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“AND APPARATUS FOR CONVERTI NG AN ANALOG SI GNAL | NTO DI G TAL FORMAT FI ELD OF
THE | NVENTI ON 5 The present invention relates to a neth @ stem
- for converti WQ¥R24Mal og signal into digital format, and M@B%P ?‘?:%I arly,
to a low cost, easy to manufacture analog to digital converter. BACKGROUND
AND SUVMARY OF THE | NVENTI ON 10 Analog to digital conversion is

wi despread. In one application to digital radios, a high speed analog to
digital converter is required to convert speech and other related signals
into digital format. In analog (FM radios, however, the analog to digital
conversion requirenents are typically less rigorous, (1) because the speech
is not digitized, and 15 (2) because the analog signals that are digitized,
e.g., signal strength nmeasurenments, battery voltage neasurenents, power
anplifier current neasurenents, etc., do not necessarily have to be
digitized at high speed. In fact, the radi o m croprocessor nay nonitor

received signal strengMETEODAND'APPASATUSIOR TONVEFRFINGI rent, etc.
only once
Y AN ANALOG SIGNAL INTO DIGITAL FORMAT

+

OF NVENTION
5 The present invention relates to a method and system for
converting an analog signal into digital format, and more particularly,

to a low cost, easy to manufacture analog to digital converter.

10 Analog to digital conversion is widespread. In one application to
digital radios, a high speed analog to digital converter is required to
convert speech and other related signals into digital format. In analog
(FM) radios, however, the analog to digital conversion requirements
are typically less rigorous, (1) because the speech is not digitized, and

15 (2) because the analog signals that are digitized, e.g., signal strength
measurements, battery voltage measurements, power amplifier
current measurements, etc., do not necessarily have to be digitized at
high speed. In fact, the radio microprocessor may monitor received

~ signal strength, battery voltage, power amplifier current, etc. only once

20 every several milliseconds.



20 every several mlliseconds. WO 97/ 32401

"PCT/ US97/ 02172 To make such a sl ower speed analog to digital converter for
an analog radio, a single analog to digital converter could be coupled to
“an anal og nWMQ9PRMter that selects one of the various anal W@F’!}N&f’@ to be
digitized. For exanple, an eight input analog nultiplexer can have its 5
eight inputs allocated as follows: (1) a reference voltage input (Verr]),
(2) measured received signal strength, (3) neasured battery voltage, (4)
measured power anplifier current, (5) sensed tenperature, (6) the reflected
transmtter power, (7) the transmtter voltage controlled oscillator (VCO
vol tage, and (8) zero reference voltage (e.g., ground). 10 The mul ti pl exer
may then sel ect one input signal to b& connected to a grounded capacitor
charging it to the voltage of the selected signal. To convert that signa
into a digital value, a smaller capacitor connected to the input capacitor
may then be used to cyclically renove

To make such a slower speed analog to digital converter for 2=
analog radio, a single analog to digital conver:er could be coupled 0 22
analog multiplexer that selects one of the various analog signais to be

digitized. For example, an eight input analog multiplexer can have its

(<}

ight inputs allocated as follows: (1) a reference voltage input (V). (2}
measured received signal strength, (3) measured battery voltage, (4)
measured power amplifier current, (5) sensed temperature, (6) the
reflected transmitter power, (7) the transmitter voltage controlled
oscillator (VCO) voltage, and (8) zero reference voltage (e.g., ground).
10 The multiplexer may then select one input signal to be connected to a
grounded capacitor charging it to the voltage of the selected signal. To
convert that signal into a digital value, a smaller capacitor connected
to the input capacitor may then be used to cyclically remove
increments of charge from the input capacitor. The number of

15 increments of charge required to return fhe input capacitor to ground
potential as detected by a comparator may be stored in a counter. By
comparing the counter output cbtained when converting the selected
voltage with the counter output obtained by converting ground
potential or the reference voltage such as V_ during an occasional

20 calibration, the digital value of the input analog signal may be

determined.




I ncrements of charge fromthe input capacitor. The nunbeE’d'fs ﬁﬁEETnUASrEENs
+of charge required to return the input capacitor to ground potRERLABGED as
detected by a conparator nay be stored in a counter. By co

» count er out pWO2M1ned when converting the sel ected vol ta%@%@z%
counter output obtained by converting ground potential or the reference
vol tage such as V[err] during an occasional 20 calibration, the digital

val ue of the input anal og signal may be 3 One drawba@;lﬁsguegtmaﬂgypﬁ fhced
arrangenment is that it requires a conparator which can d age.
Conventional, inexpensive conparators do not accurately mgﬂl’mﬂﬁmﬂ

I nput vol tage reaches a zero vol tage reference because at no
current is flowing through the 5 conpaPator anplifiers. Instead, it is
much easi er for conventional conparators to conpare with a reference

vol tage which is on the order of hal fway between zero voltage and the
reference voltage (V[err]), i.e., V[err]/2. One

One drawback with such an arrangement is tha: is reguirss =

comparator which can detect zero voliage. Conventional, inexpezsive
coraparators do not accurately detect when an input voltage reaches 2

zero voltage reference because at zero voltage, no current is ficwing

h

through the comparator amplifiers. Instead, it is much easier for
conventional comparatdrs to compare with a reference voltage whicz s
on the order of halfway between zero voltage and the reference volrags
V), i.e., V_/2. One approach to making a zero voltage detector is to
construct a comparator that uses a negative power supply. However,
10 an additional negative power supply or an additional power converter
circuit is a significant drawback in such applications where cost and
weight are a significant factor as they are in portable, hand-held

radios.

15 Anocther consicieration when implementing the analog to digital
conversion arrangement described above is the particular type of
element used to switch the smaller capacitor in and out of series with
the input capacitor. Bipolar junction transistor and diode switches are
very semsitive to temperature, therefore making calibration quite

20 difficult. Consequently, it is uncertain what particular digital output

will be generated in response to a given input voltage level. Therefore,



approach to nmaking a zero voltage detector
‘that uses a negative power supply. However, an additional negative power
addi ti onal power converter circuit is a significant drawback
-in such appwooasisons where cost and weight are a significRTEAMIE as

supply or an

they are in portable, hand-held radi os. Another consideration when

I npl enenti ng

the analog to digital 15 conversion arrangenent descri bed

above is the particular type of elenment used to switch the snaller

capacitor in

and out of series with the input capacitor. Bipolar junction
transi stor and di ode switches are very sensitive to tenperature,
maki ng calibration quite difficult. Consequently, it is uncertain what

Is to construct a conparator

10

t herefore

particular digital output will be genarated in response 20 to a given input
vol tage | evel. Therefore, WD 97/ 32401

PCT/ US97/ 02172 4 continuing calibration techniques would have to be used

sl owi ng down

[+ ]

10

continuing calibration techniques would have to be used slowing down
the analog to digital conversion process as well 2s adding complexity
and expense. For example, it may be necessary to measure on 2
relatively frequent basis, the aumber of pulses required to charge or
discharge a standard reference voltage before each input voltage is
measured to calibrate the selected input voltage by dividing it by th
total number of pulses and multiplying it by the reference voltage.
Such division and multiplication operations in practice are sufficiently
complicated to implement in a binary-based data processing system
that they slow down the conversion operation considerably. Bipolar
junction transistors are also relatively expensive because most

semiconductor foundries manufacture transistors using metal oxide on

silicon (MOS) processes.

It is an object of the present invention to construct an analog to

digital converter which overcomes the problems noted above.

It is a particular object of the present invention to employ a
switching arrangement which uses only MOS switches to remove
increments of charge from or add increments of charge to an input

capacitor.



the analog to digital conversion process as well as adding conplexity and
rexpense. For exanple, it may be necessary to neasure on a relatively

frequent basis, the nunber of pul ses required to charge or gﬁpgg’l@&Mrge a
“standard ref WQ@9%@4810| t age before each input voltage is nea 0

calibrate the selected input voltage by dividing it by the total nunber of

pul ses and multiplying it by the reference voltage. Such division and

mul tiplication operations in practice are sufficiently conplicated to

i npl ement in a binary-based data processing system 10 that they sl ow down

t he conversion operation considerably. Bipolar junction transistors are

al so rel atively expensive because nost sem conductor foundries manufacture
transi stors using netal oxide on silicon?(M3S) processes. 15 It is an
obj ect of the present invention to construct an analog to digital converter
whi ch overconmes the problens noted above. It is a particular object of the
present invention to enploy a switching arrangenent which uses only MOS

switches to renove 207 RGIPaBBESofthe PRaLHE thbQIRGH tPPRvIdICH BB Of charge

to an input capacitor.
comparator which effectively compares an input signal to a zero

voltage reference without requiring a negative power supplyor a

power converter to effectively perform that zero voltage detection.

It is also ar object of the present invention to provide a low cost
analog to digital converter that incrementally removes or adds charge
from an input capacitor using only field effect transistor (FET)
switches and using a conventional comparator which compares an

10 input signal with a non-zero threshold voltage.

These objects and others are accomplished with an analog to
digital converter that includes a first capacitor connected at a first
terminal to an input analog signal for a time sufficient to charge the

15 capacitor in accordance with the current voltage level of that analog
signal. Electronic circuitry alternately connects a second capacitor
between the first capacitor and a power supply to remove increments
of charge from the first capacitor until the first capacitor is discharged.
The number of removed increments of charge associated with

20 discharging the first capacitor is used to generate a digital value

corresponding to the current voltage of the analog signal. An analog
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-an object of the present
ef fectively conpares an i nput signal
' requiring aweeyagdoee power supply or a power converter to BEFVEROIHERy

PCT/ US97/ 02172 1t is

I nvention to provide a dynam c conparat or which
to a zero voltage reference without

performthat zero voltage detection. 5 1t is also an object of the present
I nvention to provide a | ow cost analog to digital converter that
incremental ly renoves or adds charge from an input capacitor using only

field effect transistor (FET) switches and using a conventi onal

whi ch conpares an 10 input signal with a non-zero threshold voltage.

obj ects and others are acconplished with an analog to digital
that includes a first capacitor connecged at a first termnal

anal og signal

for atine sufficient to charge the 15 capacitor in

accordance with the current voltage | evel of that anal og

w0

10

20

multiplexer may be employed for receiving multiple analog siznals and
selecting one of the received analog signals for connection to the £rst
capacitor. The multiplexer then disconnects the analog signal from the
first capacitor after the first capacitor charges to a level commensuraze
with the current voltage level of the selected analog signal. A
comparator detects when the voltage across the first capacitor is zerg,
and the output of the comparator is used to trigger generation of the

corresponding digital value.

Preferably, the switching cireuitry that alternately connects the
first capacitor to ground and then to the power supply includes first
and second pairs of field effect transistor switches., The first pair of
FET switches connects between ground and the power supply to
charge the second capacitor. The second pair of FET switches connects
the second capacitor between the first terminal of the capacitor and

ground to remove increments of charge from the first capacitor.

In another embodiment of an analog to digital converter in
accordance with the present invention, control circuitry connects to an
input capacitor to store an analog input capacitor. Dynamic detection

circuitry includes a comparator which ultimately provides a zero

conpar at or

These

converter
to an input



signal. Electronic circuitry alternately connects a second capacitor
‘between the first capacitor and a power supply to renove increnents of
charge fromthe first capacitor until the first capacitor is_discharged.
*The nunber oWOP@HMEd i ncrenents of charge associated with @@ﬁ' gi ng
the first capacitor is used to generate a digital value corresponding to
the current voltage of the analog signal. An anal og WO 97/ 32401

PCT/ US97/ 02172 6 mul ti pl exer may be enpl oyed for receiving nultiple anal og
signals and sel ecting one of the received anal og signals for connection to
the first capacitor. The multiplexer then disconnects the anal og signal
fromthe first capacitor after the first capacitor charges to a | evel
commensurate 5 wth the current voltage | evel of the sel ected anal og
signal. A conparator detects when the voltage across the first capacitor is
zero, and the output of the conparator is used to trigger generation of the

voitage level signal to the control circuitry indicating when the ingut
capacitor has discharged to a zero voltage level. Significantly howevzr,
the dynamic detection circuitry does not employ a comparator that
requires a negative power supply to detect a zero voltage level.

5 Instead, the dynamic detection circuitry processes the input signal
stored on the input capacitor such that when that input signal is
detected in a conventional comparator as being equal to or greater
than a non-zero threshold voltage, the zero voliage level signal is sent
to the control circuit,

10

The dynamic detection circuitry is connected through a pump

capacitor to a pumping output signal of the control cirénit. The control
circuit alternately charges and discharges the pump capacitor using
the pumping output signal and discharges the input capacitor by an

15 increment of charge after each charge/discharge cycle of the pump
capacitor until the dynamic detection circuitry indicates that the input
capacitor is discharged. The total number of incremental
charge/discharge cycles of the input eapacitor is used to generate a
digital value corresponding to the input analog voltage.



corresponding digital value. 10 Preferably, the switching circuitry
‘that alternately connects the first capacitor to ground and then to the
power supply includes first and second pairs of field effect transistor
»switches. Tiwwoohizeet pair of FET switches connects between RERASIHOUA t he

power supply to charge the second capacitor.

The second pair of FET

swi tches connects 15 the second capacitor between the first term nal of
t he capacitor and ground to renove increnents of charge fromthe first

capaci tor.

I n anot her enbodi nent of an analog to digital converter

in

accordance with the present invention, control circuitry connects to an 20

| nput capacitor to store an anal og i nput capacitor.

circuitry includes a conparator whi chsulti mately provides a zero

97/ 32401

| evel signal

10

15

Dynam ¢ detection

WO

PCT/ US97/ 02172 vol t age
to the control circuitry indicating when the input capacitor
has di scharged to a zero voltage |level. Significantly however,

Preferably, the dynamic detection circuirry includes first and
second field effect transistors (FETs) having a common source
electrode cornected to the pump capacitor. The gate electrode of the
first FET is connected to ground, and the gate electrode of the second
FET is connected to the input capacitor. The drain electrodes of the
first and second FETs are connected to a power supply with the drain
electrode of the second FET also being connected to an input terminal
of the comparator. When the pumping signal is in a first logic state,
current flows in a first direction from either or both of the first and
second FETs throughlthe common source electrodes and the pump

capacitor thereby discharging it.

The FETSs are preferably formed in a "P-well" semiconductor
device readily manufactured using conventional CMOS processes. As
a result, the common source connection of the first and second FETs is
connected to ground through a diode formed at the P-well and
N-substrate interface. When the pumping signal is in a second logic
state, current flows in a second direction opposite the first direction

through the diode thereby charging the pump capacitor.



the dynam c detection circuitry does not enploy a corrparator that requires
"a negative power supply to detect a zero voltage |evel. | nstead, the

dynami c detection circuitry processes the input signal stor%&&gﬁ I nput
» capaci tor sudovOPTRMOMhen that input signal is detected in a Bnal

conparator as being equal to or greater than a non-zero threshold voltage,
the zero voltage level signal is sent to the control circuit. 10 The
dynam c detection circuitry is connected through a punp capacitor to a
punpi ng out put signal of the control circuit. The control circuit
alternately charges and di scharges the punp capacitor using the punping
out put signal and discharges the input capacitor by an 15 increnent of
charge after each charge/di scharge cycl® of the punp capacitor until the
dynami c detection circuitry indicates that the input capacitor is

di scharged. The total nunber of incremental charge/discharge cycles of the
i nput capacitor is used to generate a digital value corresponding to the

I nput anal og vol tag el"nggwmamxc detection circuitry in this second embodiment of
the present invention can be employed advantageously and
independently in a method to detect when an input signal reaches a
zero voltage level. A first capacitor is charged in accordance with the
5 voltage level of the input signal. A second capacitor is then alternately
charged during a first time interval and discharged during a second
time interval. During the first time interval, a portion of charge stored
on the first capacitor is discharged. During the second time interval,
the current voltage across the first capacitor is detected and processed.
10 The processed signal is compared with a non-zero reference voltage.
The current voltage across the capacitor is indicated as having reached
a zero voltage level when the proposed signal is the same as or greater
than the non-zero voltage of the reference voltage. Advantageously,
this zero voltage detection method does not require a negative power
15 supply for the comparator to detect zero. In fact, the comparator
threshold may be set halfway between zero voltage and a power supply
voltage.

In accordance with another preferred embodiment of the present
2¢ invention, an analog to digital converter includes a first capacitor

connected at a first terminal to an analog signal for a time to charge
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‘Preferably, the dynam c detection circuitry includes first and second field
ef fect transistors (FETs) having a commobn source el ectrode connected to the
‘punp capaci two9m¥am gate el ectrode of the first FET is con®ETS#42872gr ound,
and the gate el ectrode of the second 5 FET is connected to the input
capacitor. The drain electrodes of the first and second FETs are connected
to a power supply with the drain el ectrode of the second FET al so bei ng
connected to an input term nal of the conparator. \Wen the punping signal
isinafirst logic state, current flows in a first direction fromeither
or both of the first and 10 second FETs through the commbn source

el ectrodes and the punp capacitor therdby discharging it. The FETs are
preferably fornmed in a "P-wel|" sem conductor device readily manufactured
usi ng conventional CMOS processes. As

the capacitor in accordance with the current voltage level of tiie anal:p
signal. A comparator is connected at one input to the capasitor and
another input to a nor-zero reference voltage for generating (1; a £rst

signal when the voltage across the first capacitor is greater than th2

0

reference voltage, (2) a second voltage when the voltage across the 5.
capacitor is less than the non-zero reference voltage, and (3) a third
signal when the voltage across the first capacitor is the same as the
non-zero reference voltage. Electronic cqntrol circuitry supplies
increments of charge to the first capacitor when the voltage across the
10 first capacitor is less than the non-zero voltage until it is the same as
the non-zero reference voltage. Alternatively, increments of charge ars
removed from the first capacitor when the voltage across the first
capacitor is greater than the non-zero reference voltage until it is the
same as the non-zero reference voltage. The number of charge
15 increments or decrements is counted to generate a digital value

corresponding to the current voltage level of the analog signal.

A second capacitor stores the increment or decrement of charge
added to or removed from the first capacitor. A plurality of MOS FET
20 switches are connected to the second capacitor and alternately switch

the second capacitor between various states depending on the output



15 a result, the common source connection of the first and second FETs is
-connected to ground through a diode fornmed at the P-well and N-substrate

i nterface. When the punping signal is in a second |logic state, current
~flows in a sO¥QAW2d ecti on opposite the first direction thPﬁﬁﬁ’Wzﬁdi ode
t hereby charging the punp capacitor. 20 WO 97/ 32401

PCT/ US97/ 02172 The dynam c detection circuitry in this second enbodi nent of
the present invention can be enpl oyed advant ageously and i ndependently in a
met hod to detect when an input signal reaches a zero voltage level. A first
capacitor is charged in accordance with the 5 voltage |Ievel of the input
signal. A second capacitor is then alternately charged during a first tine
interval and di scharged during a secondt%ime interval. During the first
time interval, a portion of charge stored on the first capacitor is

di scharged. During the second tine interval

of the comparater. Thus, this embodiment of the present invention

provides a low cost analog to digital converter formed on a

semiconductor substrate using metal-oxide-silicon (MOS) technology

which may be integrated with other digital MOS cireuitry on the same
5 semiconductor substrate that does not require a comparator that

detects a zero voltage level.

The features and advantages of the present invention will be
10 more clearly understood from the following description taken in
conjunction with the accompanying drawings in which:
Figs. 1(A) and 1(B) are schematic diagrams of a first preferred
embodiment of the present invention;
Fig. 2 is a schematic diagram of the present invention in
15 accordance with a second preferred embodiment; and
Fig. 8 is a schematic diagram of a third preferred embodiment of

the present invention.

20 In the following description, for purposes of explanation and not

limitation, specific details are set forth, such as particular circuits,



the current voltage across the first capacitor is detected and processed.
*10 The processed signal is conpared with a non-zero reference voltage. The
current voltage across the capacitor is indicated as having reached a zero
‘vol t age | evaWo stazaplt he proposed signal is the sane as or gPENMUSIR2ERN t he
non-zero voltage of the reference voltage. Advantageously, this zero

vol tage detection nethod does not require a negative power 15 supply for
the conparator to detect zero. In fact, the conparator threshold nay be set
hal f way between zero voltage and a power supply voltage. In accordance with
anot her preferred enbodi nent of the present 20 invention, an analog to
digital converter includes a first capacitor connected at a first term nal
to an analog signal for a tine to chaige WO 97/ 32401

PCT/ US97/ 02172 10 the capacitor in accordance with the current voltage

| evel of the anal og

circuit components, techniques, ete. in order to provide a thorough
understanding of the present invention. However, it will be appars=:
to one skilled in the art that the present invention may be practiced i
other embodiments that depart from these specific circuit details. In

5 other instances, _det:ailed descriptions of well known methodologies,
devices, manufacturing processes, and circuits are omitted so as not o
obscure the description of the present invention with unnecessary

detail.

10 Fig. 1(A) illustrates in schematic form a preferred embodiment
of an analog to digital converter 100 in accordance with the present
invention. An analog multiplexer 110 which may be comprised of a
plurality of transmission gates enabled by a select signal from
controller 120 receives at its input terminals a plurality of both analog

15 voltage inputs, a positive potential V_, and a zero volts reference
potential hereafter referred to as “ground.” In accordance with the
select signal from controller 120, the analog multiplexer connects one
of the inputs to the multiplexer 110 to input capacitor 130 connected at
one end to the multiplexer and at the other end to ground. A

20 comparator 140 includes a first input terminal connected to ground,

i.e., zero volts, and a second input terminal connected to the first



input to a non-zero reference voltage for generating (1) fi r RERLAGBRAI
when the voltage across the first capacitor is greater than € b rererence
‘vol tage, (2) wO9®B¥#d vol t age when the vol tage across the fRCIUSSHBAR t or
Is less than the non-zero reference voltage, and (3) a third signal when
the voltage across the first capacitor is the sanme as the non-zero

ref erence voltage. Electronic control circuitry supplies increnents of
charge to the first capacitor when the voltage across the 10 first
capacitor is less than the non-zero voltage until it is the sane as the
non-zero reference voltage. Alternatively, increnents of charge are renoved
fromthe first capacitor when the voltad® across the first capacitor is
greater than the non-zero reference voltage until it is the sane as the
non-zero reference voltage. The nunber of charge 15 i ncrenents or
decrenents is counted to generate a digital value corresponding to the

current vol tagetg%glrﬁlggﬁ%ﬁaﬁ&?aggﬁ%&g?ﬁ; 1A\ egg%#g&a&i tor stores the

signal . A conparator is connected at one input to the cathH%ISHEEHH&SCBEE&

i ncrement or decrem 0 or renov romthe first
capacitor. A plurality, of zﬁm FET 20 sw fches .are,connected to the second
capaci tor and aF?‘éﬁPﬁa%(ﬂ# vﬂett S a zer0d voltage, either by uamganeg_%ve

supply or a convention circuit of appropriate sophistication. The

comparator 140 output is connected to a digital counter 160 and

effectively generates a STOP command when zero volts is detected

L3

across capacitor 130.

A second capacitor 220 (referred to hereafter as the "pumping”
capacitor) is shown enclosed in the dashed block labeled switching
16 circuit 150. Switching circuit includes a plurality of switches 200, 205,
210, and 215 (shown as nodes) which function in pairs to connect the
input capacitor 130 through pumping capacitor 220 to ground or to
connect pumping capacitor to the V. More specifically, switches 200
and 215 function as a first switch pair, and switches 205 and 21¢

15 function as a second switch pair.

When the second switch pair 205, 210 is activated to connect the
pumping capacitor 220 to V,_, pumping capacitor 220 is charged to its
full capacity. The value of capacitor 220 zero is preferably

20 considerably smaller than input capacitor 130 since greater resolution

is achieved in the incremental removal of charge from input
: d This Sheet Has Been ReY\lacea

(RN



t he second capacitor between various states dependi ng on the out put WO
'97/ 32401 PCT/ US97/ 02172 of the

. conparator. Thus, this enbodi nent of the present invention provides a | ow
-cost anal og woousgox al converter forned on a seni conduct or REFIESITAAE usi ng
met al - oxi de-silicon (MOS) technol ogy which may be integrated with other
digital MOS circuitry on the sane 5 sem conductor substrate that does not
require a conparator that detects a zero voltage |evel. BRI EF DESCRI PTI ON
OF THE DRAW NGS The features and advantages of the present invention wll
be 10 nore clearly understood fromthe foll owi ng description taken in
conjunction with the acconpanying drawings in which: Figs. 1(A) and 1(B)
are schematic diagrans of a first pref¥fred enbodi ment of the present
invention; Fig. 2 is a schematic diagram of the present invention in

capacitor 130. In one examgle, to implement an 8-bit analog to digital
converter {an analog to digital converter having a resclution of 8-5its),

the input capacitor value should be 256 times the capacitor value of

the pumping capacitor 220. 1n this example, counter 160 should be at

(-]

least an §-bit counter. Preferably, a fully charged input capacitor 130
should be capable of being discharged in this example in 256 discharge

cycles.

Switch pair 203, 210 Mges pumping capacitor 220 with a
10 positive polarity on the right plate connected to switch node 210 and a
negative polarity on the left plate connected to switch node 205, Asa
result of this polarity, when input capacitor Z;.SO is connected via
switch pair 200, 215 in series with capacitor 220, capacitor 130 {(which
is charged to the opposite polarity) discharges by an amount in

15 accordance with the charge stored on pumping capacitor 220.

A counter 160 is connected to receive a start signal and a clock
signal that may be generated by controller 120. Of course, the clock
signal can be generated from a clock source independent of

20 controller 120. The counting outpu.t terminal 180 of counter 160 is in

this example embodiment the switch control signaling which controls



15 accordance with a second preferred enbodi ment; and Figilg SHEET HAS BEEN
schematic diagramof a third preferred enbodi nent of the presnERLﬁOﬁDentio .
DETAI LED DESCRI PTI ON OF THE | NVENTI ON 20 In the fc
. descri pti on, WOA73@Mposes of explanation and not limitati ont ¥ SH0Y7E
details are set forth, such as particular circuits, WO 97/ 32401

PCT/ US97/ 02172 12 ci rcuit conponents, techniques, etc. in order to provide
a thorough understandi ng of the present invention. However, it will be
apparant to one skilled in the art that the present invention may_ be
practiced in other enbodi nents that depart fromthesss e@WE“‘i\‘F it

details. In 5 other instances, detailed descriptio
met hodol ogi es, devi ces, nanufacturing pPocesses, and
so as not to obscure the description of the present invention with
unnecessary ‘

mtted

the activation of the first and second switch pairs 200, 215 and 2GS5.
210. As the counter transitions from high to low, ore set of swizzh
pairs is activated, and as the counter transitions from low to high the
other switch pair is activated. Once the counter is stopped, it

generates a digital readout corresponding to the analog voltage

[+

initially stored on input capacitor 130.

In operation, controller 120 enables, via a select signal, one of

the transmission gates in the .analog multiplexef 110 to connect one of

10 the voltage inputs to input capacitor 120. Thereafter, the voltage
input is removed, and the controller 120 transmits a start signal to
counter 160. The counter then counts clock signals generating an
oscillating counter output control signal at terminal 180 for selectively
activating the switch pairs 200, 215 and 205, 210. The initial logic

15 level of the counter control signal activates switches 205 and 210 to
connect pumping capacitor 220 to V_. When the counter control signal
switches to an opposite logic level with pumping capacitor 220 having
been charged, the first switch pair 205, 210 is deactivated and the
second switch pair 200, 215 is activated. Since the polarities of the

20 input capacitor 130 and pumping capacitor 220 are opposite, current

flows from input capacitor 130 through pumping capacitor 220 to



detail. 10 Fig. 1(A) illustrates in schematic forma preferred
enbodi ment of an analog to digital converter 100 in accordance with the
present invention. An analog nultiplexer 110 which nay be conprised of a
plurality ofW@®HI40 ssi on gates enabl ed by a sel ect signal PCEmsSymRarr ol | er
120 receives at its input termnals a plurality of both anal og 15 vol tage
I nputs, a positive potential V[err], and a zero volts reference potenti al
hereafter referred to as "ground.” In accordance with the sel ect signal
fromcontroller 120, the analog nultipl exer connects one of the inputs to
the nultiplexer 110 to input capacitor 130 connected at one end to the

mul tiplexer and at the other end to ground. A 20 conparator 140 includes a
first input termnal connected to groukd@, i.e., zero volts, and a second

i nput term nal connected to the first 13 termnal of the input capacitor
130. In this arrangenent, conparator 140

ground discharging input capacitor by an incremental amount
corresponding to the charge initially stored across pumping
capacitor 220. When the counter output changes back to the iniz
logic level, the incremental discharge of input capacitor is compieted,

5 the second pair of switches 200, 215 is deactivated, and the first pair of
switches 205, 210 is again activated to recharge the pumping capacitor
220,

This alternating charge/discharge cycle continues in accordance
10 with the counter control signal with the counter keeping track of the
number of clock cycles accumulated since the counter was started.
Comparator 140 compares the voltage across input capacitor 130.
When the capacitor 130 is substantially discha_rged, the voltage across
capacitor 130 is substantially zero. Such substantially zero voltage is
15 received at the first input terminal of comparator 140 and compared
with ground potential. Comparator 140 then generates a “stop” output
signal to stop counter 160 if the voltage across capacitor 130 is
substantially zero. The counter 160 then outputs the accumulated
count value which corresponds to a digital value for the analog input
20 voltage. The larger the input voltage, the larger the amount of charge

stored across input capacitor 130, and the greater the number of



detects a zero voltage, either by using a negative supply or a conversion
-circuit of appropriate sophistication. The conparator 140 output is

connected to a digital counter 160 and effectively generates a S}éﬁé

- command whenwoDa3248bl ts i s detected across capacitor 130. APCHE,

capacitor 220 (referred to hereafter as the "punping" capacitor)
encl osed in the dashed bl ock | abeled switching circuit 150. Sw tching

circuit 150 includes a plurality of sw tches 200, 205, 10 210, and 215
(shown as nodes) which function in pairs to connect the input capacitor

i s shown

130

t hrough punpi ng capacitor 220 to ground or to connect punping capacitor to

the Verr].

More specifically,

swi tches 200 and 215 function as a first

switch pair, and switches 205 and 210 unction as a second switch pair. 15

When the second switch pair 205, 210 is activated to connect the punping

capacitor 220 to V[err], punping capacitor 220 is charged to its full

capacity. The val ue of capacitor

than input capggirtRlenidRedicddd dsARESE thERRI U daBBeitsr PO A¥@sHdinglihe
20 renoval of charge from i nput

i ncr enent al

°

10

2 larger count value represents a larger amplitude analog signal.

Fig. 1(B) illustrates one example and preferred implementation
of the switches 200, 2035, 210, 215 employed in switching circuit 1350.
Specifically, each switch includes a complementary pair of N-type and
P-type, insulated gate, field effect transistors (FETs) connected at their
respective drains and sources and is termed a “bilateral switch.” Each
FET has a gate control signal Q or § which controls whether the FET
conducts or does not conduct current. For example, the second pair of
switches 200 and 215 receive a control signal of logic level Q from
counter 160 at the gates of their respective N-type FETs, and an
opposite logic state signal Q at the gates of their respective P-type
FETs. When Q equals a high logic level “1" (e.g., 5 volts), the N-type
FETs conduct. Similarly, at the same time, the opposite logic level "0"
{corresponding to zero voits) is applied to the gates of P-type FETs
which then also conduct. The combined currents flowing through the
N-type and P-type FETSs result in a near perfect switch which passes

all of the current, operates over the full voltage range 0-V,_, and

20 provides cancellation of switching glitches due to gate capacitance.

220 is preferably considerably smaller
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-capacitor 130. In one exanple to inplenent an 8-bit analog to digital
converter (an analog to digital converter having a resolution of 8-bits),

- the input owpawssor val ue shoul d be 256 tines the capacit FCHEPYRIFR the
punpi ng capacitor 220. In this exanple, counter 160 should be at 5 | east
an 8-bit counter. Preferably, a fully charged input capacitor 130 should be
capabl e of being discharged in this exanple in 256 discharge cycles. Switch
pair 205, 210 charges punpi ng capacitor 220 with a 10 positive polarity on
the right plate connected to switch node 210 and a negative polarity on the
| eft plate connected to switch node 205. As a result of this polarity, when
i nput capacitor 130 is connected via ggvtch pair 200, 215 in series with
capaci tor 220, capacitor 130 (which is charged to the opposite polarity)

di scharges by an anpunt in

Switches 205 and 210 have gate inputs of the opposite polarity.
In other words, the control signal having a logic level of @ is applisd o
the gate terminal of the N-type transistor, and the control signal
having a logic level of Q is applied to the gate input of the P-type FET
6 in each complementary switch 205 and 210. WhenQ =0and @ =1,
switches 205 and 210 conduct. When Q = 1 and Q@ = 0, switches 200
and 215 conduct. While complementary FET switches are preferred,

simple FET switches may also be nsed satisfactorily.

10 One of the drawbacks with the embodiments shown in Figs. 1(3)
and 1(B) is the need for a zero voltage level comparator, i.e.,
comparator 140. As described above, zero—crossiné comparators
traditionally require a negative supply which requires power
conversion circuitry increasing the part count, weight, and cost of the

15 ultimate device, e.g., a radio, or alternatively employ a level of circuit
sophistication which also inereases cost as well as power consumption.
The analog to digital converter shown in Fig. 2 employs dynamic
conversion circuitry which permits detection of zero voltage across
input capacitor 130 using a conventional comparator 300 that

20 compares an input signal with a non-zero reference voltage, e.g., V /2.



15 accordance with the charge stored on punpi ng capacitor 220. A counter
160 is connected to receive a start signal and a clock signal that may be

generated by controller 120. O course, the clock signal can ted
from a cl ock W8I ndependent of 20 controller 120. The c‘ﬁ%ﬁl{%q%tput

term nal 180 of counter 160 is in this exanple enbodi nent the switch
control signaling which controls 15 the activation of the first and
second switch pairs 200, 215 and 205, 210. As the counter transitions from
high to | ow, one set of switch pairs is activated, and as the counter
transitions fromlow to high the other switch pair is activated. Wen the
counter is stopped, it generates a digiggal readout 5 corresponding to the
anal og voltage initially stored on input capacitor 130. In operation,
controller 120 enables, via a select signal, one of the transm ssion gates
in the anal og nmultiplexer 110 to connect one of the voltage inputs to input

capacitor 130. Thereafter, _the voltage input is

A reference of V,_/2 is preferred because that is a voltage in the center

of the range in which conventional comparators are designed to detect.

As in the embodiment in Fig. 1, an analog muitiplexer 1106
5 receives multiple inputs including ground and a reference voltage V...
A select signal from counter, control, and discharge circuitry 230
enables one of the transmission gates in multiplexer 110 which
charges input capacitor 130 to a level commensurate with the current
voltage level of the selected input signal. Circuitry 230 receives as
16 inputs a clock signal and an output from comparator 300.
Circuitry 230 generates a digital readout corresponding to the analog
voltage level of the selected input signal, a periodic discharge signal to
input capacitor 130, and an osqillgtix;g counter control signal referred
to hereafter as a pump signal. The pump sxgnal is connected through
15 resistor 235 to pumping capacit;.or 220 which is also connected to the
common source connection of FETs 260 and 265. FETs 260 and 263
are N-type FETs which are formed in a "P-well” 250 of P-type
semiconductor material diffused into an N-type substrate 245. The
substrate 245 is connected to ground via metallized ring 240. The gate
20 terminal of N-type FET 260 is connected to ground, and the gate

terminal of N-type FET 260 is connected to the input capacitor 130.



10 renoved, and the controller 120 transmts a start signal to counter
'160. The counter then counts clock signals generating an oscillating
counter output control signal at termnal 180 for selectively activating
"the switch woem2480, 215 and 205, 210. The initial |ogic PETEsITOIRNhe
counter control signal activates swi tches 205 and 210 to connect punping
capacitor 220 to 15 V[err]. Wen the counter control signal switches to an
opposite logic level with punping capacitor 220 havi ng been charged, the
first swtch pair 205, 210 is deactivated and the second switch pair 200,
215 is activated. Since the polarities of the input capacitor 130 and
punpi ng capacitor 220 are opposite, cgbrent flows frominput capacitor 130
t hrough punping 20 capacitor 220 to WO 97/ 32401

PCT/ US97/ 02172 16 ground di schargi ng i nput capacitor by an increnental
anount corresponding to the charge initially stored across punping

The drains of FETs 260 and 265 are cornected preferably
(although not necessarily) to a current mirror 260. Current mirror 260
includes two P-type FETs 285 and 290 connect at their respective
gates. The sources of P-type transistors 285 and 290 are connected =

5 V,_,and their drains are connected to the drains of FET 260
and FET 265, respectively. The common gate connection between
FETs 285 and 290 also connects to the drain of FET 290. The drain ¢f
FET 285 is connected at node 280 as the input to comparator 300 for
comparison with a non-zero reference voltage which in this example

10 embodiment may be V_/2.

In operation, counter, control, and discharée circuitry 230
controls the analog multiplexer 110 to select a voltage input which
charges input capacitor 130 {o its current voltage level. Circuitry 230

15 then controls the analog multiplexer 110 to disconnect the input
capacitor 130 from all inputs. The pump output (which may for
example correspond to the oscillating clock signal) is applied to pump
capacitor 220. Initially, the pump signal switches from a zero level
voltage to a high level voltage (0 to 1) which charges pumping

20 capacitor 220 through current limiting resistor 235, the common

source connection, and the P-N junction diode (indicated symbolically



capaci tor 220. When the counter output changes back to the initial |ogic
. level, the increnental discharge of input capacitor is conpleted, 5 the

second pair of switches 200, 215 is deactivated, and the first ,
. SW tches 205y033%62406 again activated to recharge the punpi e&%@ﬁ or 220.
This alternating charge/di scharge cycle continues in accordance 10 wth
the cqunter control signal with the counter keeping track of the nunber of
cl ock cycles accumul ated since the counter was started. Conparator 140
conpares the voltage across input capacitor 130. Wen the capacitor 130 is
substantially discharged, the voltage across capacitor 130 is substantially
zero. Such substantially zero voltage $f 15 received at the first input
term nal of conparator 140 and conpared w th ground potential. Conparator
140 then generates a "stop" output signal to stop counter 160 if the

vol tage across capacitor 130 is substantially zero. The counter 160 then
out puts the accunul ated count val ue which corresponds to a digital value

the ampunt of _ch o e e o T30 and the greater the
nunber  of substrate 243 to g:'qund. During this cycle, the gate of transistor 285

is connected to ground, and therefore, FET 2653 is turned off and doez

not conduet. Transistor 260 may not be cut off because although its

5 source voliage is at'the nominal forward bias voltage of the P-well

diode 253 of 0.7 volts, its gate voltage is equal to the input voltage on

capacitor 130 which may be greater. However, since transistor 265

does not conduct during this cycle, no ¢urrent flows through current

mirror transistors 285 and 290, ﬁnd hence, no éurrent can flow

10 through transistor 260. Node 280 is therefore pulled low, i.e., below

V. /2 in these circumstances, indicating that the voltage on

capacitor 130 is greater than zero.

‘When the pump signal switches from a high to a low voltage
15 level, the left plate of pump capacitor 220 connected to resistor 23€ ic
pulled to zero volts which (because the voltage across capacitor 220
cannot change instantaneously) forces the right plate of capacitor 220
to a temporary negative voltage. That temporary negative voltage is
applied to the common source connection of transistors 260 and 265,
20 and as a result, both transistors can now conduct. Even

transistor 263, whose gate is connected to ground, ean conduct because
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i ncrements needed to discharge the input capacitor 130. Accordingly, a

| arger count value represents a larger anplitude analog signal. Fig. 1(B)
illustrates WOeTRMpl e and preferred i nplenentation 5 of ROTESIMWAThesS
200, 205, 210, 215 enployed in switching circuit 150. Specifically, each
swtch includes a conplenentary pair of N-type and P-type, insulated gate,
field effect transistors (FETs) connected at their respective drains and
sources and is terned a "bilateral switch.” Each FET has a gate control
signal Q or Q which controls whether the FET 10 conducts or does not
conduct current. For exanple, the secgmd pair of switches 200 and 215
receive a control signal of logic level Qfromcounter 160 at the gates of
their respective Ntype FETs, and an opposite logic state signal Q at the
gates of their respective P-type FETs. When Q equals a high logic level "1"

e.g., 5 voltsg the Nt .
(e.g 1} the vc(;ltage gp%%ed to the source of FET 263 is negative, the voltazs

between the gate and source is positive which "turns-on”

transistor 265.

5 If the voltage across capacitor 130 is larger then zero, a larger
gate voltage is applied to transistor 260 than the gate voltage applied
to transistor 265. As a result, more current is "pulled” through
transistor 260 than is pulled through transistor 265. At the common
source, the currents join to flow through capacitoi:* 220 and dissipating

10 resistor 235. As long as the gate voltage of transistor 260 connected to
the input capacitor 130 is greater than the zero gate voltage applied to
transistor 265, transistor 260 will conduct more current than

transistor 2635.

13 The current flowing in transistor 265 is "“mirrored” through
transistor 285. Since transistor 285 is an identical P-type transistor
with both gate and source connected to the same points as the gate
and source of transistor 290, an identical current flows into the drain
of transistor 285 which is connected to node 280. Thus, the current

20 mirror 260 "repeats” the drain current of transistor 265 into node 280.

At the same time, current through transistor 285 is "pulling” the



15 FETs conduct. Simlarly, at the sane tinme, the opposi
‘(corresponding to zero volts) is applied to the gates of ﬁ’H@[%‘EﬁE é\/\hﬁ%ﬁ
t hen al so conduct. The conbined currents flow ng through |t he NAE

" P-type FETs We3240kn a near perfect switch which passes

current, operates over the full voltage range O Clerr], and 20 provides
cancel'lation of switching glitches due to gate capacitance. WO 97/ 32401
PCT/ US97/ 02172 18 Switches 205 and 210 have gate inputs of the opposite
polarity. In other words, the control signal having a logic level of Qis
applied to the gate terminal of the N-type transistor, and the control
signal having a logic level of Qis apm@3ed to the gate input of the P-type
FET 5 in each conplenentary switch 205 and 210. When Q=0 and Q = 1,
switches 205 and 210 conduct. Wien Q=1 and Q = 0, switches 200 and 215
conduct. Wiile conplenentary FET switches are preferred,

voltage a: node 280 up towards the voltage supply V,, while the
current through transistor 260 is "pulling” the voltage at node 280
down. The larger current "wins," and the voltage at node 280 either

falis or rises.

As long as the gate of transistor 260 is larger than zero,
indicating that the input capacitor 130 is not fully discharged, the
voltage at node 280 will be pulled down below the threshold reference
voltage V_/2 detected by comparator 300. Duriﬁg the time period

10 when the pump output is at a low level, the ouﬁput from
comparator 300 is read by the counter control and discharge
circuitry 230. When comparator 300 indicates to circuitry 230 that the
voltage at node 280 is less than V_/2, (d_uring the low level period of
the pump signal), circuitry 230 applies an incremental discharge pulse
15 toinput capacitor 130 to remove a single increment of charge. The
counter keeps track of the total number of increments of charge
removed from input capacitor 130 until the voltage across
capacitor 130 is zero. When that occurs, the currents splitting between
transistors 260 and 265 equalize which causes the potential at
20 node 280 to rise in voltage until it exceeds the V_/2 threshold detected

by comparator 300. The comparator cutput signal applied to counter,

et Has Been Reﬁaced
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sinple FET switches may al so be used satisfactorily. 10 One of the
drawbacks with the enbodi nents shown in Figs. 1(A) and 1(B) is the need for
a zero voltage |level conparator, i.e., conparator 140. As descri bed above,
‘zero-crossi wpsmpMrators traditionally require a negativeremussmomi ch
requires power conversion circuitry increasing the part count, weight, and
cost of the 15 ultimate device, e.g., a radio, or alternatively enploy a

| evel of circuit sophistication which also increases cost as well as power
consunption. The analog to digital converter shown in Fig. 2 enploys
dynam c conversion circuitry which permts detection of zero voltage across
i nput capacitor 130 using a conventiongl conparator 300 that 20 conpares an
i nput signal with a non-zero referencé voltage, e.g., V[err]/2. WO

97/ 32401 PCT/ US97/ 02172 19 A
reference of V[err]/2 is preferred because that is a voltage in the center

control, and discharge circuitry 230 stops the counter as well as ths
cyclical application of discharge pulses to input capacitor 130. The

final count is output at the digital readout,

5 This embodiment of the invention provides an inexpensive
analog to digital converter which employs a conventional, non-zero
level detecting comparator 300 and uses FET switches suitable for
integration on a single chip along with the counter, control, and
discharge circuitry 230, etc. It also provides an édvantageous dynamic

10 zefo crossing comparator that does not need a neg'ative supply, and
that may be used in a variety of different applications. The signal to
be compared with zero is applied to charge up inﬁixt capacitor 130, and
the pump signal is thereafter applied through pump capacitor 220 to
transistors 260 and 265. The pumping action applied to

15 tramsistors 260 and 265 coupled with the current mirror 260 effectively
shifts the level of the input voltage. Consequently, when the voltage
at node 280 exceeds the non-zero comparator threshold, the output of
comparator 300 indicates a zero voltage input. Although
transistors 290 and 295 have been shown as preferred elements for

20 performing the current mirror function, other circuit components could

also perform this function as well, such as matched drainload resistors.



of the range in which conventional conparators are designed to detect. As
‘in the enbodinment in Fig. 1, an analog nultiplexer 110 5 receives nultiple
i nputs including ground and a reference voltage V[err]. A select signal
“from counter weo24tl , and di scharge circuitry 230 enabl es 5

transm ssion gates in nmultiplexer 110 which charges input capacitor 130 to
a |l evel commensurate with the current voltage | evel of the selected input
signal. Grcuitry 230 receives as 10 inputs a clock signal and an out put
fromconparator 300. Circuitry 230 generates a digital readout
corresponding to the anal og voltage | evel of the selected input signal, a
periodic discharge signal to input capagitor 130, and an oscillating
counter control signal referred to hereafter as a punp signal. The punp
signal is connected through 15 resistor 235 to punping capacitor 220 which
s al so connected to the common source connection of FETs 260 and 265. FETs
260 and 265 are N-type FETs which are formed in a "P-well|" 250 of P-type
seni conduct or nlkemisaof gicurtansdrirnerchewe ez prpeidss bighexrislzgs gaimensubst rat e
245 is connected to ground via netallized ring 240. The gate 20 term nal of
N-type FET 260 thuscmorestomtatezeypavosiingdetettiongat e

Another preferred embodiment of the present invention is now

described in conjunction with Fig. 3. Fig. 3 shows a simpler

comparator circuit that permits comparison to a threshold, for
example, of half the voltage supply (V_/2) thereby avoiding comparison
with zero voltage level. As with the embodiments described in Figs. 1
and 2, the analog muitiplexer 110 is controlled by the controller and

10 counter circuit 125 to select an analog voltage input for conversion for
connection to input capacitor 130. After capacitor 130 charges to that
selected input voltage, the analog multiplexer 1;10 is open circuited to

disconnect capacitor 130.

15 The control circuit 125 reads the output of comparator 300 to
determine if the input voltage across the input capacitor 130 is greater
than or less than the V_/2 threshold. If the input voltage is less than
the threshold, control circuit 125 operates FET switches 305, 310, 815,
320, and 325 to incrementally pump the charge stored on input

20 capacitor using pumping capacitor 220 until it reaches the threshold

voltage V_/2. Conversely, if the input voltage initially was above the
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termnal of N-type FET 260 is connected to the input capgeses—li30

97/ 32401

drai ns of FETs 260 and 265 are connected preferably (although RERLACED
" necessaril ywdssasegcurrent mirror 260. Current mirror 260

PCT/ U$THID SHEPT MASTBREN
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P-type FETs 285 and 290 connect at their respective gates. The sources of

P-type transistors 285 and 290 are connected to 5 V]err],
are connected to the drains of FET 260 and FET 265,

and their drains
respectively. The

common gate connection between FETs 285 and 290 al so connects to the drain
of FET 290. The drain of FET 285 is connected at node 280 as the input to
conparator 300 for conparison with a gf?n-zero reference voltage which in

this exanple 10 enbodi mrent may be V[erT
and di scharge circuitry 230 controls the anal og nul tipl exer

]/2. In operation, counter,

vol tage input which

10

20

threshold V_/2, the control circuit 125 operates the FET switches to
incrementally pump down the voltage stored across input
capacitor 130 until it crosses the V,_/2 threshold as indicated by the

output of comparator 300.

Assuming that the initial comparator outp:t indicates that the
input voltage is less than the threshold voltage V_/2, the following
contro} signals generated by controller 125 are applied to the gates of
the FET switches. Initially, Q1 =0andQl=1 wﬁich causes the FET
switch 305 to disconnect the input capacitor 130 from the pumping
capacitor 220. Q2 is set equal to 0 to apply a low level to P-type
FET 310 so that it conducts connecting the lefomost plate of pumping
capacitor 220 to V.. At the same time, Q5 is set equal to 1 so that the
N-type FET 320 conducts connecting the right plate of pumping
capacitor 220 to ground. This switch configuration charges the
pumping capacitor 220 to V_ with positive polarity on the left plate

and zero polarity on the right plate of the capacitor.

Thereafter, Q2 and Q5 are set equal to 1 to "turn off" FET
switches 305 and 320. Q4 is then set equal to 0 which causes P-type

FET 325 to conduct, pulling the rightmost plate of pumping

i

control,
110 to select a

Has Been Replace
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charges input capacitor 130 to its current voltage level. Crcuitry, 230 15
‘then controls the analog nultiplexer 110 to di sconnect the input capacitor
130" fromall inputs. The punp output (which may for exanple correspond to
the oscill at w@9u3e0k signal) is applied to punp capacitor FSHUSIHRATL, |y,

t he punp signal switches froma zero |level voltage to a high | evel voltage
(0 to 1) which charges punping 20 capacitor 220 through current limting
resi stor 235, the conmon source connection, and the P-N junction diode
(indicated synbolically PCT/ US97/ 02172 WD 97/ 32401 at 255) formed at the
interface of the P-well 250 and the N-type substrate 245 to ground. During
this cycle, the gate of transistor 26%¢4 s connected to ground, and
therefore, FET 265 is turned off and does not conduct. Transistor 260 nay
not be cut off because although its 5 source voltage is at the nom nal
forward bias voltage of the P-well

capacitor 220 to V. Because of conservation of chargs, the potential
on the right hand plate of pumping capacitor 220 rising from 0 to V_,
attempts to force tht; potential on the left plate of capacitor 220 to rise
to 2V in order to maintain the immediately preceding potential
5 difference of V_ across capacitor 220. At the same time, Q1 is set

equal to 1 and Q equal to 0 activating switch 305 to connect the lef:
plate of capacitor 220 to input capacsii;or 130. The difference between
2V_ stored across capacitor 220 and the voltage across input
capacitor 130, (which is somewhere between zero and V,/2), multiplied

10 by the capacitance value of capacitor 220 determines the amount of
charge transferred from pumping capacitor 220 to input capacitor C11.
Thus in this example, the voltage across input capacitor 130 rises by
an incremental amount between (1.5 V_ x C220/C130) and
(2.0 V_, x C220/C130).

If the initial voltage stored across input capacitor 130 is greater
than V_/2, the input capacitor 130 is pumped down using the following
example procedures. Initially, Q1 is set equal to 0 and { equal to 1 to
disconnect input capacitor 130 from pumping capacitor 220, The gate

20 voltage applied to N-type FET 315 is set equal to 1 so that FET 315

conducts connecting the left plate of pumping capacitor 220 to ground.



di ode 255 of 0.7 volts, its gate voltage is equal to the input voltage on
«capaci tor 130 which may be greater. However, since transistor 265 does not
conduct during this cycle, no current flows through current mrror
“transi st or swodssased 290, and hence, no current can flow 10PEHUSTGRL72
transi stor 260. Node 280 is therefore pulled low, i.e., below V[err]/2 in
these circunstances, indicating that the voltage on capacitor 130 is
greater than zero. Wen the punp signal switches froma high to a | ow
voltage 15 level, the left plate of punp capacitor 220 connected to
resistor 235 is pulled to zero volts which (because the voltage across
capacitor 220 cannot change instantangpusly) forces the right plate of
capacitor 220 to a tenporary negative voltage. That tenporary negative
voltage is applied to the commobn source connection of transistors 260 and
265, 20 and as a result, both transistors can now conduct. Even transistor
265, whose gate is connected to ground, can conduct because

At the same time, the gate voltage applied to P-iype FET 323 is set

equal to 0 which effectively connects the right plate of pumping
capacitor 220 to the power supply voltage V_ charging pumping

capacitor 220 to a potential of V,, with positive polarity on the right

(41}

plate and zero polarity on the left plate. Thereafter, gate voltage Q3 s

set equal to 0 and Q4 is set equal to 1 to turn-off FETs 315 and 325.

Gate voltage Q35 is then set equal to 1 to turn-on N-type
FET 320, connecting pumping capacitor 220 to ground which pulls the
10 voltage on the right plate of capacitor from V,, to zero. Conservation of
charge requires that the potential on the left plate of capacitor 220
attempt to move from 0 to -V, in order to maintain the initial voltage
drop of V__ across capacitor 220. At the same time, gate voltage input
Q1 1is set equal to 1 and @ is set equal to 0, connecting the left plate of
15 pumping capacitor 220 to input capacitor 130. The difference between
the voltage across capacitor 220 and the voltage stored on input
capacitor 130 (which is somewhere between V /2 and V) times the
pumping capacitance gives the amount of incremental charge
transferred from capacitor 220 to input capacitor 130. As a result of

20 the charge transfer, the voltage across input capacitor is reduced by an
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.the voltage applied to the source of FET 265 is negative the voltage
between the gate and source is positive which "turns-on" tr 65. 5

- If the vol t ago9asz4ss capacitor 130 is |larger then zero, 'Ig“g'?%s;’rr’ gate

voltage is applied to transistor 260 than the gate voltage applied to

transistor 265. As a result, nore current is."pulled" through transistor

260 than is pulled through transistor 265. At the comon source, the

currents join to flow through capacitor 220 and dissipating 10 resistor

235. As long as the gate voltage of transistor 260 connected to the input

capacitor 130 is greater than the zeroagate voltage applied to transistor

265, transistor 260 will conduct nore current than transistor 265. 15

The current flowing in transistor 265 is "mrrored"” through transistor 285.

Since transistor 285 is an identical P-type transistor with both gate and

source connected to the _sane points as the gate and source of transi stor

290, an identi darremgntahemonppbetwean ﬁh@"d,r%lﬁ?"@'fcchéﬁ?}?étz& ‘285 which is

connected to node 280. Thus, the current

C220/C130).

This embodiment of the present invention provides an analog to
5 digital converter which uses FET switches to pump an input voltage

below a non-zero reference voltage up to that reference voltage or to
pump a voltage above the non-zero reference voltage down to the
reference voltage thereby obtaining symmetrical control about a non-
zero reference voltage. The incremental step size for pumping up or

10 pumping down the input capacitor C130 is slightly dependent upon the
input voltage but in a symmetrical way that provides greater
resolution (finer steps) in the center of the analog to digital convertor’s
useful range, (e.g., V_/2), with less resolution (coarser steps) at the
extremes of the range, (e.g., zero and V_). This is advantageous

15 because most voltages to be measured by the A to D convertor would
first be arranged by suitable scaling to fall with the greatest
probability in the center of the A to D convertor range, where the

inventive circuit provides highest accuracy.

20 Although MOS-type switches are preferred for their low cost,

ease of manufacture, and superior response with respect to other



20~ mrror 260 "repeats” the drain current of transistor 265 into node 280.

. At the

sane tinme, current through transistor 285 is "pulling"

t he 23

vol tage at node 280 up towards the voltage supply V[err] while the current
-through trawsi®e41260 is "pulling” the voltage at node 28BCHB§021Re
current "wins," and the voltage at node 280 either falls or rises. 5
As long as the gate of transistor 260 is |arger than zero, indicating that
the input capacitor 130 is not fully discharged, the voltage at node 280
will be pulled down below the threshold reference voltage V[err]/2 detected

| ar ger

by conparator 300. During the tinme period when the punp out put

| evel ,

the output from conparator 300gphs read by the counter,

is at a |l ow
control, and

10 discharge circuitry 230. Wen conparator 300 indicates to circuitry 230

that the voltage at node 280 is less than V[err]/2,

peri od
pul se t
count er

(during the |l ow | evel

of the punmp signal), circuitry 230 applies an increnental discharge
0 input capacitor 130 to renove a single increnent of charge. The

electronic switches, other switches including bipolar junction

transistors or technologies such as GaAs could be used to implement

switching functions in the present invention. Thus, the present

invention provides a low cost, easily manufactured analog to digital

5 converter which uses MOS switching technology and can be combined

on an integrated circuit with other signal processing circuitry.

While the invention has been described in connection with what

is presently considered to be the most practical and preferred

10 embodiment, it is to be understocd that the invention is not to be

limited to the disclosed embodiment, but on the contrary, is intended

to cover various modifications and equivalent arrangements included

within the spirit and scope of the appended claims.



keeps track of the total nunber of increments of charge ) BHSVBHENT AS iBRBNt
15 capacitor 130 until the voltage across capacitor 130} is z®EBLAGEIEN t hdt
occurs, the currents splitting between transistors 260 amr%W
- whi ch causes wogrgdlent i al at node 280 to rise in voltage u I exceeds
the V[err]/2 threshold detected by conparator 300. The corrparator out put
signal applied to counter, WO 97/ 32401

PCT/ US97/ 02172 control, and di scharge circuitry 230 stops the counter as
wel | as the cyclical appl i cation of discharge pulses to input capacitor
130. The final count is output at the digital readout. 6 Thi s

enbodi nent of the invention provides aer nexpensi ve analog to digital
converter which enploys a conventional, hon- zero - I-evel- —get-ect i ng -conpar at or
300 and uses FET switches suitable for integratio | e chip al ong
with the counter, control, and discharge ci rcwtrq[ﬂﬂﬂmlﬁlnﬂumumgo

provi des an advant ageous dynam c ki e Y it

WHATI
1 1. An analog to digital converzer, comprising:
2 a first capacitor connected at a first terminal to an analog signal

3 to charge the capacitor in accordance with a current voltage level of
4 the analog signal and at a second termiral to ground;
5 a second capacitor; and
6 electronic control circuitry for alternately connecting the second
7 capacitor between the first capacifdr and a power supply to remove
8 increments of charge from the ﬁrsf capacitor until the first capacitor is
9 discharged,
10 wherein a number of removed !increments of charge associated
11 with discharging the first capacitor is used to generate a digital value

12 corresponding to the current voltage level of the analog signal.

1 2. The anzalog to digital converter in claim 1, further

2 comprising:

3 a multiplexer for receiving multiple analog signals and selecting

4 one of the received analog signals for connection to the first capacitor

5 in response to a control signal received from the electronic control |

s circuitry
’ heet Has Been Reﬁaced
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10 zero crossing conparator that does not need a negative wﬁ?gmgpﬂp{stg{am
my be used in a variety of different applications. The s|gna §E@L§GEQ
conpared with zero is applied to charge up input capacit ob—1l30w—are—+he
‘punp si gnal WesTRdMeafter applied through punp capacitor 2ZPSTUSUARs| stors
260 and 265. The punping action applied to 15 transistors 260 and 265
coupled with the current mrror 260 effectively, shifts the I evel of the

i nput vol tage. Consequently, when the voltage at node 280—exceeds the
non-zero conparator threshold, the output of conpar alel a
zero voltage input. Al though transistors 290 and Zggumuaﬁﬁ;mgﬂ“ﬂmas
preferred el ements for 20 performng_the current m ¢ Ct Om, ot her
circuit conponents could al so perform‘%hi s function as well, such as

mat ched drai nl oad resistors. WD 97/ 32401

PCT/ US97/ 02172 25 The use of a current, mrror however provides higher
vol tage gai n and

-

[

wherein after the £rst capacitor charges to 2 level commensurate
8 with the current voltage level cf the selected analog sigmal, the
9 electronic control circuitry causes the multiplexer to disconnect the

10 analog signal from the first capacitor.

1 3. The analog to digital converter in claim 1, further

2 comprising:

3 a comparator having one input connected to the first terminal of

4 the first capacitor and another input connected to ground for detecting
5 when the voltage across the first capacitér is at or nearly zero and then
6 generating a detection signal causing the electronic control circuitry to

7 generate the digital value.

1 4, The analog to digitai convertel; in claim 2, further

2 comprising a clock source, wherein the electronic control circuitry

3 includes a counter for counting clock pulses generated by the clock

4 source from a predetermined starting point after the first capacitor is
5 charged until the detection signal is received from the comparator

6 halts the counting, with the digital readout from the counter

7 corresponding to the digital value.

il




thus nore accurate zero-crossing detection. Another preféfHiédSBRboHARSRHENS
-the present invention is now 5 described in conjunction}w th RERLACBD Fig. |

3 shows a sinpler conmparator circuit that permts conpar
threshol d, fWORMRbl e, of half the voltage supply (V[err]ﬂg?%?ﬁere%§
avoi di ng conparison with zero voltage level. As with the enbodi nents
described in Figs. 1 and 2, the analog nultiplexer 110 is controlled by the
controller and 10 counter circuit 125 to select an anal og vol tage input for
conversion for connection to input capacitor 130. 'ATF@T“Capacrtor 130
charges to that selected input voltage, the analog I S open
circuited to disconnect capacitor 130. é lw ﬂ ﬂ&g 125
reads the output of conparator 300 to d8t er ni ne |f the 1Tnp e across
the input capacitor 130 is greater than or |l ess than the V[err]/2
threshold. If the input voltage is |less than the threshold, control circuit
125 operates FET switches 305, 310, 315, 320, and 325 to increnentally punp

the chargejstored @) i NHe 2{h16ARAGI Al cHSi-EePHREAE 1CARRAREL OF 220 unti |
it reaches the threshold voltage V[err]/2. Conversely, if the input voltage

initially was a&?ﬁ(ﬁnl&tﬂ%

3 a switching circuit connected to the first terminal of the first

4 capacitor, to ground, and to the power supply including:

5 a first pair of switches with one switch connected to a Srst
6 terminal of the second capacitor and the other switch connected to 2

7 second terminal of the second capacitor, and

8 a second pair of switches with one switch connected to a

9 first terminal of the second capacxtor and the other switch connected to

10 a second termmal of the second capacitor,

1 wherein the electronic control circuitry generates switching
12 control signals alternately connecting the second capacitor through the

13 first pair of switches between ground and the power supply and
14 through the second pair of switches between the first terminal of the
15 first capacitor and ground to remove the increments of charge from the

16 first capacitor.

1 6. The analog to digital converter in claim 5, wherein each
2 switch in the first and second pairs of switches is a complementary

3 semiconductor switch having an N-type, insulated gate, field effect

This Sheet Has Been Reﬂlace
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26 threshold V[err]/2, the control circuit 125 operates {THiFEHEEP W
-increnental ly punp down the voltage stored across input ¢apaci E;fu\&% u

it crosses the V[err]/2 threshold as indicated by the ou :

. 300. 5 AssuwiogBs4eat the initial conparator output indicat BSPPHEEE Re i nput
voltage is less than the threshold voltage V[err]/2, the follow ng control
signals generated by controller 125 are applied to the gates of the FET
switches. Initially, QL = 0 and QL = 1 which causes the FET switch_305 to
di sconnect 10 the input capacitor 130 fromthe punping capacitor 220. @
Is set equal to O to apply a low |l evel to P-type FEJ i

conducts connecting the | eftnost pl aBé of punpi ng cauﬂﬂmmlmamlmm err].
At the same tine, @ is set equal to 1 so that the Ntypge FET"32D cbnducts

connecting the right plate of punping capacitor 220 to ground. This swtch
configuration charges the

4 transister (FET) and a P-type, insvlated gate, field effect transistor

5 (FED.

1 7. The analog to digital converter in claim 5, further
2 comprising:
3 a clock source for generating clock signals,
4 the electronic control circuitry including a counter for counting
5 the clock signals and generating a counter output signal that
6 alternates between a first state and a secénd state,
7 wherein the switching control signals include the counter output
8 signal such that the first pair of switches is selected to connect the
9 second capacitor between ground and the power supply. when the
10 counter output is in the first state and the second pair of switches is

11 selected to connect the second capédtor between the first terminal of

12 the first capacitor and ground.
1 8. An analog to digital converter comprising:
2 an input capacitor connected at a first terminal to store an analog

3 voltage and at a second terminal to ground;

4 control circuitry connected to the input capacitor at the first
5 terminal;
Tl



15 punpi ng capacitor 220 to V[err] with positive polari ;HE%%?@EE
-plate and zero polarity on the right plate of the capaciLar

(BEEN
er. p

and (B are set equal to 1 to "turn off" FET switches 310 an %?58,6 %
Fms,

- then set equwb 2401 whi ch causes P-type 20 FET 325 to cond
ri ghtnost plate of punping WO 97/ 32401

is
g the

PCT/ US97/ 02172 capacitor 220 to V[err]. Because of conservation of charge,.
the potential on the right hand plate of punping capacitor-220-rising from

O to V[err] attenpts to force the potential on the left plate it or
220 to rise to 2V[err] in order to maintain the i medi ﬂ“\‘ um‘ am
L st me, QL

potential 5 difference of V[err] acros3 capacitor 220.

is set equal to 1 and Q equal to O activating switch 305 to connect the
| eft plate of capacitor 220 to input capacitor 130. The difference between
2V[err] stored across capacitor 220 and the voltage across input capacitor

130, (which 1S SOMgAh el S SRetEsh cfr el Chnbkiid 1 the Tk Lo R PEr 22
7 input capacitor for determining whether an input signal appliedto 2
8 first input terminal of a comparator generated in response to the
9 voltage across the input capacitor is equal to or greater than a
10 nonzero, threshold voltage applied to a second input terminal of the
11 comparator and for providing an output signal from the comparator to
12 the control circuit indicating whether the input capacitor is discharged,
13 wherein said dynamic detection circuitry is connected through a
14 pump capacitor to a pump output signal Bf the c;:ntrol circuit, the
15 control circuit alternately charging and discharging the pump
16 capacitor using the pump output signal and discharging the input
17 capacitor by an increment of charge after each ci.xarge and discharge
18 . cycle of the pump capacitor, until the dynamic detection circuitry
‘ 19 indicates that the input capacitor is disch'arged, ;. total number of
20 incremental discharges of the input capacitor being used to generate a

21 digital value for the analog voltage.

1 9. The analog to digital converter in claim 8, wherein the
2 control circuit includes a counter for counting the number of

3 incremental discharges to provide a digital code corresponding to a
4 final count value.

This Sheet Has Been Rei‘aced
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10 by the capacitance val ue of capacitor 220 determ nes {HHS 3 HASf BEEN

-charge transferred from punpi ng capacitor 220 to input dapaci
in this exanple, the voltage across input capacitor 130 rises by an

- i ncr enent alwgemszads bet ween (1.5 V[err] x C220/ C130) and (¥ iR x
C220/C130). If the initial voltage stored across input capacitor 130 is
greater than V[err]/2, the input capacitor 130 is punped down using the
foll ow ng exanpl e procedures. Initially, QL is set equal to 0 and Q equal
to 1 to disconnect input capacitor 130 from punping-capacitor 220.- The gate
20 voltage applied to Ntype PET 315 is set equal to 1 so that PET 3
conducts connecting the left plate oggpunping capa "n " nEH

WD 97/ 32401 28 At
the sane tinme, the gate voltage applied to P-type FET 325 is set equal to O
whi ch effectively connects the right plate of punping

Thus

1 10.  The analog to digital converter in claim 8, further

2 comprising:

3 a multiplexer for receiving multiple analog signals and selecting
4 one of the received analog signals for connection to the input capaciz:r
5 in response to a control signal received from the control circuit,

6 wherein after the input capacitor charges to a level

7 commensurate with the current voltage level of the selected analeg

8 signal, the control circuit causes the multiplexer to disconnect the

9 analog signal from the inj:ut capacitor.

1 11. The anélog to digital converter in claim 8, further
2 comprising:
3 a resistor connected in series with the pump capacitor between

4 the contro! cireuit and the dynamic detector.

1 12. The analog to digital converter in claim 8, wherein the
2 dynamic detection cirevitry includes a first field effect transistor (FET)
3 having a gate electrode connected to ground and a second field effect

4 transistor (FET) having a gate electrode connected to the first terminal

eet Has Been Reﬁaced

T



capacitor 220 to the power supply voltage V[err] chargi 55”&%?@8&{& ttr
t

. 220 to a potential of V[err] with positive polarity on the_ri

and zero polarity on the left plate. Thereafter, gate volt§g§ 7S et
equal to 0 amaTRMWEL set equal to 1 to turn-off FETs 315 an Gat e
voltage @ is then set equal to 1 to turn-on N-type FET 320, connecting
punpi ng capacitor 220 to ground which pulls the 10 woltage on the right
pl ate of capacitor fromV[err] to zero. Conservation of charge requires
that the potential on the left plate of capacitor 220““! from
O to -V[err] in order to maintain the initial voltage'/ ,mﬂmmmcross
capacitor 220. At the sane tine, gate ¥bltage input QL is sét #&qual 1
and Qis set equal to O, connecting the left plate of 15 punping capacitor
220 to input capacitor 130. The difference between the voltage across
capacitor 220 and the voltage stored on input capacitor 130 (which is
somewher e pet wegRnd ERLY dapR RO w Ik olddTEich MiU RIS EARAC L 0CE O ves
the anount of incremental charge transferre rom-capacitor 220 to input
capacitor 130. As layresult of 20 the charge transfer, the voltage across
| nput capa i t o P®¥%educed by an

7 the first and second FETs having a common source electrode

8 connected to the pump capacitor, and
9 a drain electrode of the second FET connected to the first input

10 terminal of the comparator.

1 13. The analog to digital converter in claim 12, wherein when
2 the pump signal is in a first logic state, current iiows in a first

3 direction from either or both of the first and second FETs from the

4 common source electrodes through the pump capacitor discharging 2.3
5 pump capacitor, and wherein the comparator con;pares a voltage at

6 the first input terminal with the nonzero, threshold voltage during a

¢ 7 comparison time interval when the pump signal is in the first logic
8 state.
1 14. The analog to digital converter in claim 18, wherein the

2 common source is connected by a diode to ground such that when the
3 pump signal is in a second logic state, current flows in a second
4 direction opposite the first direction through the diode to charge up the

5 pump capacitor, and wherein during a discharge time interval when

This Sheet Has Been Reﬂlaced
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WO 97/32401 29 increnental anount between (1.5 V[err] x %gg cuee) l—{aﬁoBE(E@l
‘Merr] x C220/C 130). This enbodi nent of the present inventiogemp@ebdes a
analog to 5 digital converter which uses FET switches t
- vol t age bel wos3sdn- zero reference voltage up to that ref BRI age or
to punp a voltage above the non-zero reference voltage down to the
reference vol tage thereby obtaining symmetrical control about a non- zero
ref erence voltage. The increnental step size for pumping-up or 10 punping
down the input capacitor C130 is slightly dependen on the input Vol tage
but in a symmetrical way that provi deg greater resé!m Iﬁﬂ!ﬂﬂ” eps) in
the center of the analog to digital fvertor's us memm
Mlerr]/2), with | ess resolution (coarser steps) at the extr&me$ of the
range, (e.g., zero and V[err]). This is advantageous 15 because nost
voltages to be nmeasured by the A to D convertor would

6 the pump signal is in the second logic state, the control dreuit

7 discharges the input capacitor by an increment discharze if the
8 comparator indicates during an immediately preceding comparison

9 time interval that the input capacitor is not discharged.

1 15. The analog to digital converter in claim 12, wherein the
2 dynamic detection circuitry further includes a current mirror circuit
3 connected between the drain electrodes of the first and second FETs

4 and the power supply.

1 18. The analog to digital converter in claim 135, wherein the

2 current mirror includes a third FET connected at its source electrode

3 to a voltage supply and at its drain electrode to the second FET and to
4 the first input terminal of the comparator and a fourth FET connected
5 at its source electrode to the power supply, at its drain electrode to the

6 drain electrode to the drain electrode of the first FET, and at its gate

-

electrode to the a gate electrode of the third FET and to the drain
8 electrode of the fourth FET.

This Sheet Has Been Ileilaced

Illlll M




first be arranged by suitable scaling to fall with the grmlSeSHEErHB%lﬁEﬁNt
in the center of the Ato D convertor range, where the ihvent iREPLACER Ui t

provides highest accuracy. 20 Al t hough MOS-type sw—ehes—are
preferred forWPH&PH% ow cost, ease of manufacture, and superBHUSPZHhse

wi th respect to other WD 97/ 32401
PCT/ US97/ 02172 30 el ectronic switches, other sw tches including bipolar
junction transistors or technol ogi es such as GaAs coul'd be used to

i mpl ement switching functions in the present inventi ﬁ“‘)“'gmﬂmnumﬂ!ﬁgent

I nvention provides a | ow cost, easily manufactured a
converter which uses MOS switching techr®8l ogy and canxbec corbi®ned oh an
integrated circuit with other signal processing circuitry. Wile the
i nvention has been described in connection with what is presently
considered to be the nost practical and preferred

! 17.  Theanalog to digital converser in claim 12, wherein tha

2 r -1 - *
first and second transistors are formed in a well cf a frst conductivicy

8 type diffused into a substrate of a second conductivicy tvpe.

L . .
18. A method of detecting when an input signal has a zero
2 voltage level comprising the steps of:
3 storing a voltage across a first capacitor in accordance with a
4 voltage level of an input signal;
5 generating a representativé voltage signall'.that represents a
6 current voltage across the first capacitor;
7 alternately charging a second capacitor during a first time
8 - » » ’
interval and discharging the second capacitor during a second time
9 interval;
10 during the first time interval, discharging a portion of charge
11 stored on a first capacitor;
during the second time interval, detecting whether the current
13 i
voltage across the first capacitor has a zero voltage level by comparing
14 i i
the representative voltage with a nonzero reference voltage; and
15 indicati
indicating that the current voltage across the first capacitor has
16
reached a zero voltage level when the representative voltage is the

17
Same as or greater than the nonzero reference voltage,




10 enbodinment, it is to be understood that the invention is not to be
Jlimted to the disclosed enbodi nent, but on the contrary, is intended to
cover various nodifications and equi val ent arrangenents incluggﬂ% L.thin the
- spirit andwwsopn4nf the appended cl ai ns. 31 CLAI M5 1. gto
digital converter, conprising: a first capacitor connected at a first
termnal to an analog signal to charge the capacitor in accordance with a
current voltage |level of the analog signal and at a second-termmal to

ground; a second capacitor; and el ectronic control CIFCUItr
alternately connecting the second capacitor between th w‘“m and
a power supply to renove increnents of4ltharge fromthe wCl f or*

until the first capacitor is discharged including: a svvltchl ng circuit
connected to the first termnal of the first capacitor, to

1 19. The method in claim 18, wherein the second capacitor
2 charges through a diode to ground in a first cvrrent direction and
3 discharges through a series connected resistor in a second opposits

4 current direction.

1 20. An apparatus comprising a positive power supply and a

2 comparator circuit connected to the positive power supply for detecting
3 when an input voltage reaches zero voltage that does not require 2

4 negative power supply and does not employ a converter to convert

positive polarity power ﬁ‘dﬁ: the positive power supply into negative

[/}

6 polarity power.

1 21. An analog to digital converter, compfising:
2 a first capacitor connected at a first terminal to an analog signal

3 to charge the capacitor in accordance with a current voltage level of

4 the analog signal and at a second terminal to ground;

5 a comparator having one input terminal connected to the first

6 terminal of the first capacitor and another input terminal connected to

7 a reference voltage for generating:



ground, and to the power supply including: a first pair of switches with

. one switch connected to a first termnal of the second capacitor and the
other switch connected to a second term nal of the second pgpgssnoerr2 and a
second pair WRIHREMIches with one switch connected to a first termnal of

t he second capacitor and the other switch connected to a second term nal of
t he second capacitor, wherein the electronic control circuitry generates
switching control signals alternately connecting the sectond capacitor

through the first pair of switches between ground anli wer supply and
through the second pair of sw tches between the firs /’I]m I/”m first
capacitor and ground to renove the incfénents of charge ¢ Hﬂmt
capacitor, and wherein a nunber of renobved increnents of charge associ ated
wi th discharging the first capacitor is used to generate a digital value

corresponding to the current voltage |level of the anal og signal. 2. The

anal og to gigital converher ikt wile! SRNOICOIRLALM sty Ui pl exer
for receiving multiple anal og signals an(f sel’ect1 g one of the received

anal og siggals for connection Bo the figst cap citor in response to a
cont r ol capacitor is greater e reference voltage,

10 (b}  a second signal when the voltage across the Srst

11 capacitor is less than the reference voltage, and

12 {¢)  athird signal when the voltage across the first

138 capacitor is the same as the reference voltage; and

14 electronic control circuitry for supplying increments of charge to
15 the first capacitor when the second signal is generated until the third
16  signal is generated and for removing indrements of charge from the

17 first capacitor when the first signal is géherated until the third signal
18 is generated, :

19 wherein the electronic control circuitry counts a number of charge
20 increments or decrements to generate a digital value corresponding to

21 the current voltage level of the analog sig:nal.

1 22. The analog to digital converter in claim 21, further

2 comprising:

3 a second capacitor for storing the increment of charge, and
4 a plurality of switches connected to the second capacitor,



signal received fromthe electronic control circuitry, 32 wherein after
-.the first capacitor charges to a | evel commensurate with the current
vol'tage level of the selected anal og signal, the electronic contro

- circuitry ce0O93324bhe nul tiplexer to dlsconnect t he analog ? m t he
first capacitor. 3. The analog to digital converter in claim1l, further
conprising: a conparator having one input connected to the first term nal
of the first capacitor and another input connected to ground for detecting
when the voltage across the first capacitor is at or nearly zero and then
generating a detection signal causing the electroni y to
generate the digital value. 4. Thetdanal og to di g ‘n‘mm‘m lm I claim
2, further conprising a clock source, wherein the el ectrontc egontrol
circuitry includes a counter for counting clock pul ses generated by the

cl ock source froma predeterm ned starting point after the first capacitor

s chargegd until MlSréiﬁttEGte!%rﬁh&@@dtrbl%:f&ﬁ&k‘ﬁ&rﬁé@i@EQ'?:..EQFE“” ator halts

the counting, with the digital readout fromthe countet correspondl ng to
the digital ValiGa capacitor between various states depending on the output from

7 the comparator.

1 23. The analog to digital converter in claim 21, wherein when

2 the comparator generates the first signal, the electronic control

3 circuitry generates control signals to successively activate switches to

4 connect the second capacitor between a power supply and ground and
e 5 then to connect the second capacitor to the 'gﬁrst cg';;acitor thereby

8 removing increments of charge from the first capé."citor until the third

-

signal generated.

1 24,  The analog to digital converter in claim 21, wherein when
2 the comparator generates the second signal, the control circuitry
-8 generates control signals to activate switches to successively connect
4 the second capacitor between a power supply and ground and then to
5 connect the second capacitor to the first capacitor to add increments of

6 charge from the first capacitor until the third signal generated.

1 25. The analog to digital converter in claim 21, wherein the

2 reference voltage is a nonzero voltage.



5. The analog to digital converter in claim1, further conprising:
~switching circuit connected to the first termnal of the first capaci

to.ground, and to the power supply including: a first pair of |
oeadq@f to a first termnal of the second cap&’m@d”ézﬁzf

one swi tch

other switch connected to a second term nal of the second capacitor,
second pair of switches with one swtch connected to a first term nal
t he second capacitor and the other switch connected to a second term nal of
the second capacitor, wherein the electronic control circuitry generates
swi tching control signals alternately connecting the second capacitor
through the first pair of sw tches between ground an “mmmuu ﬁ;‘“t and
t hrough the second pair of sw tches between the 33\“ PR 3| f t he
first capacitor and ground to renopve the increments of*cHarde from the
first capacitor.

10

26. The analog to digital converter in claim 21, further
comprising:

a multiplexer for receiving multiple analog signals and selecting
one of the received anzalog signals for connection to the frst capacitor
in response to a control signal received from the electronic control
circuitry,

wherein after the first capacitor charges to a level commensurate
with the current voltage level of the séliacted ;ﬁalog signal, the
electronic control circuitry causes the niultiplexer to disconnect the

analog signal from the first capacitor.

27. The analog to digital converter in claim 23, wherein each
switch is an insulated gate, field effect transistor (FET).

28. The analog to digital converter in claim 24, wherein each

switch is an insulated gate, field effect transistor (FET).

29. A method for converting an analog signal into a digital

signal comprising the steps of:

a
tor,
s with
t he
and a
of



6. The analog to digital converter in claim5, wherein each switch in the
.first and second pairs of switches is a conplenentary sem conductor sw tch
having an N-type, insulated gate, field effect transistor (FET) and a
P-type, insybatgmegate, field effect transistor (FET). 7. PCTUHRETAHZA og to
digital converter in claim5, further conprising: a clock source for
generating clock signals, the electronic control circuitry including a
counter for counting the clock signals and generating @ counter output
signal that alternates between a first state and (mm/nerei n
the switching control signals include the counterﬂmam(‘mﬂ“& ch that
the first pair of switches is sel ected4to connect c secomd Eapacitor

bet ween ground and the power supply when the counter output is in the first
state and the second pair of switches is selected to connect the second
capacitor between the first termnal of the first capacitor and ground. 8.
An anal og to digital convegter conprising: an input capacitor connected at
a first t&minal tCIREEGER BFFLARRPEOR S FEXEECNFY YIED 3 CREFRMIFOABER nal to
ground; control circuitry connected to the input capacitor at the first
termnal ; 7 level of the analog signal;

8 comparing the voltage across the first capacitor to a reference
9 voltage;
10 supplying increments of charge to the first capacitor when a

11 voltage across the capacitor is less than a reference voltage and

12 removing increments of charge when the voltage across the first

13 capacitor is greater than the reference voltage; and
‘14 counting a number of the chargé inérel;;nbws or decrements to

15 generate a digital value corresponding fo the current voltage level of
3

16 the analog signal.

1 30. The method in claim 29, wherein the increments of charge
2 are supplied until the charge across the first capacitor is the same as

3 the reference voltage.

1 31. The method in claims 29, wherein the increments of charge
2 are removed until the charge across the first capacitor is the same as

3 the reference voltage.

bd

32. The method in claim 29, further comprising the step of:



dynam c detection circuitry connected to the first termnal of the input
capaci tor for determ ning whether an input signal applied to a first input
term nal of a conparator generated in response to the voltage across the

i nput capaci t@978248qual to or greater than a nonzero, thregﬁ%'ﬂ@’m%lge
applied to a second input termnal of the conparator and for providing an
out put signal fromthe conparator to the control circuit indicating whether
the input capacitor is discharged, wherein said dynanic detection circuitry
is connected through a punp capacitor to a punp output signal of the
control circuitry, the control circuitr 34 alttﬂ'm, M g i and

di schargi ng the punp capacitor using tF% punp outp B’l " Wﬂlunchargi ng
the input capacitor by an increnent of charge after "eath 'thdt gé and

di scharge cycle of the punp capacitor, until the dynam c detection
circuitry indicates that the input capacitor is discharged, a total number

of increnmeftal disdisrogeaniig stepliitdinceapasis Fe-hel gnps ¢e Kaggenerate a
digital value for the anal og voltage. 9. The anal®og to digital converter

in claim83 whaapabitbhis digdtargbd @hBGHEh performing the countiryg step.

S
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I ncludes a counter for counting the nunber of increnental discharges to
provide a digital code corresponding to a final count value. 10. The
analog to digital converter in claim@8, further conprising: a nultiplexer
‘for receiving multiple anal og signals and sel ecting one of the received
anal og si gnal wobd®B248bnnecti on to the input capacitor in resROTASIVRIZ
control signal received fromthe control circuit, wherein after the input
capacitor charges to a | evel commensurate with the current voltage | evel of
the sel ected anal og signal, the control ;'§cuit causes the multiplexer to
di sconnect the anal og signal fromthe inﬁt capacitor. 11. The analog to
digital converter in claim@8, further conprising: a resistor connected in
series with the punp capacitor between the control ciggcuit and the dynam c
detector. 12. The analog to digital converter in clarm8, wherein the
dynam c detection circuitry incl s afirst field effect tr-- | stor (FET)
havi ng a gate el ectrode connect y—secofd PNELY

transi stor (FET) having a gate jel ectro
the first capacitor with drain | ect r od®k belng connected t

supply, the first ang secgnd FETs hafi ng a conmon source gl
connected to the —X% ]} 150 o

P
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punp capacitor, and a drain el ectrode of the second FET connected to the
first input term nal of the conparator. 35 13. The analog to digital
converter in claim12,. wherein when the punp signal is in a first logic
‘state, currenWO¥EO1in g first direction fromeither or botPCHUSHEATEI I st
and second FETs fromthe conmmon source el ectrodes through the punp

capaci tor discharging the punp capacitor, and wherein the conparator
conpares a voltage at the first input termnal with the nonzero, threshold
vol tage during a conparison tinme interval when the punp signal is in the
first logic state. 14. The analog to digital converter in claim13,
wherein the common source is connected btyl’!% di ode to ground such that when
the punp signal is in a second logic stat®* current flows in a second
direction opposite the first direction through the diode to charge up the
punp capacitor, and wherein during a discharge tine interval when the punp
signal is in the second logic state, the control circuit discharges the

I nput

Veo I_]'280 __ | |
—=  ANAIOG
—| MUTIPLEXER
| 10 P- WAL 250
= SELECT
CLOCK
355
nll
DIGITAL I |
READOLT =
N - SUBSTRATE 245
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capacitor by an increnent discharge if the conparator indicates during an

. imedi ately preceding conparison tine interval that the input capacitor is
not di scharged. 15. The analog to digital converter in cl g o¥fer ein

t he dynam c weisese40dn circuitry further includes a current mrror circuit
connected between the drain electrodes of the first and second FETs and the
power supply. 16. The analog to digital converter in claim15, wherein
the current mirror includes a third FET connected at its source el ectrode
to a voltage supply and at its drain electrode to the second FET and to the
first input termnal of the conparator and a fourth FET connected at its
source el ectrode to the power supply, at i3&3drain electrode to the drain
el ectrode to the drain electrode of the first FET, and at its gate

el ectrode to the a gate electrode of the third FET and to the drain

el ectrode of the fourth FET. 17. The analog to digital converter in claim
12, wherein the first and second transistors are fornmed in a well of a
first conductivity type diffused into a substrate of a second conductivity

t ype.
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36 A nethod of detecting when an input signal h.as._a._ze.Lo_ugJ_La.g.e-lmwﬁ.y‘
conpri*sing the steps of: storing a voltage acros&FHA@EMEN’{:‘aQ}@T or in
accordance with a voltage |level of an input sigha ' a
representative voltage signal that represents ajclurrent g
first capacitor; alternately charging a sgcond :aoacf?&u%ﬁn first
time interval and discharging the second ‘¢tapacifo | d tinme
interval; during the first tine interval dischajging a portion of| charge
stored on a first capacitor; during the second Hfe—t+ntervat—detecti ng
whet her the current voltage across the first capacitor has a zero voltage
| evel by conpar@Qne ditewbagk edthisach\u Yerdmgameht is thapitziquired ar ence
voltage; and indicating that the current voltage across the first capacitor
has reache zero voktage | eyel when t re sentative voltage.is the
sane as orcdodﬁgﬁf% oL &?ﬁ@nrﬁggt%erpewgﬁgﬁg@a}vte najgine $¥€hod in
claim 18, wherein the second capacitor charges through a

comparators do not accurately detect when an input voltage reaches a zero

acr oss the

voltage reference because at zero voltage, no current is flowing through the
5 comparator amplifiers. Instead, it is much easier for conventional

comparators to compare with a reference voltage which is on the order of
halfway between zero voltage and the reference voltage (Vec), i.e., Veo/2. One
approach to making a zero voltage detector is to construct a comparator that
uses a hegative power supply. However, an additional negative power

10 supply or an additional power converter circuit is a significant drawback in
such applications where cost and weight are a significant factors as they are

in portable, hand-held radios.

Another c9nsideration when implementing the analog to digital
15 conversion arrangement described above is the particular type of element
used to switch the smaller capacitor in and out of series with the input
capacitor. Bipolar junction transistor and diode switches are very sensitive
to temperature, therefore making calibration quite difficult. Consequently,
it is uncertain what particular digital output will be generated in response

20 to a given input voltage level. Therefore,
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di,ode to ground in a first current direction and dis ' o
series connected resistor in a second opposite curre mﬁms BEL| An

apparatus conprising a positive power supply and a cpnparator circu
nnected'to the positive power supply for detecting eh atiaugngogol e
reaches zero voltage that does not requirg a negativge power supply and does
not enploy a converter to convert positi polarity po oglitive
power supply into negative polarity power. 37 21. An anal og to dijgital

converter, conprising: a first capacitor connected at a first termnal to
an anal og signal to charge the capacitor in accordance with a current

vol tage | et@mifaltdfetlanaime Gignatorargd.ain %h?@ﬁ?%%&ﬁh@hﬂ,admﬁﬁaﬁéWMO a
conmpar ator having one input termnal connected to the first termnal of the
fir ' n n r input ferm.nal connected to a reference voltage
for Stg eﬁgfg@%%ﬁ;s ) éjer% x(r)cglli'aege, éiblier Yy using a negative Supply or a convers?on g

circuit of appropriate sophistication. The comparator 140 output is
connected to a .digital counter 160 and effectively generates a STOP

5 command when zero volts is detected across capacitor 130.

A second capacitor 220 (referred to hereafter as the "pumping”
capacitor) is shown enclosed in the dashed block labeled switching
circuit 150. Switching circuit 150 includes a plurality of switches 200, 205,
10 210, and 215 (shown as nodes) which function in pairs to connect the input
capacitor 130 through pumping capacitor 220 to ground or to connect
pumping capacitor to the V... More specifically, switches 200 and 215
function as a first switch pair, and switches 205 and 210 function as a
second switch pair.
15
When the second switch pair 205, 210 is activated to connect the pumping
capacitor 220 to V., pumping capacitor 220 is charged to its full capacity.
The value of capacitor 220 is preferably considerably smaller than input
capacitor 130 since greater resolution is achieved in the incremental

20 removal of charge from input

v S e
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(a) a first signal when the voltage across the firnst—eapacitor—is greater
than.the reference voltage, (b) a second signal w|REPLAEEMBNRSHEET) oss
the first capacitor is less than the reference volt3agg, and—tt) third
signal when the voltage across the first capacitor
ref erence voltage; and electronic control, _circuitry
I ncrenments of charge to the first capaciﬂéﬁ when the
generated until the third signal is generated and fpr renovi ng i ncrengnts
of charge fromthe first capacitor when the first s ' unt i
the third signal is generated, wherein the electronic control circuitry

counts a ngHdaEtivhtioréLEhd ﬂf'éteﬂﬁats%c?&tﬁ% gg‘ﬁfggg?hossf Qﬁgﬁggpggz@%g?t A'fz

val ue corresponding to the current vo

The anal og,,to digjtal converter in.claim?2l, further c rising: a.second
capacitor 1 cglpg#qrnéramétzpﬂg ?’é‘?@ﬁl—‘gbfato o gae %ﬁfd‘)fas‘ﬂ%gﬁeﬂw $ l%ﬁCQWFQCfres
connected to the second capacitor, wherein the electronic control circuitry

al t er nat el and\aist theeconhiterstransiticry fonh dowhiet kigdnthveotlsrsswitehgsaigdgendi ng
on the output fromthe conparator.

activated. When the counter is stopped, it generates a digital readout

e

5 corresponding to the analog voltage initially stored on input capacitor 130.

In operation, controller 120 enables, via a select signal, one of the
transmission gates in the analog multiplexer 110 to connect one of the
voltage inputs to input capacitor 130. Thereafter, the voltage input is

10 removed, and the controller 120 transmits a start signal to counter 160.

- The counter then counts clock signals generating an oscillating counter
output control signal at terminal 180 for selectively activating the switch
pairs 200, 215 and 205, 210. The initial logic level of the counter control
signal activates switches 205 and 210 to connect pumping capacitor 220 to

15 Ve.. When the counter control signal switches to an opposite logic level with
pumping capacitor 220 having been charged, the first switch pair 205, 210 is
deactivated and the second switch pair 200, 215 is activated. Since the
polarities of the input capacitor 130 and pumping capacitor 220 are
opposite, current flows from input capacitor 130 through pumping

20 capacitor 220 to

| AMENDED SHEET




23. The analog to digital converter in claim2l, wherein when the
conparat or generates the first signal, the electronic
generates control signals to successively activate s t he
second capaci tor between a AVMENDED SHEET 38 power| sippryamna—grotgnd and
then to connect the second capacitor to égmefi rst cappc tqr Uﬁh@?%
renmovi ng i ncrenents of charge fromthe f4?st capacito unti t ir
signal generated. 24. The anal og to digital convertfri—A—etaidn2l
wherei n when the conparator generates the second signal, the cont rol
circuitry generates control signals to activate sw t ches 1O SUTCTESSTvely

connect t RBliRRAFINEAL ZT0 @ tEWaYES The VP WVaRghileGhedwidnt hen to

connect the second capacitor to the fi rst capaC| or to add 1 ncrenments of
charge fr first. t.or until, ,he third rate 2 The
anal og togg]r‘blllg Itr%ﬁ’\?‘g?’?gg ilf PR o4 Wgﬁgﬁﬁi’gfﬁqggg%% &3?%1}633?5 a
nonzero vol t age.

current "wins," and the voltage at node 280 either falls or rises.

5 As long as the gate of transistor 260 is larger than zero, indicating
that the input capacitor 130 is not fully discharged, the voltage at node 280
will be pulled down below the threshold reference voltage Ve/2 detected by
comparator 300. During the time period when the pump output is at a low
level, the output from comparator 300 is read by the counter, control, and

10 discharge circuitry 230. When comparator 300 indicates to circuitry 230
that the voltage at node 280 is less than V../2, (during the low level period of
the pump signal), circuitry 280 applies an incremental discharge pulse to
input capacitor 130 to remove a single increment of charge. The counter
keeps track of the total number of increments of charge removed from input

15 capacitor 130 until the voltage across capacitor 130 is zero. When that
occurs, the currents splitting between transistors 260 and 265 equalize
which causes the potential at node 280 to rise in voltage until it exceeds the
Ve/2 threshold detected by comparator 300. The comparator output signal

applied to counter,

ﬁ e
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26. The analog to digital converter in claim?2l, fuH-hker—eommiSEiEmla
mul tispl exer for receiving nultiple anal og signals anclREﬂkﬁﬁENﬁﬁqk Lt he
recei ved anal og signals for connection to the first ch tor In response
to a control signal received fromthe electronic cont 'o (ﬁtgjgmg erein
after the first capacitor charges to a | gyel comrensuraje mnt t he cuyrent
vol tage | evel of the sel ected anal og si |, the el ectr -
circuitry causes the nultiplexer to di sconnect t he angl og signal fromthe
first capacitor. 27. The anal og to digital converter—TmTraim23, wherein
each switch is an insulated gate, field effect transistor (FET). 28. The
anal og t o tHirgélicld o/, ahieatonitolcipbwnt 205 aﬂ;b@ th@thMvvﬁbheg tgn

i nsul ated gate, field effect transistor ( ). A et hod for

converti n n ana nal 4 i nt a _di itaI naI co ISI ps of
char gi ng t@g& ‘ﬁﬁpq !l @‘cﬁ'ﬁﬁ gor i%@

t he anal og SI gnal conparing the voI t age across the fi rst capaC| tor to a
r ef er ence undil kgwosses the Ve/2 threshold as indicated by the output of

comparator 300.

Assuming that the initial comparator output indicates that the input
voltage is less than the threshold voltage V../2, the following control signals
generated by controller 125 are applied to the gates of the FET switches.
Initially, Q1 = 0 and Q1 = 1 which causes the FET switch 305 to disconnect

10 the input capacitor 130 from the pumping capacitor 220. Q2 is set equal to
0 to apply a low level to P-type FET 310 so that it conducts connecting the
leftmost plate of pumping capacitor 220 to Ve.. At the same time, Q5 is set
equal to 1 so that the N-type FET 320 conducts connecting the right plate of
pumping capacitor 220 to ground. This switch configuration charges the

15 pumping capacitor 220 to V.. with positive polarity on the left plate and zero

polarity on the right plate of the capacitor.

Thereafter, Q2 and Q5 are set equal to 1 to "turn off* FET
switches 310 and 320. Q4 is then set equal to 0 which causes P-type

20 FET 325 to conduct, pulling the rightmost plate of pumping
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39 supplying increments of charge to the first capacitor when a voltag
across the capacitor is less than a reference voltage RHEET
i ncrements of charge when the voltage across the firs s—gr gat er

el o 1 d TASRRTC |

t han the reference—voltage; and counting a nunber of

or decrenents to lngiigr! val ue correspondi

vol tage |evel of ﬁimHmnHﬂ"gH“T 30. The nethod ip glaim 29, wherleifn
the increnments of at ge ame supplied unt'Jf the chargp across the first
capacitor is the sane as the reference vottage. 31.

] 6 S
the first capacitor is the same as the reference voltape. T g?eE?ﬁcd
in claim29, flrthefnsoaing widigitaleonyempr,gomptisiognt i nling |
increnents of charge when the first capacitor .is di scharged. and, then
per forning t he? B&}%apﬁatgtcgﬁpected\;ba3tf§t3tga@1nal to an analog signal to charge the
PCT/ US97/ Q;ﬁ)]aZi%or in accordance with a current voltage level of the analog signal and at a second

=)

29, wherein the increnents of charge are renoved unti l

terminal to ground;
a second capacitor; and
electronic control circuitry for alternately connecting the second capacitor
between the first capacitor and a power supply to remove increments of charge from
the first capacitor until the first capacitor is discharged including:
a switching circuit connected to the first terminal of the first capacitor, to
ground, and to the power supply including:
a first pair of switches with one switch connected to a first terminal of
the second capacitor and the other switch connected to a second terminal
of the second capacitor, and
a second pair of switches with one switch connected to a first terminal of
the second capacitor and the other switch connected to a second terminal
of the second capacitor,
wherein the electronic control circuitry generates switching control signals
alternately connecting the second capacitor through the first pair of switches between
ground and the power supply and through the second pair of switches between the
first terminal of the first capacitor and ground to remove the increments of charge
from the first capacitor, and
wherein a number of removed increments of charge associated with discharging
the first capacitor is used to generate a digital value corresponding to the current

voltage level of the analog signal.

2. The analog to digital converter in claim 1, further comprising:
a multiplexer for receiving multiple analog signals and selecting one of the
received analog signals for connection to the first capacitor in response to a control

signal received from the electronic control circuitry, This Sheet Has B
s Sheet Has Been Re{)laced

AR
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40 1 19. The nethod in claim 18, wherein the second capamtor 2
charges through a diode to ground in a first current -vu.wnlr 1
di scharges through. a series connegt ed resistor in a & AL EMIENE i
current direction. An appar atus conprifsi ng a positive jpdqwer

supply and a 2 H it connected to the Jpogit pug 9er dJupply
for detecting 3 |mﬁﬂmlﬂu m"miltage reaches zero | tage that ddegq not
require a 4 negatlvé pbvve supply and does not enpj 't g
convert 5 positive polarity povver frgiln t he positive

power supply intjo
negative 6 polarlty power . An analog to digital converter,

COMDY | S1N0: 2 pereip of gtﬁéﬂrsg ARPELRERSRRES | S oRLoaldttlud 5 A8 o an

anal 0g sI gnal capacl I'n accor nce W a current

vol tage | guebntolthge 1e¢ré1 f an&é&&téd %ab% eigﬁalath@eléaqeﬂi@ doREr8l Rcultpy gr ound;
5 a corrparator having one input Term nal connected to the first 6

ternm nal efustshehefmultipleapaoidisvonasc weanhky sigrlfrdmthe fiest capaoeat ed to 7

a reference voltage for generating:

3. The analog to digital converter in claim 1, further comprising:

a comparator having one input connected to the first terminal of the first
capacitor and another input connected to ground for detecting when the voltage across
the first capacitor is at or nearly zero and then generating a detection signal causing the

electronic control circuitry to generate the digital value.

4. The analog to digital converter in claim 2, further comprising a clock
source, wherein the electronic control circuitry includes a counter for counting clock
pulses generated by the clock source from a predetermined starting point after the first
capacitor is charged until the detection signal is received from the comparator halts the

- counting, with the digital readout from the counter corresponding to the digital value.

5. The analog to digital converter in claim 1, further comprising:
a switching circuit connected to the first terminal of the first capacitor, to
ground, and to the power supply including:

a first pair of switches with one switch connected to a first terminal of
the second capacitor and the other switch connected to a second terminal of the second
capacitor, and

a second pair of switches with one switch connected to a first terminal of
the second capacitor and the other switch connected to a second terminal of the second
capacitor,

wherein the electronic control circuitry generates switching control signals
alternately connecting the second capacitor through the first pair of switches between

ground and the power supply and through the second pair of switches between the

D A i
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Lence;

PCT/ US97/ 02172 WD 97/ 32401 41 8 (a) @fmﬁm@wp t he

vol tage across the first—9 -—capacitor is greater t

when fhe vol tage acropsfthe

vol tage, 10 . second si gnal
first 11 cad#l,l!‘c}umg‘ul(],mngan the reference vol {age, '3 999 |
(c) a third sisgnal ~oltage across the firg$t}13 capacitpr{is

the sane as the reference voltage; and 14 el egtroni ¢ control —
circuitry for supplying increnments of33charge to 15 the first capacitbr
when t he ;second. si.g .s generated until the third 16 signal is
gener at edirstigrmipal ,03 %‘?/hﬁﬁ CrpRct@nendsrepnd fa remore ghﬁ nREements O%fqhﬁﬁe
capaci t or, £l signal is generated until the third signal 18
generate fg}ggﬂehp& cabéﬁfeorr.ei n the electronic control circuitry counts a
nunber of charge

6.  The analog to digital converter in claim 5, wherein each switch in the

first and second pairs of switches is a complementary semiconductor switch having an
N-type, insulated gate, field effect transistor (FET) and a P-type, insulated gate, field

effect transistor (FET).

7. The analog to digital converter in claim 5, further comprising:

a clock source for generating clock signals,

the electronic control circuitry including a counter for counting the clock
signals and generating a counter output signal that alternates between a first state and a
second state,

wherein the switching control signals include the counter output signal such
that the first pair of switches is selected to connect the second capacitor between
ground and the power supply when the counter output is in the first state and the
second pair of switches is selected to connect the second capacitor between the first

terminal of the first capacitor and ground.

8.  An analog to digital converter comprising:

an input capacitor connected at a first terminal to store an analog voltage and at
a second terminal to ground;

control circuitry connected to the input capacitor at the first terminal;

dynamic detection circuitry connected to the first terminal of the input
capacitor for determining whether an input signal applied to a first input terminal of a
comparator generated in response to the voltage across the inéut capacitor is equal to
or greater than a nonzero, threshold voltage applied to a second input terminal of the
comparator and for providing an output signal from the comparator to the control
circuit indicating whether the input capacitor is discharged,

wherein said dynamic detection circuitry is connected through a pump

capacitor to a pump output signal of the control circuitry, the control circuitry

| AMENDED SHEET
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to

20 increnents or decrenents to generate a digital n :
21 . the curfent voltage-level of the anal og signal ﬁﬁfAmm’% J

analog to digital ter in claim21, further 2 ¢conpri si n§m3
a second capacito&lﬂ@ MUW i ncrenent of charge} ahq AUG 1999
plurality of sw tche l t he second capaci for, WO 97/ 3240!,
PCT/ US97/ 02172 42 5 "wherein the_ el ectronic coht For—crrcui TTy
alternately switches the 6 second c%ﬁ)acitor bet wegn_various states l
dependi ngaledinhitdy ity ddddicharginkhfie W@E #ftor bsing the puip outhift s g
to di gitala con{\}gter@i ng cl ai m21jgn\%her2%n ?n 2 tﬁe cgngﬁ}atgjrﬁ ?é}ﬁ
gener at esadddisthargingsthgnapyt dapaciebeby anincreawnt bbchge aftef eadhi thitge ﬁﬂ@r ates
control signals to successively activate switches to 4 ~ connect the
second capiaeharge cyde abthe PUBPWepagityp uptih e dymaumig depastion circuitry indicates

that the input capacitor is discharged, a total number of incremental discharges of the

Ca
[ X

input capacitor being used to generate a digital value for the analog voltage.

9. The analog to digital converter in claim 8, wherein the control circuit
includes a counter for counting the number of incremental discharges to provide a

digital code corresponding to a final count value.

10.  The analog to digital converter in claim 8, further comprising:

a multiplexer for receiving multiple analog signals and selecting one of the
received analog signals for connection to the input capacitor in response to a control
signal received from the control circuit,

wherein after the input capacitor charges to a level commensurate with the
current voltage level of the selected analog signal, the control circuit causes the

multiplexer to disconnect the analog signal from the input capacitor.

11.  The analog to digital converter in claim 8, further comprising:
a resistor connected in series with the pump capacitor between the control

circuit and the dynamic detector.

12.  The analog to digital converter in claim 8, wherein the dynamic detection
circuitry includes a first field effect transistor (FET) having a gate electrode connected
to ground and a second field effect transistor (FET) having a gate electrode connected
to the first terminal of the first capacitor with drain electrodes being connected to 2
power supply,

the first and second FET's having a common source electrode connected to the
pump capacitor, and

a drain electrode of the second FET connected to the first input terminal of the

comparator.
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5. then to connect the second capacitor to the first capacitor thereby 6

renovi ng: i ncrenents g_’g@ng_fromthe first capacitor until the third 7

si gnal generated:. 1 24. The analog to digit [ ”‘T Sm Ri m
21, wherein when arator generates the s Y oV e 5
control ci rc\: U @!u“ﬂ‘m ﬂ?es control signals to ivate switchep o
successi vely s t e second capacitor betweg¢nla DOAUG ¥98pl | And
ground and then to 5 connect the second capacitor{tg the first capagitor
to add increnents of 6 charge frogathe first capagitor untiT the third
signal generated. 1 25. The analog to digital _converter.in.clhim

tal converter in

! val L s. A 7132401
2 her e D 8%, ? The'sthEl9BHigia actﬁgxﬁgré;&f%aa%%x?ﬁr%h‘épélﬁ ifen the pihy

PCT/ US97/ 0217

m 21,

further ggnal geARrist Rigic state, curreniléWh i RiRNdiréRlon R68) dtlg dRBJthRIfe

anal og

signal s and selectln%
the first and second FET's from the common source electrodes through the pump

capacitor discharging the pump capacitor, and wherein the comparator compares a
voltage at the first input terminal with the nonzero, threshold voltage during a

comparison time interval when the pump signal is in the first logic state.

14.  The analog to digital converter in claim 13, wherein the common source
is connected by a diode to ground such that when the pump signal is in a second logic
state, current flows in a second direction opposite the first direction through the diode
to charge up the pump capacitor, and wherein during a discharge time interval when
the pump signal is in the second logic state, the control circuit discharges the input
capacitor by an increment discharge if the comparator indicates during an tmmediately

preceding comparison time interval that the input capacitor is not discharged.

15.  The analog to digital converter in claim 12, wherein the dynamic
detection circuitry further includes a current mirror circuit connected between the

drain electrodes of the first and second FETs and the power supply.

16.  The analog to digital converter in claim 15, wherein the current mirror
includes a third FET connected at its source electrode to a voltage supply and at its
drain electrode to the second FET and to the first input terminal of the comparator
and a fourth FET connected at its source electrode to the power supply, at its drain
electrode to the drain electrode to the drain electrode of the first FET, and at its gate
electrode to the a gate electrode of the third FET and to the drain electrode of the
fourth FET.

17.  The analog to digital converter in claim 12, wherein the first and second
transistors are formed in a well of a first conductivity type diffused into a substrate of a

second conductivity type.
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4 one of the received anal og signals for connection to the first

capacitor 5 In response to a control signal received fromthe electronic
control 6 circuitry, 7 wherein after the fi T ges

to a level connensuraté“g“” with the current voltage ﬁ@@dﬂﬁgﬁﬁNﬁeb@ thed
anal og signal, onic control circuitry ¢apses the mul ti pl lexer
to di sconnect @‘! “g signal fromthe first tapagl § /UG 99

27. The anal cbnverter in claim23, wheftefn each 2 SWi t ch

is an |nsulated gate field effect trag%lstor (FET). 1 :

analog to digital converter in claim?2 wherein each]?2 switch is an

I nsul ated gate, field effect transistor (FET). 3 4 29. A nethod for
converting an analog signal into a digital 5 signal conprising the steps

of : WD 97/ 32401
PCT/ US97/ 02172
8. A method of detecting when an input signal has a zero voltage level
comprising the steps of:
storindja voltage across a first capacitor in accordance with a volrage level of an
input signal;
generating a'xepresentative voltage signal that represents g/current voltage across
the first capacitor;
alternately charging a second capacitor during a first time interval and
discharging the second capacitor during a second time fnterval;
during the first time intekyal, discharging a pbrtion of charge stored on a first
capacitor;
during the second time interval, detecting whether the current voltage across
. the first capacitor has a zero voltage leveldby comparing the representative voltage with
a nonzero reference voltage; and
indicating that the current ybltage acrosithe first capacitor has reached a zero

voltage level when the represepfative voltage is thasame as or greater than the nonzero

reference voltage.

19.  The method in claim 18, wherein the second\capacitor charges through a
diode to ground in 4 first current direction and discharges thigugh a series connected

resistor in a secgfid opposite current direction.

20. / An apparatus comprising a positive power supply and a\comparator
circuit gonnected to the positive power supply for detecting when an injxut voltage
reacies zero voltage that does not require a negative power supply and doednot
etfiploy a converter to convert positive polarity power from the positive power supply

into negative polarity power.
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44 6 charging a first capacitor in accordance with W
7 -l evel of ignal ; 8 eonparing the v CEMHSSHEET
first capaci to”'ﬂwmi’tﬁi H 9 vol tage; 10 supplfyrng THE [ S
of charge to the Ters #or when a 11 vol t age acr t’p? Q@O@@gtw
Is less than a reference voltage and 12 renoving i ncremgng§s of charg

when the voltage across the first 13 37 capacitor is greafe

ref erence vol t age;, and 14 . . counting a nupber of thefcharge incrementsg
or decrement £k o ¥ analggredigial SORYEer COPRIEME or r espondi i TO-THE

current volta evel .of 16 the a ' . A t hod
Gl ai m 20, et etrciReeTiseis R SOB (il an dnalog signalle chitBEAT e
charge %?Q&?oxi R ckbfBhc CHRRC L@ rehBviligedar® AAthSanalog Ei?nﬁl‘%_trﬁ{ 8% Second

vol t age. 31. Th he increments of

e method in clainms 29, wherein
charge Zermimileogeoundzd until the charge across the first capacitor is the
sane as 3 the reference voltage.

a comparator having one input terminal connected to the first terminal of the
first capacitor and another input terminal connected to a reference voltage for
generating:

(a)  afirst signal when the voltage across the first capacitor is greater
than the reference voltage,

(b)  asecond signal when the voltage across the first capacitor is less
than the reference voltage, and

()  athird signal when the voltage across the first capacitor is the same
as the reference voltage; and

electronic control circuitry for supplying increments of charge to the first
capacitor when the second signal is generated until the third signal is generated and for
removing increments of charge from the first capacitor when the first signal is
generated until the third signal is generated,

wherein the electronic control circuitry counts a number of charge increments
or decrements to generate a digital value corresponding to the current voltage level of

the analog signal.

22.  The analog to digital converter in claim 21, further comprising:
a second capacitor for storing the increment of charge, and

a plurality of switches connected to the second capacitor,

wherein the electronic control circuitry alternately switches the second

capacitor between various states depending on the output from the comparator.

23.  The analog to digital converter in claim 21, wherein when the
comparator generates the first signal, the electronic control circuitry generates control

signals to successively activate switches to connect the second capacitor between a
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power supply and ground and then to connect the second capacitor to the first
capacitor thereby removing increments of charge from the first capacitor until the

third signal generated.

24.  The analog to digital converter in claim 21, wherein when the
comparator generates the second signal, the control circuitry generates control signals
to activate switches to successively connect the second capacitor between a power
supply and ground and then to connect the second capacitor to the first capacitor to

add increments of charge from the first capacitor until the third signal generated.

25.  The analog to digital converter in claim 21, wherein the reference voltage

is a nonzero voltage.

26.  The analog to digital converter in claim 21, further comprising:

a multiplexer for receiving multiple analog signals and selecting one of the
received analog signals for connection to the first capacitor in response to a control
signal received from the electronic control circuitry,

wherein after the first capacitor charges to a level commensurate with the
current voltage level of the selected analog signal, the electronic control circuitry

causes the multiplexer to disconnect the analog signal from the first capacitor.

27.  The analog to digital converter in claim 23, wherein each switch is an

insulated gate, field effect transistor (FET).

28.  The analog to digital converter in claim 24, wherein each switch is an

insulated gate, field effect transistor (FET).

29. A method for converting an analog signal into a digital signal comprising
the steps of:

charging a first capacitor in accordance with a current voltage level of the analog
signal;

. comparing the voltage across the first capacitor to a reference voltage;
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capacitor is less than a reference voltage and removing increments of charge when the
voltage across the first capacitor is greater than the reference voltage; and
counting a number of the charge increments or decrements to generate a digital

value corresponding to the current voltage level of the analog signal.

30.  The method in claim 29, wherein the increments of charge are supplied

until the charge across the first capacitor is the same as the reference voltage.

31.  The method in claims 29, wherein the increments of charge are removed

until the charge across the first capacitor is the same as the reference voltage.

32.  The method in claim 29, further comprising the step of:
discontinuing supplying increments of charge when the first capacitor is

discharged and then performing the counting step.

FAMENDED - SHEET




7V I200-7
Ipos <apy -

Iy [

0 3 NOV 1999

31

CLAIMS
1. An analog to digital converter, comprising:

a first capacitor connected at a first terminal to an analog signal to charge the
capacitor in accordance with a current voltage level of the analog signal and at a second
terminal to ground;

a second capacitor; and

electronic control circuitry for alternately connecting the second capacitor
between the first capacitor and a power supply to remove increments of charge from
the first capacitor until the first capacitor is discharged including:

a switching ctrcuit connected to the first terminal of the first capacitor, to
ground, and to the power supply including:

a first pair of switches with one switch connected to 2 first terminal of

the second capacitor and the other switch connected to a second terminal

of the second capacitor, and

a second pair of switches with one switch connected to a first terminal of

the second capacitor and the other switch connected to a second terminal

of the second capacitor,

wherein the electronic control circuitry generates switching control signals
alternately connecting the second capacitor through the first pair of switches between
ground and the power supply and through the second pair of switches between the
first terminal of the first capacitor and ground to remove the increments of charge
from the first capacitor, and

wherein a number of removed increments of charge associated with discharging
the first capacitor is used to generate a digital value corresponding to the current

voltage level of the analog signal.

2. The analog to digital converter in claim 1, further comprising:
a multiplexer for receiving multiple analog signals and selecting one of the
received analog signals for connection to the first capacitor in response to a control

signal received from the electronic control circuitry,

e —_,
A RS IR

AMENDED  SHEET u




PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 6 :

HO3M 1/54 Al

(11) International Publication Number:

WO 97/32401

2 Invzlslg;r: DENT, Paul, W.; Sichags Prastgard, S-240 36 Stehag

(74) Ageat: LASTOVA, John, R.; Nixon & Vanderhye P.C., 8th
floor, 1100 North Glebe Road, Aslington, VA 22201-4714
(US).

(43) International Publication Date: 4 September 1997 {04.09.97)
(21) International Application Number: PCT/US97/02172 | (81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR,
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, H, GB, GE,
(22) International Filing Date; 26 Febuary 1957 (26.02.97) HU, IL, 18, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS,
LT, LU, LV, MD, MG, MK, MN, MW, MX, NO, NZ, PL,
PT, RO, RU, SD, SE, SG, SI, SK, TJ, T™M, TR, TT, UA,
(30) Priority Data: UG, UZ, YN, ARIPO patent (GH, KE, LS, MW, SD, SZ,
08/609,715 1 March 1996 (01.03.96) Us UQ), Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ,
'TM), European patent (AT, BE, CH, DE, DK, ES, FI, FR,
GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent (BF,
(7Y) Applicant: ERICSSON INC. [US/US]; 7001 Development B}, CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TD, TG).
Diive, P.O. Box 13969, Research Triangle Park, NC 27709
{US).
Published
With international search report.

Before the expiration of the time limit for emending the
claims and 10 be republished in the event of the receipt of
amendments.

VOLTAGE

L

11

(54) Title: METHOD AND APPARATUS FOR CONVERTING AN ANALOG SIGNAL INTO DIGITAL FORMAT

(57) Abstract

to the input capacitor to
genemate a digital value for the input analog voltage.

.. Alow cost, easily manufactured analog to digital converter uses MOS switching technology easily combined on an integrated circuit
with other signal processing chultry An input capacitor stores an input analog voltage, and a pumping capacitor is switchably connected
charge or discharge that input capacitor to a reference value. The number of charge or discharge events is used to

| -

|
|
i
i
)
|
I
!
!




