wo 2013/015672 A1 [ I 000000 0 0 0

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/015672 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

31

31 January 2013 (31.01.2013) WIPOIPCT
International Patent Classification:
HO3M 1/14 (2006.01)
International Application Number:
PCT/MY2012/000143

International Filing Date:
22 June 2012 (22.06.2012)

Filing Language: English
Publication Language: English
Priority Data:

PI 2011003535 28 July 2011 (28.07.2011) MY

Applicant (for all designated States except US): MIMOS
BERHAD [MY/MY]; Technology Park Malaysia, 57000
Kuala Lumpur (MY).

Inventor; and

Inventor/Applicant (for US only): TAN, Kong Yew
[MY/MY]; ¢/o MIMOS BERHAD, Technology Park
Malaysia, 57000 Kuala Lumpur (MY).

Agent: YAP, Kah Hong; PYPRUS SDN BHD, Suite 8.02,
8th Floor, Plaza First Nationwide 161, Jalan Tun H.S. Lee,
50000 Kuala Lumpur (MY).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: LOW POWER HIGH RESOLUTION ANALOGUE TO DIGITAL CONVERTER AND METHOD THEREOF

itate Ko,

(57) Abstract: The present invention
provides a hybrid analogue-to-digital con-
verter (ADC) that comprises a successive
approximation analogue-to-digital convert-
er (SAR-ADC); and a time based integrat-
ing and cyclic analogue-to-digital convert-
er (CYC-ADC) integrated with the SAR-
ADC. An input analogue signal is pro-
cessed through the SAR-ADC to output a
first output constituting most significant
bits (MSBs) of an digital output signal and
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Low Power High Resolution Analoguc to Digital Converter und Method Thereof
Tield of the Invention

[0001] The present invention relates to analogue to digital conversion (ADC).
In particulax, the present invention rclates to a low power hybrid ADC for high-

resolution analogue to digital signal conversion.
Backeround

[0002] In CMOS technology, power consumption of analog to digilal converter
does nol scale linearly with tesolution, Pape o FS x 2%, where FS is sampling
frequency and N is resolution of the analog to digital converter. This is due to larger
capacitors and transistors thal are needed to prevent the process and circuit ervors
limiting the precision under a requircd design specification. In the case of high-
resolution binary weighted charge redistribution successive approximation analog (o
digital converter (CR SA-ADC), the precision is limited by matching of inlegrated
capacitors. The bigger the ratio of largest capacitor to smallest capacilor, more
chatlenges to achieve a required accuracy. For example, in a 12-bit binary weighted
CR SA-ADC, the largest capacitor is 2'" x Cunit, where Cunit is the capacitance of the
smallest capacitor, and accordingly, the total capacitance in the binary array is 2% x
Cunit. This results in large power consumption in order to charge and discharge these
capacitors during data conversion and also the accuracy is severely affected due to poor

matching.
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{0003 FIG. 1A illustrates a block diagram of a typical successive
approximation analogue-digital converter (SA-ADC) well known in the art. The SA-
ADC typically includes a sample and hold (S/H) circuit 102 for acquiring input
voltage, Vi, a successive approximation register (SAR) for supplying an approximate
digitalized Vi, to an intcrnal digital-to-analoguc converter (DAC) 106, an analogue
voltage comparator 108 for comparing the Vi, to the output of the internal DAC 106,
and an inlernal reference DAC that supplies the comparator 108 with an analogue

voltage equivalent of the digitized output of thc SAR 104 tor comparison with Vi,.

(0004} Operationally, the SAR 104 is initialized to set the most significant bit
(MSB) to 1. The MSB is [ed into the DAC 106, which then supplies the analog
equivalent of the digital code (i.e. Viei/2) into the comparator 108 for comparison with
the sampled input vollage. If this analog voltage exceeds Vi, the comparator 108
causes the SAR Lo resel this bit; otherwise, the bit is left as 1. Then the next bit s set
to 1 and the same test is donc, continuing this binary scarch until every bit in the SAR
has been tested. The resulting output is the digital approximation of the sumpled input

voltage and is ultimatcly ourput by the DAC at the end of the conversion (LOC).

[0005] SAR ADC is designed with low power consumption, high resolution
and accuracy, and a small {orm fuclor, The main limitations of the SAR architecturc
arc the lower sampling rales and the requirements that the building blocks, the DAC

and the comparator, be as uccurale as the overall system.

[0008) FIG, 1B illustrates a block diagram of a known time bascd
cyclic/algorithmic ADC (CYC-ADC). The CYC-ADC has a sample and hold stage

implemented by a capacitor array and an amplifier. Residue voltage is gencrated in the
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CYC-ANC. Such CYC-ADC is rclatively slower than a SAR ADC because it cycles
through or gencrates onc bit of conversion for many clock cycles as compared o one

bit of resolution per cycle tor the SA ADC.
Summary

[0007] In one aspect of the present invenlion provides a hybrid analoguc-to-
digital converter (ADC) comprise a successive approximation analoguc-to-digital
converter (SAR-ADC); and a time based integrating and cyclic analogue-to-digital
converter (CYC-ADC) integrated with the SAR-ADC. An input analogue signal is
processed through the SAR-ADC to output a first output constituting most significant
bits (MSBs) of an digital output signul and a vesidue signal, the residue signal is further
processed through the CYC-ADC 10 vulpul a second output constituting the lcast

significant bits (LSBs).

{0008} In one embodiment, the SAR-ADC further comprises a comparator, a
capacitor wray, a successive approximation register (SAR) and a digital to unaiog
converler (DAC), and the CYC-ADC further comprises an analogue switch networlk, a
pair of capacitor, a statc-machinc, a reference current generator, wherein the CYC-ADC
is eoupled to sharc the comparator with the SAR-ADC. The DAC of the SAR-ADC is
coupled with the SAR and output snalogue signal to the comparator. The pair of
capacitors may also be adapted for perfovming signal intcgrating over time; the network
of switches [or direcling different charging currents to different capacitotrs; the state-
machine 1o generale control signals for the analoguc switch network and the

comparator; an output register to store converted bits.
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[0009] In another embodiment, the SAR-ADC is adapied to process the
analogue input signal to acquire first M-bit MSBs of the outpul digital signal and the

residue signal is processed through the CYC-ADC to acquire the remaining 1.SBs.

[o010] In another aspect of the present invention, there is provided a method of
converling an analoguc input signal to a digital output signal. The method comprises
converting the analogue input signal through a successive approximation to output a
first output constitutjn;g part of the total bits of the digital oulput signul and u residue
signal; processing the residue signal through a lime-based Integrating cyclic analog to
digital conversion (v output a second output constituting the remaining bits of the
digital output signal; and combining the first output and the sccond output to output the

digital output signal.

[0011] In onc embodiment, the method funther comprises identitying the first
output as the most significant bits of the digital output signal; identifying the second
output as the least significant bils of the digilal outpul signal; and adding the first

output to the second oulpul 1o outpul the digital outpul signal.,

[0012] In another embodiment, adding the frst outpul and the second output
further comprises shifting bits of the first output such the first output constitutc the
most significant bits of the second portion of the canversion result are added to onc or

more lcast significant bits of the digital output signal.

[0013) In a further cmbodiment, converting the analogue input signal through
the successive approximation finther include performing a number of analog to digital

conversion iterations, the number of analog to digital conversion iterations is less thun
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the numbcr of bits in the digital output signal. Yet, processing the residue signal
through the time- based integrating cyclic conversion includes performing a number of
analog (o digilal conversion Ueralions, wherein the aumber of analog to digital

conversion ilerations is less than the number of bits in the digital output signal.

{0014] The successive approximation may producc a single bit of resolution for
cach iteration and the time hased integrating cyclic based analog to digital conversion
produces two bits of resolution during the tirst iteration and a single bit of resolution

for subsequent iterations.
Brief Description of the Drawings

[0015] ‘This invention will be described by way of non-limiting embodiments of

the present invention, wilh relerence Lo Lhe accompanying drawings, in which:

[0016] FI1G. 1A shows a lypical successive approximation analogue to digital
cunverler;

[0017] FIG. 1B shows a typicul time based cyclic/algorithmic ADC;

[0018] FIG. 2A illustrates a schematic diagram of an ULPIL-ADC 200 in

accordance with one embodiment of the present invention;

[0019) FIG. 2B illustrates a general flow process of the ADC conversion in

accordance with an embodiment of the present invention;

[0020] FIGs. 3A to 3D illustrate a first step of the ULPH-ADC of the present

invention; and
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0021} FIGs. 4A and 4B illustrate a second step of the ULPIL-ADC of the
present invention.
Detailed Description
[0022) In line with the above summary, the (ullowing description of a number
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20

of specific and alternative embodiments is provided to understand the inventive
features of the present invention. Tt shall be apparent to onc skilled in the art, however
thul this invention may be practiced without such speciftic details. Some of the delails
may not be deseribed at length so as not to obscure the invention. For ease of reference,
common rcference numerals will be used (throughout the figures wheo referring to the

same or similar features common Lo the figures.

[0023] [n ultra-low power operation applications, the most optimal resolution in
lerms of power consumption for different analoguc-to-digital conversion (ADC)
lopolugies can be combined to yield a very power cfficient architecture especially for
high-resolution Nyquist rate ADC. Such combination must however be synergistic in
terms of low power circuit blocks (i.e. without op-amps) and method of conversion (i.c.

powet should seale linearly with resolution and speed).

[0024) The present invention provides an Ulira Low Power Ilybrid Analog
Digital Converter (ULPII-ADC) adapted for converling an analoguc input signal to a
digital oulpul signal using a two-step approach: resolving the analoguc input signal
through a successive approkimation algorithm; and resolving analoguc residue voltage,

Vires sar (hrough time bascd integrating cyclic ADC.
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[0025]. FTIG. 2A illustrates a schematic diagram of an ULPH-ADC 200 in
accordance with onc embodiment of the present invention. The ULPH-ADC 2090 is a
hybrid of a succcssive approximation ADC (SAR-ADC) and a time based integrating
and cyclic ADC (CYC-ADC) adapted for converting an analogue input signal into a
digital signal at a desire bit. The ULPH-ADC comprises a comparator 202, a capacitor
arvay 204, a digital-to-analogue converter (DAC) 205 and a successi\}e approximation
register 206 coupled to form a SAR-ADC, and an analogue switch network 208, a pair
of capacitors 210, a logic circuit 212 and a reference current generator 214 coupled
with the same coxﬁparator 202 to form the CYC-ADC. The logic circuit 242 further
comprises a state-machine to generate control signals for the analogue swilch network
and an output register to store converted bits. The output of the capacitor array 204 is
electrically coupled to comparator 202. ‘Ihe pair of capacitors 210 are provided for
performing signal intcgrating over time, the analogue switch network 208 is used lor
dirccting diffcrent charging currents to diffcrent capacitors 210 for performing signal

integration over time.

[0026}] FIG. 2B illustratcs a general flow process of the ADC conversion in
accordancc with an cmbodiment of the present invention. The ADC conversion
encompasses two different known methods for converting analogue signgls to digital
signals, The two known method are carrying out in two main stéps. In the first slefj
250, first half most significant bits (MSBs) are processed through a successive
approximation. A residue voltage is generaled al the end of the successive

approximation A/D) conversion 2590.
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[0027] In a second slage 260, the next half least significant bits (LSBs) arc
resolved from the residue vollage oulput with an integrated cyclic/algorithmic

conversion.

[0028] ~ Through the above method, as only part of the bits are converted through
the successive approximation method, it requires a smaller capacitance for the largest
binary weighted capacitor when compared with one that process all the bits through the
successive approximation method. Accordingly, the catio of the largest to smallest
capacitor is reduced resulting in improved capucilor matching and accuracy. For
example, when a [2-bits digital output is desired [rom an analogue input, 6 out of 12
bits output is processed using successive approximation method, the largest binary
weighted capacitor size for MSI bil is 2° x Cunit instead of 2" x Cunit. Accordingly,
the total capacitance that the reference voltage needs to be driven is also much smallcr,

i.c 2° x Cunit instcad of 2'* x Cunit, which reduces overall power consumption.

[0029] ‘The use of a tiroe based integrating cyclic analogue-to-digital converter
to resolve the next 6 (i.e. the remaining) LSBs does not increase powet consumption
thc converter is designed for 6 bit accuracy instead of 12 bit accuracy, [urlher, as the
hybrid ADC 200 is implemented with a single comparator shuved by the SA-ADC and a
reference current to kecp the powcer consumption low.  Further, the gain and
subtraction routines arc performed by using time as an intermediate variable instead of

voltage or cutrent so substantial cncrgy is saved.

[0030] Thus both types of converters bencfit from reduced powcer consumption

due to the fact that the circuit blocks of which are designed for half the resolution and
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accuracy of the final ADC. Further, as some of the components are shared by the (wo

converters, it reduces the overall size.

[0031] FIGs. 3A to 3D illustrate the first step of the ULPII-ADC in accordance
with one embodiment of the present invenlivn. The successive approximation

algorithm is further carried in two phases: 4 sampling phasc and a bit cycling phase.

[0032] As shown in FIG. 34, the sampling phase is carried out by having an
analogue input Vi sampled through the bottom plates of the capacitor array, when the
top plate nodes are switched to Vger = Vgg. As shown in FIG. 33, the bottom plates of
the cupucitor array are then switched to Vnp, with the top plates disconnected, i.e.
Vpac is a floating node. Through charge conscrvation, top plate node voltage VDAC

becomes Viger - Vin

[0033] The successive approximation goes on to the bit cycling phase, where
the register in SAR Logic block is first set to midscale, setling the MSB to “1* and all
other bits to ‘0". The bottom plate of the largest capacitor is switched to Vi,
tedistributing the charge on the top plales of the capacitors driving Vpac to —=Vin +
Vrer/2 ag shown in FIG. 3C. Vi is then compared to Vpae, if Vi is greater than Viac
or Vpac < 0, comparator oulput is logic “1° and the MSB of the M-bit register remains
at 1. Conversely, il Vi is less than Vpac or Vpac > 0, the comparator output is logic
‘0" and the MSB of the register is clcarcd to 0. The SAR control logic then moves to
the next bit down, forces that bit high, and does another comparison us above. The
scquence continues all the way down to the least significant bit (LSB), Once this is
donc, the conversion is completed, and the M-bit digital word is available in the

register. FIG. 3D cxemplifies a switch artangement when the SA-ADC is completed.
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10
[0034) ‘Through the SA-DAC illustrates above, the top plate of the capacitor

array would have residue vollage Vegs sar.  The VRgs sar can be derived by the

following:

[0035) Vies sar = -Vin+ Vier (Bi/2 + Bo/d + ..+ Bu/2M)

[0036] whercin By, Bz, ... By has value +/- 1, M is the resolution.

[0037] Subsequently, the analog residue voltage, Vi sar is resolved in the

second-step by using the time based integrating c¢yclic ADC, which will also be
cartying out in lwo-phuses, a MSB phase and a residue quantization phase. During the
MSB phase as shown in FIG. 4A, the residue voltage is iniliully (ransferred (ie.
sampled and held) onto capacitor Cpy by charging the capacitor Cy with an input
current [iy until the voltage cquals to Vies sar (Vies sar = Voac). Once the capacitor
Cin 1s charged up, Cppr is charged with Iippe until its voltage is a]sb cquals to Viges sar
(Vies_sar = Vpac) as shown in FIG. 4A. The operation can be done by the comparator
202. In this charging operation, the ratio Inv/Irrr = Trrr/Ter x is to be obtained, wherein
the Trer is the time required to charge Crer up to the voltage Vres sar and Ly is the
current required (or charging capacitor Cpy.  Further, the iy must be less than 4lggr for
conversion efficiency. A 2-bil counter can be used for counting the number of clock
edges during Trey, 50 that (he input current Tgpyr cian be quanlized o within two bits of
the reference current iy, A residual time, Tyys, defined as time remaining beyond the
last clock edge as shown in FIG. 4B is formed at the end of the Ty At the end of the
MSB phase, the comparator’s output goes high. The MSB phasc.signals as a state-
machine to reset both capacitors Civ and Crer to zero and to rearrange the analog

circuitry such that [rrr is now redivected Lo charge Cp.
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[0038] During the residue quantization phase, Trrs is obtained by subtracting
the quantized signal from I'rpe. Subtraction of intermediate quantization tesults is
automatic in the algorithm if integer number ol quantization clock cycles thal have
already passed (or not) are ignored and the residual time signal is always referenced to

the next neighboring clock cdge.

[0039] If Tgesu is defined as the time from end of Ty up to the next clock

edge, then Tress = Terk - Ters

[0040] Quantizing 'l'zesn 5 then equivalent to quantizing ‘I'rrs: quantizing x and
(1 - x) are equivalent as long as we can digitally compensate for referencing with

respect to 1 rather than with respect Lo 0.

[0041] The time Trgss can be converled inlo @ vollage by inlegrating Cype with Ipgr

from the end of Ty up to the next clock edge. Then, the voltage on Cpy is
{0042] Var =(rer X Tress) / Cinv (2)

[0043] Trer/Civ is time-to-voltage conversion gain, and accordingly the
conversion of Trpsy to Vi as time-to-voltage conversion. At this time, Ty is switched
over to charge Crprr until the voltage on Cyyy is cqual to V. The latter comparison
can be achieved by using the same comparator used during the MSB phase. As soon as
the two voltages are equal, the voltage on capacitor Cyy is reset to zero, and the same
charge integration on Cps 1s repeated. Af the end of this compurison, the 1ggsp may be
amplified by two. By counting the number of clock edges seen within 21Rgsp, the

number of clock edges seen within one bit of TeLk can be quantized accordingly.
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[0044] After 2Trpsa is quantized, il is sublracted from the un—quantized value to
produce a new residue for successive conversions. To do so, the “sublraction” routine
is repeated by encoding the timc from the end of 2Tkesu 10 the next clock edge as & new
residue. At the end of the amplification stage, both capacitors Ciy and Cypr: are reset to
zero, and the slute-muchine reconﬁgmes the analog circuitry such that Iy is now sct to
charge Crgr. The elements are now in place to repeat the previous subtraction and
amplification proccsses except Lhal the time-lo-voltage conversions are carrying out on
Crer and voltage-to-time conversions are carrying out using (. Cach successive
subtraction-and-amplitication proccss recursively yields one more bit through the

hybrid ADC according to the present invention.

[0045] While specific embodiments have been described and illustrated, it is
understood thal many changes, modifications, variations and combinations thercof
could be made to the present invention without departing from the scope of the

invention.
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Claims
1. A hybrid analogue-to-digital converter (ADC) for converting comprising:

10

15

20

a successive approximation anatogue-to-digital converter (SAR-ADC), and

a time based integrating and cyclic analogue-to-digital converter (CYC-ADC)
integrated with the SAR-ADC, wherein

an input analogue signal is processed through the SAR-ADC to output a first
output constituting most significant bits (MSBs) of an digital output signal and a
residue signal, the residuc signal is turther proccssed through the CYC-ADC to output a

second output constituting the least significant bits (LSBs).

2. ‘The hybrid ADC according to claim 1, whercin the SAR-ADC further
comprises 4 compurator, a capacitor array, a successive approximation register (SAR)
and a digilal o analog converter (DAC), and the CYC~ADC further comprises an
analogue switch network, a pair of capacitor, a state-machine, ;1 reference current
generator, wherein the CYC-ADC is coupled to share the comparator with the SAR-

ADC.

3. The hybrid ADC according to claim 2, wherein the DAC of the SAR-ADC is

coupled with the SAR and output analogue signal to the comparator.

4, The hybrid ADC according to claim 2, wherein the pair of capacitors is adapted
for performing signal integrating over time; the network of switches for directing
different charging currents to different capacitors; the state-machine to generule conlrol
signals for the analogue switch network and the comparator; an outpul register (o store

converted bits.
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S. The hybrid ADC accor(ling io claim 1, wherein the SAR-ADC is adapted (o
process the analoguc input signal to acquirce first M-bit MSBs of the output digital
signal and the residuc signal is proccssed through the CYC-ADC to acquirc the

remaining LSBs.

6. The hybrid ADC according to claim 1, wherein the hybrid ADC is adapted for

uitra-low powecr high resolution analoguc-to-digital conversion.

7. A method of converting an analogue input signal to a digital output signal, the

method comprising:

converting the analogue input signal through a successive approximation to
output a first output constituting part of the total bits of the digital output signal and a

residue signal;

processing the vesidue signal through a time-based integrating cyclic analog o
digital conversion to output a second output constituting the remaining bits of the

digital output signal; and

combining the first output and the second output to output the digital output

signal.
8. The method according lo cluim 7, {urther comprising

identifying the first output as the most significant bits of the digital output

signal and

identifying the second output as the least significant bits of the digital output

signal; and
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adding the first output to the second output to output the digital output signal.

9. ‘The method according to claim 8, wherein adding the first output and the
second oulput (urther comprises shifting bits of the first output such the first output
constilute the most significant bits of the second portion of the conversion result ave

added to one or mare least significant bits of the digital output signal.

10. The method of claim 7, wherein converting the analogue input signal through
the successive approximation further include performing a number of analog Lo digital
conversion iterations, the number of analog to digital conversion iterations is less than

the number of bits in the digital output signal.

1. The method of claim 7, wherein processing the residue signal through the time-
bascd integrating cyclic conversion includes performing a number of analog to digital
convcrsion itcrations, whercin the number of analog to digital conversion itcrations is

less than the number of bits in the digital output signal.

12. The method of claim 7, wherein the successive approximation produces a single

bit of resolution for each iteration,
13. The method of claim 7, wherein the lime based integraling cyclic based analog
to digital conversion produces two bits of resolution during the {irst ileralion and a

singlc bit of resolution for subsequent iterations.
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