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_ The ?rst stage of a plurality of stages in a pipelined analog to 
(75) Inventors: Raghu N‘ snnvasa’ Bangalore digital converter couples its input analog signal to both a ?rst 

(IN); Venkatesh T‘ snnvasa setty’ and second sample and hold (S/H). The ?rst S/H output is 
Bangalore (IN) coupled to the input of a multiplying digital to analog con 

verter (MDAC) of the ?rst stage, and the second S/H output is 
coupled to a ?ash ADC of the ?rst stage. The delay of the 
second S/H is longer than the delay of the ?rst S/H, and the 
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P 0 BOX 655474’ M/s 3999 clock edge of the second S/H is delayed an adjustable amount 
DALLAS’ TX 75265 With respect to the clock edge of the ?rst S/H, so as to mini 

_ _ miZe the difference in held voltages at the outputs of the tWo 
(73) Asslgnee' rllis TX S/Hs in the presence of an input signal having high sleW rate. 

U S ’ a as’ The residue voltage of the ?rst stage is ampli?ed in the 
( ) MDAC by 2A(n—2) Where n is the number of bits in the stage. 

_ The second stage ?ash ADC has a range of normal threshold 
(21) Appl' NO" 11/926’176 voltage levels substantially half that of the ?rst stage, and a 

_ _ plurality of added threshold voltage levels and corresponding 
(22) Flled' Oct‘ 29’ 2007 comparators above and beloW the normal highest and loWest 

_ _ _ _ threshold voltages, thereby increasing dynamic range and 
Pubhcatlon Classl?catlon providing over range and under range indications facilitating 

(51) Int, Cl, adjustment of the delay of the clock edge of the ?rst stage 
H03M 1/36 (2006.01) second S/H. 
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PIPELINED ANALOG TO DIGITAL 
CONVERTER WITHOUT INPUT 

SAMPLE/HOLD 

FIELD 

[0001] Embodiments of the invention relate generally to 
analog to digital conversion, and more speci?cally to a multi 
stage pipelined analog to digital converter (ADC) for conver 
sion of high frequency signals, Without the need for a sample 
and hold circuit preceding the ?rst stage of the ADC. 

BACKGROUND 

[0002] Conversion of analog electrical signals to digital 
data is central to many electronic functions, for example to 
facilitate digital signal processing (DSP) of the digital data 
representing an input analog signal. In many cases, process 
ing the signal in the digital domain provides greater accuracy, 
repeatability, and often loWer system cost than analog pro 
cessing. 
[0003] Different types of analog to digital converters 
(ADC’s) have been developed to e?iciently convert a Wide 
variety of analog signals. Some key attributes of an analog 
signal include frequency range, amplitude range, and desired 
signal to noise ratio. Different ADC’s have been developed to 
address the Wide differences in analog signals to be con 
verted. 
[0004] One class of ADC is knoWn as a ?ash converter. 
Such a converter has typically 2An comparators, each having 
a different threshold voltage applied to a ?rst input, Where the 
2An threshold voltages are substantially equally spread across 
a range from a loWer reference voltage to a higher reference 
voltage. The input analog signal, Which has a range substan 
tially the same as the threshold voltage range, is coupled to the 
second input of all comparators. As the input analog voltage 
increases, progressively more comparators change state from 
loW to high logic levels as the input analog voltage exceeds 
the threshold level of comparators. The resulting 2An outputs 
of the comparators are sometimes referred to as thermometer 
code, due to the progressive nature of output change as input 
voltage rises. This thermometer code is then logically 
decoded to a binary representation of the input voltage. A 
primary advantage of the ?ash converter is its speed, since all 
comparators process the input concurrently, and the delay 
through the thermometer code to binary logic can be made 
quite small. The signi?cant disadvantage of such a converter 
is the need for 2An comparators. For example, a 4-bit conver 
sion is accomplished With only 16 comparators, While a 9-bit 
conversion requires 512 comparators. 
[0005] A class of ADC knoWn as pipelined converter 
retains much of the speed advantage of the ?ash converter 
While dramatically reducing the number of comparators. In a 
pipelinedADC (PADC), the input analog signal is digitiZed in 
a ?rst stage ?ash converter having a fraction of the desired 
total number of bits-for example, a 3-bit converter using 
eight comparators. The resulting 3-bit number is then a coarse 
estimate of the actual voltage. This 3-bit number is then input 
to a ?rst stage multiplying digital to analog converter 
(MDAC), Wherein it is accurately convertedback to an analog 
voltage Which is subtracted from the input analog signal. This 
difference voltage, Which in the absence of error has one 
eighth the peak to peak range of the input analog signal, is 
then multiplied by 2An or, in this example, eight, yielding a 
residue voltage having substantially the same peak to peak 
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range as the input analog signal. This ampli?ed residue volt 
age is then coupled to the input of a second stage substantially 
identical to the ?rst stage. 
[0006] Because the residue voltage from the ?rst stage has 
substantially the same dynamic range as the input to the ?rst 
stage, the reference voltages of the second stage in this 
example are typically the same as those of the ?rst stage. A 
second set of 3-bits is thus generated, as Well as a second 
residue voltage, Which is coupled to a third stage. The ?nal 
stage of the PADC ?ash converts the residue voltage from the 
next-to-last stage to a desired number of bits, often the same 
number as the preceding stages. No MDAC is needed in the 
?nal stage since no residue voltage needs to be generated. In 
this manner, if each of three stages in this example PADC 
have 3-bit resolution, an input signal is converted to 9-bit 
resolution using a total of tWenty-four comparators, rather 
than the 209 comparators (512) that a pure ?ash ADC Would 
need. 
[0007] It is Well knoWn to those familiar With the art that 
many PADCs utiliZe a gain of 2A(n—l) rather than 2An in the 
MDAC, providing additional dynamic range to facilitate error 
correction in succeeding stages. It is also Well knoWn that the 
number of bits resolved by each stage may differ. For 
example, a PADC may have 4-bit resolution in the ?rst stage, 
and 3-bit resolution in succeeding stages. 
[0008] The typical PADC stage has an analog sample/hold 
(S/ H) ahead of the MDAC, and a second sample/ hold ahead of 
the ?ashADC. If the sampling times of these MDAC and ?ash 
ADC sample/holds differ While the input voltage is changing, 
an error knoWn as dynamic offset is generated, causing an 
error in the residue voltage generated in the stage. To decrease 
this error, an additional input sample/hold circuit is typically 
placed ahead of the MDAC S/H and ?ashADC S/H of the ?rst 
stage. Because this input S/H typically stores the sampled 
voltage on a capacitor, the die siZe of an integrated circuit is 
increased by the relatively large area required by this capaci 
tor. The input S/H also typically utiliZes a buffer ampli?er 
having a high input impedance to buffer the voltage on this 
capacitor from the folloWing circuitry. The input dynamic 
range of this buffer ampli?er is limited by the peak to peak 
supply voltage for the ampli?er. A PADC operable Without 
this input S/H and its associated buffer ampli?er is therefore 
desirable, as it Would reduce die area and alloW a Wider 
dynamic range at the input for a given poWer supply voltage. 

SUMMARY 

[0009] Embodiments of the invention provide a method and 
apparatus for a PADC operable Without an input S/H or buffer 
ampli?er. Optionally, the gain of the ?rst stage residue volt 
age ampli?er may be (2An)/4 rather than the more typical 
(2An)/ 2, in Which case the threshold voltages in the second and 
subsequent stages are scaled doWnWard from those of the ?rst 
stage, thus facilitating operation of the PADC With a loWer 
supply voltage for a given peak to peak signal sWing. 
[0010] Prior art PADCs employing error correction typi 
cally amplify the residue voltage of stage In by (2An)/2, then 
couple this ampli?ed residue voltage to anADC in stage m+l 
having the same reference voltages as the ADC in stage m. 
Because the input range at the stage m+l ADC input is half 
that of the stage mADC input, but the reference levels are the 
same in both stages, the nominal dynamic range at the stage 
m+l input is tWice that of the expected input signal. This 
additional headroom at the input of stage m+l facilitates 
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conversion Without error even if the stage m+l input is larger 
than it should be due to conversion errors in stage m. 
[0011] In an embodiment of the invention described in 
greater detail below, the MDAC in the ?rst stage of the PADC 
has an ampli?er gain of (2An)/4, rather than the (2An)/2 as 
described above. The voltage sWing of the residue voltage at 
the ?rst stage output (second stage input) is thus typically 
only one-fourth the voltage sWing of the ?rst stage input. 
Additionally, the second stage of the PADC utiliZes reference 
scaling, Which reduces the reference voltages, and thus the 
threshold levels, of the second stage compared to the ?rst. For 
an example case Where the ?rst stage residue voltage is ampli 
?ed by (2An)/ 4, the reference voltage range of the second stage 
is typically one-half the range of the ?rst stage. In a novel 
embodiment of the present invention, one or more compara 
tors are added Which have threshold voltage levels above and 
beloW the prior highest and loWest threshold voltages, thereby 
increasing the dynamic range of the second stage input, and 
also providing data indicative of over or under range condi 
tions. 
[0012] The embodiment described herein has no S/H at the 
input of the ?rst stage as is found in prior art PADC’s. Rather, 
the input signal at the ?rst stage is input to tWo S/H circuits 
substantially identical to those found in each subsequent 
stage. One S/H is ahead of the MDAC, and the second is ahead 
of the ?ash ADC. These tWo S/H circuits have differing 
delays, Which leads to an undesired voltage differential at the 
tWo S/ H outputs if they are sampled at substantially the same 
time. This difference is especially large When the input signal 
is rapidly changing. The embodiment described herein 
applies an additional, intentional delay to one of the S/H 
circuits so it is the sloWer of the tWo. The clock edge used for 
sampling this sloWer S/H is then delayed by an adjustable 
amount to compensate for the differing delays. The adjust 
ment of this intentional clock edge delay is facilitated by 
examining the state of the outputs of the added comparators in 
stage tWo as described above, since large enough differences 
in the output voltages of the tWo S/H’s Will cause the ampli 
?ed residual to exceed its nominal range. 
[0013] As further described beloW, the disclosed embodi 
ments provide a combination of desirable properties not 
available in the knoWn art, including a reduction in die area 
due to the elimination of the common input S/H, as Well as 
facilitating the operation of the circuitry on a loWer supply 
voltage. 
[0014] Further bene?ts and advantages Will become appar 
ent to those skilled in the art to Which the invention relates. 

DESCRIPTION OF THE VIEWS OF THE 
DRAWINGS 

[0015] FIG. 1 (prior art) is a block diagram of the ?rst tWo 
stages of a pipelined ADC having an input S/H, each stage 
quantiZing n bits to generate n-l bits of data, Wherein the 
residue voltage of the ?rst stage is multiplied by 2A(n—l). 
[0016] FIG. 2 is a block diagram ofthe ?rst tWo stages ofa 
pipelined ADC having no input S/H, With each stage quan 
tiZing n bits to generate n-l bits of data, Wherein the residue 
voltage of the ?rst stage is multiplied by 2A(n—2), and Wherein 
one of the tWo S/H circuits has more delay than the other and 
is clocked by an edge having an adjustable delay. 
[0017] FIG. 3 shoWs the positive and negative reference 
levels and the intermediate threshold levels for the ?rst and 
second stages of the pipelined ADC of FIG. 2, Wherein the 
threshold levels of stage tWo are scaled doWnWard from the 
levels of stage one, and Wherein one or more stage tWo thresh 
old levels are added to increase the input dynamic range of the 
second stage ADC. 
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[0018] Throughout the draWings, like elements are referred 
to by like numerals. 

DETAILED DESCRIPTION 

[0019] In FIG. 1, a prior art pipelined ADC has ?rst stage 
102 and second stage 104. Additional stages are typical in 
such an ADC but, for clarity, are not shoWn here. First stage 
102 has an input analog signal coupled to the input of INPUT 
S/H 106, Which also has a clock input coupled to clock signal 
CLK INSH. The output of INPUT S/H 106 is coupled both to 
the input ofMDAC S/H 108 and the input ofFLASH S/H 110. 
The clock inputs of both these S/H 108 and S/H 110 are 
coupled to signal CLK1, Which is typically at substantially 
the same frequency as CLK INSH but differing in phase to 
alloW for delays from CLK INSH edge to valid output of 
INPUT S/H 106. The output of MDAC S/H 108 is coupled to 
the analog input of MDAC 124 (comprising subtractor 120, 
DAC 118, and ampli?er 122) and hence to the ?rst input of 
subtractor 120. The output of FLASH S/H 110 is coupled to 
the input of FLASH ADC 112. Reference voltage generator 
REF GEN FULL 114 generates a plurality of threshold volt 
ages suitable for FLASH ADC 112. This plurality of thresh 
old voltages from REF GEN FULL is coupled to a plurality of 
comparators in FLASH ADC 112. The output of FLASH 
ADC 112, a plurality of n digital bits, is coupled to data output 
D1 OUT 116 and to the digital input of MDAC 124, hence to 
the input of DAC 118. The output of DAC 118 is coupled to 
the second input of subtractor 120. The output of subtractor 
120 is coupled to the input of ampli?er 122 having a typical 
gain G:2A(n—l), Where n is the number of bits in FLASH 
ADC 112 and DAC 118. The resulting output of ampli?er 122 
is residue voltage RES 1A. 
[0020] Residue voltage RES 1A is coupled to the input of 
stage tWo 104, hence to the inputs of MDAC S/H 108 and the 
input of FLASH S/H 110. The clock inputs of both these S/H 
108 and S/H 110 are coupled to signal CLK2, typically at 
substantially the same frequency as CLK1 but differing in 
phase to alloW for delays from CLK1 edge to valid output of 
RES 1A. The output of MDAC S/H 108 is coupled to the 
analog input of MDAC 124 (comprising subtractor 120, DAC 
118, and ampli?er 122) and hence to the ?rst input of sub 
tractor 120. The output of FLASH S/H 110 is coupled to the 
input of FLASH ADC 112. Reference voltage generator REF 
GEN FULL 114 generates a plurality of threshold voltages 
suitable for FLASH ADC 112. This plurality of threshold 
voltages from REF GEN FULL is coupled to a plurality of 
comparators in FLASH ADC 112. The output of FLASH 
ADC 112, a plurality of n digital bits, is coupled to data output 
D2 OUT 130 and to the digital input of MDAC 124, hence to 
the input of DAC 118. The output of DAC 118 is coupled to 
the second input of subtractor 120. The output of subtractor 
120 is coupled to the input of ampli?er 122 having a typical 
gain G:2A(n—l), Where n is the number of bits in FLASH 
ADC 112 and DAC 118. The resulting output of ampli?er 122 
is residue voltage RES 2A. 
[0021] In operation, INPUT S/H 106 is clocked by CLK 
INSH at the overall ADC sampling rate, and holds the 
sampled analog voltage for the duration of the sampling 
period. After the sampling by INPUT S/H 106 and during the 
remainder of the sampling period, both MDAC S/H 108 and 
FLASH S/H 110 are clocked, typically by the same clock 
CLK1, thus sampling and holding the voltage output from 
INPUT S/H 106. In the typical PADC, the signal delay 
through MDAC S/H 108 and FLASH S/H 110 are unequal, 
but because they are both sampling a stable voltage held by 
INPUT S/H 106, this difference in delay has little impact on 
PADC accuracy. 
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[0022] The output of FLASH S/H 110 is then digitized to n 
bits in LASH ADC 112, Which output is coupled both to the 
input of DAC 118 and the D1 OUT 116 terminals of the stage. 
The reference generator REF GEN FULL 114 typically gen 
erates 2An equally-spaced threshold voltages Which are 
coupled respectively to the ?rst inputs of the 2An comparators 
in FLASH ADC 112. The second inputs of all of these com 
parators are typically coupled to the voltage input to the 
FLASH ADC 112. 

[0023] DAC 118 converts the n-bit output of FLASH ADC 
112 to an analog voltage, Which is then subtracted from the 
voltage out of MDAC S/H 108 in SUBTRACTOR 120. The 
output of SUBTRACTOR 120 is then ampli?ed by a gain of 
2A(n—l) in ampli?er 122. Because the gain ofampli?er 122 is 
2A(n— 1) rather than 2An, the residue voltage at its output RES 
1A, in the absence of voltage offsets or other errors, has 
substantially one-half the peak to peak signal sWing of the 
voltage input to stage 1. Since stage tWo has the same input 
dynamic range as stage 1, this reduced output sWing from 
stage one facilitates digital error correction as is knoWn in the 
art. When digital error correction is utiliZed, it is typical for 
the output D1 OUT 116 to be n-l bits, rather than the full n 
bits resolved by FLASH ADC 112. 
[0024] The residue voltage RES 1A output from stage one 
is coupled to the input of stage tWo. In stage tWo there is no 
INPUT S/H; rather the input voltage is coupled directly to the 
inputs of stage tWo MDAC S/ H 108 and FLASH S/H 110. The 
elimination of the INPUT S/H is possible because in stages 
tWo and subsequent, the residue voltage input to the stage is 
stable, after propagation delays, for the duration of the sample 
period. Stage tWo then operates, in a manner substantially 
identical to operation of stage one, to generate the next n bits 
of data at output D2 OUT 130 and residue voltage RES 2A at 
the output of the residue voltage ampli?er 122. Though not 
shoWn in this ?gure, RES 2A is typically coupled to the input 
of stage three and so forth, until the desired total number of 
bits have been resolved in the plurality of stages. 
[0025] In FIG. 2, a novel con?guration of the circuitry in 
stage one 202 of the PADC has the analog input to stage one 
coupled directly to the inputs of MDAC S/H 108 and FLASH 
S/H 210, With no intervening INPUT S/H as used in the prior 
art described in FIG. 1. A S/H clock signal CLK1 is coupled 
directly to MDAC S/H 108, and to the input of EDGE DELAY 
206. The output of EDGE DELAY 206 is coupled to the clock 
input of FLASH S/H 210. Signal DELAYADJ 226 is coupled 
to the delay adjust input of EDGE DELAY 206. The output of 
MDAC S/H 108 is coupled to the analog input of MDAC 232 
and hence to a ?rst input of subtractor 120. The output of 
FLASH S/H 210 is coupled to the input ofFLASH ADC 112. 
Reference voltage generator REF GEN FULL 114 has its 
plurality of outputs, each having a threshold level suitable for 
FLASH ADC 112, coupled to FLASH ADC 112. The output 
of FLASHADC 112, a plurality of n digital bits, is coupled to 
data output D1 OUT 116 and to the input of DAC 118. The 
output of DAC 118, the analog residue voltage for this ?rst 
stage, is coupled to the second input of subtractor 120. The 
output of subtractor 120 is coupled to the input of ampli?er 
222 having a typical gain G:2A(n—2), Where n is the number 
of bits in FLASH ADC 112 and DAC 118. The resulting 
output of ampli?er 222 is residue voltage RES 1B. 
[0026] The output of stage one is coupled to the input of 
stage 2. In stage 2, the input voltage is coupled directly to the 
inputs ofMDAC S/H 108 and FLASH S/H 110. A S/H clock 
signal CLK1 is coupled to MDAC S/H 108 and to the clock 
input of FLASH S/H 110. The output of MDAC S/H 108 is 
coupled to the analog input of MDAC 124 and hence to a ?rst 
input of subtractor 120. The output of FLASH S/H 110 is 
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coupled to the input of FLASH ADC 212. Reference voltage 
generator REF GEN HALF 214 has a plurality of outputs, 
each having a threshold level suitable for FLASH ADC 112 
and typically half the voltage range of those thresholds gen 
erated by REF GEN FULL 114. The outputs from REF GEN 
HALF 214 are coupled to respective ?rst inputs of a plurality 
of comparators in FLASH ADC 212. The input of FLASH 
ADC 212 is coupled to typically all of the second inputs of the 
same plurality of comparators. The output of FLASH ADC 
212, a plurality of n digital bits, is coupled to data output D2 
OUT 130 and to the input of DAC 118. The output of DAC 
118 is coupled to the second input of subtractor 120. The 
output of subtractor 120 is coupled to the input of ampli?er 
122 having a typical gain G:2A(n—l), Where n is the number 
of bits in FLASH ADC 112 and DAC 118. The resulting 
output of ampli?er 122 is residue voltage RES 2B. An addi 
tional comparator in FLASH ADC 212 has a ?rst input 
coupled to a threshold voltage from REF GEN HALF 214 
Which is higher than the prior highest threshold, and a second 
input coupled to the input of FLASH ADC 212. The output of 
this comparator is coupled to OVER 228. Yet another addi 
tional comparator in FLASH ADC 212 has a ?rst input 
coupled to a threshold voltage from REF GEN HALF 214 
Which is loWer than the prior loWest threshold, and a second 
input coupled to the input of FLASH ADC 212. The output of 
this comparator is coupled to UNDER 230. Though not 
shoWn in this ?gure, RES 2B is typically coupled to the input 
of stage 3 and so forth. 

[0027] In operation, MDAC S/H 108 is clocked by CLK1 at 
the overall ADC sampling rate, and holds the sampled analog 
voltage for the duration of the sampling period. FLASH S/H 
210 has a delay intentionally larger by Td than the delay of 
MDAC S/H 108. EDGE DELAY 206 delays CLK1 by typi 
cally this time Td, plus or minus some adjustment range, and 
this delayed clock is used to clock the FLASH S/H 210. When 
the analog input to stage one has a high sleW rate, the held 
outputs of MDAC S/H and FLASH S/H Would differ if they 
Were clocked by the same CLK1 as in the prior art, leading to 
dynamic accuracy error. By delaying the clock for FLASH 
S/H, the outputs of both MDAC S/ H and FLASH S/H can be 
made nearly equal, thus compensating for the delay differ 
ence in these S/H stages and reducing signi?cantly the 
dynamic error due to high sleW rate input signals. 
[0028] The output of FLASH S/H is then digitiZed to n bits 
in FLASH ADC 112, and is output both to the input of DAC 
118 and the D1 OUT terminals of the stage. The reference 
generator REF GEN FULL typically generates 2An equally 
spaced voltages Which are coupled respectively to the ?rst 
inputs of the 2An comparators in FLASH ADC 112. The 
second inputs of all of these comparators are typically 
coupled to the voltage input to the FLASH ADC. 
[0029] DAC 118 converts the n-bit output of FLASH ADC 
112 to an analog voltage, Which is then subtracted from the 
voltage out of MDAC S/H 108 in SUBTRACTOR 120. The 
output of SUBTRACTOR 120 is then ampli?ed by a gain of 
2A(n—2) in ampli?er 222. Because the gain of ampli?er 222 is 
2A(n—2) rather than the 2A(n—l) of the prior art PADC stage 1, 
the residue voltage at its output RES 1B, in the absence of 
voltage offsets or other errors, has one-quarter the peak to 
peak signal sWing of the voltage input to stage 1. Since stage 
tWo has one-half the input dynamic range as stage one (as 
described beloW), this reduced output sWing from stage one 
facilitates digital error correction as is knoWn in the art, and 
because the reduced signal sWing is half that of the prior art, 
the dynamic range of stage tWo and subsequent stages may be 
signi?cantly less than the prior art, facilitating operation on a 
reduced supply voltage. 



US 2009/0109073 A1 

[0030] The output of stage one is coupled to the input of 
stage 2. Because the signal sWing from stage one is only half 
that of the prior art stage 1, is utilized in reference generator 
REF GEN HALF 214. In this manner, typically 2An equally 
spaced reference voltages are generated, spanning half the 
voltage range of REF GEN FULL, as shoWn in FIG. 3. Stage 
tWo then operates in a manner analogous to stage one to 
generate the next n bits of data at output D2 OUT and residue 
voltage RES 2B at the output of the residue voltage ampli?er. 
Note that residue voltage ampli?er 122 of this stage has a gain 
G:2A(n—l), as do subsequent stages, so as to retain a dynamic 
range in stages tWo and subsequent stages of one-half that of 
stage 1. Though not shoWn in this ?gure, RES 2B is typically 
coupled to the input of stage 3 and so forth. 
[0031] In this embodiment a plurality of additional voltage 
threshold levels are generated in REF GEN HALF 214, above 
and/ or beloW What Would have been the maximum and mini 
mum threshold voltages respectively, as shoWn in FIG. 3. 
These added threshold voltages are coupled respectively to 
added comparators in FLASH ADC 212. The input dynamic 
range of stage tWo is thereby increased, alloWing added error 
in RES 1B Without saturating the FLASH ADC 212 of stage 
2. Typical errors in RES 1B are due to offset or gain errors in 
the subcircuits in stage 1, or to dynamic errors caused by error 
in the delay compensation of the MDAC S/ H and FLASH S/H 
of stage 1, as previously described. The additional compara 
tors also provide outputs indicative of an under range or over 
range condition in FLASH ADC 212, Which are coupled to 
OVER UNDER terminals 228 and 230 respectively. This 
OVER UNDER data facilitates adjusting EDGE DELAY 
206, by modifying the signal at the DELAY AD] 226 input 
While observing OVER UNDER until neither an over or 
under-range condition is present given a maximum sleW rate 
signal at the input of stage one 202. 
[0032] In FIG. 3, the sixteen threshold voltages of the ?rst 
stage of a typical 4-bit ?ashADC are graphically shoWn along 
vertical axis 301. There are eight positive threshold voltages, 
ranging betWeen 0 and +Vref, denoted by Vl through V8, and 
eight negative threshold voltages, betWeen 0 and —Vref, 
denoted by —Vl through —V8. The voltage difference 
betWeen any tWo thresholds is typically (2*Vref)/l 6, as 
denoted by voltage span 309. 
[0033] The threshold voltages of the second stage of the 
embodiment described above, utiliZing reference scaling, are 
shoWn along vertical axis 3 02. There are eight positive thresh 
old voltages, ranging betWeen 0 and +Vref/2, denoted by 
Vl/2 through V8/2, and eight negative threshold voltages, 
betWeen 0 and —Vref/2, denoted by —Vl/2 through —V8/2. 
The voltage difference betWeen any tWo thresholds is typi 
cally (Vref)/l6, as denoted by voltage span 310. 
[0034] In the absence of offset or other error in stage 1, the 
residue voltage output from the residue voltage ampli?er of 
stage 1, Which has a gain of 2A(n—2) Which in this example is 
4, is graphically shoWn as voltage span 303. Span 303 occu 
pies half the total stage tWo input range, thus alloWing offset 
and other errors in the output of stage one Without exceeding 
the input range of stage 2. A stage one output With Vref/(2An) 
offset is shoWn as voltage span 304, Which is still Within the 
dynamic range of stage 2. Stage 2, even With reference scal 
ing, thus has essentially the same margin for offset and gain 
errors as the prior art stage tWo Without reference scaling, 
since the gain of the stage one residue voltage ampli?er is 
halved When reference scaling is used. 
[0035] The dynamic error introduced by the absence of an 
input sample/hold, even though reduced by the edge delay 
adjustment described above, adds to the total error Which may 
be present at the output of stage 1. To provide additional 
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dynamic range, in a novel manner a plurality of threshold 
voltages above Vref/2 are added as denoted by threshold 305 
and 306, coupled to an equivalent number of added compara 
tors. Similarly, a plurality of threshold voltages beloW 
—Vref/2 are added as denoted by threshold 307 and 308, also 
coupled to an equivalent number of added comparators. 
[0036] The outputs of these added comparators provide 
data Which is used in digital error correction. The output of the 
comparator coupled to added threshold voltage 305 provides 
an indication of an over range condition, When the stage tWo 
input exceeds +Vref/ 2. Similarly, the output of the compara 
tor coupled to added threshold voltage 307 provides an indi 
cation of an under range condition, When the stage tWo input 
is less than —Vref/ 2. This over and under range data may be 
utiliZed to assist adjustment of EDGE DELAY 206. 
[0037] It should also be understood that the use of Vdd, 
Vref, ground, etc., are illustrative only, and that implementa 
tions using single or dual poWer supplies and the like are 
equally possible. Moreover, reference voltages developed 
either internal to the circuit or external to the circuit Will 
suf?ce. 
[0038] Those skilled in the art to Which the invention relates 
Will appreciate that yet other substitutions and modi?cations 
can be made to the described embodiments, Without departing 
from the spirit and scope of the invention as described by the 
claims beloW. For example, it is common in PADC design to 
have stages With differing number of bits of resolution. The 
delay compensation of multiple sample and holds having a 
common signal of high sleW rate, as described in FIG. 2, may 
also be used in PADC circuits Which do not utiliZe reference 
scaling or additional thresholds and comparators. Similarly, 
the additional thresholds and comparators may be used in 
PADC circuits Which have input sample and hold circuits, and 
Which may or may not use reference scaling. Many other 
alternatives to the circuits and sub circuits described are pos 
sible While retaining the scope and spirit of the invention. 

1. An apparatus for reducing error at a plurality outputs of 
a plurality of sample and hold circuits having substantially a 
same input analog signal, When said input analog signal is 
changing With time, and When said plurality of sample and 
hold circuits have differing delays, comprising: 

a ?rst sample and hold having a ?rst delay, having said 
input analog signal as an input, and having a ?rst clock 
signal; 

a next sample and hold having a next delay longer than said 
?rst delay, having same said input analog signal as an 
input, and having a second clock signal; and 

a clock edge delay circuit, having said ?rst clock signal as 
an input, having a delay adjust signal input, and gener 
ating said second clock signal as an output Whose delay 
With respect to said ?rst clock signal input is responsive 
to said delay adjust signal, With said second clock signal 
output coupled to said second clock input of said next 
sample and hold; 

Wherein the delay of said second clock signal is adjusted to 
compensate for the difference in delay betWeen said ?rst 
and next sample and holds, so as to cause the held 
outputs of both said sample and holds to be substantially 
equivalent even When said input analog signal is chang 
ing With time, thus minimizing dynamic error in said 
data output and said analog residue voltage output. 

2. The apparatus of claim 1, further comprising: 
a ?ash analog to digital converter having an input coupled 

to the output of said next sample and hold, and a digital 
output coupled both to a digital to analog converter and 
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to data output terminals, whereby said digital output is 
indicative of a portion of a magnitude of said input 
analog signal; 

a subtractor having a ?rst input coupled to the output of 
said digital to analog converter, a second input coupled 
to the output of said ?rst sample and hold, and having an 
output indicative of the difference betWeen said ?rst and 
second subtractor inputs; and 

an ampli?er having an input coupled to the output of said 
subtractor, having an analog residue voltage output, 
Whereby said analog residue voltage output is indicative 
of the difference betWeen the analog representation of 
said digital output, as output by said digital to analog 
converter, and said input analog signal; 

Wherein the delay of said second clock signal is adjusted to 
compensate for the difference in delay betWeen said ?rst 
and next sample and holds, so as to cause the held 
outputs of both said sample and holds to be substantially 
equivalent even When said input analog signal is chang 
ing With time, thus minimizing dynamic error in said 
data output and said analog residue voltage output. 

3. The apparatus of claim 2, further comprising: 
a next apparatus substantially equivalent to the apparatus 

described in claim 2, With said analog residue voltage 
output of the apparatus of claim 2 coupled to the analog 
signal input of said next apparatus; 

Wherein a next data output and a next analog residue volt 
age output are generated by said next apparatus, and 
Whereby the combined data output provides a more 
accurate digital representation of the analog input signal 
coupled to the input of the apparatus described in claim 
2. 

4. The apparatus of claim 2, Wherein: 
the gain of said ampli?er is substantially equivalent to 

2A(n—l), Where n is the number of bits at said data 
output; and 

Wherein the maximum peak to peak value of said analog 
residual output is substantially equal to one-half the 
peak-to-peak amplitude of said input analog signal. 

5. The apparatus of claim 2, Wherein: 
the gain of said ampli?er is substantially equivalent to 

2A(n—2), Where n is the number of bits at said data 
output; and 

Wherein the maximum peak to peak value of said analog 
residual output is substantially equal to one-fourth the 
peak-to-peak amplitude of said input analog signal. 

6. An apparatus for increasing the dynamic range of the 
next stage of a multi-stage pipelined ?ash analog to digital 
converter, comprising: 

an added threshold voltage having a voltage level outside 
the peak to peak range of the other threshold voltages; 
and 

an added comparator having a ?rst input coupled to said 
added threshold voltage, a second input coupled to the 
analog residue voltage output of the prior stage, and an 
output indicative of an out of range condition; 

Wherein it may be determined, by examining the output of 
said added comparator, Whether an analog residue volt 
age signal outside the range of said other threshold volt 
ages is also outside the Wider range provided by the 
added threshold and comparator. 

7. An apparatus for converting an input analog voltage to 
digital data, comprising: 
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a ?rst stage comprising: 
a ?rst sample and hold having a ?rst delay, having said 

input analog signal as an input, and having a ?rst 
clock signal; 

a next sample and hold having a next delay longer than 
said ?rst delay, having same said input analog signal 
as an input, and having a second clock signal; 

a clock edge delay circuit, having said ?rst clock signal as 
an input, having a delay adjust signal input, and gener 
ating said second clock signal output Whose delay With 
respect to said ?rst clock signal input is responsive to 
said delay adjust signal, With said second clock signal 
output coupled to said second clock input of said next 
sample and hold; 

a ?ash analog to digital converter having an input coupled 
to the output of said next sample and hold, having a 
threshold generator providing 2An threshold voltages 
coupled to 2An ?rst inputs respectively of 2An compara 
tors, having 2An second inputs coupled to said input, 
having outputs of 2An comparators coupled to logic 
Which decodes said 2An comparator outputs to an n-bit 
digital output, said output being coupled to data output 
terminals and to the inputs of an n-bit digital to analog 
converter, Whereby said digital output is indicative, to a 
?rst level of accuracy, of the magnitude of said input 
analog signal; 

a subtractor having a ?rst input coupled to the output of 
said digital to analog converter, a second input coupled 
to the output of said ?rst sample and hold, and having an 
output indicative of the difference betWeen said ?rst and 
second subtractor inputs; 

an ampli?er With a gain of 2A(n—2) having an input 
coupled to the output of said subtractor, and having an 
analog residue voltage output, Whereby said analog resi 
due voltage output is indicative of the difference 
betWeen the analog representation of said digital output, 
as output by said digital to analog converter, and said 
input analog signal; 

Wherein the delay of said second clock signal is adjusted to 
compensate for the difference in delay betWeen said ?rst 
and next sample and holds, so as to cause the held 
outputs of both said sample and holds to be substantially 
equivalent even When said input analog signal is chang 
ing With time, thus minimizing dynamic error in said 
data output and said analog residue voltage output. 

a second stage comprising: 
a ?rst sample and hold having a ?rst delay, having said 

input analog signal as an input, and having a ?rst 
clock signal; 

a next sample and hold having a next delay, having same 
said input analog signal as an input, and having same 
said ?rst clock signal; 

a ?ash analog to digital converter having an analog to 
digital converter (ADC) input coupled to the output of 
said next sample and hold, having 2A(n—l) +2 thresh 
old voltages having voltage differentials one to 
another substantially identical to those of the thresh 
old voltages of the ?rst stage, having said threshold 
voltages coupled to 2A(n—l) +2 ?rst inputs respec 
tively of 2A(n—l) +2 comparators, having 2A(n—l) +2 
second inputs coupled to saidADC input, having out 
puts of 2A(n—l) +2 comparators coupled to logic 
Which decodes said comparator outputs to an (n-l) bit 
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digital output, said output being coupled to data out 
put terminals and to the inputs of an (n—l)-bit digital 
to analog converter; 

Wherein said digital data, When appropriately added to 
the digital data of stage 1, is indicative, to a higher 
level of accuracy, of the magnitude of said input ana 
log signal; 

and Wherein it may be determined, by examining the 
outputs of said added comparators, Whether an analog 
residue voltage signal outside the range of said other 
threshold voltages is also outside the Wider range 
provided by the added thresholds and comparators; 

a subtractor having a ?rst input coupled to the output of 
said digital to analog converter, a second input 
coupled to the output of said ?rst sample and hold, and 
having an output indicative of the difference betWeen 
said ?rst and second subtractor inputs; and 

an ampli?er With a gain of 2A(n—l) having an input 
coupled to the output of said subtractor, and having an 
analog residue voltage output, Whereby said analog 
residue voltage output is indicative of the difference 
betWeen the analog representation of said digital out 
put, as output by said digital to analog converter, and 
said input analog signal; 

Wherein the delay adjust signal of stage one may be 
adjusted responsive to the state of the outputs of said 
added comparators of stage 2, such that the signal into 
stage tWo ADC stays Within the dynamic range set by 
these added comparators and thresholds, so as to com 
pensate for the delay difference betWeen said ?rst and 
second sample and hold circuits of stage one With a 
signal input to stage one having substantially the 
highest expected sleW rate. 

8. A method of minimiZing dynamic error in the outputs of 
a plurality of sample and holds having differing delays, said 
method comprising: 

coupling an input analog signal to the inputs of a ?rst and 
next sample and hold, Wherein saidnext sample and hold 
has more delay than said ?rst sample and hold; 

clocking said ?rst sample and hold With a ?rst clock; and 
clocking said next sample and hold With a delayed clock at 
some time t after said ?rst sample and hold is clocked, 
Wherein said delay t is substantially equal to the differ 
ence in delay of said ?rst and next sample and hold 
circuits; 

Wherein the voltage held on the ?st sample and hold is 
substantially equal to the voltage held on the second 
sample and hold, even When said input analog signal is 
changing With time. 

9. A method of increasing the dynamic range of a ?ash 
analog to digital converter (ADC), said method comprising: 

generating neW threshold voltages above and beloW the 
range of the set of existing threshold voltages, Wherein 
said existing and neW threshold voltages are coupled to 
?rst inputs of existing and neW comparators respectively 
in the ?ash analog to digital converter (ADC), and 
Wherein the second input of each of said comparators is 
coupled to the ?ash ADC input voltage; 

comparing, in said neW comparators, said input voltage 
With said neW threshold voltages, Whereby the logical 
output of said neW comparator indicates Whether said 
input voltage is above or beloW said neW threshold volt 
ages and thereby Within or outside the high and loW 
voltages set by the neW threshold voltages; 
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logically examining the outputs of a plurality of compara 
tor outputs to determine if said input voltage is Within the 
high and loW voltages set by the neW threshold voltages; 

generating an in-range signal if said logical examination 
indicates said input voltage is Within the high and loW 
voltages set by the neW threshold voltages, else; 

generating an out-of-range signal if said logical examina 
tion indicates said input voltage is outside the high and 
loW voltages set by the neW threshold voltages; 

Wherein an out-of-range condition shall indicate an error in 
conversion. 

10. A method of converting an analog voltage to a digital 
value in a pipelined analog to digital converter (ADC), said 
method comprising: 

coupling, in a ?rst stage of said pipelined ADC, an input 
analog voltage to the inputs of a ?rst and next sample and 
hold, Wherein said next sample and hold has more delay 
than said ?rst sample and hold; 

clocking said ?rst sample and hold With a ?rst clock; 
clocking said next sample and hold With a delayed clock at 

some time t after said ?rst sample and hold is clocked, 
Wherein said delay t is substantially equal to the differ 
ence in delay of said ?rst and next sample and hold 
circuits; 

Wherein the voltage held at the output of the ?rst sample 
and hold is substantially equal to the voltage held at the 
output of the second sample and hold, even When said 
input analog signal is changing With time. 

converting, in a ?ash ADC in said ?rst stage, the voltage 
held on the ?rst sample and hold to a digital value; 

coupling to output terminals said digital value; 
converting said digital value to an analog voltage using a 

digital to analog converter (DAC); 
subtracting said analog voltage from the voltage held on 

said second sample and hold, Whereby a residue voltage 
is generated by said subtraction; 

multiplying said residue voltage by a substantially ?xed 
value to increase its level; coupling the multiplied resi 
due voltage from said ?rst stage to a next stage; 

generating, in said next stage, neW ?ash ADC threshold 
voltages above and beloW the range of the set of existing 
threshold voltages, Wherein said existing and neW 
threshold voltages are coupled to ?rst inputs of existing 
and neW comparators respectively in the ?ash ADC, and 
Wherein the second input of each of said comparators is 
coupled to the ?ash ADC input voltage Which is the 
multiplied residue voltage from the ?rst stage; 

comparing, in said neW comparators, said multiplied resi 
due voltage from the ?rst stage With said neW threshold 
voltages, Whereby the logical outputs of said neW com 
parators indicate Whether said multiplied residue volt 
age from the ?rst stage is above or beloW said neW 
threshold voltages and thereby Within or outside the high 
and loW voltages set by the neW threshold voltages; 

generating an in-range signal if said comparing step indi 
cates said multiplied residue voltage from the ?rst stage 
is Within the high and loW voltages set by the neW thresh 
old voltages, thereby indicating valid data, else; 

generating an out-of-range signal if said comparing step 
indicates said multiplied residue voltage from the ?rst 
stage is outside the high and loW voltages set by the neW 
threshold voltages, thereby indicating invalid data. 

* * * * * 


