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(57) ABSTRACT 

A pipelined analog-to-digital converter system (10) is 
responsive to an analog input signal (18). The system 
includes four pipeline stages (11-14), Which each produce a 
respective digital output (26-29) that is coupled to a com 
bining circuit (16). The combining circuit generates the 
digital output (41) of the system. Each pipeline stage 
includes an analog-to-digital converter (101), Which gener 
ates the digital output for that stage. A shuf?er circuit (103) 
randomly shuffles the bits of this digital output, in order to 
generate shuffled sWitching signals, Which in turn are used 
to control electronic sWitches (206-209, 211-214) associated 
With several capacitors (C1-C4). By randomly shuf?ing the 
sWitching signals, the effects caused by variation of any 
capacitor from an ideal value are randorniZed. This avoids 
nonlinearity such as harmonic distortion in the analog output 
signal (21) from that stage. 
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METHOD AND APPARATUS FOR OBTAINING 
LINEARITY IN A PIPELINED 

ANALOG-TO-DIGITAL CONVERTER 

TECHNICAL FIELD OF THE INVENTION 

[0001] This invention relates in general to analog-to 
digital converters and, more particularly, to pipelined ana 
log-to-digital converters. 

BACKGROUND OF THE INVENTION 

[0002] There are a variety of different types of high 
performance analog-to-digital converter circuits, including 
those commonly knoWn as delta-sigma converters, and those 
commonly knoWn as pipelined converters. The present 
invention relates to high-performance pipelined analog-to 
converters. In the design of these pipelined converters, the 
designer is normally limited in the linearity that can be 
obtained. This is due primarily to accuracy limitations in 
reconstruction digital-to-analog converters Which are used 
Within the pipeline. This is particularly true for the recon 
struction digital-to-analog converter in the ?rst stage of the 
pipeline, since the accuracy of that stage has the greatest 
in?uence on the overall accuracy of the system. 

[0003] Currently, the most common Way to implement 
pipelined converters is to use sWitched capacitor techniques. 
In particular, a reconstruction digital-to-analog converter is 
implemented by providing a bank of capacitors, and by 
sWitching each of the capacitors betWeen tWo reference 
levels under control of a digital code Which is applied to the 
reconstructing converter for purposes of generating a cor 
responding analog signal. In theory, the capacitors should all 
have the same ideal capacitance value, but in practice there 
are usually variations. The accuracy or linearity of the 
reconstructing converter is therefore limited by the eXtent to 
Which the capacitors can be matched to each other, or in 
other Words the eXtent to Which the capacitors can be 
manufactured so that variations from an ideal capacitance 
value are minimiZed. To the eXtent that there is mismatch 
betWeen the capacitors in a reconstructing converter in a 
stage of a pipeline converter, the result is undesirable error 
in the analog residue signal passed to a subsequent stage, 
Which results in harmonic distortion in the digital output of 
the overall pipelined analog-to-digital converter. Although it 
is possible to address this problem to some eXtent through 
trim or background calibration of the capacitors, this is often 
not an ef?cient or desirable approach. 

SUMMARY OF THE INVENTION 

[0004] From the foregoing, it may be appreciated that a 
need has arisen for a method and apparatus of effecting 
pipelined analog-to-digital conversion in a manner Which 
reduces or avoids nonlinearities such as harmonic distortion. 
According to the present invention, a method and apparatus 
are provided to address this need, and involve effecting 
pipelined analog-to-digital conversion in ?rst and second 
stages of conversion Which each use an analog input to 
facilitate generation of an analog output and a multi-bit 
digital output, the analog input of one of the ?rst and second 
stages being derived from the analog output of the other of 
the ?rst and second stages. The ?rst stage of conversion 
involves effecting an analog-to-digital conversion of the 
analog input of the ?rst stage so as to generate a multi-bit 
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digital output that is based on the analog input of the ?rst 
stage and that serves as the multi-bit digital output of the ?rst 
stage. The ?rst stage further involves shuffling a plurality of 
sWitching signals derived from the multi-bit digital output of 
the analog-to-digital conversion so as to generate a plurality 
of shuf?er output signals, the shuffling being effected 
according to a mapping function Which relates each shuf?er 
output signal to a respective sWitching signal, and the 
shuffling including dynamic variation of the mapping func 
tion so as to dynamically vary Which of the shuffler output 
signals corresponds to Which of the sWitching signals. The 
?rst stage also involves generating an analog residue signal 
Which represents a difference betWeen a magnitude corre 
sponding to the analog input of the ?rst stage and a mag 
nitude corresponding to the multi-bit digital output of the 
analog-to-digital conversion, including selective sWitching 
of each of a plurality of circuit portions to one of ?rst and 
second states in response to a respective shuf?er output 
signal, the ?rst and second states being different, and the 
analog residue signal serving as the analog output of the ?rst 
stage, and having a magnitude Which is a function of the 
number of the circuit portions Which are sWitched so as to be 
in the ?rst state. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] Abetter understanding of the present invention Will 
be realiZed from the detailed description Which folloWs, 
taken in conjunction With the accompanying draWings, in 
Which: 

[0006] FIG. 1 is a block diagram of a pipelined analog 
to-digital converter system Which embodies the present 
invention; 
[0007] FIG. 2 is a timing diagram Which shoWs tWo clock 
signals that are utiliZed in the system of FIG. 1; 

[0008] FIG. 3 is a diagrammatic representation of the 
analog-to-digital conversion process implemented by the 
system of FIG. 1; 

[0009] FIG. 4 is a block diagram of the circuitry Within 
one of the pipeline stages of the system of FIG. 1; 

[0010] FIG. 5 is a schematic diagram Which shoWs in 
detail the circuitry Within the pipeline stage of FIG. 4; and 

[0011] FIG. 6 is a schematic diagram Which is an enlarged 
vieW of a portion of the circuitry of FIG. 5. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0012] FIG. 1 is a block diagram of a pipelined analog 
to-digital converter (ADC) system 10, Which embodies the 
present invention. The system 10 includes four pipeline 
stages A-D that are respectively identi?ed With reference 
numerals 11-14, and includes a combining circuit 16. The 
pipeline stage 11 has an analog input, Where it receives an 
analog input signal VIN at 18. The pipeline stages 11-14 
produce respective analog outputs 21-24, Which each rep 
resent a residue. The analog outputs 21-23 from the pipeline 
stages 11-13 are respectively coupled to the analog inputs of 
the pipeline stages 12-14. The analog output 24 from stage 
14 is ignored in the disclosed embodiment. 

[0013] The pipeline stages 11-14 produce respective 
multi-bit digital outputs 26-29. In the disclosed embodi 
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ment, each of the multi-bit digital outputs 26-29 has four 
bits, Which represent a digital number in a form commonly 
in the art as a thermometer code, as discussed in more detail 
later. The multi-bit digital outputs 26-29 are each coupled to 
a respective digital input of the combining circuit 16, Which 
is discussed later. 

[0014] At any given point in time, the pipeline stages 
11-14 are each processing a respective different sample of 
the analog input signal 18. For example, focusing on four 
successive hypothetical samples of the analog input signal 
18, When the last pipeline stage 14 is processing the ?rst 
sample, the pipeline stage 13 Will be processing the second 
sample, the pipeline stage 12 Will be processing the third 
sample, and the pipeline stage 11 Will be processing the 
fourth sample. The fact that the pipeline stages 11-14 
process several samples in parallel is the reason Why the 
system 10 is referred to as a “pipelined” system. 

[0015] The pipeline stages 11-14 each have tWo clock 
inputs A and B. A ?rst clock signal (1)1 is applied to one of 
the clock inputs A and B of each pipeline stage 11-14, and 
a different clock signal (1)2 is applied to the other clock input 
thereof. It Will be noted in FIG. 1 that the order of the clock 
signals alternates from stage to stage. In particular, it Will be 
noted that the pipeline stages 11 and 13 each have the clock 
signal (1)1 applied to the A input and the clock signal (1)2 
applied to the B input, Whereas the pipeline stages 12 and 14 
each have the clock signal (1)2 applied to the A input and the 
clock signal (1)1 applied to the B input. 

[0016] The clock signals (1)1 and (1)2 have the same fre 
quency, but are 180° out of phase With respect to each other. 
This relationship is depicted in the timing diagram of FIG. 
2. It Will be noted from FIG. 2 that the duty cycle of each 
of these clock signals is less than 50%, so there is a delay 32 
betWeen the falling edge of the clock signal (1)1 and the 
leading edge of the clock signal (1)2, and there is a delay 33 
betWeen the falling edge of the clock signal (1)2 and the 
leading edge of the clock signal (1)1. In other Words, the clock 
signals (1)1 and (1)2 are never a logic high at the same time. 
Consequently, clock signals (1)1 and (1)2 are considered to be 
non-overlapping clock signals. 

[0017] Referring again to FIG. 1, the combining circuit 16 
is a circuit of a knoWn type, and is responsive to the multi-bit 
digital outputs 26-29 of the pipeline stages 11-14 for pro 
ducing a further multi-bit digital output 41, Which is the 
overall digital output of the pipelined ADC system 10. In the 
disclosed embodiment, the digital output 41 has sixteen bits. 
This does not represent a simple summation of the four 4-bit 
inputs 26-29, because as discussed beloW the signals 26-29 
are thermometer codes Which include a level of redundancy, 
and combining the digital outputs 26-29 thus requires more 
sophisticated processing than simply coupling each of the 
sixteen input lines at 26-29 to a respective one of the sixteen 
output lines 41. 

[0018] In this regard, and as mentioned above, at any 
given point in time the pipeline stages 11-14 are each 
processing a respective different sample of the analog input 
signal. In vieW of this pipelined processing a given hypo 
thetical sample Will ?rst be processed in stage 11, then 
processed in stage 12, thereafter processed in stage 13, and 
subsequently processed in stage 14. Consequently, the out 
put 26 from stage 11 for the hypothetical sample Will need 
to be stored until stages 12-14 have each processed the 
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hypothetical sample. Similarly, the outputs at 27 and 28 for 
that hypothetical sample Will need to be stored until the 
sample has been processed by the stage 14. Thus, for 
example, each of the outputs 26-28 for the hypothetical 
sample may be stored by the combining circuit 16 in a 
respective not-illustrated shift register until the output 29 is 
valid for the hypothetical sample, at Which point all multi-bit 
digital outputs for that sample may be combined in order to 
produce a corresponding digital output 41. 

[0019] FIG. 3 is a diagrammatic vieW shoWing hoW the 
pipelined ADC of FIG. 1 operates. At the far left side of 
FIG. 3 is a vertical line Which shoWs a range of voltages 
from VREFO to VREFS. This range is subdivided into ?ve 
equal segments 51-55, Where voltages VREF1 through 
VREF4 each serve as the dividing line betWeen a respective 
adjacent pair of the segments 51-55. Voltages V0 and V1 
respectively represent the minimum and maximum values 
Which the analog input signal VIN (18 in FIG. 1) should be 
betWeen. For purposes of the example shoWn in FIG. 3, the 
analog input voltage VIN is hypothetically assumed to have 
the value shoWn at 57, Which is greater than the minimum 
V0 and slightly less than the reference voltage VREF1. 

[0020] In each of the pipelined stages 11-14, a voltage Will 
be evaluated relative to the range from VREFO to VREFS, 
in order to determine Which of the segments 51-55 it falls 
Within. TABLE 1 has ?ve roWs Which each correspond to 
one of the segments 51-55, and shoWs the associated voltage 
range as Well as the particular multi-bit digital output Which 
Will be produced at a corresponding one of the digital 
outputs 26-29. In the digital outputs shoWn in TABLE 1, it 
Will be noted that the number of binary ones is increased by 
one from each successive code to the next, and any binary 
ones Which are present are grouped toWard the right side of 
the Word. In other Words, the leftmost binary one Works its 
Way progressively to the left in successive steps as the input 
voltage VIN is progressively increased from the minimum 
V0 to the maximum V1, much like the column of mercury 
in a thermometer increases progressively in length as the 
temperature increases. Hence the name “thermometer code”. 

TABLE 1 

Between Multi-Bit 
Voltages Segment Digital Output 

VREFO and VREF1 51 0000 
VREF1 and VREFZ 52 0001 
VREFZ and VREF3 53 0011 
VREF3 and VREF4 54 0111 
VREF4 and VREFS 55 1111 

[0021] Since the hypothetical voltage 57 is greater than 
VREFO and is slightly less than VREF1, it Will be noted 
from TABLE 1 that stage 11 Will produce a multi-bit digital 
output at 26 Which is the thermometer code “0000”. In fact, 
it Will be noted that this same particular thermometer code 
“0000” Will be produced if the voltage 57 is anyWhere 
betWeen VREF1 and VREF1. In effect, this code represents 
the voltage VREFO. The portion of the hypothetical VIN 
signal 57 Which is above this voltage VREFO, or in other 
Words the difference betWeen the voltage 57 and the voltage 
VREFO, is considered to be the “residue” of stage 11, and is 
passed along as an analog signal at 21 (FIG. 1) for process 
ing by the next stage 12. HoWever, before passing along this 
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analog signal, the stage 11 ampli?es it, as indicated dia 
grammatically in FIG. 3 by the diverging broken lines 61 
and 62. In this regard, as shoWn diagrammatically in FIG. 
3, the gain of this ampli?cation is selected so as to corre 
spond to mapping of the segment 51 to a magnitude equal to 
the difference betWeen V1 and V0. The residue voltage, 
Which is the voltage 57 less the reference voltage VREFO, is 
mapped in a proportional manner, as shoWn diagrammati 
cally by broken line 63. Thus, the input to stage 12 is 
effectively a scaled voltage 67 Which represents the ampli 
?ed residue of the ?rst stage 11. 

[0022] Stage 12 processes the voltage 67 in effectively the 
same manner that stage 11 processed the voltage 57. In 
particular, and With reference to TABLE 1, since the hypo 
thetical voltage 67 is betWeen VREF4 and VREFS, stage 12 
Will produce at 27 (FIG. 1) a multi-bit digital output Which 
is the thermometer code “0111”. This effectively corre 
sponds to reference voltage VREF3 in stage 12. The residue 
is the difference betWeen the voltage 67 and VREF3. This 
residue is ampli?ed by stage 12 in a manner Which effec 
tively corresponds to mapping of the segment 54 to a 
magnitude corresponding to the difference betWeen V1 to 
V0. The voltage level 67 is mapped proportionally, produc 
ing a voltage 71, Which appears at 22 in FIG. 1. 

[0023] Stage 13 then performs a similar operation, pro 
ducing a multi-bit output of “1111”, and performing ampli 
?cation on the residue Which corresponds to mapping of 
segment 55 to a magnitude corresponding to the difference 
betWeen V1 and V0. The voltage 71 is mapped proportion 
ally into a scaled voltage 76, Which is supplied to stage 14 
at 23 (FIG. 1). 

[0024] Stage 14 then carries out analogous processing, 
producing a multi-bit digital output “0001”, and effecting 
ampli?cation of the residue Which effectively corresponds to 
mapping of the segment 52 to a magnitude corresponding to 
the difference betWeen V1 and V0. The level 76 is mapped 
proportionally, to a voltage level 81. The difference betWeen 
voltage 81 and voltage V0 represents the ?nal residue 82, 
Which is output from stage 14 at 24 (FIG. 1), but Which is 
not utiliZed in the disclosed embodiment. 

[0025] In the disclosed embodiment, the pipelined stages 
11-14 each have internal circuitry Which is the same. 
Accordingly, only one of the stages 11-14 is described in 
detail beloW, in particular the ?rst stage 11. More speci? 
cally, FIG. 4 is a block diagram shoWing the circuitry Within 
the ?rst pipeline stage 11. FIG. 4 shoWs that the analog input 
voltage VIN received at 18 is applied to the input of an ADC 
101. The ADC 101 effectively evaluates the present value of 
the analog input voltage VIN relative to the reference 
voltages VREFO through VREFS (FIG. 3), and outputs at 26 
a multi-bit digital output Which is one of the ?ve codes 
shoWn in the right column of TABLE 1, and Which serves as 
the multi-bit digital output 26 from the ?rst stage 11. As 
discussed above in association With FIG. 3 and TABLE 1, 
this code effectively identi?es one of the ?ve reference 
voltages VREFO to VREF4 Which is closest to but less than 
the current value of VIN. 

[0026] A shuf?er circuit 103 and a residue circuit 104 are 
then used to determine the residue amount, or in other Words 
the amount by Which the current voltage VIN exceeds the 
particular one of the reference voltages VREFO to VREF4 
Which is identi?ed by the multi-bit digital output 26. In order 
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to facilitate this, the residue circuit 104 includes a recon 
struction digital-to-analog converter (DAC) circuit 106, a 
summation block 108 Which functions as a substracter, a 
sample and hold circuit 111, and an ampli?er 113. 

[0027] The shuf?er circuit 103 has four inputs and four 
outputs, the four inputs each being coupled to a respective 
bit of the multi-bit digital output 26. The shuf?er circuit 103 
couples each of its inputs to a respective one of its outputs, 
according to a one-to-one mapping pattern. In addition, 
hoWever, the shuf?er 103 dynamically varies this mapping 
pattern in a substantially random manner. The outputs of the 
shuf?er circuit 103 are coupled to inputs of the DAC 106, 
and facilitate control of the DAC 106 in a manner Which Will 
be described in more detail later. 

[0028] The output 116 of the DAC 106 is coupled to the 
minus input of the summation block 108, and the analog 
input voltage VIN is coupled to the plus input of block 108. 
As mentioned above, the multi-bit digital output 26 effec 
tively represents one of the reference voltages VREFO 
through VREF4. The shuf?er circuit 103 and DAC 106 are 
designed to “reconstruct” that particular reference voltage, 
so as to output at 116 an analog voltage Which is effectively 
equal to that particular reference voltage. As noted above, 
block 108 functions to effectively subtract the signal 116 
from the signal VIN, Where the analog voltage 116 repre 
sents the reference voltage VREFO to VREF4 Which is 
closest to but less than the input voltage VIN. This difference 
is output by block 108 at 118, and is effectively the residue 
value for stage 11, as discussed earlier in association With 
FIG. 3. Sample and hold block 111 periodically samples the 
current value of analog difference signal 118, and holds the 
sample value until the neXt sample is taken. The sample 
value held by circuit 111 is ampli?ed by the ampli?er 113, 
and the output of ampli?er of 113 is the analog output signal 
21, or in other Words the ampli?ed residue signal. 

[0029] FIG. 5 is a schematic circuit diagram Which shoWs 
the circuitry Within pipeline stage 11 in a greater level of 
detail than the block diagram of FIG. 4. Referring to FIG. 
5, the ADC 101 includes four analog comparators 136-139, 
Which each compare the analog input voltage VIN received 
at 18 to a respective one of the four reference voltages 
VREFl to VREF4. The outputs of the comparators 136-139 
directly and collectively serve as the multi-bit digital output 
from the ADC 101, as Well as the multi-bit digital output 26 
from the pipeline stage 11. 

[0030] The shuf?er circuit 103 contains a sWitching net 
Work, Which includes four sWitching blocks 151-154. The 
sWitching blocks 151-154 are identical to each other, and the 
sWitching block 151 is shoWn in an enlarged scale in the 
schematic diagram of FIG. 6. More speci?cally, With ref 
erence to FIG. 6, the sWitching block 151 has tWo inputs A 
and B, and tWo outputs C and D. It contains four electronic 
sWitches, Which are diagrammatically represented at 156 
159. SWitches 156 and 157 each have their left terminal 
coupled to the input A, and sWitches 158 and 159 each have 
their left terminal coupled to the input B. SWitches 156 and 
158 each have their right terminal coupled to output C, and 
sWitches 157 and 159 each have their right terminal coupled 
to output D. The sWitches 156-159 are all operated in unison, 
as indicated diagrammatically by broken line 162. The 
sWitching block 151 basically has tWo operational states. In 
the ?rst operational state, the outer sWitches 156 and 159 are 
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closed, and the inner switches 157 and 158 are open. In the 
other operational state, the inner sWitches 157 and 158 are 
closed, and the outer sWitches 156 and 159 are open. 

[0031] Referring again to FIG. 5, it Will be noted that 
switching block 151 has its inputs A and B respectively 
coupled to the outputs of comparators 139 and 138, and 
sWitching block 152 has its inputs A and B respectively 
coupled to the outputs of comparators 137 and 136. SWitch 
ing block 153 has its inputs A and B respectively coupled to 
output C of sWitching block 151, and output C of sWitching 
block 152. SWitching block 154 has its inputs A and B 
respectively coupled to output D of sWitching block 151, and 
output D of sWitching block 152. SWitching blocks 151 and 
152 represent a ?rst level or stage of sWitching Within the 
shuf?er circuit 103, and sWitching blocks 153 and 154 
represent a second level or stage of sWitching in the shuf?er 
circuit 103. It Will be recogniZed that each of the four inputs 
to shuf?er circuit 103 Will alWays be coupled to one and only 
one of the four outputs thereof. 

[0032] The shuf?er circuit 103 includes tWo pseudoran 
dom generators 171 and 172, Which are driven by the clock 
(1)1 and Which each produce a single digital output signal. 
Pseudorandom generators 171 and 172 operate completely 
independently of each other, and produce respective inde 
pendent output signals Which are different pseudorandom 
sequences. The output signal from pseudorandom generator 
171 controls each of the sWitches in sWitching blocks 151 
and 152, and the output signal from pseudorandom genera 
tor 172 controls each of the sWitches in sWitching blocks 153 
and 154. Depending on the states of the sWitches in the 
sWitching blocks 151-154, any input of the shuf?er circuit 
103 can be selectively coupled to any output thereof. 

[0033] As the pseudorandom generators 171 and 172 
operate to substantially randomly open and close the elec 
tronic sWitches Within the shuf?er circuit 103, the effective 
mapping pattern for the coupling of inputs to outputs Will be 
dynamically varied in a pseudorandom manner. More spe 
ci?cally, since the pseudorandom generators 171 and 172 
each produce a close approximation of a random sequence, 
and since these tWo sequences are independent, each of the 
four inputs to the shuf?er circuit 103 has, over time, a 
substantially equal probability of being coupled to each of 
the four outputs thereof. Stated differently, any given input 
should be operatively coupled to any given output about 
25% of the time. The signals at the inputs to the shuf?er 
circuit 103 may effectively be considered to be sWitching 
signals, and the outputs of the shuf?er circuit 103 may 
effectively be considered be shuffled sWitching signals. 

[0034] The residue circuit 104 of the disclosed embodi 
ment includes four inverters 176-179, Which each have an 
input coupled to a respective one of the four outputs of the 
shuf?er circuit 103. The residue circuit 104 also includes 
eight tWo-input AND gates 181-188, Which have a ?rst input 
coupled to the clock signal (1)2. The four AND gates 181, 
183, 185 and 187 each have their second input coupled to a 
respective output of the shuf?er circuit 103. The remaining 
four AND gates 182, 184, 186, and 188 each have their 
second input coupled to the output of a respective one of the 
inverters 176-179. Gates 181-188 Will thus be enabled only 
When the clock (1)2 is a logical high. When they are enabled, 
gates 181, 183, 185 and 187 Will each output a signal Which 
is identical to a respective one of the outputs of the shuf?er 
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circuit 103. When gates 182, 184, 186 and 188 are enabled, 
they Will each output a signal Which is the inverse of a 
respective one of the outputs of shuf?er circuit 103. 

[0035] The residue circuit 104 includes four capacitors 
C1-C4. The left terminal of each of the capacitors C1-C4 is 
coupled through a respective electronic sWitch 201-204 to 
the analog input voltage VIN. The electronic sWitches 
201-204 are all controlled by the clock (1)1, and in particular 
are open When the clock (1)1 is a logic loW and are closed 
When the clock (1)1 is a logic high. The left terminal of each 
of the capacitors C1-C4 is also coupled through a respective 
electronic sWitch 206-209 to the voltage V0. These sWitches 
206-209 are each controlled by the output of a respective one 
of the gates 181, 183, 185 and 187. The left terminal of each 
of the capacitors C1-C4 is further coupled through a respec 
tive electronic sWitch 211-214 to the voltage V1, the 
sWitches 211-214 each being controlled by the output of a 
respective one of the gates 182, 184, 186 and 188. 

[0036] The right terminals of the capacitors C1 through C4 
are all coupled to each other, and are coupled through an 
electronic sWitch 231 to the voltage V0. The sWitch 231 is 
controlled by the clock signal (1)1. The right terminals of the 
capacitors C1-C4 are also all coupled to the minus input of 
the differential ampli?er 113, Which Was discussed above in 
association With FIG. 4, and Which is a differential ampli?er. 
The plus input of the ampli?er 113 is coupled to ground, and 
the output of the ampli?er 113 serves as the output 26 of the 
pipeline stage 11. 

[0037] A feedback capacitor CF has its left terminal 
coupled to the minus input of ampli?er 113, and has its right 
terminal coupled through an electronic sWitch 237 to the 
output 21 of ampli?er 113. The sWitch 237 is controlled by 
the clock signal (1)2. The right terminal of capacitor CF is also 
coupled through a further electronic sWitch 238 to the 
voltage V0. The electronic sWitch 238 is controlled by the 
clock signal (1)1. 

[0038] The folloWing is an explanation of the operation of 
the circuitry of the pipeline stage 11 Which is shoWn in FIG. 
5. The ADC 101 compares the analog input voltage VIN to 
the reference voltages VREFl through VREF4, in order to 
produce the 4-bit digital output 26 Which is a thermometer 
code of the type shoWn in TABLE 1. For purposes of this 
discussion, it is assumed that the thermometer code is 
presently “1111”. The shuf?er circuit 103 couples each of its 
four inputs to a respective one of its four outputs. Since it is 
presently being assumed that all of the inputs are ones, all of 
the outputs Will also be ones, regardless of the particular 
mapping pattern. 

[0039] The pipeline stage 11 processes the input signal 
VIN in tWo phases. During the ?rst phase, the clock signal 
(1)1 is a logic high and, during the second phase, the other 
clock signal (1)2 is a logic high. Consequently, during the ?rst 
phase, the gates 181-188 Will be disabled, and Will in turn 
keep each of the sWitches 206-209 and 211-214 in an open 
state. The sWitch 237 is controlled by clock signal (1)2, and 
Will thus also be in an open state. The remaining sWitches 
201-204, 231 and 238 are each controlled by the clock signal 
(1)1, and Will be in a closed state during the ?rst phase, Where 
they are each conducting. It Will be noted that the tWo ends 
of the feedback capacitor CF are coupled through the 
respective sWitches 231 and 238 to the voltage V0, so that 
capacitor CF is effectively discharged. Capacitors C1 



US 2002/0039076 A1 

through C4 each have their right terminal coupled through 
switch 231 to voltage V0, and have their left terminal 
coupled through a respective one of the sWitches 201-204 to 
the voltage VIN. Consequently, each of the capacitors C1 to 
C4 Will be charged to a voltage corresponding to the 
difference betWeen VIN and V0. 

[0040] When the clock signal (1)1 changes to a logic loW, 
sWitches 201-204, 231 and 238 Will each be sWitched to an 
open state. Each of the capacitors CF and C1-C4 Will 
substantially maintain the voltage to Which it has been 
charged. Shortly thereafter, the clock signal (1)2 Will change 
to a logic high, thereby closing the sWitch 237 and enabling 
the gates 181-188. As mentioned above, it is being assumed 
for purposes of this discussion that the outputs of the shuf?er 
circuit 103 are all a logic high. Consequently, the gates 181, 
183, 185 and 186 Will each be outputting a logic high Which 
closes a respective one of the sWitches 206-209, and the 
gates 182, 184, 186 and 188 Will each be outputting a logic 
loW Which opens a respective one of the sWitches 211-214. 

[0041] Because the sWitch 237 has closed, the feedback 
capacitor CF Will noW be effectively coupled betWeen the 
output and the minus input of ampli?er 113. Further, since 
sWitches 206 and 209 have just closed, the left terminal of 
each of the capacitors C1-C4 Will be coupled to the voltage 
V0. Since each of the capacitors C1-C4 Was charged to a 
value corresponding to (VIN-V0), and since the left termi 
nal of each of the capacitors C1 to C4 has noW been directly 
coupled to V0, the right terminal of each of capacitors C1 to 
C4 and the left terminal of capacitor CF Will be forced to 
—(VIN—V0). The differential ampli?er 113 has an high 
impedance input, and thus the change in potential Which has 
just occurred at its minus input cannot be rapidly resolved by 
a How of current at the minus input. Consequently, the 
voltage Which appears at the left side of the feedback 
capacitor CF Will be coupled to and appear at its right 
terminal, Which is coupled through sWitch 237 to the output 
of ampli?er 113. The ampli?er 113 Will effect a current ?oW 
at its output Which Will adjust the charge across feedback 
capacitor CF, so as to bring the voltage at the minus input of 
the ampli?er back to an appropriate value. 

[0042] In an ideal World, the capacitors C1-C4 Would all 
have precisely equal values. In the real World, hoWever, due 
to manufacturing process variations, these capacitors Will 
not have precisely equal values. Consequently, if the shuf?er 
circuit 103 Was not present, each bit of the multi-bit output 
26 from the ADC 101 Would alWays effect control of the 
same one of the capacitors C1-C4. For example, With 
reference to the right column of TABLE 1, if the right bit of 
the multi-bit output Was alWays controlling capacitor C4, 
and the left bit Was alWays controlling capacitor C1, it Will 
be evident that capacitor C4 Would be used a much greater 
percentage of the time than the capacitor C1. Consequently, 
if capacitor C4 varied from an ideal value, it Would intro 
duce a nonlinearity into the outputs of the stage 11, due to 
the fact that it is statistically used more frequently than any 
of the other capacitors. The other capacitors C1-C3 can each 
introduce nonlinearity in a similar manner. Thus, variation 
of each of the capacitors C1-C4 from an ideal value tends to 
introduce a non-random error Which, With reference to FIG. 
4, corresponds to non-random error introduced into the 
analog signal 116. This Would appear in the form of har 
monics in the frequency domain in the signal 116, Which 
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Would carry through to the signal 21 and affect the overall 
accuracy of the pipelined ADC system 10 shoWn in FIG. 1. 

[0043] According to the invention, hoWever, this is 
avoided. More speci?cally, in the disclosed embodiment, the 
shuf?er circuit 103 ensures that each of the outputs of the 
ADC 101 is sWitched substantially randomly With respect to 
control of the capacitors C1-C4, so that statistically it 
controls each of these capacitors approximately 25% of the 
time. This has the result that, although the variations from 
ideal in the values of the capacitors C1-C4 can still introduce 
error, the error is randomiZed and therefore tends to appear 
in the form of a higher noise ?oor, rather than as harmonics 
in the frequency domain. 

[0044] Although the disclosed embodiment effects sWitch 
ing among the four capacitors C1-C4, it Would alternatively 
be possible to use a variation of the circuit of FIG. 5, in 
Which the feedback capacitor is included in the sWitching. In 
other Words, sWitching Would be effected among the ?ve 
capacitors C1-C4 and CF, rather than among just the four 
capacitors C1-C4. 

[0045] In many of the applications for a pipelined con 
verter, the advantage of avoiding harmonics and obtaining a 
higher degree of accuracy greatly outWeighs any disadvan 
tage Which may be associated With a higher noise ?oor. A 
further consideration is that randomiZation of the noise 
results in greatly improved distortion performance, espe 
cially When expressed in terms of spurious-free dynamic 
range (SFDR). In many applications, the improvement in 
SFDR is considered more important than the increased noise 
?oor. For example, this is true of applications like cellular 
base stations and softWare radios, Where it is typical that 
only a narroW frequency band out of the entire spectrum 
contains a signal, and the noise in that narroW band is 
limited. 

[0046] Yet another consideration is that it is possible to 
operate the system 10 of FIG. 1 in an oversampling mode, 
and apply decimation to the digital output 41. This results in 
reduced noise, and also improved distortion performance in 
a smaller signal bandWidth than Would be the case When 
oversampling and decimation are not used. In particular, 
When oversampling and decimation are used, it is possible to 
shape the noise, or in other Words to move noise energy to 
frequencies that are of less interest and that get ?ltered out 
by the decimation process. 

[0047] The present invention provides a number of tech 
nical advantages. One such advantage is that the effect of 
variation of the capacitors from ideal values is randomiZed, 
resulting in an increased noise ?oor rather than harmonic 
distortion, Which greatly increases the overall accuracy of 
the system. A related technical advantage is that this can be 
achieved through the use of only a small amount of addi 
tional circuitry, and thus Without greatly increasing the 
complexity and cost of the overall pipelined ADC. The 
randomiZation results in greatly improved distortion perfor 
mance, especially When evaluated in terms of SFDR. Still 
another advantage is that no trim or background calibration 
is needed. Further, the method and apparatus according to 
the invention operate in parallel With and as an integral part 
of the conversion process, Without delaying or otherWise 
interfering With the conversion process. 

[0048] Although one embodiment has been illustrated and 
described in detailed, it should be understood that various 
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substitutions and alterations can be made therein Without 
departing from the scope of the present invention. For 
example, as noted above, it is possible to utiliZe the method 
and apparatus of the invention in association With oversam 
pling and decimation. Another eXample is that the disclosed 
embodiment uses a shuf?er circuit in each stage of the 
pipeline in order to effect randomiZation, but it Would be 
possible to have some pipeline stages that utiliZe the present 
invention and some that do not. One such possibility Would 
involve utiliZation of the present invention in just the ?rst 
stage of a pipeline, and to implement subsequent stages of 
that pipeline With knoWn circuitry Which does not embody 
the present invention. 

[0049] Yet another eXample is that each pipeline stage in 
the disclosed embodiment produces a digital output Which 
includes four bits, but the present invention is compatible 
use of a larger or small number of bits. Still another eXample 
is that the shuf?er circuit of the disclosed embodiment 
includes several sWitching blocks Which each have identical 
circuitry therein, but it Would be possible to use sWitching 
blocks that contain some other circuit con?guration, or that 
are not identical to each other. Another eXample is that, even 
though the disclosed embodiment effects sWitching among a 
group of capacitors Which does not include the feedback 
capacitor, it Would alternatively be possible to include the 
feedback capacitor in the group. 

[0050] It should also be recogniZed that direct connections 
disclosed herein could be altered, such that tWo disclosed 
elements Would be coupled to one another through an 
intermediate element or elements Without being directly 
connected, While still realiZing the present invention. Other 
substitutions and alterations are also possible Without 
departing from the spirit arid scope of the present of the 
present invention, as de?ned by the folloWing claims. 

What is claimed is: 
1. An apparatus, comprising a pipelined analog-to-digital 

converting circuit Which includes ?rst and second stages that 
each have an analog input, an analog output, and a multi-bit 
digital output, said analog input of one of said ?rst and 
second stages being coupled to said analog output of the 
other of said ?rst and second stages, and said ?rst stage 
including: 

an analog-to-digital converter responsive to said analog 
input of said ?rst stage for generating a multi-bit digital 
output that is based on said analog input of said ?rst 
stage and that serves as said multi-bit digital output of 
said ?rst stage; 

a shuffler having a plurality of inputs and a plurality of 
outputs, each said input of said shuffler having applied 
thereto a respective one of a plurality of sWitching 
signals derived from said multi-bit digital output of said 
analog-to-digital converter, said shuf?er being opera 
tive to couple each said input thereof to a respective 
said output thereof according to a mapping function, 
and being further operative to dynamically vary said 
mapping function so as to dynamically vary Which of 
said inputs thereof is coupled to Which of said outputs 
thereof; and 

circuitry for generating an analog residue signal Which 
represents a difference betWeen a magnitude corre 
sponding to said analog input of said ?rst stage and a 
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magnitude corresponding to said multi-bit digital out 
put of said analog-to-digital converter, said circuitry 
including a plurality of circuit portions Which can each 
be selectively sWitched to one of ?rst and second states 
under control of a respective signal received from a 
respective one of said outputs of said shuf?er, said ?rst 
and second states being different, and said analog 
residue signal serving as said analog output of said ?rst 
stage, and having a magnitude Which is a function of 
the number of said circuit portions Which are sWitched 
so as to be in said ?rst state. 

2. An apparatus according to claim 1, Wherein said second 
stage includes: 

a further analog-to-digital converter responsive to said 
analog input of said second stage for generating a 
multi-bit digital output that is based on said analog 
input of said second stage and that serves as said 
multi-bit digital output of said second stage; 

a further shuf?er having a plurality of inputs and a 
plurality of outputs, each said input of said further 
shuf?er having applied thereto a respective one of a 
plurality of sWitching signals derived from said multi 
bit digital output of said further analog-to-digital con 
verter, said further shuf?er being operative to couple 
each said input thereof to a respective said output 
thereof according to a further mapping function, and 
being further operative to dynamically vary said further 
mapping function so as to dynamically vary Which of 
said inputs thereof is coupled to Which of said outputs 
thereof; and 

further circuitry for generating a further analog residue 
signal Which represents a difference betWeen a magni 
tude corresponding to said analog input of said second 
stage and a magnitude corresponding to said multi-bit 
digital output of said further analog-to-digital con 
verter, said further circuitry including a plurality of 
further circuit portions Which can each be selectively 
sWitched to one of third and fourth states under control 
of a respective signal received from a respective one of 
said outputs of said further shuffler, said third and 
fourth states being different, and said further analog 
residue signal serving as said analog output of said 
second stage, and having a magnitude Which is a 
function of the number of said further circuit portions 
Which are sWitched so as to be in said third state. 

3. An apparatus according to claim 1, Wherein said 
sWitching signals are each a respective bit of said multi-bit 
digital output. 

4. An apparatus according to claim 1, Wherein said circuit 
portions each include a circuit component having one ter 
minal Which is sWitched to one of tWo different states in 
dependence on the state of a respective one of said outputs 
of said shuf?er. 

5. An apparatus according to claim 4, Wherein said one 
terminal of each said circuit component is coupled to said 
analog input of said ?rst stage during a ?rst time interval, 
and is sWitched to one of said tWo different states during a 
second time interval subsequent to said ?rst time interval. 

6. An apparatus according to claim 5, Wherein said circuit 
portions each have a further terminal Which is operatively 
coupled to said analog output of said ?rst stage during said 
second time interval. 
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7. An apparatus according to claim 4, wherein each said 
circuit component is a capacitor. 

8. An apparatus according to claim 7, Wherein said one 
terminal of each said capacitor is coupled to said analog 
input of said ?rst stage during a ?rst time interval, and is 
coupled to one of tWo different voltages during a second 
time interval subsequent to said ?rst time interval; and 
Wherein said tWo different states each correspond to said one 
terminal being coupled to a respective one of said tWo 
different voltages. 

9. An apparatus according to claim 1, Wherein said 
analog-to-digital converter includes a plurality of compara 
tors Which each compare said analog input of said ?rst stage 
to a respective different reference voltage, said multi-bit 
digital output of said analog-to-digital converter being a 
thermometer code, and each said bit of said multi-bit digital 
output of said analog-to-digital converter corresponding to 
the output of a respective said comparator. 

10. An apparatus according to claim 1, Wherein said 
shuf?er is operative to effect the variation of said mapping 
function in a substantially random manner. 

11. An apparatus according to claim 10, Wherein said 
shuf?er includes a netWork of sWitches, said netWork includ 
ing ?rst and second groups of sWitches Which are mutually 
exclusive, said sWitches of said ?rst group each being 
sWitched by a ?rst substantially random signal, and said 
sWitches of said second group each being sWitched by a 
second substantially random signal Which is independent of 
said ?rst substantially random signal. 

12. An apparatus according to claim 11, Wherein each said 
sWitching signal passes successively through a sWitch in said 
?rst group and a sWitch in said second group. 

13. An apparatus according to claim 1, including a com 
biner circuit having a ?rst input port coupled to said multi 
bit digital output of said ?rst stage and having a second input 
port coupled to said multi-bit digital output of said second 
stage, said combiner circuit being operative to generate a 
further multi-bit digital output Which is a function of said 
multi-bit digital outputs from said ?rst and second stages. 

14. A method of effecting pipelined analog-to-digital 
conversion in ?rst and second stages of conversion Which 
each involve use of an analog input to generate an analog 
output and a multi-bit digital output, said analog input of one 
of said ?rst and second stages being derived from said 
analog output of the other of said ?rst and second stages, 
said ?rst stage comprising the steps of: 

effecting an analog-to-digital conversion of said analog 
input of said ?rst stage so as to generate a multi-bit 
digital output that is based on said analog input of said 
?rst stage and that serves as said multi-bit digital output 
of said ?rst stage; 

shuffling a plurality of sWitching signals derived from said 
multi-bit digital output of said analog-to-digital con 
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version so as to generate a plurality of shuf?er output 
signals, said shuffling being effected according to a 
mapping function Which relates each said shuf?er out 
put signal to a respective said sWitching signal, said 
shuffling step including the step of dynamically varying 
said mapping function so as to dynamically vary Which 
of said shuf?er output signals corresponds to Which of 
said sWitching signals; and 

generating an analog residue signal Which represents a 
difference betWeen a magnitude corresponding to said 
analog input of said ?rst stage and a magnitude corre 
sponding to said multi-bit digital output of said analog 
to-digital conversion, including the step of selectively 
sWitching each of a plurality of circuit portions to one 
of ?rst and second states in response to a respective said 
shuf?er output signal, said ?rst and second states being 
different, and said analog residue signal serving as said 
analog output of said ?rst stage, and having a magni 
tude Which is a function of the number of said circuit 
portions Which are sWitched so as to be in said ?rst 
state. 

15. A method according to claim 14, including the step of 
directly using each bit of said multi-bit digital output of said 
analog-to-digital conversion as a respective said sWitching 
signal. 

16. A method according to claim 14, Wherein said circuit 
portions each include a circuit component Which has a 
terminal, and Wherein said selectively sWitching step 
includes the step of sWitching said terminal of each said 
circuit element betWeen tWo different states independence 
on the state of a respective said shuffler output signal. 

17. A method according to claim 14, Wherein said step of 
dynamically varying said mapping function is carried out by 
dynamically varying said mapping function in a substan 
tially random manner. 

18. Amethod according to claim 17, Wherein said shuf?er 
includes a netWork of sWitches, said netWork including ?rst 
and second groups of sWitches Which are mutually eXclu 
sive, and Wherein said step of dynamically varying said 
mapping function includes the step of controlling said 
sWitches of said ?rst group With a ?rst substantially random 
signal, and controlling said sWitches of said second group 
With a second substantially random signal Which is inde 
pendent of said ?rst substantially random signal. 

19. A method according to claim 18, Wherein said step of 
dynamically varying said mapping function includes the step 
of causing each said sWitching signal to pass successively 
through a sWitch in said ?rst group and a sWitch in said 
second group. 


