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(57) ABSTRACT 

An analog-to-digital (ADC) converter circuit that converts 
an analog input signal into a digital output circuit includes 
a calibration coef?cient computation circuit for computing 
calibration coef?cients of a calibration ?lter. The calibration 
coef?cient computation circuit includes a switching device 
adapted to sWitch the analog input signal delivered to the 
ADC circuit betWeen on and off states, and includes a 
pseudo-random signal generator adapted to input a pseudo 
random signal to the ADC circuit. During a start-up phase of 
the ADC circuit, the ADC circuit, the switching device turns 
off the analog input signal to the ADC circuit, the pseudo 
random signal generator inputs a pseudo-random signal into 
the ADC circuit, and the calibration coef?cient computation 
circuit computes the calibration coef?cients of the calibra 
tion ?lter. This ADC circuit con?guration reduces startup 
time for the calibration ?lter to only a feW clock cycles. 
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METHOD AND APPARATUS FOR START-UP OF 
ANALOG-TO-DIGITAL CONVERTERS 

TECHNICAL FIELD 

[0001] This patent relates generally to analog-to-digital 
converters, and more speci?cally to an apparatus and a 
method for calibrating analog-to-digital converters. 

BACKGROUND 

[0002] Analog-to-digital converters (ADCs) are employed 
in a variety of electronic systems including computer 
modems, Wireless telephones, satellite receivers, process 
control systems, etc. Such systems demand cost-effective 
ADCs that can ef?ciently convert an analog input signal to 
a digital output signal over a Wide range of frequencies and 
signal magnitudes With minimal noise and distortion. 

[0003] An ADC typically converts an analog signal to a 
digital signal by sampling the analog signal at pre-deter 
mined sampling intervals and generating a sequence of 
binary numbers via a quantiZer, Wherein the sequence of 
binary numbers is a digital representation of the sampled 
analog signal. Some of the commonly used types of ADCs 
include integrating ADCs, Flash ADCs, pipelined ADCs, 
successive approximation register ADCs, Delta-Sigma (AZ) 
ADCs, tWo-step ADCs, etc. Of these various types, the 
pipelined ADCs and the AZ ADCs are particularly popular 
in applications requiring higher resolutions. 

[0004] A pipelined ADC circuit samples an analog input 
signal using a sample-and-hold circuit to hold the input 
signal steady and a ?rst stage ?ash ADC to quantiZe the 
input signal. The ?rst stage ?ash ADC then feeds the 
quantiZed signal to a digital-to-analog converter (DAC). The 
pipelined ADC circuit subtracts the output of the DAC from 
the analog input signal to get a residue signal of the ?rst 
stage. The ?rst stage of the pipelined ADC circuit generates 
the most signi?cant bit (MSB) of the digital output signal. 
The residue signal of the ?rst stage is gained up by a factor 
and fed to the neXt stage. Subsequently, the neXt stage of the 
pipelined ADC circuit further quantiZes the residue signal to 
generate a further bit of the digital output signal, With this 
process being repeated for each stage of the ADC circuit. 

[0005] On the other hand, a AZ ADC employs over 
sampling, noise-shaping, digital ?ltering and digital deci 
mation techniques to provide high resolution analog-to 
digital conversion. One popular design of a AZ ADC is a 
multi-stage noise shaping (MASH) AZ ADC. A MASH AZ 
ADC is based on cascading multiple ?rst-order or second 
order AZ ADCs to realiZe high-order noise shaping. 

[0006] While both pipelined ADCs and AZ ADCs provide 
improved signal-to-noise ratio, improved stability, etc., the 
performance of both pipelined ADCs and AZ ADCs is 
bottlenecked by the linearity of the internal DAC. For 
eXample, the gain error of a DAC used in the ?rst stage of 
a pipelined ADC circuit contributes to the overall gain error 
of the pipelined ADC circuit. The gain error of an ADC can 
be de?ned as the amount of deviation betWeen an ideal 
transfer function and a measured transfer function of the 
ADC. One method used to overcome the limitations 
imposed by the gain errors of various stages of ADCs is to 
digitally calibrate the gain errors using calibration ?lters. 

[0007] An illustration of a knoWn pipelined ADC circuit 
10 calibrated for gain errors using a calibration ?lter is 
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shoWn in FIG. 1. The pipelined ADC circuit 10 converts an 
analog input signal u into a digital output signal y. While a 
typical pipelined ADC circuit may consist of several ADC 
stages, the pipelined ADC circuit 10 is shoWn to have a ?rst 
stage 12 and a backend ADC labeled ADC2 14, Where ADC2 
14 may include one or more subsequent stages. The ?rst 
stage 12 includes an ADC labeled ADC1 16 and a digital 
to-analog converter (DAC) labeled DAC1 18. The ideal gain 
of the ?rst stage 12 is G as represented by an ampli?er block 
20. The ?rst stage 12 partially quantiZes the analog input 
signal u to provide a digital output d1. The digital output d1 
is converted to an analog signal by DAC1 18 and subtracted 
from the input signal u to generate an error signal e. 
Subsequently, the error signal e is ampli?ed by the ideal gain 
G Within the ampli?er 20 to generate an analog residue 
signal r of the ?rst stage of the ADC circuit 10. The analog 
residue signal r is input to the ADC2 14 for further quanti 
Zation. The quantiZation error of ADC1 16 is assumed to be 
q1 and the quantiZation error of ADC2 14 is assumed to be 

[0008] The pipelined ADC circuit 10 also includes a 
pseudo-random signal generator 22 that generates a pseudo 
random signal dt (also knoWn as a dither signal). The 
pipelinedADC circuit 10 uses the signal dt for calibrating the 
gain errors. The signal dt is ampli?ed by 1A1 and is added to 
the digital output of ADC1 16. The combined output of the 
ADC1 16 and dt Which is represented by d1, is input to the 
DAC1 18. Thus the signal dt ?oWs through part of the ?rst 
stage 12 and the ADC2 14 to the digital output signal y of the 
pipelined ADC circuit 10. 

[0009] The pseudo-random signal dt, the ?rst stage digital 
output d1, and the ?nal digital output y are input into a 
calibration ?lter 24, Which compares the pseudo-random 
signal dt to the digital output signal y. In a perfectly cali 
brated ADC circuit, there should be no residue of the 
pseudo-random signal dt in the output signal y. Therefore, 
based on the amount of traces of the pseudo-random signal 
dt signal found in the output signal y, the calibration ?lter 24 
adjusts a calibration co-ef?cient 10 of a multiplier 26. A 
perfect calibration is obtained When there are no traces of the 
pseudo-random signal dt in the digital output signal y. The 
calibration ?lter 24 functions in an iterative fashion by 
monitoring the digital output signal y and correlating it With 
the pseudo-random signal dt. Such correlation is generally 
performed using various components including a delay 
circuit 28, a correlator 30, an accumulator 32 and a digital 
quantiZer 34. 

[0010] While the calibration ?lter 24 used With the pipe 
lined ADC circuit 10 of FIG. 1 calculates only the calibra 
tion coef?cients related to gain errors of the pipelined ADC 
circuit, calibration ?lters used With other types of ADC 
circuits may calculate various other calibration coef?cients. 
For eXample, a calibration ?lter used With a AZ ADC circuit 
calculates calibration coefficients related to a gain and an 
integrator pole of a ?rst stage of the AZ ADC circuit using 
an iterative algorithm similar to the one described above. 

[0011] One of the disadvantages With the implementations 
of calibration ?lters using an iterative algorithm described 
above is the long time, usually on order of million clock 
cycles, that is necessary for the calibration ?lters to converge 
to a correct set of ?lter coef?cients. Speci?cally, the cali 
bration ?lter 24 may have to iterate several million clock 
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cycles before it converges on the ideal calibration settings 
for the pipelined ADC circuit 10. Moreover, because the 
correlator 30 of the calibration ?lter 24 is effected by the 
analog input signal u, to suppress the effect of the analog 
input signal u, the output of the correlator 30 is accumulated 
over several thousands of samples by the accumulator 32. 
Therefore, in a start-up phase of an ADC circuit using a 
calibration ?lter, a large number of measurements are 
required before the calibration ?lter converges. As a result, 
the total startup time for such a calibration ?lter may become 
exceedingly long. 
[0012] Such a long startup time for computation of cali 
bration coef?cients results in a requirement for longer test 
ing time for circuits using ADC components, sometimes 
over a minute for each component, Which is a major problem 
for volume production of circuits using ADC components. 
To facilitate volume production of circuits using ADC 
components at a reasonable cost, it is necessary to reduce the 
startup time required for ADC calibration ?lters. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The present patent is illustrated by Way of 
eXamples and not limitations in the accompanying ?gures, in 
Which like references indicate similar elements, and in 
Which: 

[0014] FIG. 1 is an exemplary block diagram of a pipe 
lined ADC circuit calibrated for gain errors using a calibra 
tion ?lter; 

[0015] FIG. 2 is an exemplary block diagram of an ADC 
circuit using a fast startup method for computing calibration 
coef?cients; 
[0016] FIG. 3 is an exemplary ?oWchart illustrating the 
fast startup method for computing calibration coefficients for 
an ADC circuit; 

[0017] FIG. 4 is an exemplary block diagram of a gain 
calibrated pipelined ADC circuit including gain error cor 
rection logic that uses the fast startup method illustrated in 
FIG. 3; 

[0018] FIG. 5 is an exemplary signal diagram of digital 
pseudo-random signals at various stages of a continuously 
calibrated pipelined ADC; 

[0019] FIG. 6 is an exemplary block diagram of a gain 
error correction logic circuit used With a pipelined ADC 
calibrated for gain errors; 

[0020] FIG. 7 is an exemplary block diagram of a MASH 
AZ ADC circuit using a calibration ?lter; and 

[0021] FIG. 8 is an exemplary block diagram of a gain 
error correction logic circuit used With a MASH AZ ADC 
circuit using a calibration ?lter. 

DETAILED DESCRIPTION OF THE EXAMPLES 

[0022] An analog-to-digital (ADC) converter circuit that 
converts an analog input signal into a digital output signal 
includes a calibration coef?cient computation circuit for 
computing calibration ?lter coefficients. The calibration 
coef?cient computation circuit includes a sWitching device 
adapted to sWitch the analog input signal delivered to the 
ADC circuit betWeen on and off states, and includes a 
pseudo-random signal generator adapted to input a pseudo 
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random signal to the ADC circuit. During a start-up phase of 
the ADC circuit, the sWitching device turns off the analog 
input signal to the ADC circuit, the pseudo-random signal 
generator inputs a pseudo-random signal into the ADC 
circuit, and the calibration coefficient computation circuit 
computes the calibration coef?cients of the calibration ?lter. 
This ADC circuit con?guration reduces startup time for the 
calibration ?lter to only a feW clock cycles. While the 
calibration coefficient computation circuit is described 
herein With a pipelined ADC circuit and a MASH AZ ADC 
circuit, it may also be used With various other types of ADC 
circuits. 

[0023] FIG. 2 illustrates an exemplary implementation of 
an ADC circuit 60 that converts an analog input signal at a 
terminal 62 into a digital output signal at a terminal 64. The 
ADC circuit 60 includes an ADC 66 that converts the analog 
input signal at the terminal 62 to a digital output signal 70 
and a calibration ?lter 68 that ?lters the digital output 70. A 
calibration coef?cient computation circuit 72 computes cali 
bration coef?cients for the calibration ?lter 68. Additionally, 
the computation circuit 72 controls a sWitching device 74 to 
turn on and turn off the analog input signal at the terminal 
62 and controls a pseudo-random signal generator 76, Which 
generates a pseudo-random signal input to the ADC 66 and 
the calibration ?lter 68. 

[0024] NoW referring to FIG. 3, a ?oWchart 80 illustrates 
a fast startup method that may be implemented by the 
computation circuit 72 for calculating calibration coef? 
cients for the calibration ?lter 68. Various steps of the fast 
startup method illustrated by the ?oWchart 80 may be 
implemented by hardWare, softWare, ?rmWare or some 
combination thereof. 

[0025] At the start of the fast startup method illustrated by 
the ?oWchart 80, a block 82 operates the sWitching device 74 
to turn off the analog input signal being delivered to the 
ADC 66. Subsequently, With the analog input signal to the 
ADC 66 turned off, a block 84 inputs the pseudo-random 
signal generated by the pseudo-random signal generator 76 
into the ADC 66. With the analog input signal to the ADC 
66 turned off and only the pseudo-random signal input to the 
ADC 66, a block 86 measures various parameters of the 
ADC 66 and calculates various calibration parameters of the 
ADC 66. Such calibration parameters may include an esti 
mated gain of the ADC 66, an estimated integrator pole of 
the ADC 60, etc. Some of the possible methodologies used 
for calculating the estimated gain and/or the estimated 
integrator pole of a pipelined ADC circuit and a MASH AZ 
ADC circuit are described beloW in further detail. 

[0026] Upon calculating the estimated gain and/or the 
estimated integrator pole of the ADC 66, a block 88 calcu 
lates various coef?cients used to control the calibration ?lter 
68. The particular calculations used to determine such 
calibration coef?cients depend on the implementation of the 
ADC 66 and exemplary calculations are discussed in further 
detail beloW With respect to a pipelined ADC circuit and a 
MASH AZ ADC circuit. 

[0027] A block 90 delivers the calibration coef?cients 
calculated at the block 88 to the calibration ?lter 68. The 
calibration ?lter 68 subsequently uses the calibration coef 
?cients to ?lter the digital signal 70 output from the ADC 66. 
Finally, a block 92 operates the sWitching device 74 to turn 
on the analog input signal being delivered to the ADC 66. 
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[0028] FIG. 4 illustrates an implementation of the ADC 
circuit 60 as a pipelined ADC circuit 100. The pipelined 
ADC circuit 100 converts an analog input signal u into a 
digital output signal y. While a pipelined ADC circuit may 
consist of several ADC stages, the pipelined ADC circuit 
100 is shoWn in FIG. 4 to have a ?rst stage 102 and a 
backend ADC labeled ADC2 104, Where ADC2 104 may 
include one or more subsequent stages. The ?rst stage 102 
includes an ADC labeled ADC1 106 and a digital-to-analog 
converter (DAC) labeled DAC1 108. For the purpose of this 
illustration, it is assumed that the ideal gain of this ?rst stage 
102 is tWo. HoWever, the actual gain of the ?rst stage 102 is 
represented by a block 110 as G, Which may be different 
from tWo. As illustrated in FIG. 4, the analog input signal u 
can be turned on or turned off by a sWitching device 112. 

[0029] The ?rst stage 102 partially quantiZes the analog 
input signal u to provide a digital output d1 and feeds back 
the digital output d1 to the feedback DAC1 108. The feed 
back DAC1 108 thus converts the digital output d1 into an 
analog feedback signal. Subsequently, a summer 109 the 
?rst stage 102 subtracts the analog output of the feedback 
DAC1 108 from the analog input signal u to generate an error 
signal e. Ablock 110 ampli?es the error signal e by the ideal 
gain G to generate an analog residue signal r of the ?rst stage 
102, and the analog residue signal r is input to the ADC2 104 
for further quantization. The quantiZation error of the ADC1 
106 is assumed to be q1 and the quantiZation error of the 
ADC2 104 is assumed to be q2. 

[0030] The pipelined ADC circuit 100 also includes a 
pseudo-random signal generator 114 that generates a 
pseudo-random signal dt (also knoWn as a dither signal), 
Which is used for calibrating the gain errors. In particular, the 
signal dt is ampli?ed by 1A1 and is added to the digital output 
of the ADC1 106 by a summer 111. The combined output of 
the ADC1 106 and dt is input to the feedback DAC1 108. 
Thus the signal dt ?oWs through part of the ?rst stage 102 
and the ADC2 104 to the digital output signal y of the 
pipelined ADC circuit 100. 

[0031] The pipelined ADC circuit 100 also includes a 
calibration ?lter 116 and a calibration coefficient computa 
tion circuit 118, referred to as a gain error correction (GEC) 
circuit. The calibration ?lter 116 is used to calibrate an 
output d2 of the ADC2 104. The calibration ?lter 116 
includes a sWitching device 119 that controls Which calibra 
tion co-ef?cient is used to control a gain ?lter 120. During 
normal operation of the ADC circuit 100, When the sWitch 
ing device 112 is turned on, thus alloWing the analog input 
signal u to be delivered to the ADC circuit 100, the sWitching 
device 119 connects the control of the gain ?lter 120 to a 
continuous mode calibration circuit 122 comprising a delay 
124, a correlator 126, an accumulator 128 and a quantiZer 
130. The continuous mode calibration circuit 122 functions 
in an iterative fashion by monitoring the digital output signal 
y and correlating it With the pseudo-random signal dt to 
obtain calibration coef?cients for the gain ?lter 120. 

[0032] On the other hand, during the startup phase, When 
the sWitching device 112 is turned off, thus blocking the 
analog input signal u from the ADC circuit 100, the sWitch 
ing device 119 connects the control of the gain ?lter 120 to 
the calibration coefficient computation circuit 118. As a 
result, during the startup phase, the calibration coef?cient 
computation circuit 118, Which computes the calibration 
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coef?cients used to control the gain ?lter 120, computes 
calibration coef?cients using the transfer function of the 
pipelined ADC circuit 100. Based on the relationships 
betWeen various signals at different stages of the pipelined 
ADC circuit 100, a transfer function of the pipelined ADC 
circuit 100 can be calculated as folloWs. 

[0033] The difference of the analog input signal u and an 
output d1 of the feedback 104, designated by the error signal 
e, can be calculated as: 

[0034] Given the ideal gain of the pipelined ADC circuit 
100 as G, the input signal r to the second stage ADC2 104 
can be calculated as: 

[0035] Subsequently, the output signal d2 of the second 
stage ADC2 104 can be calculated as: 

[0036] If the ?lter coefficient of the gain ?lter 120 is 10, the 
output y of the pipelined ADC circuit 100 can be calculated 
as: 

[0037] For the pipelined ADC circuit 100 to be calibrated 
perfectly, there should be no leakage of the quantiZation 
error q1 of the ADC1 106 to the output y of the pipelined 
ADC circuit 100. Thus, in the calculation of y above, the 
sum of the factors containing q1 must equal Zero, therefore: 

[0038] Rearranging the equation above: 

2=lDG, as a result, 

10=2/G. 

[0039] Thus, from the results above, for the pipelined 
ADC circuit 100, the coefficient 10 of the gain ?lter 120 can 
be calculated directly if an estimate of the gain G can be 
found. 

[0040] An estimate of gain G may be found by applying 
the fast startup method illustrated in the ?oWchart 80 of 
FIG. 2 to the pipelined ADC circuit 100. As a ?rst step, the 
analog input signal u is grounded using the sWitching device 
112. Subsequently, the pseudo-random signal dt is the only 
signal input to the feedback DAC1 108. Suppose the pseudo 
random signal dt is as illustrated in FIG. 5a, having a 
magnitude of +/—1. As shoWn in FIG. 4, the pseudo-random 
signal dt is digitally added to the output of the ADC1106 and 
goes through the feedback DAC1 108 of the ?rst stage 102 
of the pipelined ADC circuit 100. As a result, the pseudo 
random signal dt is ampli?ed With the same gain factor G as 
the analog input signal u Would have been ampli?ed by the 
?rst stage of the pipelined ADC circuit 100. The pseudo 
random signal dt is ampli?ed by 1A before entering the 
feedback DAC1 108, and the ideal output of the feedback 
DAC1 108 is illustrated in FIG. 5b. 

[0041] For illustration purpose, suppose that the ADC2 
104 is a 12-bit ADC, i.e., it converts an analog input into a 
12 bit output. If the quantiZed output d2 of the ADC2 104 can 
be measured, then an estimate of the ideal gain G can be 
obtained to thereby determine the calibration coefficient 10 of 
the calibration ?lter 120. The estimate of the quantiZed 
output of the ADC2 104 can be obtained from the output d2 
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of the ADC2 104. FIG. 5c illustrates an exemplary sequence 
of an ideal output value of d2 and an actual output value of 
d2. Given that the ADC2 104 is a 12 bit output, the range of 
the output d2 is +/—2048*%=+/—5 12. FIG. 5c also shoWs the 
actual or observed value (+/—400) of the output d2 in the 
presence of non-ideal gain. The calibration coef?cient com 
putation circuit 118 uses the actual output d2 and the pseudo 
random signal dt to calculate an estimate of gain G. 

[0042] An implementation of the calibration coef?cient 
computation circuit 114 is illustrated in FIG. 6 as a gain 
error correction (GEC) circuit 118. The GEC circuit 118 
includes a correlator 140 that multiplies the output d2 With 
the pseudo-random signal dt. The output of the correlator 
140 is summed and averaged by an accumulator 142. When 
the ADC2 104 is a 12 bit ADC, the eXpected value of the 
quantized dt, given by dtqideal can be calculated based on 
FIG. SC to be 512. Using the eXpected value of the quantiZed 
dt, an estimate of the gain G may be obtained by the 
computation circuit using the folloWing equation: 

[0043] To calculate the value of estimated gain G, a 
multiplier 144 of the GEC circuit 118 multiplies the output 
of the accumulator 142 by 2/dtqidea1. As previously shoWn, 
the value of ?lter coef?cient 10 is given by a ratio of the ideal 
gain of the pipelined ADC circuit 100 and the estimated gain 
G of the pipelined ADC circuit 100. Therefore, the GEC 
circuit 118 includes an inverter 146 to invert the output of 
the multiplier 144. The folloWing table gives an eXample of 
a computation of estimated gain for the pipelined ADC 
circuit 100 Where the second stage ADC2 104 is a 12-bit 
ADC. The eXample beloW has been calculated under an 
assumption of 20.6 dB operational transconductive ampli?er 
(OTA) gain for the pipelined ADC circuit 100, leading to an 
estimated gain of 1.5625. 

d1 d2 d2Sign(dr0) 

1 400 400 
0 —400 400 
1 400 400 
0 —400 400 
1 400 400 
0 —400 400 
1 400 400 
0 —400 400 
1 400 400 
0 —400 400 

Sum 4000 

[0044] Where the gain is calculated as folloWs: 

G-21 l d d-2 l4000-15625 
_mm%sign(l)* z_m? _ . . 

[0045] Subsequently, the output of the GEC circuit 118 is 
multiplied by the ideal gain of the piplined ADC circuit 100, 
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Which in this eXample is assumed to be equal to tWo, to get 
the ?lter coef?cient 10 as folloWs: 

2 2 
[0: 

[0046] While the circuits of FIGS. 4 and 6 depict a 
pipelined implementation of the ADC circuit 100, FIG. 7 
illustrates a MASH AZ implementation of an MASH AZ 
ADC circuit 160 using the fast startup method described in 
?oWchart 80 for computing calibration ?lter coef?cients. 
The MASH AZ ADC circuit 160 converts an analog input 
signal u into a digital output signal y. The MASH AZ ADC 
circuit 160 is shoWn to have a ?rst stage 162 and a backend 
ADC labeled ADC2 164, Where the ADC2 164 may include 
one or more subsequent stages. The ?rst stage 162 includes 
an ADC labeled ADC1 166 and a DAC labeled DAC1 168. 
It is assumed that the actual gain of this ?rst stage 162 is G 
and that the ?rst stage 162 has one integrator having a pole 
p. The actual transfer function of the ?rst stage 162 is 
illustrated by an integrator block 170. The analog input 
signal u is connected to the input of the MASH AZ ADC 
circuit 160 via a sWitching device 172. Quantization errors 
of the ADC1 166 and the ADC2 164 are, respectively, q1 and 
(12 

[0047] The ?rst stage 162 converts the input signal u into 
a digital output signal, Which is fed back through the 
feedback DAC1 168. A summer 163 Within the ?rst stage 
162 subtracts an analog output of the DAC1 168 from the 
input signal u to generate a residue signal e. The integrator 
block 170 ampli?es and integrates the residue signal e to 
generate a residue signal W, Which is fed to the ADC2 164. 
The MASH AZ ADC circuit 160 also includes a pseudo 
random signal generator 174 that generates a pseudo-ran 
dom signal dt, Which is used to calibrate coefficients of a 
calibration ?lter 178. The pseudo-random signal dt is ampli 
?ed by 1A1 and is added to the digital output of the ADC1 166. 
The combined output of the ADC1 166 and dt is represented 
by d1, Which is input to the feedback DAC1 168. Thus, the 
signal dt ?oWs through part of the ?rst stage 162 and the 
ADC2 164 to the digital output signal y of the MASH AZ 
ADC circuit 160. 

[0048] The MASH AZ ADC circuit 160 also includes a 
calibration coef?cient computation circuit 180, Which is 
implemented by a gain error correction (GEC) circuit. The 
calibration ?lter 178, Which is used to calibrate an output d2 
of the ADC2 164, includes a sWitching device 182 that 
controls Which calibration coef?cients are used to control 
gain ?lters 184. During normal operation of the MASH AZ 
ADC circuit 160, When the sWitching device 172 is turned 
on, thus alloWing the analog input signal u to be input to the 
MASH AZ ADC circuit 160, the sWitching device 182 
connects the control of the gain ?lter 184 to a continuous 
mode calibration circuit 186 comprising delay units 188, 
correlators 190, accumulators 192 and quantiZers 194. The 
continuous mode calibration circuit 186 functions in an 
iterative fashion by monitoring and correlating the digital 
output signal y and correlating it With the pseudo-random 
signal dt to obtain calibration coef?cients for the gain ?lters 
184. 

[0049] On the other hand, during the startup phase, When 
the sWitching device 172 is turned off, thus blocking the 
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analog input signal u from the MASH AZ ADC circuit 160, 
the switching device 182 connects the control of the gain 
?lters 184 to the calibration coefficient cornputation circuit 
180. During the startup phase, the calibration coef?cient 
cornputation circuit 180 computes the calibration coeffi 
cients used to control the gain ?lter 184. The calibration 
coef?cient cornputation circuit 180 cornputes calibration 
coef?cients using the transfer function of the MASH AZ 
ADC circuit 160. Based on the relationships betWeen vari 
ous signals at different stages of the MASH AZ ADC circuit 
160, a transfer function of the MASH AZ ADC circuit 160 
can be calculated as folloWs: 

41-44-211?” 

Hip-91 Hip-a 4 4 

(l0 — Z151) 

[0050] For the MASH AZ ADC circuit 160 to be calibrated 
perfectly, there should be no leakage of the quantization 
error q1 of the ADC1 166 to the output y of the MASH AZ 
ADC circuit 160. Thus, in the calculation of y above, the 
sum of the factors containing q1 must equal Zero. Therefore: 
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-continued 

Hip-E1 Hip-E1 4 4 

[0051] This leads to simultaneous requirements that the 
sum of all factors not containing Z_1 must also equal Zero. 
Therefore: 

[0052] Thus, in order to calculate the ?lter coefficients l0 
and 11, estimates of the gain G and the integrator pole p are 
necessary. 

[0053] An estimate of the gain G may be found by 
applying the fast startup method of the ?oWchart 80 of FIG. 
3 to the MASH AZ ADC circuit 160. As a ?rst step, the 
analog input signal u is grounded using the sWitching device 
172 and the integrator 170 is reset for every clock period. 
Subsequently, the pseudo-randorn signal dt is applied to the 
MASH AZ ADC circuit 160. Because the integrator 170 has 
no memory (as it is reset every clock period) and the analog 
input signal u is grounded, the output of the integrator 170 
Will correspond only to the pseudo-randorn signal dt. Fur 
therrnore, any offset at the integrator input Will be cancelled 
if the pseudo-randorn signal dt has a shape of an alternating 
square Wave, similar to that illustrated in FIG. 5a. In this 
situation, it can be shoWn that an estimate of the gain G can 
be obtained as follows: 

[0054] Similarly, an estimate of the integrator pole p can 
be found by shorting the analog input signal u to Zero (using 
the sWitching device 172) and resetting the integrator 170 at 
every second clock period. In this case, When the pseudo 
randorn signal dt is applied, the output of the integrator 170 
is a function of only the applied pseudo-randorn signal dt and 
the pseudo-randorn signal dt from the previous clock period. 
The analog output of the integrator 170 is given as: 

[0055] An estimate of p may be found by reWriting the 
above equation and using the previous estimate of gain G, as 
folloWs: 
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w dll 
p : G>l<dl0 _ To 

[0056] Because the digital signal d2 is a digital represen 
tation of the output W, the output W can be replaced by the 
digital signal d2. To suppress the effects of White noise and 
quantization noise, the terms of the equation above are 
summed and averaged, generating a sum of integrator pole 
p as folloWs: 

1 1 ‘ sign(d [1) 
2 p _ G dtquml 2 d2 *Slgmdlo) _ Z sign(dt0) 

[0057] Subsequently, the estimated value of p can be 
obtained by dividing the sum of p by a number of observa 
tions used in obtaining the sum, as follows: 

[0058] The folloWing table provides an example of a 
computation of an estimated gain G and estimated integrator 
pole p for the MASH AZ ADC circuit 160, Where the ADC1 
166 is an 11-bit ADC. The example beloW has been calcu 
lated under an assumption of 50 dB operational transcon 
ductive ampli?er (OTA) gain for the MASH AZ ADC circuit 
160, leading to an estimated gain G of 3.934 and estimated 
pole p of 0.987. 

Reset dt sequence d2 sequence d2*sign(dt0) dtl/dt0 

Yes 1 dtU 245 d20 
NO 0 dtl -3 (121 -3 -1 
Yes 1 dtU 245 d20 
NO 1 dtl 488 (121 488 1 
Yes 0 dtU 245 d20 
NO 1 dtl 3 (121 -3 -1 
Yes 0 dtU —245 d20 
NO 0 dtl -488 (121 488 1 
Yes 0 dtU —245 d20 
NO 1 dtl 3 (121 -3 -1 
Yes 0 dtU —245 d20 
NO 1 dtl 3 (121 -3 -1 
Yes 0 dtU —245 d20 
NO 1 dtl 3 (121 -3 -1 
Yes 0 dtU —245 d20 
NO 0 dtl -488 (121 488 1 
Yes 1 dtU 245 d20 
NO 1 dtl 488 (121 488 1 

Sum 1 937 — 1 

[0059] Where the estimated integrator pole p is calculated 
as folloWs: 
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[0060] An implementation of the calibration coef?cient 
computation circuit 180 is illustrated in FIG. 8 as a gain 
error correction (GEC) circuit 200. The GEC circuit 200 
calculates values of the calibration coef?cients l0 and 11 
based on the values of estimated gain G and estimated 
integrator pole p. The GEC circuit 200 includes an 10 
computation circuit 202 and an 11 computation circuit 204. 
The 10 computation circuit 202 computes the coef?cient 10 
for the gain ?lters 184, While the 11 computation circuit 204 
computes the coef?cient 11 for the gain ?lters 184. 

[0061] The operation of the 10 computation circuit 202 is 
similar to the operation of the GEC circuit 118 described in 
FIG. 6, and therefore it is not described in further detail 
here. The 11 computation circuit 204 receives the value of 10 
as computed by the 10 computation circuit 202 as an input. 
AsWitching device 206 controls input of the pseudo-random 
signal dt into the 11 computation circuit 204. Speci?cally, the 
sWitching device 206 alternatively inputs the signal dt onto 
alternate input lines 208 and 210. Thus, for example, if at a 
time period to a signal dto is input onto the input line 208, at 
the next time period t1, a signal dt1 is input on the input line 
210. 

[0062] Subsequently, a ?rst correlator 212 correlates the 
signal dt With its delayed signal, for example, the signal dto 
is correlated With the signal dtl. The output of the correlator 
212 is summed by an accumulator 214. A correlator 216 
correlates the signal dto With the digital signal d21, Where d21 
is the digital signal d2 delayed by one clock period. The 
output of the correlator 216 is accumulated by an accumu 
lator 218. Subsequently, a multiplier 220 multiplies the 
output of the accumulator 218 by 1/(4dtqidea1) and another 
multiplier 222 multiplies the output of the multiplier 220 
With the output 10 received from the 10 computation circuit 
202. 

[0063] A summation circuit 224 adds the outputs of the 
multiplier 222 and the accumulator 214. Subsequently, 
another multiplier 226 multiplies the output of the summa 
tion circuit 224 by 1/N to generate an estimate of the 
integrator pole p. Finally a multiplier 228 uses the estimated 
value of the integrator pole p and the output 10 received from 
the 10 computation circuit 202 to generate an estimated value 
of the calibration coef?cient 11. 

[0064] Although the forgoing text sets forth a detailed 
description of numerous different embodiments of the inven 
tion, it should be understood that the scope of the invention 
is de?ned by the Words of the claims set forth at the end of 
this patent. The detailed description is to be construed as 
exemplary only and does not describe every possible 
embodiment of the invention because describing every pos 
sible embodiment Would be impractical, if not impossible. 
Numerous alternative embodiments could be implemented, 
using either current technology or technology developed 
after the ?ling date of this patent, Which Would still fall 
Within the scope of the claims de?ning the invention. 
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[0065] Thus, many modi?cations and variations may be 
made in the techniques and structures described and illus 
trated herein Without departing from the spirit and scope of 
the present invention. Accordingly, it should be understood 
that the methods and apparatus described herein are illus 
trative only and are not limiting upon the scope of the 
invention. 

What is claimed is: 
1. A method of calibrating an analog-to-digital converter 

circuit, comprising: 
disabling an input signal to the analog-to-digital converter 

circuit; 
inputting a pseudo-random signal to the analog-to-digital 

converter circuit; 

measuring at least one of estimated gain and estimated 
integrator pole of the analog-to-digital converter cir 
cuit; and 

calculating coef?cients of a calibration ?lter used in the 
analog-to-digital converter circuit using at least one of 
the estimated gain and the estimated integrator pole. 

2. A method of claim 1, further comprising: 

enabling the input signal of the analog-to-digital converter 
after calculating the coefficients of the calibration ?lter 
used in the analog-to-digital converter circuit; and 

operating the analog-to-digital converter circuit in a con 
tinuous calibration mode. 

3. A method of claim 1, further comprising operating the 
calibration ?lter using the coef?cients of the calibration 
?lter. 

4. A method of claim 3, Wherein measuring the estimated 
gain of the analog-to-digital converter circuit comprises: 

multiplying a digitiZed residue of a ?rst stage of the 
analog-to-digital converter circuit With the pseudo 
random signal; 

accumulating a sum of the multiplication; and 

scaling the sum by an eXpected magnitude of the pseudo 
random signal. 

5. A method of claim 4, further comprising calibrating a 
second stage of the analog-to-digital converter circuit by 
multiplying a digitiZed residue of the second stage of the 
analog-to-digital converter circuit With the pseudo-random 
signal, accumulating a sum of the multiplication, and scaling 
the sum by an eXpected magnitude of the pseudo-random 
signal. 

6. A method of claim 4, Wherein a gain-error-correction 
circuit is used for multiplying a digitiZed residue of the ?rst 
stage of the analog-to-digital converter circuit With the 
pseudo-random signal, for accumulating a sum of the mul 
tiplication, and for scaling the sum by an eXpected magni 
tude of the pseudo-random signal. 

7. A method of claim 6, further comprising dividing an 
ideal gain of the analog-to-digital converter circuit by the 
estimated gain of the analog-to-digital converter circuit to 
determine a calibration coef?cient of the calibration ?lter. 

8. A method of claim 1, Wherein the calibration ?lter is 
used to calibrate output of one of a MASH AZ analog-to 
digital converter circuit and a pipelined analog-to-digital 
converter circuit. 
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9. A method of claim 8, further comprising: 

measuring the estimated gain of the analog-to-digital 
converter circuit by: 

resetting an integrator of the analog-to-digital converter 
circuit for every clock period; 

multiplying a digitiZed residue of a ?rst stage of the 
analog-to-digital converter circuit With the pseudo 
random signal to get a ?rst multiplication, 

accumulating the ?rst multiplication to get a ?rst sum, 
and 

scaling the ?rst sum by an eXpected magnitude of the 
pseudo-random signal; and 

measuring the integrator pole of the analog-to-digital 
converter circuit by: 

resetting the integrator of the analog-to-digital con 
verter circuit for every second clock period; 

multiplying a digitiZed residue of a ?rst stage of the 
analog-to-digital converter circuit With a memory of 
the pseudo-random signal to get a second multipli 
cation, 

accumulating the second multiplication to get a second 
sum, 

accumulating a third sum of ratios of a sign of the 
pseudo-random signal and the sign of the memory of 
the pseudo-random signal, 

subtracting the third sum from the second sum to get a 
?rst difference, and 

scaling the ?rst difference by a number of measure 
ments. 

10. A method of claim 9, further comprising dividing an 
ideal gain of the analog-to-digital converter circuit by the 
estimated gain to get a ?rst calibration coef?cient of the 
calibration ?lter 

11. A method of claim 10, further comprising multiplying 
the ?rst coef?cient of the calibration ?lter by the estimated 
integrator pole of the analog-to-digital converter circuit to 
get a second calibration coef?cient of the calibration ?lter 

12. A method of measuring calibration coef?cients of a 
calibration ?lter used in a pipelined analog-to-digital con 
verter circuit, the pipelined analog-to-digital converter cir 
cuit having a ?rst analog-to-digital converter, a second 
analog-to-digital converter and a digital-to analog converter 
in a feed-back path of the ?rst analog-to-digital converter, 
the method comprising: 

disabling an input signal to the pipelined analog-to-digital 
converter circuit; 

inputting a pseudo-random signal to the pipelined analog 
to-digital converter circuit; 

inputting a gained output of the digital-to-analog con 
verter to the second analog-to-digital converter; and 

inputting the pseudo-random signal and the output of the 
second analog-to-digital converter to a calibration coef 
?cient computation circuit to thereby calculate calibra 
tion coefficients. 

13. A method of claim 12, further comprising ?ltering an 
output of the second analog-to-digital converter using the 
calibration coefficients. 
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14. A method of claim 12, wherein the calibration coef 
?cient computation circuit computes an estimated gain of 
the analog to digital converter circuit. 

15. A method of claim 12, Wherein the calibration coef 
?cient computation circuit correlates an output of the second 
analog-to-digital converter With the pseudo-random signal. 

16. A method of measuring calibration coef?cients of a 
calibration ?lter used in a AZ analog-to-digital converter 
circuit, the AZ analog-to-digital converter circuit having a 
?rst analog-to-digital converter, a second analog-to-digital 
converter and a digital-to analog converter in a feed-back 
path of the ?rst analog-to-digital converter, the method 
comprising: 

disabling an input signal to the AZ analog-to-digital 
converter circuit; 

inputting a pseudo-random signal to the AZ analog-to 
digital converter circuit; 

inputting an integrated output of the digital-to-analog 
converter to the second analog-to-digital converter; and 

inputting the pseudo-random signal and the output of the 
second analog-to-digital converter to a calibration coef 
?cient computation circuit to thereby calculate calibra 
tion coef?cients. 

17. A method of claim 16, Wherein the calibration coef 
?cient computation circuit computes an estimated gain and 
an estimated integrator pole of the AZ analog-to-digital 
converter circuit. 

18. A method of claim 17, Wherein the calibration coef 
?cients include a ?rst calibration coef?cient equal to a ratio 
of an ideal gain of the AZ analog-to-digital converter circuit 
and the estimated gain of the AZ analog-to-digital converter 
circuit. 

19. A method of claim 17, Wherein the calibration coef 
?cients include a second calibration coef?cient equal to the 
?rst calibration coef?cient multiplied by the estimated inte 
grator pole of the AZ analog-to-digital converter circuit. 

20. A method of claim 17, further comprising: 

resetting an integrator of the analog-to-digital converter 
circuit for every clock period for calculating the esti 
mated gain of the AZ analog-to-digital converter cir 
cuit; and 

resetting an integrator of the analog-to-digital converter 
circuit for every second clock period for calculating the 
estimated gain of the AZ analog-to-digital converter 
circuit. 

21. An analog-to-digital converter system for converting 
an analog input signal to a digital output signal, the circuit 
comprising: 

an analog-to-digital converter circuit; 

a sWitching device for turning on and turning off the 
analog input signal to the analog-to-digital converter 
circuit; 

a pseudo-random signal generator providing a pseudo 
random signal to the analog-to-digital converter circuit, 

a calibration coef?cient computation circuit to compute 
calibration coef?cients of the analog-to-digital con 
verter circuit; and 

a calibration ?lter circuit for ?ltering the digital output 
signal according to the calibration coef?cients. 
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22. An analog-to-digital converter system of claim 21, 
Wherein the analog-to-digital converter circuit is one of a 
pipelined analog-to-digital converter circuit and a AZ ana 
log-to-digital converter circuit. 

23. An analog-to-digital converter system of claim 22, 
Wherein the AZ analog-to-digital converter circuit is a 
MASH AZ analog-to-digital converter circuit having an 
integrator With one pole. 

24. An analog-to-digital converter system of claim 21, 
Wherein the calibration coef?cient computation circuit 
includes a gain error correction circuit. 

25. An analog-to-digital converter system of claim 21, 
Wherein the gain error correction circuit includes a correla 
tor, an accumulator and an inverter. 

26. An analog-to-digital converter system of claim 25, 
Wherein the calibration coef?cient computation circuit com 
putes at least one of an estimated gain of the analog-to 
digital converter circuit and an estimated integrator pole of 
the analog-to-digital converter circuit. 

27. An analog-to-digital converter system of claim 26, 
Wherein the calibration coef?cient computation circuit com 
putes a ?rst calibration coefficient as a ratio of an ideal gain 
of the analog-to-digital converter circuit and the estimated 
gain of the analog-to-digital converter circuit. 

28. An analog-to-digital converter system of claim 27, 
Wherein the calibration coef?cient computation circuit com 
putes a second calibration coef?cient by multiplying the ?rst 
calibration coef?cient by the estimated integrator pole of the 
analog-to-digital converter circuit. 

29. An analog-to-digital converter system of claim 21, 
Wherein the sWitching device turns off the input analog 
signal during a startup phase of the analog-to-digital circuit 
and the calibration coef?cient computation circuit computes 
the calibration coef?cients during the startup phase. 

30. An analog-to-digital converter system of claim 21, 
Wherein the analog-to-digital converter circuit is a MASH 
AZ analog-to-digital converter circuit and the calibration 
coef?cient computation circuit resets the integrator at one of 
(1) every clock period and (2) every second clock period. 

31. A calibration coef?cient computation circuit for com 
puting calibration coef?cients of a calibration ?lter used in 
an analog-to-digital converter circuit, the analog-to-digital 
circuit converting an analog input signal into a digital output 
signal, the calibration coef?cient computation circuit com 
prising: 

a sWitching device adapted to turn on and turn off the 
analog input signal to the analog-to-digital converter 
and a pseudo-random signal generator adapted to input 
a pseudo-random signal to the analog-to-digital con 
verter circuit, Wherein the sWitching device turns of the 
analog input signal to the analog-to-digital converter 
circuit during a startup phase of the analog-to-digital 
converter circuit, the pseudo-random signal generator 
inputs a pseudo-random input signal into the analog 
to-digital converter circuit during the startup phase and 
the calibration coef?cient computation circuit com 
putes the calibration coef?cients of the calibration ?lter 
during the startup phase. 

32. A calibration coef?cient computation circuit of claim 
31, Wherein the calibration coef?cient computation circuit 
includes a gain error correction circuit. 

33. A calibration coef?cient computation circuit of claim 
31, Wherein the calibration coef?cient computation circuit 
computes at least one of an estimated gain of the analog 
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to-digital converter circuit and an estimated integrator pole 
of the analog-to-digital converter circuit. 

34. A calibration coef?cient computation circuit of claim 
31, Wherein the calibration coef?cient computation circuit 
computes a ?rst calibration coefficient of the calibration 
?lter as a ratio of an ideal gain of the analog-to-digital 
converter circuit and the estimated gain of the analog-to 
digital converter circuit. 

35. A calibration coef?cient computation circuit of claim 
34, Wherein the calibration coef?cient computation circuit 
computes a second calibration coef?cient of the calibration 
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?lter by multiplying the ?rst calibration coefficient by the 
estimated integrator pole of the analog-to-digital converter 
circuit. 

36. A calibration coef?cient computation circuit of claim 
32, Wherein the gain error correction circuit includes a 
correlator, an accumulator and an inverter. 

37. A calibration coef?cient computation circuit of claim 
32, further adapted to compute calibration coefficients of at 
least one of a pipelined analog-to-digital converter circuit 
and a AZ analog-to-digital converter circuit. 

* * * * * 


