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T
DIGITIZE THE ANALOG SIGNAL INTO A PLURALITY OF
REFERENCE K-BIT DIGITAL SIGNAL VALUES, WHEREIN

THE PLURALITY OF REFERENCE K-BIT DIGITAL
SIGNAL VALUES SPAN FROM A MINIMUM POSSIBLE
ANALOG SIGNAL VALUE TO A MAXIMUM POSSIBLE
ANALOG SIGNAL VALUE FOR ALL OF THE PLURALITY

OF K-BIT DIGITAL SIGNAL VALUES

IF

DETERMINING IF ANY OF THE REFERENCE K BIT
DIGITAL SIGNAL VALUES DIFFER FROM AN

ASSOCIATED K-BIT DIGITAL SIGNAL VALUE BY
GREATER THAN A THRESHOLD AMOUNT

SIGNALING AT LEAST ONE OF THE REFERENCE K-BIT
DIGITAL SIGNAL VALUES THAT DIFFER FROM THE
ASSOCIATED N-BIT DIGITAL SIGNAL VALUE BY
GREATER THAN THE THRESHOLD AMOUNT
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METHOD AND APPARATUS FOR
IMPROVING THE RESOLUTION OF
DIGITALLY SAMPLED ANALOG DATA

STATEMENT OF RIGHTS OWNED

This invention was made with Government support under
NNM07AB03C awarded by the National Aeronautics and
Space Administration (NASA). The Government has certain
rights in this invention.

BACKGROUND

1. Field
The present disclosure relates generally to systems and

methods for converting analog signals into digital signals
and in particular to a system and method for adaptively
adjusting resolution of a digital channel.

2. Description of the Related Art
Analog-to-digital converters (ADCs) are devices that con-

vert a continuous physical signal (typically voltage) to a
digital number that represents the signal's amplitude. This is
typically accomplished by sampling the input signal, and
converting that sampled signal into a digital output.
The analog signal may be a continuous signal of voltage

or current that represents a physical parameter such as
temperature or pressure. Such analog signals may be pro-
vided by appropriate sensors.

Quantization is the process of converting a continuous
range of values into a finite range of discrete values. In this
manner, quantizing an analog signal means creating a series
of discrete digital values that represent the analog signal.
These discrete digital values may be represented in, for
example, binary format.
The resolution of an analog-to-digital converter is deter-

mined by the number of discrete values that can be produced
over a range of analog values. In some cases, the resolution
of an analog-to-digital converter may be expressed in bits
and referred to as bit resolution. An analog-to-digital con-
verter with an N-bit resolution may be able to produce 2N
discrete values. In other cases, the resolution of the analog-
to-digital converter may be defined based on the type of
measurements received as input. For example, the resolution
of an analog-to-digital converter that receives an analog
voltage signal as input may be the overall voltage measure-
ment range for the analog-to-digital converter divided by the
number of discrete values possible. In particular, the voltage
resolution of an analog-to-digital converter may be deter-
mined by the least significant bit (LSB) voltage, which is the
minimum change in voltage needed to cause a change in the
digital output. As the least significant bit voltage decreases,
the resolution increases. Other ADC performance related
parameters include the sampling rate, accuracy, jitter, and
signal to noise ratio.
Problems arise when ADCs are used to sample signals

spanning large measurement ranges. For example, the volt-
age of a temperature sensor's output signal may vary
between zero volts and five volts to represent a relatively
large range of temperatures (e.g., —300 to 200 degrees
Celsius). When converting the analog signal from the sensor
to a digital signal using an ADC, values of the analog signal
are periodically sampled. Each of these values is assigned a
digital (e.g. binary) number, such as an 8-bit, 10-bit, or
12-bit binary number. In an example of an 8-bit ADC, zero
volts may be assigned the digital number 00000000 and five
volts is assigned digital number 11111111. In this 8-bit

2
scheme, there are 256 possible binary numbers that can be
assigned to sampled analog values.
When the voltage ranges represents a range of 500

degrees Celsius, and there are only 256 possible binary
5 values, the sensor resolution (as determined by the digital

numbers from the ADC) is approximately 1.95 degrees. If
such a sensor and ADC were used to monitor and/or control
the temperature of a cryogenic tank, the steps between
binary values may be too large to detect a change of 1 degree

10 Celsius from a cryogenic temperature to a non-cryogenic
temperature.
One way to achieve higher sensor resolution is to use an

ADC with a greater bit capacity to produce bits in the binary
numbers. For example, a 10 bit or 12 bit ADC would provide

15 many more steps along the range of possible analog values.
However, such ADC converters are more expensive, and
create more data to transmit and/or store. Another way to
detect the one degree Celsius change of the foregoing
example would be to weight the assignment of binary

20 numbers so the steps/intervals are closer together in a range
of interest (e.g., non-linear distribution of intervals) as in
U.S. Pat. No. 9,276,599, entitled "Method and apparatus for
non-uniform analog-to-digital conversion," which is hereby
incorporated by reference herein.

25 What is needed is a system and method for providing the
advantages of higher resolution sampling without the cost or
data overhead. The methods and systems described herein
satisfy that need.

30 SUMMARY

To address the requirements described above, this docu-
ment discloses a system and method for converting an
analog signal into a digital signal. In one embodiment, the

35 method comprises (a) digitizing the analog signal into a
plurality of N-bit digital signal values, wherein the plurality
of N-bit digital signal values span from a minimum analog
signal value Vm, to a maximum analog signal value Vm,,,
(b) determining an updated minimum analog signal value

40 Vm, and an updated maximum analog signal value Vm_
from the plurality of N-bit digital signal values for a sub-
sequent plurality of N-bit digital signal values, (c) repeating
(a)-(b) for the subsequent plurality of N-bit digital signal
values using the updated minimum analog signal value Vm,

45 and the updated maximum analog signal value Vm_, and (d)
repeating (a)-(c) for further subsequent pluralities of the
N-bit digital signal values. Another related embodiment is
evidenced by an apparatus for converting an analog signal
into a digital signal, comprising an analog to digital con-

50 verter; and a processor, communicatively coupled to a
memory comprising processor instructions, the processor
instructions comprising instructions for performing the fore-
going operations. A further embodiment is evidenced by a
system for monitoring a physical property, that comprises a

55 sensor configured to output an analog signal representing the
physical property, an analog to digital converter, and a
monitoring system, comprising a processor, communica-
tively coupled to a memory comprising processor instruc-
tions, the processor instructions comprising instructions for

60 performing the foregoing operations.
The features, functions, and advantages that have been

discussed can be achieved independently in various embodi-
ments of the present invention or may be combined in yet
other embodiments, further details of which can be seen with

65 reference to the following description and drawings. In
particular, use of this technique provides higher resolution
measurements from standard resolution ADCs and/or using
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3
equivalent resolution measurements from lower resolution
ADCs, and does not require the transmission of data over-
head in the form of indicators or code words to inform the
decoder of changes in resolution. Instead, resolution changes
are made based on channel measurements that both the
encoder and decoder can make using the same M previous
samples and using the same logic or algorithm. This results
in data overhead savings.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference
numbers represent corresponding parts throughout:

FIG. 1 is a diagram illustrating a one embodiment of an
exemplary data encoding system;
FIGS. 2A and 2B are diagrams of embodiments of an

improved apparatus for converting an analog signal into a
digital signal;
FIG. 3 is a diagram presenting a flow chart of exemplary

processes that can be performed to convert an analog signal
into a digital signal;

FIG. 4 is a diagram presenting an illustrative example of
the application of the processes described in FIG. 3;

FIG. 5 is a diagram illustrating another embodiment of an
apparatus for converting an analog signal into a digital
signal;
FIG. 6 is a diagram illustrating a flow chart of exemplary

processes that can be performed to implement the foregoing
embodiment having both a dynamic channel and a static
channel; and

FIG. 7 illustrates an exemplary computer system that
could be used to implement processing elements of the
apparatus for converting the analog signal into the digital
signal.

DESCRIPTION

In the following description, reference is made to the
accompanying drawings which form a part hereof, and
which is shown, by way of illustration, several embodi-
ments. It is understood that other embodiments may be
utilized and structural changes may be made without depart-
ing from the scope of the present disclosure.

Overview

The ADC described herein dynamically adjusts the gain
and offset of the ADC or its input circuitry so that the N-bits
of input data are assigned to a narrower channel instead of
the entire input range of the ADC. This provides greater
resolution in the range of interest without generating longer
digital data strings. This channel for higher resolution of
sensor data without increasing the bit level of the ADC is
described in further detail below. In an exemplary embodi-
ment, the channel output is set to a narrower voltage limit to
capture the first M samples. For example, the entire voltage
output of a channel during an entire flight mission might be
from 0 to 5 volts, however, the maximum voltage for the first
1000 samples may be only 1.2 volts, and it may be known
that the output function is a monotonically increasing func-
tion. Since the signal may be noisy, channel range is set with
some threshold that the initial output voltage will always
capture the worst case voltages, for example 0 volts to 2
volts. Once the initial value is selected, the sensor signal is
provided to the ADC, where it is converted to an N-bit
binary format. This process continues until it reaches first M
samples. An encoder looks at the maximum voltage value,

_►,

and calculates a threshold value(s) that can be added to the
Vm, and V_ (the threshold value may be the same or
different for Vm, and Vm,,). For instance, if the maximum
voltage measured on the channel during the previous 1000

5 samples is 1.2 volts, the new channel may set its Vm, to 0
volts and V— to 3 volts. This process continues for the
entire mission.

This technique is particularly useful for measuring signals
representing physical parameters (such as temperature or

io pressure) that change gradually or remain substantially
constant over time. It is also particularly useful for measur-
ing signals representing physical parameters that monotoni-
cally increase over time. For example, in one embodiment,
the ADC is used in a system than controls/monitors a

15 cryogenic storage tank in which temperatures are expected
to remain in the cryogenic range or increase gradually. In
such an application, the entire range of analog values may be
OV to 5V, but the cryogenic range of interest is between
approximately zero and 2.5 volts. Use of the technique

20 makes better use of the N-bits of data available from the
ADC (to provide better resolution) and avoids transmitting
extraneous bits (as would be required for analog values over
three volts.

For example, there are instances where voltage of the
25 channel is known to increase as a function of time. Such

channels may include channels measuring engine inlet tem-
perature or fill/drain line temperature. If the channel is an N
bit value, there will be 2' counts. For example, for an 8-bit
channel there are 256 counts, 0 represents the lowest voltage

30 in the channel and 255 represents the highest voltage in the
channel. The resolution is the voltage step that each count
represents, which can be expressed as (Vm Vm, )/(2A'-1),
and is typically temporally constant. If we want to increase
the resolution, we need to pick higher N, for instance a

35 12-bit ADC.
In an exemplary embodiment, predetermined number (M)

of samples are acquired and converted by the ADC. Those
M samples are used to compute an updated range for the
ADC. For example, in one embodiment, if the first M

40 samples are all in the range of zero to 1.2 volts, the ADC
chooses an updated range of zero to two volts to ensure that
the maximum value (worst case) of 1.2V is included in the
range, for example, in the middle of the range. The updated
range or the technique used to compute the updated range

45 may depend on the number of samples taken (M) before the
update takes place. For example, if the range is updated after
every 1000 samples, a different choice of the updated range
may be made.
The ADC then assigns the minimum digital value to the

5o bottom of the range (OV) and the maximum digital value to
the top of the range (2V), which gives a higher resolution
interval as compared to distributing the intervals from zero
to five volts. The ADC acquires another M samples to again
determine the maximum value to adjust the narrow channel

55 to, for example, one to three volts and adjusts the binary
assignments to this narrower range channel. A decoder that
receives the binary stream generated by the ADC includes
analogous complementary instructions to acquire M samples
and account for the adjustments made to the ADC to rescale

60 the digital values. Since both the ADC and the decoder use
the same output values from the ADC and the same algo-
rithm to compute the updated range, no information need
pass from the ADC to the decoder, and hence, no overhead
bits are included in the binary stream.

65 FIG. 1 is a diagram illustrating one embodiment of an
exemplary data encoding system 100. The data encoding
system 100 may include one or more sensors 102A-102N
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5
(hereinafter alternatively referred to as sensor(s) 102) in
communication with an electronic device 106. The sensors
102 may be any type of transducer for monitoring a char-
acteristic of a system and generating electric signals indica-
tive of the characteristic being monitored. In one embodi-
ment, the sensors 102 may be part of a space launch system,
however this disclosure is not limited to such a system. For
example, in another embodiment, the sensors 102 may be
associated with another system such as, for example, a
refinery, a manufacturing facility, an aircraft, or a satellite.
The sensors 102 may be used to monitor various charac-

teristics of a system such as, for example, temperature or
pressure. The sensors 102 may have a minimum sampling
rate of twice the frequency of the monitored signal. The
electronic device 106 may be used to communicate data
from the sensors 102 to one or more external devices 112,
such as a network. In the exemplary embodiment as shown
in FIG. 1, the electronic device 106 may communicate with
the external devices 112 over wired or wireless connection.
For example, the external devices 112 may be a terrestrial
system for communicating with the sensors 102 of a space
launch system.

The electronic device 106 may include or be communi-
catively coupled to the sensors via a communication inter-
face 104. In the illustrated embodiment, the electronic
device 106 comprises a processor 110, which includes or is
communicatively coupled to a memory 114 storing process-
ing instructions. When the electronic device 106 is in
operation, the processor 110 executes instructions stored
within the memory 114, to communicate data to and from
the memory 114, and to generally control operations of the
electronic device 106 pursuant to the instructions. A proces-
sor may be any custom made or commercially available
processor, a central processing unit (CPU), or generally any
device for executing instructions. Although illustrated as a
part of the electronic device 106, the processor 110 and
associated memory 114 may be implemented in one or more
of the external devices 112.
The electronic device 106 receives electric signals x,-x, ,

from the sensors 102 by way of the communication interface
104 at a specific sampling rate. The electric signals x,-x" are
analog signals such as, for example, voltage values, and the
change or differential in the electric signals x,-x, , generated
by the sensors 102 may occur relatively gradually, as
changes in characteristics such as temperature or pressure do
not typically occur instantaneously.
The electric signals x,-x, , are provided to an associated

one of a plurality of N-bit ADCs 108A-108N (alternatively
referred to hereinafter as ADC(s) 108). The ADCs 108
sample the electric signals x,-x, , and produce digital signals
zi-zr. These digital signals comprise digital words of
N-bits. In one embodiment, the default number of bits may
be eight. However, as explained in greater detail below, the
ADCs 108 may encode the electric signals from the sensors
102 into a fewer number of bits than the default value (e.g.,
a 4-bit value), or, alternatively the ADCs 108 may encode
the electric signals from the sensors 102 into a greater
number of bits than the default value (e.g., a 10-bit value).
It is to be understood that while 4-bit, 8-bit, and 10-bit
values are described in the present application, the disclo-
sure is not limited to these examples. In one embodiment,
the digital signals zi-zr are then stored within the memory
114 of the electronic device 106, but as described above,
may be instead stored in one or more of the external devices
112. Using processor instructions stored in the memory 114,
the processor processes the digital signals zi-zr to produce
the output data.

6
FIG. 2A is a diagram of one embodiment of an improved

apparatus 200 for converting an analog signal into a digital
signal. In the illustrated embodiment, input signal x (repre-
senting any of (xi, xz . . . x,) is provided to an input

5 processor 208. Input processor 208 maps the input signal
value x, to generate a modified input signal x'. In the
illustrated embodiment, the mapping is a function of two
ADC parameters (A and B) and the input such that x'=f(A,
B, x), but other functions with a greater or fewer number of

10 parameters can also be implemented as further described
below.
The mapped input signal value x' is provided to the ADC

108 of the encoder 204. The ADC then samples the mapped
15 input signal value x', and digitizes the sampled result to

obtain a mapped digital output x. The mapped digital

output x is provided to a feedback processor 210. The
output processor 210 generates updated ADC parameters
and provides those parameters to the input processor 208 as

20 further described below. In the illustrated embodiment, the
feedback processor 210 generates values for A and B from

the mapped digital output z', hence, (A, B)=f(z' ). This
essentially creates a feedback loop in which the digital

25 output x is used to modify the input signal x before being
sampled and quantized by the ADC 108. While the forego-
ing illustrates input processing performed by the input
processor 208 and the feedback processing performed by the
feedback processor 210 as being performed external to the

30 ADC 108, such operations may be implemented within the
ADC 108 itself as well.
The digital output z from the ADC 108 is provided to the

decoder 206. The decoder 206 provides the digital output z
to a feedforward processor 212 and an output processor 214.

35 The output processor 214 further maps the mapped digital

output x of the encoder 204 to a digital output z according
to parameters that are generated by the feedforward proces-

sor 212 from the mapped digital output z' of the encoder
204. In the illustrated embodiment, the further mapping is a

40 
function of two ADC parameters (A and B) and the input

such that x=f(A, B, z' ), but other functions with a greater or
fewer number of parameters can also be implemented as
further described below. In one embodiment the feedforward

45 processor 212 implements the same functionality as the
feedback processor 210 and therefore generates the same

values from the same mapped digital output x. As a con-
sequence, no information regarding the mapping need be
transmitted from the encoder 204 to the decoder to imple-

50 ment the further mapping function implemented by the post
processor 214.
FIG. 2B is a diagram presenting another embodiment of

the improved apparatus for converting an analog signal into
a digital signal. In this embodiment, the feedback processor

55 210' generates two factors (A and B) from the mapped digital

output x'. Those two parameters are provided to the pre-
processor 208', which implements a scaling and biasing
function that is applied to the analog input signal x, with the
factor B biases the analog input signal up or down in value,

60 and the factor A scaling the analog input as well. Also in this
embodiment, the post processor 214' accepts the mapped

digital output x' and applies an mapping function that is the
inverse or complement of the mapping function applied by

65 the pre-processor 208'. In this case, that inverse function is

(x —B/A, which first removes the bias applied by the pre-
processor 208' then re-scales the result by A.



US 9,774,343 B1

7
As described further below, the foregoing may be imple-

mented by the feedback processor 210' recomputing the
scale factor and bias for a fixed, predetermined number of
samples M. Since both the pre-processor 208', feedback
processor 210' and post processor 214' and the feed forward
processor 212', apply complementary functionality after the
same number of samples M have been produced by the ADC
108, there is no need for the encoder 204 to communicate
any information other than the data itself to the decoder 206.

In an exemplary implementation, the feedback processor

210' examines digital output z', and determines the maxi-
mum value for the first M samples. That maximum value is
used to compute a minimum expected value for the analog
input signal x over the next subsequent M samples (here-
inafter referred to as Vm,) and a maximum expected value
for the analog input signal x over the next subsequent M
samples (hereinafter referred to as Vm„). The bias value can
then be computed as B=Vm,,,, and the scale factor computed
as

A -
m- - .”

Analogous values may be computed by the feed forward
processor 212'.

In other implementations, other parameters can be derived

from the digital output x, and used to generate processing
parameters that are provided to the pre-processor 208' (for
example, Vm_ and V_,,). For example, the processing
parameters provided to the pre-processor 208' may be gen-
erated based on both the minimum and maximum values of

the digital output x, and/or based on the mean and standard

deviation of the digital output x. In any case, so long as the
feed-forward processor 212' is configured to compute the
same processing parameters provided to the post-processor

214' from the same digital output x, no information need be
transmitted from the encoder 204 to the decoder 206 to

assure that the digital output x is properly biased and
scaled.

FIG. 3 is a diagram presenting a flow chart of exemplary
processes that can be performed to convert an analog signal
into a digital signal. The process begins in bock 302 with the
selection of a minimum analog signal value (Vm,) and a
maximum analog signal value (Vm_). For example, in an
embodiment in which the temperature of a component is
being measured by the sensor 102, it may be known that the
temperature is expected to vary between 20 degrees Celsius
and 40 degrees Celsius, corresponding to analog signal
values of 0.1 and 1.8 volts, respectively. In this case, Vm,
may be selected as 0.1 volts and Vm_ may be selected as 1.8
volts, but it is preferred practice to allow for some errors in
the preliminary estimate of the expected values of the analog
signal, and to select Vm, as 0 volts and V_ as 2.0 volts.

Next, the analog signal is digitized into a plurality of N-bit
digital signal values spanning from the minimum analog
signal value Vm, to the maximum analog signal value Vm,,,
as shown in block 304. In one embodiment, the plurality
comprises a predetermined number of N-bit digital signal
values that remains constant (for example, M digital signal
values). This can be accomplished, for example, by the
preprocessor 208 and the ADC 108.

FIG. 4 is a diagram presenting an illustrative example of
the application of the processes described in FIG. 3. The

8
analog signal x is presented in plot 406 as a function of time.
The initial value of Vm, 402A and V_ 404A are plotted,
and based upon these values, the pre-processor 208 pre-
processes the analog input signal so that the full range of the

5 ADC 108 remains between Vm, and Vm_. This permits all
or almost all of available N-bits of resolution to be used in
sampling the analog input signal over the M measurements.

Returning to FIG. 3, the plurality of N-bit digital signal
values are transmitted to the decoder 206. In block 308, the

io plurality of N-bit digital signal values are received by the
decoder 206. The received plurality of N-bit digital signal
values are biased and scaled according to the minimum
analog signal value Vm, and the maximum analog signal
value Vm_ selected in block 302. This can be accomplished,

15 for example, by the post processor 214. The plurality of
digital signal values are then output.
Block 314 determines if there are more N-bit digital

signal values remain to be generated after the generation of
the foregoing plurality of N-bit digital signal values. If not,

20 processing terminates. If more N-bit digital signal values
remain to be generated, processing is routed to block 318.
Block 318 determines an updated minimum analog signal
value Vm, 402B and an updated maximum analog signal
value Vm_ 404B from the plurality of N-bit digital signal

25 values for a subsequent plurality of N-bit digital signal
values. This may be accomplished, for example, by the
feedback processor 210. Processing is then routed to block
304, where the updated minimum analog signal value Vm,
402B and the maximum analog signal value V_ 404B are

30 used to digitize the analog signal into a subsequent plurality
of N-bit digital values. This is illustrated in FIG. 4 for the
interval between the M N-bit digital signal values and the
2M N-bit digital signal values.

Similarly, the block 316 determines if there are more
35 N-bit digital signal values remain to be decoded after

decoding of the foregoing plurality of N-bit digital signal
values. If not, processing terminates. However, if more N-bit
digital signal values remain to be generated, processing is
routed to block 320. Block 320 determines an updated

40 minimum analog signal value Vm, and an updated maxi-
mum analog signal value V_ from the plurality of N-bit
digital signal values for a subsequent plurality of N-bit
digital signal values. This may be accomplished, for
example, by the feed forward processor 212. Processing is

45 then routed to block 308 to await the reception of the
subsequent plurality of N-bit digital signal values.
The foregoing process is repeated to generate each sub-

sequent plurality of N-bit digital signal values from the
analog signal.

50 FIG. 5 is a diagram illustrating another embodiment of an
apparatus 500 for converting an analog signal into a digital
signal. In addition to the primary ADC 108 used to create a
dynamic (autonomous) channel 506 for converting sensor
data, this embodiment comprises a secondary ADC 502 that

55 is used parallel with the primary ADC 108. This secondary
ADC 502 is used to create a static information channel 508
of temporally constant resolution that covers the entire 0-5V
range of the ADC 502. Information from the secondary ADC
502 is used to check or backup the information provided by

60 the primary ADC 108, to account for instances when the
temperature or pressure measurement is outside of the
dynamically-determined narrower channel available from
the primary ADC 108. For example, in a case where the V_
and V_ for the primary ADC 108 of the narrow channel

65 was selected to be 1-3V, but the analog signal itself is 4V, the
primary ADC 108 will be incapable of representing the input
analog signal.
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A comparison unit or comparator 504 receives binary

streams from the static channel 508 and the dynamic channel
506, compares the streams, and determines if the static
channel 508 generates a value outside the range of the
dynamic channel 506. In one embodiment, this is accom-
plished by, the comparison unit 504 reading the digital value
from post processor 214 and from the secondary ADC 502,
and comparing the two values. Since the two values should
be within a threshold difference of one another (accounting
for noise, ADC linearity and other factors), if the two values
differ by more than a threshold amount, it is inferred that the
primary ADC 108 has been asked to digitize a value less
than Vm, or greater than Vm

If the static channel 508 value is outside of the dynamic
channel 506 range, the comparison unit 504 causes (for
example, via switch 508) the output to be the digital signal
from the secondary ADC 502 instead of the digital signal
from the primary ADC 108 and the post processor 214.
Although the digital signal from the secondary ADC 502 is
of lower resolution than the digital signal from the primary
ADC 108 and the post processor, the output more accurately
represents the analog input signal x.

In one embodiment, the comparator 504 also creates an
overhead string to signal that a change is being made and the
digital output signal is of different resolution. The overhead
string may also provide information regarding the change
itself (for example, sending a code indicating one of a
discrete number of resolutions has been chosen). The output
of the dynamic channel 506 and/or static channel 508 (if
present) can be used to control the temperature or pressure
in the storage tank and/or alarm an operator if the change of
temperature/pressure is more than expected.

FIG. 6 is a diagram illustrating a flow chart of exemplary
processes that can be performed to implement the foregoing
embodiment having both a dynamic channel 506 and a static
channel 508. In block 602, the analog input signal x is
digitized into a plurality of reference K-bit digital signal
values, wherein the plurality of reference K-bit digital signal
values span from a minimum possible analog signal value
408 to a maximum possible analog signal value 410 for all
of the plurality of K-Bit digital signal values, as shown in
block 602. This can be performed, for example by the
secondary ADC 502, with the input scaled so that the
maximum variation in the analog input signal x (e.g. zero to
5 volts) falls within the dynamic range of the secondary
ADC 502. For example, if the secondary ADC 502 is an 8
bit ADC, zero volts can be set to correspond to a digital
output value of 00000000, and five volts can be set to
correspond to a digital output value of 11111111. Although
no preprocessor is shown in FIG. 5, the analog input signal
may be scaled and biased in cases where the analog input
signal does not match the dynamic range of the secondary
ADC 502 (as would be the case if the analog input signal
varied from zero to 10 volts and the secondary ADC had a
dynamic range of zero to 5 volts, for example).

In one embodiment, the resolution of the secondary ADC
502 equals that of the primary ADC 108 (i.e. NK), but this
need not be the case. For example, the primary ADC 108
may comprise an 8-Bit ADC, while the secondary ADC 502
may comprise a 12 or 16 bit ADC.

Returning to FIG. 6, block 604 determines if any of the
reference K bit digital signal values differ from an associated
N bit digital signal value (from the dynamic channel 506) by
greater than a threshold amount, and block 606 signals at
least one of the reference K-bit digital signal value that differ
from the associated N bit digital signal value by greater than
the threshold amount. These operations may be performed

10
by the comparator 504. This signal can be provided for
downstream processing and/or used to switch the provided
output digital signal between the digital signal presented by
the dynamic channel 506 and the static channel 508.

5

Hardware Environment

FIG. 7 illustrates an exemplary computer system 700 that
could be used to implement processing elements of the

to above disclosure, including the processor 110, external
devices 112, encoder 204 or decoder 206. The computer 702
comprises a processor 704 and a memory, such as random
access memory (RAM) 706. The computer 702 is opera-

15 tively coupled to a display 722, which presents images such
as windows to the user on a graphical user interface 718B.
The computer 702 may be coupled to other devices, such as
a keyboard 714, a mouse device 716, a printer, etc. Of
course, those skilled in the art will recognize that any

20 combination of the above components, or any number of
different components, peripherals, and other devices, may be
used with the computer 702.

Generally, the computer 702 operates under control of an
operating system 708 stored in the memory 706, and inter-

25 faces with the user to accept inputs and commands and to
present results through a graphical user interface (GUI)
module 718A. Although the GUI module 718B is depicted
as a separate module, the instructions performing the GUI
functions can be resident or distributed in the operating

30 system 708, the computer program 710, or implemented
with special purpose memory and processors. The computer
702 also implements a compiler 712 which allows an
application program 710 written in a programming language
such as COBOL, C++, FORTRAN, or other language to be

35 
translated into processor 704 readable code. After comple-
tion, the application 710 accesses and manipulates data
stored in the memory 706 of the computer 702 using the
relationships and logic that was generated using the com-

40 piler 712. The computer 702 also optionally comprises an
external communication device such as a modem, satellite
link, Ethernet card, or other device for communicating with
other computers.
In one embodiment, instructions implementing the oper-

45 ating system 708, the computer program 710, and the
compiler 712 are tangibly embodied in a computer-readable
medium, e.g., data storage device 720, which could include
one or more fixed or removable data storage devices, such
as a zip drive, floppy disc drive 724, hard drive, CD-ROM

5o drive, tape drive, etc. Further, the operating system 708 and
the computer program 710 are comprised of instructions
which, when read and executed by the computer 702, causes
the computer 702 to perform the operations herein
described. Computer program 710 and/or operating instruc-

55 tions may also be tangibly embodied in memory 706 and/or
data communications devices 730, thereby making a com-
puter program product or article of manufacture. As such,
the terms "article of manufacture," "program storage
device" and "computer program product' as used herein are

60 intended to encompass a computer program accessible from
any computer readable device or media.
Those skilled in the art will recognize many modifications

may be made to this configuration without departing from
the scope of the present disclosure. For example, those

65 skilled in the art will recognize that any combination of the
above components, or any number of different components,
peripherals, and other devices, may be used.
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CONCLUSION

This concludes the description of the preferred embodi-
ments of the present disclosure. In summary, a method and
apparatus for converting an analog signal into a digital
signal is disclosed.
The foregoing description of the preferred embodiment

has been presented for the purposes of illustration and
description. It is not intended to be exhaustive or to limit the
disclosure to the precise form disclosed. Many modifications
and variations are possible in light of the above teaching. It
is intended that the scope of rights be limited not by this
detailed description, but rather by the claims appended
hereto.

What is claimed is:
1. A method of converting an analog signal into a digital

signal, comprising:
(a) digitizing the analog signal into a plurality of N-bit

digital signal values, wherein the plurality of N-bit
digital signal values span from a minimum analog
signal value Vm,n to a maximum analog signal value
Vm

(b) determining an updated minimum analog signal value

V_ and an updated maximum analog signal value

Vmaz from the plurality of N-bit digital signal values for
a subsequent plurality of N-bit digital signal values;

(c) repeating (a)-(b) for the subsequent plurality of N-bit
digital signal values using the updated minimum ana-
log signal value Vm,n and the updated maximum analog
signal value Vm_;

(d) repeating (a)-(c) for further subsequent pluralities of
the N-bit digital signal values;

(e) transmitting the plurality of N-bit digital signal values;
(f) receiving the transmitted plurality of N-bit digital

signal values;
(g) scaling the received plurality of N-bit digital signal

values according to the minimum analog signal value

Vm,n and to a maximum analog signal value Vmax;

(h) determining an updated minimum analog signal value

V_ and an updated maximum analog signal value

Vmaz from the received plurality of N-bit digital signal
values; and

(i) repeating (e)-(h) for one or more subsequent pluralities
of N-bit digital signal values.

2. The method of claim 1, further comprising:
digitizing the analog signal into a plurality of reference
K-bit digital signal values, wherein the plurality of
reference K-bit digital signal values span from a mini-
mum possible analog signal value to a maximum
possible analog signal value for all of the plurality of
K-bit digital signal values and subsequent pluralities of
N-bit digital signal values;

determining if any of the reference K-bit digital signal
values differ from an associated N-bit digital signal
value by greater than a threshold amount; and

signaling at least one of the reference K-bit digital signal
values that differ from the associated K-bit digital
signal value by greater than the threshold amount.

3. The method of claim 1, wherein:
digitizing the analog signal into a plurality of N-bit digital

signal values, wherein the plurality of N-bit digital
signal values span from a minimum analog signal value

Vm,n to a maximum analog signal value Vmaz com-
prises:
digitizing the analog signal into M N-bit digital signal

values, wherein the M N-bit digital signal values
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span from a minimum analog signal value Vm,n to a
maximum analog signal value V_, and M is pre-
determined;

determining an updated minimum analog signal value
5 V_ and an updated maximum analog signal value

V__ from the plurality of N-bit digital signal values
comprises:
determining an updated minimum analog signal value

Vm,n and an updated maximum analog signal value
10 

V_ from the M N-bit digital signal values;
determining an updated minimum analog signal value

V_ and an updated maximum analog signal value

V__ from the received plurality of N-bit digital signal
15 values comprises:

determining an updated minimum analog signal value

Vm,n and an updated maximum analog signal value

V_ from the received M N-bit digital signal values;
repeating (a)-(d) for one or more subsequent pluralities of

20 N-bit digital signal values comprises:
repeating (a)-(d) for one or more subsequent groups of
M N-bit digital signal values.

4. The method of claim 3, further comprising selecting

Vm,n and V_ to be within an expected range of the analog
25 signal associated with the M N-bit digital signals.

5. The method of claim 3, wherein determining an
updated minimum analog signal value Vm,n and an updated
maximum analog signal value V__ from the M N-bit digital
signal values comprises:

so determining an updated minimum analog signal value

V_ and an updated maximum analog signal value

V__ from at least one of a minimum of the M N-bit
digital signal values and a maximum of the M N-bit
digital signal values.

35 6. The method of claim 5, wherein determining an
updated minimum analog signal value Vm,n and an updated
maximum analog signal value V__ from at least one of a
minimum of the plurality of N-bit digital signal values and
a maximum of the plurality of N-bit digital signal values

40 comprises:
determining an updated minimum analog signal value

V_ and an updated maximum analog signal value

V__ from the minimum of the plurality of N-bit digital
signal values and the maximum of the plurality of N-bit

45 digital signal values.
7. An apparatus for converting an analog signal into a

digital signal, comprising:
an analog to digital converter; and
a processor, communicatively coupled to a memory com-

50 prising processor instructions, the processor instruc-
tions comprising instructions for:
(a) commanding the analog to digital converter to

digitize the analog signal into a plurality of N-bit
digital signal values spanning from a minimum ana-

55 log signal value Vm,n to a maximum analog signal
value Vma

(b) determining an updated minimum analog signal
value Vm,n and an updated maximum analog signal
value V_ from the plurality of N-bit digital signal

60 values for a subsequent plurality of N-bit digital
signal values;

(c) repeating (a)-(b) for the subsequent plurality of
N-bit digital signal values using the updated mini-
mum analog signal value Vm,n and the updated

65 maximum analog signal value Vm,x;
(d) repeating (a)-(c) for further subsequent pluralities of

the N-bit digital signal values;
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(e) scaling a received plurality of N-bit digital signal

values according to the minimum analog signal value

Vm,n to a maximum analog signal value Vma
(f) determining an updated minimum analog signal

value Vm,n and an updated maximum analog signal
value V__ from the received plurality of N-bit
digital signal values; and

(g) repeating (e)-(g) for one or more subsequent plu-
ralities of N-bit digital signal values.

8. The apparatus of claim 7, wherein:
the apparatus further comprises a second analog to digital

converter;
the processor instructions further comprises instructions

for:
commanding the second analog to digital processor to

digitize the analog signal into a plurality of reference
N-bit digital signal values, wherein the plurality of
reference N-bit digital signal values span from a
minimum possible analog signal value to a maxi-
mum possible analog signal value for all of the
plurality of N-bit digital signal values and subse-
quent pluralities of N-bit digital signal values;

determining if any of the reference N-bit digital signal
values differ from an associated N-bit digital signal
value by greater than a threshold amount; and

signaling at least one of the reference N bit digital
signal values that differ from the associated N-bit
digital signal value by greater than the threshold
amount.

9. The apparatus of claim 7, wherein:
the instructions for digitizing the analog signal into a

plurality of N-bit digital signal values, wherein the
plurality of N-bit digital signal values span from a
minimum analog signal value Vm,n to a maximum
analog signal value V_ comprise instructions for:
digitizing the analog signal into M N-bit digital signal

values, wherein the M N-bit digital signal values
span from a minimum analog signal value V_ to a
maximum analog signal value Vm,,, and M is pre-
determined;

the instructions for determining an updated minimum
analog signal value Vm,n and an updated maximum
analog signal value V__ from the plurality of N-bit
digital signal values comprise instructions for:
determining an updated minimum analog signal value

Vm,n and an updated maximum analog signal value

V_ from the M N-bit digital signal values;
the instructions for determining an updated minimum

analog signal value Vm,n and an updated maximum
analog signal value V__ from the received plurality of
N-bit digital signal values comprise:
instructions for determining an updated minimum ana-

log signal value Vm,n and an updated maximum
analog signal value V_ from the received M N-bit
digital signal values;

repeating (a)-(d) for one or more subsequent pluralities of
N-bit digital signal values comprises:
repeating (d)-(f) for one or more subsequent groups of
M N-bit digital signal values.

10. The apparatus of claim 9, wherein the instructions
further comprise instructions for selecting V_,, and V__ to
be within an expected range of the analog signal associated
with the M N-bit digital signals.

11. The apparatus of claim 9, wherein the instructions for
determining an updated minimum analog signal value V_
and an updated maximum analog signal value V__ from the
M N-bit digital signal values comprise instructions for:

14
determining an updated minimum analog signal value

V_ and an updated maximum analog signal value

V__ from at least one of a minimum of the M N-bit
digital signal values and a maximum of the M N-bit

5 digital signal values.
12. The apparatus of claim 11, wherein the instructions for

determining an updated minimum analog signal value Vm,n
and an updated maximum analog signal value V_ from at
least one of a minimum of the plurality of N-bit digital signal

10 values and a maximum of the plurality of N-bit digital signal
values comprise instructions for:

determining an updated minimum analog signal value

V_ and an updated maximum analog signal value
15 V__ from the minimum of the plurality of N-bit digital

signal values and the maximum of the plurality of N-bit
digital signal values.

13. A system for monitoring a physical property, the
system comprising:

20 a sensor configured to output an analog signal represent-
ing the physical property;

an analog to digital converter; and
a monitoring system, comprising a processor, communi-

catively coupled to a memory comprising processor
25 instructions, the processor instructions comprising

instructions for:
(a) commanding the analog to digital converter to

digitize the analog signal into a plurality of N-bit
digital signal values, wherein the plurality of N-bit

so digital signal values span from a minimum analog
signal value Vm,n to a maximum analog signal value
Vm

(b) determining an updated minimum analog signal
value Vm,n and an updated maximum analog signal

35 value V_ from the plurality of N-bit digital signal
values for a subsequent plurality of N-bit digital
signal values;

(c) repeating (a)-(b) for the subsequent plurality of
N-bit digital signal values using the updated mini-

40 mum analog signal value Vm,n and the updated
maximum analog signal value Vmax;

(d) repeating (a)-(c) for further subsequent pluralities of
the N-bit digital signal values;

(e) scaling a received plurality of N-bit digital signal
45 values according to the minimum analog signal value

Vm,n and to a maximum analog signal value Vmax;
(f) determining an updated minimum analog signal value

V_ and an updated maximum analog signal value

V_ from the received plurality of N-bit digital signal
50 values; and

(g) repeating (e)-(g) for one or more subsequent plurali-
ties of N-bit digital signal values.

14. The system of claim 13, wherein:
the system further comprises a second analog to digital

55 converter;
the processor instructions further comprise instruction for:
commanding the second analog to digital processor to

digitize the analog signal into a plurality of reference
N-bit digital signal values, wherein the plurality of

60 reference N-bit digital signal values span from a mini-
mum possible analog signal value to a maximum
possible analog signal value for all of the plurality of
N-bit digital signal values and subsequent pluralities of
N-bit digital signal values;

65 determining if any of the reference N-bit digital signal
values differ from an associated N-bit digital signal
value by greater than a threshold amount; and
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signaling at least one of the reference N bit digital signal

values that differ from the associated N-bit digital
signal value by greater than the threshold amount.

15. The system of claim 14, wherein the instructions for
determining an updated minimum analog signal value V_
and an updated maximum analog signal value Vm_ from the
M N-bit digital signal values comprise instructions for:

determining an updated minimum analog signal value
V_ and an updated maximum analog signal value
V_ from at least one of a minimum of the M N-bit
digital signal values and a maximum of the M N-bit
digital signal values.

16. The system of claim 13, wherein:
the instructions for digitizing the analog signal into a

plurality of N-bit digital signal values, wherein the
plurality of N-bit digital signal values span from a
minimum analog signal value Vm, to a maximum
analog signal value V_ comprise instructions for:
digitizing the analog signal into M N-bit digital signal

values, wherein the M N-bit digital signal values
span from a minimum analog signal value V_ to a
maximum analog signal value Vm,,, and M is pre-
determined;

16
the instructions for determining an updated minimum

analog signal value Vm, and an updated maximum
analog signal value V_ from the plurality of N-bit
digital signal values comprise instructions for:

5 determining an updated minimum analog signal value
Vm, and an updated maximum analog signal value
V_ from the M N-bit digital signal values;

the instructions for determining an updated minimum
analog signal value Vm, and an updated maximum

10 
analog signal value Vm_ from the received plurality of
N-bit digital signal values comprise:
instructions for determining an updated minimum ana-

log signal value Vm, and an updated maximum
analog signal value V_ from the received M N-bit
digital signal values;

is 
repeating (a)-(d) for one or more subsequent pluralities of
N-bit digital signal values comprises:
repeating (a)-(d) for one or more subsequent groups of
M N-bit digital signal values.

17. The system of claim 16, wherein the instructions
~~ further comprise instructions for selecting Vm, and Vm_ to

be within an expected range of the analog signal associated
with the M N-bit digital signals.
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