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INTEGRATING/SAR ADC AND METHOD 
WITH LOW INTEGRATOR SWING AND LOW 

COMPLEXITY 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation-in-part of com 
monly assigned patent application Ser. No. 11/738,566 
entitled “Hybrid Delta-Sigma/SAR Analog to Digital Con 
verter and Methods for Using Such”, ?led Apr. 23, 2007 by 
Jerry Doorenbos, Marco Gardner and Dimitar Trifonov, and 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to hybrid 
delta-sigma/SAR analog to digital converters (ADCs) of the 
type described in above-mentioned commonly assigned 
patent application Ser. No. 1 1/ 738,566. More particularly, the 
present invention relates to improvements Which provide 
minimum integrator output sWing, operation With very loW 
poWer supply voltage, reduced quiescent current, and high 
accuracy even though the integrated circuit hybrid delta 
sigma/SAR ADC is fabricated using loW voltage “leaky” 
manufacturing processes. 
[0003] Various analog to digital data converters and con 
version techniques have been developed over the years for 
converting electrical signals from an analog domain to a 
digital domain. In general, the process of analog to digital 
conversion includes sampling an analog signal and compar 
ing the sampled analog signal to a threshold value. A binary 
result is recorded depending upon the result of the compari 
son. The process of comparing the sample against a threshold 
may be repeated a number of times With each successive 
comparison using a different threshold and residue of the 
sample. The number of iterations typically affects the noise 
level of any result as Well as the resolution of the ultimate 
digital signal. 
[0004] Some analog to digital converters rely on delta 
sigma modulation techniques. FIG. 1A is a conceptual dia 
gram of a ?rst order delta-sigma analog to digital converter 
100. Analog to digital converter 100 includes an operational 
ampli?er 110, a comparator 120, and a counter 130. A posi 
tive input of operational ampli?er 110 is electrically coupled 
to ground. A negative input of operational ampli?er 110 is 
electrically coupled to a reference sample capacitor 156 and 
an input sample capacitor 166. Reference sample capacitor 
156 is electrically coupled to a negative version of a voltage 
reference 150 via a sWitch 152, and to ground via a sWitch 
154. Input sample capacitor 166 is electrically coupled to a 
voltage input 160 via a sWitch 162 and to ground via a sWitch 
164. An integrating capacitor 116 is electrically coupled 
betWeen the output and the negative input of operational 
ampli?er 110 by Way of a sWitch 114. Another sWitch 112 
alloWs for shorting the output of operational ampli?er 110 to 
the negative input thereof. 
[0005] In operation, voltage input 160 is sampled by clos 
ing sWitch 162 and sWitch 112. This alloWs input sample 
capacitor 166 to be charged to a level re?ecting voltage input 
160. The charge from input sample capacitor 166 is then 
transferred to integrating capacitor 116 by opening sWitch 
162 and sWitch 112, and closing sWitch 114 and sWitch 164. 
This results in an output from operational ampli?er 110 at the 
input of comparator 120. If the gain of operational ampli?er 
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110 is unity, the output is approximately equal to voltage 
input 160. The output is compared With voltage reference 
150. If the result is a logic ‘0’, counter 130 is not incremented. 
In the next pass, voltage input 160 is again sampled by closing 
sWitch 162 and sWitch 112. Once charging is complete, 
charge is transferred from capacitor 166 to capacitor 116 by 
closing sWitch 114 and sWitch 164. This results in a value of 
approximately double voltage input 160 at the output of 
operational ampli?er 110. Again, if the result is a logic ‘0’, 
counter 130 is not incremented and substantially the same 
process is repeated until the result of a logic ‘1’ is achieved. 
[0006] Alternatively, on any pass Wherein the result of the 
comparison is a logic ‘1’, counter 130 is incremented. Fur 
ther, if the result is a logic ‘1’, the negative version of the 
voltage reference 150 is sampled along With voltage input 160 
on the next pass. This is done by closing sWitch 152, sWitch 
162 and sWitch 112. This causes charge to build up on refer 
ence sample capacitor 156 representing the negative refer 
ence voltage, and charge to buildup on input sample capacitor 
166 representing input voltage 160. The charge from both of 
the aforementioned capacitors is transferred to integrating 
capacitor 116 by closing sWitch 114, sWitch 154 and sWitch 
164. By continually re-sampling input voltage 160 and sam 
pling the negative voltage reference any time a logic ‘1’ is 
noted, the folloWing residue Will remain for a counter value of 
X and a number of iterations N: 

The digital value representing the voltage input is that main 
tained on counter 130 at the end of the process. The process 
may be continued for a large number of iterations Which 
Would result in a progressively ?ner resolution. Unfortu 
nately, the number of samples (N) to create a de?ned output 
resolution of ADC result 140 increases exponentially. For 
example, for a ten bit resolution one thousand, tWenty-four 
(210) samples are required. In comparison, for a tWenty bit 
resolution, over one million samples are required (220). Thus, 
While analog to digital converter 100 is capable of providing 
accurate results, results exhibiting relatively high resolution 
require substantial conversion time. 
[0007] Other approaches for analog to digital conversion 
exist. Turning to FIG. 1B, a conceptual diagram of a SAR 
based analog to digital converter 170 is shoWn. As shoWn, 
SAR based analog to digital converter 170 includes a com 
parator 175 and a shift register 185 that provides an ADC 
result 190. In operation, a voltage input 180 is compared With 
one half of a voltage reference 194. If the voltage input is 
greater than one half of the voltage reference 194, a logic ‘1 ’ 
is shifted into shift register 185. Alternatively, if the voltage 
input is less than one half of the voltage reference 194, a logic 
‘0’ is shifted into shift register 185. 
[0008] Next, if the previous comparison indicated that volt 
age input 180 is greater than one half of the voltage reference 
194, voltage input 180 is compared With one half of the 
voltage reference 194 augmented With one quarter of the 
voltage reference 196 by an adder 172 (i.e., voltage input 180 
is compared With three quarters of the voltage reference). 
Again, Where the comparison indicates a greater than condi 
tion, a logic ‘1 ’ is shifted into shift register 185. In contrast, if 
the comparison indicates a less than condition, a logic ‘0’ is 
shifted into shift register 185. 
[0009] Alternatively, if the previous comparison indicated 
that voltage input 180 is less than one half of the voltage 
reference 194, voltage input 180 is compared With one half of 
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the voltage reference 194 decremented by one quarter of the 
voltage reference 196 by adder 172 (i.e., voltage input 180 is 
compared With one quarter of the voltage reference). Again, if 
the comparison indicates a greater than condition, a logic ‘1’ 
is shifted into shift register 185. In contrast, if the comparison 
indicates a less than condition, a logic ‘0’ is shifted into shift 
register 185. This process is continued for loWer order mul 
tiples of the voltage reference. As Will be appreciated, the 
aforementioned process is capable of providing ADC result 
190 With a very high resolution in a relatively small amount of 
time. In particular, only a single iteration is required to pro 
duce each bit of resolution. For example, for a ten bit resolu 
tion ten iterations are required, and for tWenty bits of resolu 
tion only tWenty iterations are required. HoWever, While 
analog to digital converter 170 is capable of providing quick 
results, the results are often inaccurate due to noise. 
[0010] At high operating temperatures, the previously 
mentioned “leaky” loW voltage integrated circuit manufac 
turing processes result in relatively high leakage currents. 
This is a serious limitation for the accuracy of an ADC manu 
factured using such processes. It requires more complicated 
sWitches as additional sWitching modes are introduced. 
Unfortunately, mixed or hybrid delta-sigma/SAR ADC archi 
tectures require more complex sWitching than ADCs includ 
ing only delta-sigma architecture or including only SAR 
architecture. 
[0011] A serious problem of the hybrid delta-sigma/SAR 
ADC as described in above mentioned commonly assigned 
patent application Ser. No. 11/738,566 is the amount of out 
put voltage sWing required at the output of the integrator 
When the hybrid delta-sigma/SAR is operating in its SAR 
mode. The algorithm for SAR operation using tWo compara 
tors and a single cycle per SAR bit is: 

If (Vresidue > +Vthreshold) Then 
Vout = 2*(Vresidue — Vref) 

Else If (Vresidue < —Vthreshold) Then 
Vout = 2*(Vresidue + Vref) 

Else 
Vout = 2*(Vresidue) 

End If 

A different algorithm for use With a single comparator and 
tWo cycles per SAR bit is: 

Cycle 1 

[0012] 

If (Vresidue > 0) then 
Voutl = 2*(Vresidue — Vref) 

Else 
Voutl = 2*(Vresidue) 

End If 

Cycle 2 

[0013] 
Vout2:( Voutl + Vref) 

[0014] In the foregoing case, Vresidue is the integrator 
output voltage from the last integration cycle or the previous 
SAR cycle, Vref is the reference voltage, Vout is the resulting 
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output of the integrator and Vthreshold is the comparator 
threshold. From the tWo foregoing algorithms it is clear that 
for implementation of the algorithm using a single compara 
tor the output sWing of the integrator is signi?cantly greater 
during the SAR mode of operation, due to the multiplication 
by tWo and due to the adding or subtracting of a full reference. 
[0015] The necessary output voltage sWing results in an 
undesirable limitation on the minimum poWer supply voltage 
at Which the hybrid delta-sigma/SAR can operate. The nec 
essary output voltage sWing can be reduced by increasing the 
number of integration capacitors, but that has the undesired 
effect of increasing the amount of required integrated circuit 
chip area and either increasing the quiescent current required 
in the integrator or having an accordingly longer settling time 
needed every half cycle for the integrator output voltage to 
settle to the necessary value With the necessary accuracy. 
[0016] The conventional method for SAR operation, as 
described in above mentioned parent patent application Ser. 
No. 11/738,566, is to perform simultaneous ampli?cation of 
the residue of the integrator and sampling of the reference. 
This can achieve one bit resolution in one cycle, but requires 
additional capacitors to perform the multiplication as the ones 
used to sample the reference are busy. 
[0017] Thus, there is an unmet need for a circuit and 
method Which provides a hybrid delta-sigma/SAR ADC 
Which is capable of operation from a reduced poWer supply 
voltage. 
[0018] There also is an unmet need for a circuit and method 
Which provides a hybrid delta-sigma/SAR ADC in Which the 
output voltage sWing of an integrator therein is reduced With 
out increasing the amount of integrated circuit chip area 
required. 
[0019] There also is an unmet need for a circuit and method 
Which provides a hybrid delta-sigma/SAR ADC in Which the 
output voltage sWing of an integrator therein is reduced With 
out increasing the number of integration capacitors or 
increasing the settling time of the integrator output signal. 

SUMMARY OF THE INVENTION 

[0020] It is an object of the invention to provide a circuit 
and method Which provides a hybrid delta-sigma/SAR ADC 
Which is capable of operation from a reduced poWer supply 
voltage. 
[0021] It is another object of the invention to provide a 
circuit and method Which provides a hybrid delta-sigma/SAR 
ADC in Which the output voltage sWing of an integrator 
therein is reduced Without increasing the amount of inte 
grated circuit chip area required. 
[0022] It is another object of the invention to provide a 
circuit and method Which provides a hybrid delta-sigma/SAR 
ADC in Which the output voltage sWing of an integrator 
therein is reduced Without increasing the number of integra 
tion capacitors or increasing the settling time of the integrator 
output signal. 
[0023] It is another object of the invention to provide a 
circuit and method Which provides a complete, very accurate 
digital temperature sensor on the smallest practical integrated 
circuit chip, requiring the smallest practical poWer supply 
voltage, and requiring loWest amount of quiescent current. 
[0024] Brie?y described, and in accordance With one 
embodiment, the present invention provides a recon?gurable 
circuit (10) includes an integrator (30) having sWitches 
(SW1-6) for selectively coupling input capacitors (C0,1,2,3, 
6,7) and integrating capacitors (C4,5) to terminals of the 
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integrator (30) for operation of a hybrid delta-sigma/SAR 
ADC (400) so as to create a reference voltage value (V ref) 
equal to the sum of a ?rst voltage (AVbe) and a second voltage 
(Vbe). A ?rst integration is performed to reduce the integrator 
output voltage sWing. A residue (Vresidue) of the integrator is 
multiplied by 2. Then the second voltage (Vbe) is integrated 
in a ?rst direction if a comparator (22) coupled to the integra 
tor changes state or in an opposite second direction if the 
comparator does not change state. The input voltage (AVbe) 
is integrated in a direction that causes the integrator output 
voltage (Vout) to equal either 2><Vresidue-Vref or 2><Vresi 
due+Vref. 

[0025] In a described embodiment, the invention provides 
recon?gurable circuitry (10) in a hybrid delta-sigma/SAR 
ADC (analog-to-digital) circuit (400) for converting an input 
voltage (AVbe) to a digital result, the recon?gurable circuitry 
(10) including an integrator (30) having an ampli?er (15), a 
plurality of input capacitors (C0,1,2,3,6,7) and ?rst (C4) and 
second (C5) integrating capacitors, and a plurality of sWitches 
(SW1-6) for selectively coupling the plurality of input capaci 
tors (C0,1,2,3,6,7) and the ?rst (C4) and second (C5) inte 
grating capacitors betWeen various terminals of the ampli?er 
(15) and input terminals (11,12) of the integrator (30) to 
effectuate operation of the hybrid delta-sigma/SAR ADC 
(400) in delta-sigma ADC and SAR ADC modes thereof. A 
comparator (22) has an input coupled to an output (Vout) of 
the integrator (30), an output of the comparator (22) being 
coupled to MSB/LSB combination logic (470) of the hybrid 
delta-sigma/SAR ADC circuit (400). Digital control circuitry 
(28) is coupled to control electrodes of the plurality of 
sWitches (SW1-6) for controlling the plurality of sWitches 
(SW1-6) by performing a plurality of cycles (Cycles2,3,4) of 
SAR ADC operation for generating a SAR bit or each of a 
plurality of SAR bits. The digital control circuitry (28) creates 
an entire reference voltage value (V ref) equal to the sum of a 
?rst voltage (AVbe) and a second voltage (Vbe). A ?rst cycle 
(Cycle2) includes multiplying a residue voltage (Vresidue) of 
the integrator (30) by 2, a second cycle (Cycle3) includes 
integrating the second voltage (Vbe) in a ?rst direction by 
means of the integrator (30) if the comparator (22) changes 
state or in a second direction opposite to the ?rst direction if 
the comparator (22) does not change state, and a third cycle 
(Cycle4) includes integrating the input voltage (AVbe) in a 
direction that causes the integrator output voltage (Vout) to 
equal either 2><Vresidue-Vref or 2><Vresidue+Vref, Wherein 
Vresidue is a residue voltage Which is an output voltage of the 
integrator (30) at the end of a preceding cycle and Vref is 
equal to the entire reference voltage value (AVbe+Vbe). In a 
described embodiment, the ?rst voltage is the input voltage 
(AVbe). 
[0026] In a described embodiment, the digital control cir 
cuitry (28) performs a fourth cycle (Cycle 1) before the ?rst 
(Cycle2), second (Cycle3) and third (Cycle4) cycles, the 
fourth cycle (Cyclel) including integrating a value of the 
input voltage (AVbe) in a second direction by means of the 
integrator (30) so as to substantially reduce a voltage sWing of 
the output (Vout) of the integrator (30). Each of the plurality 
of sWitches (SW1-6) is controlled by the digital control cir 
cuitry (28). In a described embodiment, the digital control 
circuitry (28) executes an algorithm represented by 
[0027] Cycle 1: 
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If (Vresidue > 0) (“YES” in block 50 ofFig. 7) then 
If (Vbe > AVbe) (“YES” in decision block 51 of Fig. 7) then 

Voutl = (Vresidue — AVbe) 

Else (“NO” in block 51 ofFig. 7) 
Voutl = (Vresidue — Vbe) 

End If 
StateO = 1 (“YES” in block 50 ofFig. 7) 

Else (“NO” in block 50) 
If (Vbe > AVbe) (“YES”in decision block 52 ofFig. 7) then 

Voutl = (Vresidue + AVbe) 
Else (“NO” in block 52) 

Voutl = (Vresidue + Vbe) 
End If 
StateO = 0 (“NO” in block 50 ofFig. 7) 

End If 

[0028] Cycle 2: 

If (Vresidue > 0) (“YES” in blocks 53 to 56 ofFig. 7) then 
Statel= l 

Else (“NO” in blocks 53 to 56 ofFig. 7) 
Statel = 0 

End If 
Vout2 = 2*(Vresidue) 

[0029] Cycle 3: 

If (StateO = 1) (“YES” in block 50) then 
If (Vbe > AVbe) (“YES” in decision block 51 ofFig. 7) then 

If (Statel= 1) (“YES” in block 53 ofFig. 7) then 
Vout3 = (Vresidue — Vbe) 

Else (“NO” in block 53) 
Vout3 = (Vresidue + AVbe) 

End If 
Else (“NO” in block 51) 

If (Statel= 1) (“YES” in block 54) then 
Vout3 = (Vresidue —AVbe) 

Else (“NO” in block 54) 
Vout3 = (Vresidue + Vbe) 

End If 
End If 

Else (“NO” in block 50) 
If (Vbe > AVbe) (“YES” in decision block 52 ofFig. 7) then 

If (Statel= 1) (“YES” in block 55) then 
Vout3 = (Vresidue — AVbe) 

Else (“NO” in block 55) 
Vout3 = (Vresidue + Vbe) 

End If 
Else (“NO” in block 52) 

If (Statel= 1) (“YES” in block 56) then 
Vout3 = (Vresidue — Vbe) 

Else (“NO” in block 56) 
Vout3 = (Vresidue + AVbe) 

End If 
End If 

End If 

[0030] Cycle 4: 

If (StateO = 1) (“YES” in block 50) then 
If (Vbe > AVbe) (“YES” in decision block 51 ofFig. 7) then 

If (Statel= 1) (“YES” in block 53) then 
Vout4 = (Vresidue + AVbe) 

Else (“NO” in block 53) 
Vout4 = (Vresidue — Vbe) 
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-continued 

End If 
Else (“NO” in block 51) 

If (State1= 1) (“YES” in block 54) then 
Vout4 = (Vresidue + Vbe) 

Else (“NO” in block 54) 
Vout4 = (Vresidue —AVbe) 

End If 
End If 

Else (“NO” in block 50) 
If (Vbe > AVbe) (“YES” in decision block 52 ofFig. 7) then 

If (State1= 1) (“YES” in block 55) then 
Vout4 = (Vresidue + Vbe) 

Else (“NO” in block 55) 
Vout4 = (Vresidue — AVbe) 

End If 
Else (“NO” in block 52) 

If (State1= 1) (“YES” in block 56) then 
Vout4 = (Vresidue + AVbe) 

Else (“NO” in block 56) 
Vout4 = (Vresidue — Vbe) 

End If 
End If 

End If, 

wherein Vresidue is a residue voltage which is an output 
voltage of the integrator (30) at the end of a preceding cycle, 
AVbe is the ?rst voltage, Voutl, Vout2, Vout3, and Vout4 are 
the values of the output (Vout) of the integrator (30) at ends of 
the fourth (Cyclel ), ?rst (Cycle2), second (Cycle3), and third 
(Cycle4) cycles, respectively, Vbe is the second voltage, and 
Vref is the entire reference voltage value. 
[0031] In a described embodiment, the integrator (30) 
includes ?rst (C0), second (C1), third (C2), fourth (C3), ?fth 
(C6), and sixth (C7) input capacitors, the ?rst (C4) and second 
(C5) integrating capacitors, and ?rst (SW1), second (SW2), 
third (SW3), fourth (SW4), ?fth (SW5) and sixth (SW6) 
switches, wherein the ?rst input capacitor (C0) is connected 
between a ?rst conductor (16) and a pole of the ?rst switch 
(SW1), the second input capacitor (C1) is connected between 
a second conductor (18) and a pole of the second switch 
(SW2), the third input capacitor (C2) is connected between 
the second conductor (18) and a pole of the fourth switch 
(SW4), the fourth input capacitor (C3) is connected between 
the ?rst conductor (16) and a pole of the third switch (SW3), 
the ?rst conductor (16) is coupled to a pole of the ?fth switch 
(SW5) and a non-inverting input of the ampli?er (15), the 
second conductor (18) is connected to a pole of the sixth 
switch (SW6) and an inverting input of the ampli?er (15), the 
?rst integrating capacitor (C4) is connected between a ?rst 
terminal of the ?fth switch (SW5) and a third conductor (17), 
the second integrating capacitor (C5) is connected between a 
?rst terminal of the sixth switch (SW6) and a fourth conductor 
(20), the third conductor (17) is connected to a second termi 
nal of the ?fth switch (SW5), an inverting output of the 
ampli?er (15), an inverting input of the comparator (22), and 
a ?rst terminal of the fourth switch (SW4), the fourth con 
ductor (20) is connected to a second terminal of the sixth 
switch (SW6), a non-inverting output of the ampli?er (15), a 
non-inverting input of the comparator (22), and a ?rst termi 
nal of the third switch (SW3), a ?rst terminal of the ?rst 
switch (SW1) is connected to a ?rst input conductor (11), a 
second terminal of the ?rst switch (SW1) is connected to a 
supply voltage (VSS), a ?rst terminal of the second switch 
(SW2) is connected to a second input conductor (12), a sec 
ond terminal of the second switch (SW2) is connected to the 
supply voltage (VSS), the ?fth input capacitor (C6) is con 
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nected between the second conductor (18) and the second 
input conductor (12), the sixth input capacitor (C7) is con 
nected between the ?rst conductor (16) and the ?rst input 
conductor (11), the ?rst input conductor (11) is connected to 
a second terminal of the third switch (SW3), and the second 
input conductor (12) is connected to a second terminal of the 
fourth switch (SW4). 
[0032] In a described embodiment, the input voltage 
(AVbe) is produced by an input circuit (13) including ?rst 
(MNO) and second (MNl) transistors and ?rst (I0) and second 
(I1) variable current sources so as to cause the input voltage 
(AVbe) to represent a temperature of the ?rst (MNO) and 
second (MNl) transistors, the ?rst transistor (MMO) having 
an emitter connected to a supply voltage (V SS) and a base and 
collector connected by a ?rst input conductor (11) to the ?rst 
variable current source (I0), the second transistor (MNl) 
having an emitter connected to the supply voltage (V SS) and 
a base and collector connected by a second input conductor 
(12) to the second variable current source (I1), the input 
voltage (AVbe) being applied between the ?rst (11) and sec 
ond (12) input conductors. The digital circuitry (28) controls 
values of currents produced by the ?rst (I0) and second (I1) 
variable current sources, respectively, so as to establish a 
desired amplitude of the separate voltage (Vbe) and a desired 
amplitude and polarity of the input voltage (AVbe). The algo 
rithm limits and amplitude of the output voltage (Vout) pro 
duced by the integrator (3 0) to thereby allow accurate opera 
tion of the recon?gurable circuitry (10) with a low power 
supply voltage. 
[0033] In one embodiment, the invention provides a 
method of operating recon?gurable circuitry (10) in a hybrid 
delta-sigma/SAR ADC (analog-to-digital converter)(400), 
the recon?gurable circuitry (10) including an integrator (30) 
including an ampli?er (15), a plurality of input capacitors 
(C0,1,2,3,6,7), ?rst (C4) and second (C5) integrating capaci 
tors, a plurality of switches (SW1-6) for selectively coupling 
the plurality of input capacitors (C0,1,2,3,6,7) and the ?rst 
(C4) and second (C5) integrating capacitors to various termi 
nals of the ampli?er (15) and input terminals (11,12) of the 
integrator (30) to effectuate operation of the hybrid delta 
sigma/SAR ADC (400) in delta-sigma ADC and SAR ADC 
modes thereof, and a comparator (22) coupled to an output 
voltage (Vout) of the integrator (30), the method including 
controlling the plurality of switches (SW1-6) by performing 
a plurality of cycles (Cycles2,3,4) of SAR operation of the 
hybrid delta-sigma/SAR ADC (400) for generating one SAR 
bit or each of a plurality of SAR bits, the controlling in effect 
creating an entire reference voltage value (Vref) equal to the 
sum of a ?rst voltage (AVbe) of the integrator (30) and a 
second voltage (Vbe), performing a ?rst cycle (Cycle2) by 
multiplying a residue voltage (Vresidue) of the integrator (30) 
by 2, performing a second cycle (Cycle3) by integrating the 
second voltage (Vbe) in a ?rst direction by means of the 
integrator (30) if the comparator (22) changes state or in a 
second direction opposite to the ?rst direction if the compara 
tor (22) does not change state, and performing a third cycle 
(Cycle4) by integrating the ?rst voltage (AVbe) in a direction 
that causes the output voltage (Vout) of the integrator (30) to 
equal either 2><Vresidue-Vref or 2><Vresidue+Vref, wherein 
Vresidue is a residue voltage which is an output voltage of the 
integrator (30) at the end of a preceding cycle and Vref is 
equal to the entire reference voltage value (AVbe+Vbe). In 
one embodiment the ?rst voltage is an input voltage (AVbe) 
of the hybrid delta-sigma/SAR ADC (400). In one embodi 
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ment, the method includes performing a fourth cycle (Cycle 
1) before the ?rst (Cycle2), second (Cycle3) and third 
(Cycle4) cycles, the fourth cycle (Cyclel) including integrat 
ing a value of the input voltage (AVbe) in a second direction 
by means of the integrator (30) so as to substantially reduce a 
voltage sWing of the output voltage (Vout) of the integrator 
(30). 
[0034] In one embodiment, the method includes producing 
the input voltage (AVbe) by controlling amounts of current 
through ?rst (MNO) and second (MN1) diode-connected tran 
sistors so as to produce the input voltage (AVbe) as a differ 
ence betWeen base-emitter junction voltages of the ?rst 
(MNO) and second (MN1) diode-connected transistors rep 
resenting a temperature of the ?rst (NNO) and second (MN1) 
diode-connected transistors. The values of the currents 
through the ?rst (MNO) and second (MN1) diode-connected 
transistors are controlled so as to establish a desired ampli 

tude of the separate voltage (Vbe) and a desired amplitude 
and polarity of the input voltage (AVbe). 
[0035] In one embodiment, the invention provides recon 
?gurable circuitry (10) in a hybrid delta-sigma/SAR ADC 
(analog-to-digital converter) (400), including integrating 
means (30) including an ampli?er (15), a plurality of input 
capacitors (C0,1,2,3,6,7), ?rst (C4) and second (C5) integrat 
ing capacitors, a plurality of sWitches (SW1-6) for selectively 
coupling the plurality of input capacitors (C0,1,2,3,6,7) and 
the ?rst (C4) and second (C5) integrating capacitors to vari 
ous terminals of the ampli?er (15) and input terminals (11,12) 
of the integrator (30) to effectuate operation of the hybrid 
delta-sigma/SAR ADC (400) in delta-sigma ADC and SAR 
ADC modes thereof, and a comparator (22) coupled to an 
output voltage (Vout) of the integrator (30), means (28) for 
controlling the plurality of sWitches (SW1-6) by performing 
a plurality of cycles (Cycles2,3,4) of SAR operation of the 
hybrid delta-sigma/SAR ADC for generating each of a plu 
rality of SAR bits, the controlling in effect creating an entire 
reference voltage value (Vref) equal to the sum of a ?rst 
voltage (AVbe) and a second voltage (Vbe), means (28) for 
performing a ?rst cycle (Cycle2) by multiplying a residue 
voltage (Vresidue) of the integrator (30) by 2, means (28) for 
performing a second cycle (Cycle3) by integrating the sepa 
rate voltage (Vbe) in a ?rst direction by means of the integra 
tor (30) if the comparator (22) changes state or in a second 
direction opposite to the ?rst direction if the comparator does 
not change state, and means (30) for performing a third cycle 
(Cycle4) by integrating the input voltage (AVbe) in a direc 
tion that causes the output voltage (Vout) of the integrator (3 0) 
to equal either 2><Vresidue-Vref or 2><Vresidue+Vref, 
Wherein Vresidue is a residue voltage Which is an output 
voltage of the integrator (30) at the end of a preceding cycle 
and Vref is equal to the entire reference voltage value (AVbe+ 
Vbe). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] FIG. 1A depicts a conceptual prior art delta-sigma 
based analog to digital converter. 
[0037] FIG. 1B depicts a conceptual prior art SAR based 
analog to digital converter. 
[0038] FIG. 2 shoWs a combined delta-sigma and SAR 
based analog to digital converter in accordance With various 
embodiments of the present invention. 
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[0039] FIGS. 3A-3C shoW a circuit recon?gurable to per 
form a combination of delta-sigma and SAR based analog to 
digital converter in accordance With various embodiments of 
the present invention. 
[0040] FIGS. 4 and 5 are How diagrams shoWing methods 
in accordance With embodiments of the present invention for 
performing analog to digital conversion. 
[0041] FIG. 6 is a schematic diagram of integrator and 
comparator circuitry Which is shared betWeen the delta- sigma 
integration mode and the SAR mode of a hybrid delta-sigma/ 
SAR ADC in accordance With a temperature sensor embodi 
ment of the present invention. 
[0042] FIG. 7 is a How diagram ofthe process also set forth 
in subsequently described Table l. 
[0043] FIGS. 8A, 8B and 9 are How diagrams of simpli?ed 
versions of the process set forth in subsequently described 
Table 1. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0044] Referring to FIG. 2, a combined delta-sigma and 
SAR (i.e., “Successive Approximation Register”) based ana 
log to digital converter (ADC) 200 in accordance With various 
embodiments of the present invention is depicted. Analog to 
digital converter 200 includes a ?rst stage delta-sigma analog 
to digital converter 210, a second stage SAR analog to digital 
converter 220, and a combination block 230. Delta-sigma 
analog to digital converter 210 receives a voltage input 245 
that is to be sampled. Delta-sigma analog to digital converter 
210 performs a delta-sigma based analog to digital conver 
sion that provides a ?rst portion of a conversion result 214 and 
a conversion residue 212. The ?rst portion of the conversion 
result 214 and conversion residue 212 are formed using delta 
sigma conversion techniques that are more fully discussed 
beloW in relation to FIG. 3B. Further, it should be noted that 
delta-sigma analog to digital converter 210 may be imple 
mented as any of a variety of circuits capable of implementing 
a delta-sigma based analog to digital conversion. As one 
example, delta-sigma analog to digital converter 210 may be 
implemented using the circuit of FIG. 3B that is more fully 
discussed beloW. 
[0045] SAR analog to digital converter 220 receives the 
conversion residue, and performs a SAR based analog to 
digital conversion on the residue. The conversion is provided 
as a second portion of the conversion result 216. The second 
portion of the conversion result 216 is formed using SAR 
conversion techniques that are more fully discussed beloW in 
relation to FIG. 3C. Further, it should be noted that SAR 
analog to digital converter 220 may be implemented as any of 
a variety of circuits capable of implementing a SAR based 
analog to digital conversion. As one example, SAR analog to 
digital converter 220 may be implemented using the circuit of 
FIG. 3C that is more fully discussed beloW. 
[0046] Both the ?rst portion of the conversion result 214 
and the second portion of the conversion result 216 are pro 
vided to a combination block 230. Combination block 230 
includes circuitry that is capable of combining the ?rst por 
tion of the conversion result 214 With the second portion of 
the conversion result 216 to provide an ADC result 240. In 
some cases, combination block 230 simply appends the ?rst 
portion of the conversion result 214 to the second portion of 
the conversion result 216 With the ?rst portion of the conver 
sion result 214 constituting the most signi?cant bits of ADC 
result 240, and the second portion of the conversion result 216 
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constituting the least signi?cant bits oftheADC result 240. In 
other cases, combination block 230 includes a shift and add 
function that operates to align the least signi?cant bits of the 
?rst portion of the conversion result 214 With the most sig 
ni?cant bits of the second portion of the conversion result 
216, and thereafter adds the ?rst portion of the conversion 
result 214 to the second portion of the conversion result 216. 
[0047] In some embodiments, a circuit topology is used that 
alloWs reuse of the analog components of a ?rst order delta 
sigma converter With an a feW additional sWitches to create a 
hybrid delta-sigma/SAR analog to digital converter. Such a 
circuit topology provides an analog to digital converter that 
supports high resolution applications Without the time and 
noise penalties incurred When either a delta-sigma converter 
or a SAR converter are used separately. In particular, by 
combining both delta-sigma and SAR based analog to digital 
conversion approaches to provide a uni?ed conversion result, 
loW noise performance can be maintained While conversion 
time is reduced by tWo for each bit that is done With the cyclic 
SAR. 

[0048] Turning to FIGS. 3A-3C, a recon?gurable analog to 
digital converter 400 capable of performing a combination of 
delta-sigma and SAR based analog to digital conversion is 
depicted in accordance With various embodiments of the 
present invention. As shoWn in FIG. 3A, analog to digital 
converter 400 includes a recon?gurable circuit 310 (outlined 
by a dashed line), a SAR result register 450, a delta-sigma 
result counter 460, a combination block 470, and a sample 
counter 480. 

[0049] Recon?gurable circuit 310 includes groups of 
sWitches that alloW for con?guration as a delta-sigma analog 
to digital converter or a SAR analog to digital converter. 
When con?gured as a delta-sigma analog to digital converter, 
delta-sigma result counter 460 tallies the result of the conver 
sion and provides a ?rst portion of a conversion result 462 to 
combination block 470. Delta-sigma counter 480 is con?g 
ured to count the appropriate number of samples to be pro 
cessed While recon?gurable circuit 310 is con?gured as a 
delta-sigma analog to digital converter. As shoWn, delta 
sigma counter 480 is self resetting once the appropriate num 
ber of samples are counted. In some cases, the number of 
delta-sigma samples is programmable. In such a case, counter 
480 may be preloaded With a de?ned starting count. When the 
count is achieved, the ?rst portion of the conversion result 462 
from delta-sigma result counter 460 is provided to combina 
tion block 470, and delta-sigma result counter 460 is reset. 
[0050] When con?gured as a SAR analog to digital con 
verter, SAR result register 450 receives the successive con 
version results and provides a second portion of the conver 
sion result 452 to combination block 470. In some cases, SAR 
result register 450 places the received result in a bit position 
corresponding to the magnitude of the result. 
[0051] As discussed above, both the ?rst portion of the 
conversion result 462 and the second portion of the conver 
sion result 452 are provided to combination block 470. Com 
bination block 470 includes circuitry that is capable of com 
bining the ?rst portion of the conversion result 462 With the 
second portion of the conversion result 452 to provide an 
ADC result 490. In some cases, combination block 470 sim 
ply appends the ?rst portion of the conversion result 462 to the 
second portion of the conversion result 452 With the ?rst 
portion of the conversion result 462 constituting the most 
signi?cant bits of ADC result 490, and the second portion of 
the conversion result 452 constituting the least signi?cant bits 
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of the ADC result 490. In other cases, combination block 470 
includes a shift and add function that operates to align the 
least signi?cant bits of the ?rst portion of the conversion 
result 462 With the most signi?cant bits of the second portion 
of the conversion result 452, and thereafter adds the ?rst 
portion of the conversion result 462 to the second portion of 
the conversion result 452. 

[0052] Recon?gurable circuit 310 includes a voltage refer 
ence 418 that is capable of providing a negative polarity 
voltage reference 416 and a positive polarity voltage refer 
ence 417. Both of the aforementioned voltage references are 
sWitched into recon?gurable circuit 310 using sWitches 402, 
404, 406, 408. It should be noted that various other circuits 
using feWer sWitches may be implemented in accordance With 
one or more embodiments of the present invention that alloW 
for sWitching positive and negative voltage references into a 
circuit. Negative voltage reference 416 is electrically coupled 
to a reference sample capacitor 432a via a sWitch 404, and to 
a reference sample capacitor 432!) via a sWitch 406. Positive 
voltage reference 417 is electrically coupled to reference 
sample capacitor 432a via a sWitch 408, and to reference 
sample capacitor 432!) via a sWitch 402. 
[0053] A positive side of a differential voltage input 420 is 
electrically coupled to an input sample capacitor 430a via a 
sWitch 424a, and to an input sample capacitor 430!) via a 
sWitch 42211. A negative side of differential voltage input 420 
is electrically coupled to input sample capacitor 430a via a 
sWitch 422b, and to input sample capacitor 430!) via a sWitch 
42412. In addition, input sample capacitor 43011 is electrically 
coupled to a positive output 483 of a differential operational 
ampli?er 412 via a sWitch 434a, and input sample capacitor 
430!) is electrically coupled to a negative output 482 of dif 
ferential operational ampli?er 412 via a sWitch 43419. The 
other side of input sample capacitor 43011 is electrically 
coupled to a positive input 484 of differential operational 
ampli?er 412, to negative output 482 via a sWitch 436a, and to 
negative output 482 via a sWitch 438a and an integrating 
capacitor 44011. The other side of input sample capacitor 430!) 
is electrically coupled to a negative input 485 of differential 
operational ampli?er 412, to positive output 483 via a sWitch 
436b, and to positive output 483 via a switch 438!) and an 
integrating capacitor 4401). Negative output 482 of differen 
tial operational ampli?er 412 is electrically coupled to a posi 
tive input of a differential comparator 414, and positive output 
483 is electrically coupled to a negative input of differential 
comparator 414. 
[0054] As an overvieW of the operation of analog to digital 
converter 400, a set amount of samples are taken When analog 
to digital converter 400 is con?gured for delta-sigma analog 
to digital conversion leaving a residue charge on integrating 
capacitors 440. The conversion residue on the integrator at the 
end of a ?xed number of cycles is further sampled by con?g 
uring analog to digital converter 400 as a SAR analog to 
digital converter. Doing such increases resolution Without the 
dramatic increase in conversion time required Where a delta 
sigma converter is used alone. A recursive SAR analog to 
digital converter is created by disconnecting the input sample 
capacitors 430 from differential voltage input 420, and reus 
ing the capacitors to create a gain of tWo on the integrator 
including differential operational ampli?er 412. 
[0055] In some embodiments, there is a programmable 
tradeoff betWeen the time spent developing a conversion 
result using a delta-sigma approach and the time spent devel 
oping the conversion result using a SAR approach. The reso 
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lution of ADC 400 is given by the expression N bits:n+m, 
Where n equals the number of delta-sigma bits in the ?nal 
result and m equals the number of SAR bits in the result, and 
programmability of the trade-off conversion time versus 
noise performance and poWer and therefore is represented by 
the expression 

Total Number of Samples Required to Produce the 
Result:2"+m. 

[0056] Con?guring recon?gurable circuit 310 as a delta 
sigma analog to digital converter includes opening sWitches 
434 as shoWn in FIG. 3B. Turning to FIG. 3B, While operating 
as a delta sigma analog to digital converter, sWitches 424 are 
closed, sWitches 422 are opened, sWitches 436 are closed and 
sWitches 438 are opened. This con?guration provides a 
sample phase Where a charge corresponding to differential 
voltage input 420 is stored on input sample capacitors 430. In 
the next phase (i.e., the integration phase), sWitches 424 are 
opened, sWitches 422 are closed, sWitches 436 are opened and 
sWitches 438 are closed. This causes the charge from input 
sample capacitors 430 to transfer to integrating capacitors 
440. The aforementioned sample phase and integration phase 
may be accomplished on succeeding edges (using both posi 
tive and negative edges) of a clock, on succeeding negative 
edges of the clock, or on succeeding positive edges of the 
clock. 

[0057] Transferring the charge from input sample capaci 
tors 430 to integrating capacitors 440 results in an output from 
differential operational ampli?er 412 at the input of differen 
tial comparator 414. The output of differential operational 
ampli?er 412 is processed by differential comparator 414 to 
produce either a logic ‘ l ’ or a logic ‘0’ depending upon 
positive output 483 of differential operational ampli?er 412 
relative to negative output 482 of differential operational 
ampli?er 412. Where the result is a logic ‘0’, result counter 
460 is not incremented. On the next pass, sWitches 402, 404, 
406, 408 are con?gured such that voltage reference 418 is not 
sampled via reference sample capacitors 432 under the direc 
tion of feedback 415 (it should be noted that differential input 
voltage 420 is still sampled on the next pass). Alternatively, 
on any pass Where the result of the comparison is a logic ‘ l ’, 
result counter 460 is incremented. It should be noted that 
incrementing delta-sigma result counter 460 is only enabled 
When the circuit is operating as a delta-sigma circuit as indi 
cated by DS EN 494, and thus delta-sigma result counter 460 
is not incremented during the SAR operational mode. Further, 
Where the result is a logic ‘ l ’, sWitches 402, 404, 406, 408 are 
con?gured such that negative voltage reference 416 is 
sampled via reference sample capacitors 432 along With dif 
ferential input voltage 420. Over a number of sampling peri 
ods, the digital value representing the voltage at differential 
voltage input 420 is that maintained on result counter 460. 

[0058] The discussion in the preceding paragraph applies to 
the single-comparator application as shoWn. In contrast, 
Where a WindoW comparator is used one of three results is 
possible: (1) above an upper threshold, (2) betWeen an upper 
and loWer threshold, and (3) beloW the loWer threshold. 
Where the result is above the upper threshold, result counter 
460 is incremented, and on the next pass voltage reference 
418 is sampled in a negative polarity along With differential 
voltage input 420. Where the result is above a loWer threshold 
and beloW an upper threshold, voltage reference 418 is not 
sampled and result counter 460 is not incremented. Where the 
result is beloW a loWer threshold, result counter 460 is decre 
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mented, and on the next pass voltage reference 418 is sampled 
in a positive polarity along With differential voltage input 420. 
[0059] Increasing the number of samples processed results 
in a greater resolution on delta-sigma result counter 460. At 
some point, hoWever, a very large number of iterations are 
required to gain one additional bit of resolution. For example, 
approximately one thousand iterations are required to 
increase from ten to eleven bits of resolution. Thus, in some 
embodiments, after a certain resolution is achieved (as indi 
cated by delta-sigma sample counter 480) through use of 
delta-sigma based analog to digital conversion, one or more 
of the sWitches of recon?gurable circuit 310 are selected such 
that operation as a SAR analog to digital converter is enabled 
to convert the remaining conversion residue (i.e., the charge 
remaining on integrating capacitors 440 at the end of operat 
ing as a delta-sigma analog to digital converter). 
[0060] Con?guring recon?gurable circuit 310 as a SAR 
based analog to digital converter includes closing sWitches 
434, and opening sWitches 422 and sWitches 424 as shoWn in 
FIG. 3C. Turning to FIG. 3C, While operating as a SAR 
analog to digital converter, the residue charge remaining after 
the previously described delta-sigma operation is stored on 
integrating capacitors 440, and differential voltage input 420 
is no longer sampled (i.e., sWitches 422 and sWitches 424 are 
opened). SWitches 436 are closed causing input sample 
capacitors 430 to discharge (assuming there is no offset to 
differential operational ampli?er 412). Then, sWitches 436 
are opened and sWitches 438 are closed While sWitches 402, 
404, 406, 408 remain open. With sWitches 438 closed, the 
remaining charge originally maintained on integrating 
capacitors 440 is redistributed as differential operational 
ampli?er 412 tries to drive the difference betWeen positive 
input 484 of differential operational ampli?er 412 and nega 
tive input 485 to Zero. 

[0061] As previously stated, negative output 482 of differ 
ential operational ampli?er 412 is electrically coupled to a 
positive input of a differential comparator 414, and positive 
output 483 is electrically coupled to a negative input of dif 
ferential comparator 414. The output of differential compara 
tor 414 is provided to SAR result register 450 that places each 
output in a particular bit position corresponding to the sample 
period in Which the output corresponds (i.e., Which bit the 
output is to assume in the ?nal result). Further, differential 
comparator 414 drives feedback 415 that controls sWitches 
402, 404, 406, 408 in the application of the appropriate polar 
ity of voltage reference 418 depending upon the output of 
differential comparator 414. 
[0062] Differential comparator 414 may be con?gured for 
unipolar function (i.e., to function as a single comparator 
operable to detect an over-threshold or under-threshold con 
dition) to process the residue charge left on integrating 
capacitors 440. Similarly, tWo comparators may be used in 
place of differential comparator 414 to provide bipolar func 
tionality (i.e., to function as tWo comparators operable to 
detect excess of an upper threshold, detect less than a loWer 
threshold, or detect a condition betWeen the upper and loWer 

thresholds). 
[0063] Where unipolar functionality is used (i.e., that 
shoWn in FIG. 3A), a single comparator is used to process the 
residue charge left on integrating capacitors 440. The process 
for unipolar functionality is represented by the folloWing set 
of equations implemented on a ?rst operational cycle: 
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If (Vresidue >Vthreshold) then 
Voutl = 2*(Vresidue — Vref) 

Else 
Voutl = 2*(Vresidue) 

End If. 

The augmentation by negative voltage reference 416 (i.e., 
—Vref) is controlled by properly selecting the positions of 
switches 402, 404, 406, 408 as directed by feedback 415. 
During the next operational cycle, the operation is described 
by the following equation regardless of the output of differ 
ential comparator 414: 

Vout2:(Vout1+ Vref). 

In this pass, the analog to digital converter is con?gured in the 
delta-sigma mode similar to that shown in FIG. 3B so that a 
gain of two does not occur, yet the differential voltage input 
420 is still not sampled. It should be noted that for the afore 
mentioned unipolar operation, one bit of resolution is gener 
ated for each two SAR cycles. 

[0064] For bipolar functionality (not shown) there are three 
possible comparator states generated throughuse of two com 
parators: (1) above an upper threshold, (2) below a lower 
threshold, or (3) between the upper and lower thresholds. In 
this case, only a single SAR cycle is used to create a bit of 
resolution as described by the following equations: 

If (Vresidue > +Vthreshold) Then 
Vout = 2*(Vresidue — Vref) 

Else If (Vresidue < —Vthreshold) Then 
Vout = 2*(Vresidue + Vref) 

Else 

Vout = 2*(Vresidue) 
End If. 

[0065] It should be noted that other processing approaches 
in addition to the aforementioned unipolar and bipolar 
approaches may be used in accordance with one or more 
embodiments of the present invention. For example, a single 
comparator circuit may be implemented such that only one 
half of Vref is sampled. In such an approach, a single com 
parator may be used in a circuit that produces one bit of 
resolution for each SAR cycle. 
[0066] The previously described process of multiplying the 
conversion residue (in some cases after adding or subtracting 
the voltage reference) and comparing may be repeated until a 
desired resolution of the second portion of the conversion 
result 452 is achieved. As previously discussed, the ?rst por 
tion of the conversion result 462 and the second portion of the 
conversion result are then combined in combination block 
470 to produce ADC result 490. Once the last bit is derived 
from recon?gurable circuit 310 operating as a SAR analog to 
digital converter to produce ADC result 490, recon?gurable 
circuit 310 may again be con?gured to operate as a delta 
sigma analog to digital converter as depicted in FIG. 3B. 
From this point, differential voltage input 420 is again 
sampled using the delta-sigma analog to digital converter, and 
the residue of that conversion is processed using a SAR ana 
log to digital conversion. 
[0067] Referring to FIG. 4, a ?ow diagram 500 shows a 
conversion process which is started (block 505) by con?gur 
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ing a recon?gurable analog to digital conversion circuit to 
operate as a delta-sigma analog to digital converter (block 
510). This may include setting one or more switches as dis 
cussed in relation to FIG. 3 above. With the circuit thus 
con?gured (block 510), a voltage input is sampled and the 
sample counter is incremented (block 515). Based on the 
sample, the delta-sigma result counter is updated (block 520). 
It is then determined if a prede?ned number of samples have 
been processed (block 525). Where the prede?ned number of 
samples have not yet been processed (block 525), the pro 
cesses of blocks 515-525 are repeated. 

[0068] Otherwise, where the prede?ned number of samples 
have been processed (block 525), the most signi?cant bits of 
a conversion result are provided to a register (block 530). 
Further, the recon?gurable analog to digital conversion cir 
cuit is con?gured to operate as a SAR analog to digital con 
verter (block 535). With the circuit thus con?gured (block 
535), the sample residue left over from the prior delta-sigma 
process is multiplied by two (block 540). The multiplied 
sample residue is compared with a voltage reference, the 
result of the comparison is used to update a SAR result reg 
ister, and a sample count is incremented (block 545). The 
sample count is compared to a SAR count threshold (block 
550). Where the sample count is less than the SAR count 
threshold (block 550), the processes of blocks 540, 545, 550 
are repeated. 
[0069] Alternatively, where the sample count is equal to the 
SAR count threshold (block 550), the least signi?cant bits of 
the conversion result are provided to a register (block 555). 
Next, the most signi?cant bits and the least signi?cant bits of 
the conversion result are combined to create a ?nal ADC 

result (block 560). This process generates a result (block 565) 
that may be done by appending the two sets of bits, or by 
shifting and adding the two sets of bits depending upon the 
conversion process used. 
[0070] Referring to FIG. 5, a ?ow diagram 600 shows a 
method forperforming analog to digital conversion where the 
number of delta-sigma bits and the number of SAR bits in the 
?nal result is programmable. Following ?ow diagram 600, a 
conversion process is started (block 602) by loading a noise 
verses time variable (NV T) (block 605). As discussed below, 
NVT controls the number of delta-sigma analog to digital 
conversion iterations compared to the number of SAR analog 
to digital conversion iterations that are performed. In a typical 
implementation, a de?ned resolution for a ?nal analog to 
digital conversion result is produced. NVT controls the 
amount of delta-sigma vs. SAR iterations used to produce the 
resolution. 

[0071] A recon?gurable analog to digital conversion circuit 
is con?gured to operate as a delta-sigma analog to digital 
converter (block 610). This may include setting one or more 
switches as discussed in relation to FIG. 3 above. With the 
circuit thus con?gured (block 610), a voltage input is sampled 
and the sample counter is incremented (block 615). Based on 
the sample, the delta-sigma result counter is updated (block 
620). It is then determined if a set number of bits for a ?nal 
conversion result have been produced using the delta-sigma 
conversion process (block 625). Where the prede?ned num 
ber of samples have not yet been processed (block 625), the 
processes of blocks 615-625 are repeated. 

[0072] Otherwise, where the prede?ned number of samples 
have been processed (block 625), the most signi?cant bits of 
a conversion result are provided to a register (block 630). 
Further, the recon?gurable analog to digital conversion cir 
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