and cost. Accordingly, it Would be desirable to pro 
vide a method and apparatus for compensating non-linearity 
of a gain of a residual ampli?er used in a pipelined ADC, 
absent the disadvantages found in the prior methods dis 
cussed above. 
[0011] The foregoing needs are addressed by the teachings 
of the present disclosure, Which relates to an apparatus and 
method for improving the performance of pipelined ADC’s. 
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According to one embodiment, in an apparatus and method 
for compensating non-linearity of a gain of a residual ampli 
?er (RA), a pipelined analog-to-digital converter (ADC) con 
verts an analog input to a digital output (DO). The ADC 
includes a plurality of pipelined stages (PPS). Each stage, 
Which includes an instance of the RA, provides a digital code 
corresponding to an output of the RA included in a preceding 
stage. A memory stores a pieceWise linear representation for 
modeling the non-linearity of the gain. A calibrated gain of 
the RA corresponding to each region of a plurality of linear 
operating regions of the RA is stored in the memory. A gain 
adjuster adjusts the digital code for each one of the PPS in 
accordance With a gain factor derived from the calibrated gain 
for each one of the PPS. A constructor constructs the DO from 
the adjusted digital code received from each one of the PPS. 
[0012] In one aspect of the disclosure, a method for com 
pensating non-linearity of a gain of a residual ampli?er 
includes, modeling a pieceWise linear (PWL) representation 
for the non-linearity of the gain by segmenting the residual 
ampli?er to operate in a plurality of linear operating regions. 
The PWL representation de?nes a calibrated gain corre 
sponding to each one of the plurality of linear operating 
regions. A digital code corresponding to an output of the 
residual ampli?er is received. The PWL representation is 
accessed to identify a region of the plurality of linear operat 
ing regions corresponding to the output. The calibrated gain 
from the PWL representation corresponding to the region is 
retrieved. The digital code is divided by a gain factor to 
provide an adjusted digital code, the gain factor being derived 
from the calibrated gain. 
[0013] Several advantages are achieved by the method and 
apparatus according to the illustrative embodiments pre 
sented herein. The embodiments provide an improved 
method and apparatus for reducing gain error in a pipelined 
ADC introduced as a result of non-linear gain of a residual 
ampli?er (RA) included in each stage of the ADC. The tech 
nique provides a pieceWise linear (PWL) representation for 
modeling the non-linearity of the gain of the RA. Depending 
on an input to the RA, the RA is segmented to operate in one 
of a plurality of linear operating regions. The PWL represen 
tation de?nes a calibrated gain corresponding to each one of 
the plurality of linear operating regions. An average value of 
the calibrated gain corresponding to each one of the plurality 
of linear operating regions is stored in memory. A digital code 
for each stage of the ADC is adjusted for the non-linear gain 
in accordance With a gain factor derived from the calibrated 
gain for each stage. A digital output of theADC is constructed 
from the adjusted digital code received from each stage. In a 
benchmarking test for comparing performance of: l) a pipe 
lined ADC With ideal (linear) ampli?er, 2) a pipelined ADC 
With non-linear gain of ampli?er, e.g., ADC 100, and 3) a 
pipelined ADC With PWL compensation for the non-linear 
gain of ampli?er, a signal to noise ratio (SNR) for each of the 
three cases is 73 dB, 56 dB, and 65 dB respectively. Thus, a 
dramatic 9 dB improvement in the SNDR is achieved for the 
improved method and apparatus for reducing non-linear gain 
error compared to the traditional pipelinedADC 100 having a 
SNR of 56 dB. Thus, the improved pieceWise lineariZation 
technique advantageously provides modeling of the non-lin 
ear gain in the RA that is ef?cient in terms of simplicity in 
design and implementation, silicon area usage, poWer con 
sumption usage, noise performance, and cost. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] FIG. 1A illustrates a block diagram of a pipelined 
ADC, described herein above, according to prior art; 
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[0015] FIG. 1B a block diagram of each stage included in a 
plurality of pipelined stages described With reference to FIG. 
1A, described herein above, according to prior art; 
[0016] FIG. 2A illustrates a block diagram of an improved 
pipelined analog-to-digital converter (ADC), according to an 
embodiment; 
[0017] FIG. 2B illustrates a block diagram of each stage 
included in a plurality of pipelined stages of an ADC 
described With reference to FIG. 2A, according to an embodi 
ment; 
[0018] FIG. 3A illustrates a block diagram of a digital 
output generator described With reference to FIGS. 2A and 
2B, according to an embodiment; 
[0019] FIG. 3B illustrates in graphical form a PWL repre 
sentation to model a knoWn non-linearity of a gain of a 
residual ampli?er described With reference to FIG. 3A, 
according to an embodiment; 
[0020] FIG. 4A is a graph illustrating noise performance of 
a pipelined ADC 100 With and Without gain error correction 
described With reference to FIGS. 1A and 1B; 
[0021] FIG. 4B is a graph illustrating degradation in noise 
performance of a pipelined ADC With gain error correction 
and having non-linearity described With reference to FIGS. 
1A and 1B; 
[0022] FIG. 4C is a graph 430 illustrating improvement in 
noise performance of a pipelined ADC With non-linear gain 
correction described With reference to FIGS. 2A, 2B, 3A, and 
3B, according to an embodiment; and 
[0023] FIG. 5 is a How chart illustrating a method for com 
pensating non-linearity of a gain of a residual ampli?er, 
according to an embodiment. 

DETAILED DESCRIPTION 

[0024] Novel features believed characteristic of the present 
disclosure are set forth in the appended claims. The disclosure 
itself, hoWever, as Well as a preferred mode of use, various 
objectives and advantages thereof, Will best be understood by 
reference to the folloWing detailed description of an illustra 
tive embodiment When read in conjunction With the accom 
panying draWings. The functionality of various circuits, 
devices or components described herein may be implemented 
as hardWare (including discrete components, integrated cir 
cuits and systems-on-a-chip ‘SoC’), ?rmWare (including 
application speci?c integrated circuits and programmable 
chips) and/or softWare or a combination thereof, depending 
on the application requirements. 
[0025] Similarly, the functionality of various mechanical 
elements, members, or components for forming modules, 
sub-assemblies and assemblies assembled in accordance With 
a structure for an apparatus may be implemented using vari 
ous materials and coupling techniques, depending on the 
application requirements. Descriptive and directional terms 
used in the Written description such as top, bottom, left, right, 
and similar others, refer to the draWings themselves as laid out 
on the paper and not to physical limitations of the disclosure 
unless speci?cally noted. The accompanying draWings may 
not to be draWn to scale and some features of embodiments 
shoWn and described herein may be simpli?ed or exaggerated 
for illustrating the principles, features, and advantages of the 
disclosure. 
[0026] The typical pipelined ADC 100 described With ref 
erence to FIGS. 1A and 1B typically does not include tech 
niques to compensate for non-linear gain of ampli?ers. One 
solution to compensate for the non-linear gain of the ampli?er 
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uses complex algorithms and complex digital ?lters to correct 
the non-linearity once it has been estimated. Such a solution, 
however, requires very large complexity of the digital circuits 
including use of off-chip processors, Which require large 
silicon areas and increased poWer for implementation. There 
fore, a need exists to provide a method and apparatus for 
modeling non-linear gain in a residual ampli?er that is el? 
cient in terms of simplicity in design and implementation, 
silicon area usage, poWer consumption usage, noise perfor 
mance, and cost. This problem may be addressed by an 
improved apparatus and method for compensating non-lin 
earity of a gain of a residual ampli?er used in a pipelined 
ADC. 

[0027] According to one embodiment, in an apparatus and 
method for compensating non-linearity of a gain of a residual 
ampli?er (RA), a pipelined analog-to-digital converter 
(ADC) converts an analog input to a digital output (DO). The 
ADC includes a plurality of pipelined stages (PPS). Each 
stage, Which includes an instance of the RA, provides a digital 
code corresponding to an output of the RA included in a 
preceding stage. A memory stores a pieceWise linear repre 
sentation for modeling the non-linearity of the gain. A cali 
brated gain of the RA corresponding to each region of a 
plurality of linear operating regions of the RA is stored in the 
memory. A gain adjuster adjusts the digital code for each one 
of the PPS in accordance With a gain factor derived from the 
calibrated gain for each one of the PPS. A constructor con 
structs the DO from the adjusted digital code received from 
each one of the PPS. 

[0028] The folloWing terminology may be useful in under 
standing the present disclosure. It is to be understood that the 
terminology described herein is for the purpose of description 
and should not be regarded as limiting. 
[0029] Semiconductor DeviceiA semiconductor device is 
an electronic component that utiliZes electronic properties of 
semiconductor materials to perform a desired function. A 
semiconductor device may be manufactured as a single dis 
crete device or as one or more integrated circuits (lCs) pack 
aged into a module. 
[0030] Con?gurationiDescribes a set up of an element, a 
circuit, a package, an electronic device, and similar other, and 
refers to a process for setting, de?ning, or selecting particular 
properties, parameters, or attributes of the device prior to its 
use or operation. Some con?guration attributes may be 
selected to have a default value. For example, a gain of an 
ampli?er may be con?gured to be equal to one (1) to enable an 
output signal to simply track an input signal. 
[0031] Ampli?eriAn electronic circuit that draWs poWer 
from a poWer source to boost or amplify one or more input 

signals. Some ampli?ers may be con?gured to simply track or 
isolate an input signal Without providing ampli?cation. Some 
of the desirable ampli?er characteristics include high input 
impedance, high gain, and loW output impedance. Ampli?ers 
may be con?gured in multiple topologies including cascade, 
cascode, differential, and similar others to achieve desired 
characteristics. A gain of an ideal ampli?er is linear. That is, 
a ratio of an output of the ampli?er to an input of the ampli?er 
is equal to a constant. A gain of non-ideal ampli?ers is non 
linear. That is, a ratio of an output of the ampli?er to an input 
of the ampli?er is variable in dependence of a region of 
operation. A level of the input or output Within a speci?ed 
range generally de?nes a region of operation of the ampli?er. 
[0032] Gain and non-linearity error in an ADCiA gain 
error of anADC indicates hoW Well a slope of an actual linear 
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transfer function matches the slope of an ideal linear transfer 
function. Thus, a gain error causes the actual transfer function 
slope to deviate from the ideal slope. Gain error is the full 
scale error minus the offset error. When offset and gain errors 
are compensated for, the actual transfer function should be 
equal to the transfer function of a perfect ADC. HoWever, 
non-linearity in the ADC may cause the actual curve to devi 
ate slightly from the perfect curve, even if the tWo curves are 
equal around 0 and at the point Where the gain error Was 
measured. Thus, a non-linearity error of a pipelined ADC 
indicates a deviation (positive or negative) betWeen an actual 
transfer function from an ideal transfer function (a straight 

line). 
[0033] A semiconductor device apparatus in the form of an 
improved pipelinedADC having an improved residual ampli 
?er that includes a correction for non-linear gain is described 
With reference to FIGS. 2A and 2B. Additional details of the 
improved residual ampli?er that includes a correction for 
non-linear gain is described With reference to FIGS. 3A and 
3B. A method for compensating non-linearity of a gain of a 
residual ampli?er is described With reference to FIG. 5. FIGS. 
4A, 4B, and 4C illustrate in a graphical form performance of 
the improved pipelined ADC described With reference to 
FIGS. 2A, 2B, 3A, and 3B compared to a traditional pipelined 
ADC described With reference to FIGS. 1A and 1B. 

[0034] FIG. 2A illustrates a block diagram of an improved 
pipelined analog-to-digital converter (ADC) 200, according 
to an embodiment. The pipelinedADC 200 includes a sample 
and hold ampli?er (SHA) 210, a plurality of pipelined stages 
(PPS) 220 (e.g., stage 222 through stage 228 shoWn), and a 
digital output generator 230. The number of stages included 
in the PPS 200 may vary between 1 and n, Where n is an 
integer. In an embodiment, at least one of the PPS 220 has a 
non-linear gain and the digital output generator 230 includes 
techniques to reduce the effects of the non-linear gain on the 
performance of the ADC 200. The pipelined ADC 200 is 
operable to convert an analog input signal to an equivalent 
digital output. 
[0035] The SHA 210 samples an analog input signal 
received at an input terminal coupled to a conductive path 204 
and holds the voltage level of the sample for further process 
ing. Each one of the plurality of pipelined stages PPS 220 
generates a digital code corresponding to a voltage level of an 
analog signal received as an input, and an ampli?ed residue 
signal provided as an analog input to a doWnstream stage. For 
example, stage 222 converts a voltage level present on path 
211 to generate a digital code provided to the digital output 
generator 230 via path 292, and the ampli?ed residue signal is 
provided as an analog input to stage 224 via path 212. The 
ampli?ed residue signal corresponds to a full range signal for 
an adjacent doWnstream stage. 

[0036] The digital output generator 230 receives digital 
codes from each one of the plurality of pipelined stages PPS 
220 via conductive paths 292, 294, and 298, adjusts the digital 
codes by a corresponding gain factor (GP) to compensate for 
the non-linear gain, and generates a combined digital code or 
digital output DO 232 from the adjusted digital codes. The 
DO 232 corresponds to the digital equivalent of the analog 
input signal sample received via path 204. The DO 232 Which 
includes the compensation for the non-linear gain is provided 
as an output on the path 246. The digital output DO 232 is 
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generated from the digital codes D1, D2, D3, . . . and Dn 
provided by each the PPS 220 as de?ned by Equation 100: 

(GF1*GF2* . . . *GFn-l) Equation 100 

Where GF1, GF2, and GFn-1 are the gain factors associated 
With the ampli?ers of stage 1, stage 2, and stage (n-1), and D2, 
D3, and Dn are the digital codes generated by stage 2, stage 3 
and stage n respectively. 

[0037] Gain factors GF1, GF2, and GFn-1 are a function of 
the digital code D2, D3, and Dn generated by a downstream 
stage. That is, the gain factor corresponding to a particular 
stage is dependent on a calibrated gain for a particular stage 
and each stage preceding the particular stage, e.g., GF1 is a 
function of D2, GF2 is a function of D3 and so on. Since the 
?rst stage 222 receives the sampled input directly from the 
SHA 210 there is no ampli?cation and hence no gain factor 
associated With D1 digital code. Also, the ?nal stage 228 
providing Dn output may not be con?gured to include an 
ampli?er since there are no additional doWnstream stages. 
Additional details of the digital output generator 230 are 
described With reference to FIGS. 3A, 3B, 4C and 5. 

[0038] In a particular embodiment, the pipelined ADC 200 
may be con?gured With the PPS 220, With each stage being 
con?gured using a 3-bit ?ash sub ADC, to provide a 9-bit 
digital output (e.g., n:9). That is, the DO 232 digital output 
includes 9-bits of information to convert an analog input 
signal to a digital equivalent. In this embodiment, the number 
of PPS 220 are equal to 3, With the ?rst stage 222 generating 
a ?rst 3-bit digital code, the second stage 224 generating a 
second 3-bit digital code, the third or last stage 228 generating 
a third 3-bit digital code. It is understood that the number of 
bits used for the overall analog-to-digital conversion may be 
different than 9-bits depending on the application. Similarly, 
the number of bits used per stage may be different than 3-bits 
depending on the application. 
[0039] FIG. 2B illustrates a block diagram of each stage 
included in a plurality of pipelined stages of an ADC 
described With reference to FIG. 2A, according to an embodi 
ment. Each one of the plurality of pipelined stages 220 (in 
cluding stage 222 through stage 228) is shoWn to include a 
?ash ADC 250, digital to analog converter (DAC) 260, sub 
tractor 270 and residual ampli?er (RA) 280. As described 
earlier, although all stages of the PPS 200 are generally iden 
tical, some stages of the PPS 220 may be con?gured to 
exclude some of the components. For example, in some appli 
cations the RA 280, Which may be physically present, may be 
excluded from the con?guration of the last stage 228 since 
there is no need to further amplify the residual analog signal. 
Flash ADC 250 (an example of a sub ADC) converts a sample 
of an analog signal received on an input path, e.g., path 211 
shoWn, into a corresponding p-bit digital code provided to 
path 256 (included in path 292 of FIG. 2A, and p is less than 
n, With the DO 232 having n-bits). DAC 260 converts the 
digital code received on path 256 into corresponding analog 
signal (V dac) on path 268. 
[0040] Subtractor 270 generates a residue signal 278 as the 
difference of sample 211 (Vi) and the analog signal received 
on path 268 (Vdac). Residual ampli?er RA 280 ampli?es the 
residue signal 278 (ViiVdac) and is provided to an output 
path, e.g., path 212, as an ampli?ed residue signal. The signal 
provided to the output path, e.g., path 212, is used to resolve 
the remaining bits in the n-bit digital code by the subsequent 
ADC stages. In a particular embodiment, the subtractor 270, 
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DAC 260, and RA 280 may be implemented using a capacitor 
netWork and an operational ampli?er. 
[0041] FIG. 3A illustrates a block diagram of a digital 
output generator described With reference to FIGS. 2A and 
2B, according to an embodiment. In the depicted embodi 
ment, the digital output generator 230 includes a pieceWise 
linear (PWL) 310 representation that models the knoWn non 
linearity of the gain of RA 280 included in each stage, a 
memory 320 operable to store the PWL 310 representation, a 
gain adjuster 330 to adjust the digital code for the non-linear 
ity of the gain, and a constructor 340 to construct the DO 232 
from the adjusted digital code. The PWL 310 representation 
de?nes that an input to output relationship is pieceWise linear, 
e.g., is linear Within each operating region. In a particular 
embodiment, the digital output generator 230 is implemented 
in the digital domain. That is, all input, output, and internal 
signals associated With the digital output generator 230 are 
digital. 
[0042] FIG. 3B illustrates in graphical form a PWL repre 
sentation to model a knoWn non-linearity of a gain of a 
residual ampli?er described With reference to FIG. 3A, 
according to an embodiment. Referring to FIGS. 3A and 3B, 
the PWL 310 representation illustrated in FIG. 3B may be 
derived by use of techniques including modeling and simu 
lation, tcsting, ampli?cr circuit analysis, and similar others. If 
the residual ampli?er included in each stage is identical then 
only one PWL representation for the ADC may be desired. If 
the residual ampli?er included in each stage is not identical 
then each residual ampli?er included in each stage of the PPS 
220 may have a separate corresponding PWL representation. 
The PWL 310 includes normalized input (X-axis) values 
varying from —1 to +1 and normalized output (Y -axis) values 
varying from —1 to +1. In an exemplary, non-depicted 
embodiment, the PWL 310 may include normalized output 
Qi-axis) values varying from —1 to +1 and normalized input 
(Y-axis) values varying from —1 to +1. 
[0043] A graph 320 represents a normalized linear gain of 
an ideal ampli?er corresponding to each operating region. 
The graph 320 is a straight line and the slope of the graph 310 
is a constant equal to 1. The PWL 310 also includes a graph 
330 Which includes a plurality of linear segments that 
approximate the knoWn non-linearity of the RA 280 instead 
of using a continuous smooth curve 338. That is, the graph 
330 displays an input to output relationship that is not linear 
from end-to-end, but is segmented into a plurality of operat 
ing regions each of Which exhibit a linear relationship 
betWeen the input and the output. Such a representation is 
described as being pieceWise linear (PWL). The slope of the 
graph 330 in each operating region is constant, and the graph 
330 displays a calibrated gain corresponding to each region of 
a plurality of linear operating regions of the RA 280. A 
number of regions included in the plurality of linear operating 
regions of the RA 280 is equal to 2 raised to n, n being equal 
to a number of bits per stage of the pipelined ADC 200, n 
being an integer. In the depicted embodiment, the PWL 310 
includes 8 (2**3) linear operating regions corresponding to 
the 3-bit ?ash used in each stage. It is understood that the 
number of operating regions included in the PWL 310 may 
vary depending on the number of bits used in each stage. 

[0044] In an embodiment, an average value of the cali 
brated gain corresponding to each one of the plurality of 
linear operating regions is stored in the PWL 310 as a constant 
in memory 320, e.g., may stored as tabular data. For a par 
ticular value of an analog input or an analog output of an 
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ampli?er, the graph 330 may be used to determine a corre 
sponding value of the calibrated gain. For example, the value 
of the calibrated gain for the operating region [0.75-1.0] on 
X-axis is stored as the constant 0.951 and for the operating 
region [0.5-0.75] on X-axis is stored as the constant 0.985. 

[0045] In a particular embodiment, the gain adjuster 330 
adjusts the digital code in accordance With a gain factor 
derived from the calibrated gain for each one of the PPS 220, 
the gain adjuster 330 providing an adjusted digital code for 
each one of the PPS 220. For example, the gain adjuster 330 
receives the digital code D2 for stage 2 224, D3 from stage 3, 
and Dn for the last stage 228. Using the digital code received 
(Which corresponds to an analog output of a preceding stage) 
the gain adjuster 330 accesses PWL 310 data to determine 
operating region and corresponding calibrated gain. Thus, the 
memory 320 storing the data for PWL 310 may be accessed 
by the gain adjuster 330 using a particular value of an analog 
output of RA 280 included in stage P (received as an analog 
input to stage (P+1) and corresponding to Dp+1 digital code 
generated by stage P+1), e.g., a normaliZed value of 0.77, to 
obtain a corresponding calibrated gain value of 0.951 stored 
in a table. 

[0046] Modeling the continuous smooth curve 338 depict 
ing the non-linearity is avoided by use of approximation With 
pieceWise lineariZation technique, thereby substantially 
decreasing the complexity of the implementation. Since the 
analog output of stage P is digitiZed by the subsequent (P+1) 
pipelined stage, information regarding the region of operation 
of the residue ampli?er RA 280 used in stage P is available 
from the stage P as an ampli?ed residual analog input to stage 
(P+1). Thus, information regarding the region of operation of 
the RA 280 included in any stage may be used to choose the 
corresponding calibrated gain value for the gain adjuster 330. 
For example, based on the digital code output by the second 
stage, e. g., D2 output by stage 224, an appropriate calibrated 
gain for the ?rst stage 222 may be determined from the PWL 
310 and used in the gain adjuster 330. 
[0047] For a fully differential residual ampli?er only the 
odd order harmonics may be of interest and hence the non 
linearity is anti-symmetric about the center point, as illus 
trated by graph 330. Hence only half the values of the cali 
brated gain may be stored. Thus, for the PWL 310 having 8 
linear operating regions, only 4 calibrated values for the RA 
280 included in stage P need to be stored in the memory 320 
(and represented as 4 different digital multipliers). If no sym 
metry is present, then a number of calibrated values that are 
stored in memory 320 may double from 4 to 8, e.g., corre 
sponding to a number of linear operating regions of the RA 
280. Therefore, the simpli?ed implementation of ADC 200 
using just 4 registers to store the 4 calibrated gain values 
advantageously provides modeling of the non-linear gain in 
the RA that is e?icient in terms of simplicity in design and 
implementation, silicon area usage, poWer consumption 
usage, noise performance, and cost. 
[0048] In a particular embodiment, the gain adjuster 330 
includes a divider 332 and a multiplier 334. The divider 332 
is operable to perform a divide operation by performing a 
shift right operation on the digital code, the gain factor being 
expressed as a multiple of 2. If the gain factor cannot be 
expressed as a multiple of 2, then the divider 332 is operable 
to perform a divide operation by performing a shift right 
operation on the digital code and the multiplier 334 is oper 
able to perform a multiplication operation on the right shifted 
digital code. The gain adjuster 330 adjusts the digital code for 

Feb. 25, 2010 

each stage by dividing the digital code by the corresponding 
gain factor, e.g., D2/GF1 as described With reference to Equa 
tion 100, to obtain an adjusted digital code. As described With 
reference to Equation 100, the gain factor GFp for stage p of 
the pipelined ADC 200 is derived by a multiplication of 
calibrated gains corresponding to stages p through p minus 1, 
p being an integer. The constructor 340 receives the adjusted 
digital code from each stage, e.g., D2/GF1, D3/(GF1*GF2), 
and similar others, and constructs the digital output DO 232. 
The digital output DO 232 of the ADC 200 is constructed by 
concatenating the adjusted digital code corresponding to each 
one of the multiple ones of the stages arranged in accordance 
With the pipelined ADC 200. 
[0049] FIG. 4A is a graph 410 illustrating noise perfor 
mance of a pipelined ADC 100 With and Without gain error 
correction described With reference to FIGS. 1A and 1B. FIG. 
4B is a graph 420 illustrating degradation in noise perfor 
mance of a pipelined ADC With gain error correction and 
having non-linearity described With reference to FIGS. 1A 
and 1B. FIG. 4C is a graph 430 illustrating improvement in 
noise performance of a pipelined ADC 200 With non-linear 
gain correction described With reference to FIGS. 2A, 2B, 3A, 
and 3B, according to an embodiment. 
[0050] Referring to FIGS. 4A, 4B, and 4C, the values used 
to construct graphs 410, 420, and 430 may be derived using 
tools and techniques including modeling and simulation, test 
ing, circuit analysis, and similar others. A 12-bit pipelined 
ADC design having a ?rst stage With a 4-bit ?ash ADC and a 
gain of 8 (3 effective bits) is used for the comparison. In a 
pipeline ADC design, it is desirable that the quantiZation 
noise is 6-12 dB beloW the target thermal noise. Thus, a 
desirable signal-to-noise (SNR) ratio for the ADC is about 
60-65 dB. Each of the Graphs 410, 420, and 430 is a Fast 
Fourier Transform (FFT) plot that plots amplitude (measured 
in dB onY-axis) versus frequency (measured in megahertZ on 
X-axis). 
[0051] As described earlier, the pipelined ADC 100 
described With reference to FIGS. 1A and 1B, may enable the 
use of digital calibration in the digital error correction block 
130 to counter the gain error introduced by the residue ampli 
?ers. The bene?ts of using gain calibration to correct gain 
errors are illustrated by the graph 410. With a 10% gain error 
in the residual ampli?er (but no non-linearity) digital calibra 
tion is effective and achieves 73 dB With the digital gain 
compensation, Whereas Without any digital calibration the 
SNR drops to 46 dB (Which is less than the desirable SNR of 
60-65 dB). 
[0052] HoWever, even if the gain error itself is calibrated, 
the non-linearity of the gain of the residue ampli?er 180 may 
severely impact the overall performance of the pipelined 
ADC 100. Graph 420 illustrates the impact of the pipelined 
ADC 100 having gain calibration but having a non-linear gain 
of the residual ampli?er 180. The SNR is limited to 56 dB 
even With gain error correction When a non-linear gain is 
introduced, e.g., the output compresses by 5% for full-scale 
input sWing. 
[0053] Graph 430 illustrates the improvement in noise per 
formance of the pipelined ADC 200 With the PWL used for 
correcting the non-linear gain. A SNR for the pipelined is 65 
dB compared to 56 dB for the ADC 100 With gain correction 
but Without a non-linear gain correction (as shoWn in Graph 
420). Thus a 9 dB improvement is achieved by using the 
simpli?ed linear pieceWise approximation technique. The 
SNR of 65 dB and the 9 dB improvement is su?icient to 
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achieve the desirable 60-65 dB target to maintain the quanti 
Zation noise 6-12 dB below the target thermal noise. If an 
ideal ADC model is used, e.g., by using a complex inverse 
non-linear ?lter With smoothly varying values implemented 
on an off-chip processor, the ideal SNR is computed to be 
about 72 dB. Thus, use of a pieceWise linear approximation 
technique results in a performance penalty of 7 dB compared 
to the ideal ADC. HoWever, the simplicity of implementing 
the PWL 310, e.g., by storing just 4 calibrated gain values in 
memory, provides signi?cant bene?ts in terms of acceptable 
penalty in noise performance, signi?cantly loWer cost, sig 
ni?cantly poWer consumption, and less silicon area, espe 
cially compared With an off-chip implementation. 
[0054] An ampli?er With poor distortion characteristics 
may provide the best results, e. g., greater than 9 dB improve 
ment, With the pieceWise linear compensation scheme. HoW 
ever, the pieceWise compensation technique may also be used 
to target ampli?er having less distortion characteristics as 
long as the ADC has su?icient bit resolution for quantization 
noise. 

[0055] FIG. 5 is a How chart illustrating a method for com 
pensating non-linearity of a gain of a residual ampli?er, 
according to an embodiment. In a particular embodiment, the 
method is used to compensate the non-linearity of the gain of 
the residual ampli?er included in the pipelined ADC 200 
described With reference to FIGS. 2, 3, and 4. At step 510, a 
pieceWise linear (PWL) representation for the non-linearity 
of the gain is modeled by segmenting the residual ampli?er to 
operate in a plurality of linear operating regions, the PWL 
representation de?ning a calibrated gain in each one of the 
plurality of linear operating regions. At step 520, a digital 
code corresponding to an output of the residual ampli?er is 
received. At step 530, the PWL representation is accessed to 
identify a region of the plurality of linear operating regions 
corresponding to the digital code received. At step 540, the 
calibrated gain is retrieved from the PWL representation, the 
calibrated gain corresponding to the region. At step 550, the 
digital code is divided by a gain factor to provide an adjusted 
digital code, the gain factor being derived from the calibrated 
gain. 
[0056] Various steps described above may be added, omit 
ted, combined, altered, or performed in different orders. For 
example, steps 560, 570, 580, and 590 may be added after step 
550. At step 560, a stage is con?gured to include the residual 
ampli?er. At step 570, multiple ones of the stage are arranged 
in a cascaded manner to form a pipelined analog-to-digital 
converter (ADC). At step 580, the adjusted digital code cor 
responding to each one of the multiple ones is received to 
construct a digital output of the ADC. At step 590, the digital 
output corresponding to an analog input received by the pipe 
lined ADC is constructed from the adjusted digital code. 
[0057] Several advantages are achieved by the method and 
system according to the illustrative embodiments presented 
herein. The embodiments advantageously provide an 
improved method and apparatus for reducing gain error in a 
pipelined ADC introduced as a result of non-linear gain of a 
residual ampli?er (RA) included in each stage of the ADC. 
The technique provides a pieceWise linear (PWL) represen 
tation for modeling the non-linearity of the gain of the RA. 
Depending on an input to the RA, the RA is segmented to 
operate in one of a plurality of linear operating regions. The 
PWL representation de?nes a calibrated gain corresponding 
to each one of the plurality of linear operating regions. An 
average value of the calibrated gain corresponding to each 
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one of the plurality of linear operating regions is stored in 
memory. A digital code for each stage of the ADC is adjusted 
for the non-linear gain in accordance With a gain factor 
derived from the calibrated gain for each stage. A digital 
output of the ADC is constructed from the adjusted digital 
code received from each stage. In a benchmarking test for 
comparing performance of: l) a pipelined ADC With ideal 
(linear) ampli?er, 2) a pipelined ADC With non-linear gain of 
ampli?er, e.g., ADC 100, and 3) a pipelined ADC With PWL 
compensation for the non-linear gain of ampli?er, a signal to 
noise ratio (SNR) for each of the three cases is 73 dB, 56 dB, 
and 65 dB respectively. Thus, a dramatic 9 dB improvement 
in the SNDR is achieved for the improved method and appa 
ratus for reducing non-linear gain error compared to the tra 
ditional pipelinedADC 100 having a SNR of 56 dB. Thus, the 
improved technique advantageously provides modeling of 
the non-linear gain in the RA that is e?icient in terms of 
simplicity in design and implementation, silicon area usage, 
poWer consumption usage, noise performance, and cost. 
[0058] Although illustrative embodiments have been 
shoWn and described, a Wide range of modi?cation, change 
and substitution is contemplated in the foregoing disclosure 
and in some instances, some features of the embodiments 
may be employed Without a corresponding use of other fea 
tures. Those of ordinary skill in the art Will appreciate that the 
hardWare and methods illustrated herein may vary depending 
on the implementation. For example, While certain aspects of 
the present disclosure have been described in the context of a 
residual ampli?er used in a pipelined ADC, those of ordinary 
skill in the art Will appreciate that the apparatus and methods 
disclosed herein are capable of being implemented in any 
ampli?er circuit having a non-linear gain. 
[0059] The methods and systems described herein provide 
for an adaptable implementation. Although certain embodi 
ments have been described using speci?c examples, it Will be 
apparent to those skilled in the art that the invention is not 
limited to these feW examples. The bene?ts, advantages, solu 
tions to problems, and any element(s) that may cause any 
bene?t, advantage, or solution to occur or become more pro 
nounced are not to be construed as a critical, required, or an 
essential feature or element of the present disclosure. 
[0060] The above disclosed subject matter is to be consid 
ered illustrative, and not restrictive, and the appended claims 
are intended to cover all such modi?cations, enhancements, 
and other embodiments, Which fall Within the true spirit and 
scope of the present disclosure. Thus, to the maximum extent 
alloWed by laW, the scope of the present disclosure is to be 
determined by the broadest permissible interpretation of the 
folloWing claims and their equivalents, and shall not be 
restricted or limited by the foregoing detailed description. 

What is claimed is: 
1. A method for compensating non-linearity of a gain of a 

residual ampli?er, the method comprising: 
modeling a pieceWise linear (PWL) representation for the 

non-linearity of the gain by segmenting the residual 
ampli?er to operate in a plurality of linear operating 
regions, the PWL representation de?ning a calibrated 
gain corresponding to each one of the plurality of linear 
operating regions; 

receiving a digital code corresponding to an output of the 
residual ampli?er; 

accessing the PWL representation to identify a region of 
the plurality of linear operating regions corresponding to 
the digital code; 
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retrieving the calibrated gain from the PWL representation 
corresponding to the region; and 

dividing the digital code by a gain factor to provide an 
adjusted digital code, the gain factor being derived from 
the calibrated gain. 

2. The method of claim 1, Wherein an average value of the 
calibrated gain corresponding to each one of the plurality of 
linear operating regions is stored in the PWL representation 
as a constant. 

3. The method of claim 1, further comprising: 
con?guring a stage to include the residual ampli?er; 
cascading multiple ones of the stage to form a pipelined 

analog-to-digital converter (ADC); and 
receiving the adjusted digital code corresponding to each 

one of the multiple ones to construct a digital output of 
the ADC. 

4. The method of claim 3, Wherein the gain factor corre 
sponding to a particular stage is dependent on the calibrated 
gain for the particular stage and each stage preceding the 
particular stage. 

5. The method of claim 3, Wherein a number of regions 
included in the plurality of linear operating regions is equal to 
2 raised to n, n being equal to a number of bits per stage of the 
pipelined ADC, n being an integer. 

6. The method of claim 3, Wherein the gain factor for stage 
p of the pipelined ADC is derived by a multiplication of 
calibrated gains corresponding to stages p through p minus 1, 
p being an integer. 

7. The method of claim 3, Wherein the digital output of the 
ADC is constructed by concatenating the adjusted digital 
code corresponding to each one of the multiple ones, the 
multiple ones being arranged in accordance With the pipe 
lined ADC. 

8. The method of claim 1, Wherein the dividing includes 
performing a shift right operation on the digital code, the gain 
factor being expressed as a multiple of 2. 

9. The method of claim 1, Wherein the dividing includes 
performing a shift right operation on the digital code to pro 
vide a right shifted digital code and performing a multiplica 
tion operation on the right shifted digital code. 

10. An apparatus comprising: 
a pipelined analog-to-digital converter (ADC) operable to 

convert an analog input to a digital output, Wherein the 
ADC includes a plurality of pipelined stages (PPS) 
coupled in series, Wherein each one of the PPS includes 
a residual ampli?er, Wherein each one of the PPS pro 
vides a digital code corresponding to at least a portion of 
the analog input; and 

a digital output generator operable to receive the digital 
code from each one of the PPS and provide the digital 
output, Wherein the digital output generator includes: 
a memory to store a pieceWise linear (PWL) representa 

tion of a calibrated gain of the residual ampli?er cor 
responding to each region of a plurality of linear oper 
ating regions of the residual ampli?er; 

a gain adjuster to adjust the digital code in accordance 
With a gain factor derived from the calibrated gain for 
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each one of the PPS, the gain adjuster providing an 
adjusted digital code for each one of the PPS; 

a constructor to construct the digital output from the 
adjusted digital code received from each one of the 
PPS. 

11. The apparatus of claim 10, Wherein an average value of 
the calibrated gain corresponding to each one of the plurality 
of linear operating regions is stored in the PWL representa 
tion as a constant. 

12. The apparatus of claim 10, Wherein the gain factor 
corresponding to a particular stage is dependent on the cali 
brated gain for the particular stage and each stage preceding 
the particular stage. 

13. The apparatus of claim 10, Wherein a number of regions 
included in the plurality of linear operating regions is equal to 
2 raised to n, n being equal to a number of bits per stage of the 
pipelined ADC, n being an integer. 

14. The apparatus of claim 10, Wherein the gain factor for 
stage p of the pipelinedADC is derived by a multiplication of 
calibrated gains corresponding to stages p through p minus 1, 
p being an integer. 

15. The apparatus of claim 10, Wherein the digital output of 
the ADC is constructed by concatenating the adjusted digital 
code corresponding to each stage of the PPS. 

16. The apparatus of claim 10, Wherein the gain adjuster 
includes a divider, the divider being operable to perform a 
divide operation by performing a shift right operation on the 
digital code, the gain factor being expressed as a multiple of 
2. 

17. The apparatus of claim 10, Wherein the gain adjuster 
includes a divider and a multiplier, the divider being operable 
to perform a divide operation by performing a shift right 
operation on the digital code and the multiplier being oper 
able to perform a multiplication operation on the right shifted 
digital code. 

18. An apparatus comprising: 
a memory to store a pieceWise linear (PWL) representation 

of a calibrated gain of a residual ampli?er corresponding 
to each region included in a plurality of linear operating 
regions of the residual ampli?er; and 

a gain adjuster to adjust a digital code representing an 
output of the residual ampli?er, the digital code being 
adjusted in accordance With a gain factor derived from 
the calibrated gain, the gain adjuster operable to access 
the PWL stored in the memory to determine a region 
corresponding to the digital code and access the cali 
brated gain corresponding to the region. 

19. The apparatus of claim 18, Wherein an average value of 
the calibrated gain corresponding to each one of the plurality 
of linear operating regions is stored in the PWL representa 
tion as a constant. 

20. The apparatus of claim 18, Wherein a number of regions 
included in the plurality of linear operating regions is equal to 
2 raised to n, n being equal to a number of bits per stage of the 
pipelined ADC, n being an integer. 

* * * * * 


