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(57) Abstract

A method of and apparatus for decoding an encoded signal are disclosed. A first bit of the encoded signal is received and integrated
with a super linear integrator (502) to provide a first integration signal (120, 122). A first reference signal (130) is provided as a function
of a previous integration signal (126) associated with a previous bit of the encoded signal by multiplying the previous integration signal by
an amount greater than one if the previous bit has a first value, and by multiplying the previous integration signal by an amount less than
one if the previous bit has a second value. The first integration signal (120) is compared to the first reference signal (130) and a first bit of
an output signal (142) is provided based upon the comparison. The first bit of the output signal is indicative of information encoded in the

first bit of the encoded signal.
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FSK DEMODULATOR USING A SUPERLINEAR INTEGRATOR
BACKGROUND OF THE INVENTION

The present invention relates generally to the

field of process control instruments. More
particularly, the present invention relates to systems
and methods for facilitating serial communication within
a process control instrument.

Transmitters in the process control industry
typically communicate with a controller over a two-wire
circuit or control loop. The transmitter receives
commands from a controller over the two-wire control
loop and sends output signals representative of a sensed
physical parameter back to the controller. The
transmitter itself can include a number of devices such
as microprocessors, memory devices, analog-to-digital
convertors,digital—to—analogconvertors,digitalsignal
processors (DSPs), sensors, and other peripheral
devices. Communication between the various devices
inside of the transmitter typically takes place on a
data bus which includes a clock line and a number of
data lines. Because of concerns about current
consumption and complexity, it is important to minimize
the number of data bus lines required for communication
between the various devices.

In many process control instruments, the
sensor of the process control instrument must be
electrically isolated from measurement circuitry or
other devices in the process control instrument for
safety purposes. An isolation barrier is used to
electrically isolate the sensor from the rest of the
circuitry within the transmitter. The sensor receives
power and communicates with the measurement circuitry

through the barrier. The barrier prevents harmful
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electrical discharges, sometimes present on the process
control loop, from entering the measurement circuitry.
While necessary for safety or other purposes, inclusion
of the isolation Dbarrier reduces the number of
electrical connections allowed between the sensor and
the other devices for communication, clock information
and power. Conventional serial communications
techniques used to transmit data across the isolation
barrier frequently result in undesirably high levels of
power consumption and/or complex circuitry.
SUMMARY OF THE INVENTION

A method of and apparatus for decoding an
encoded signal are disclosed. A first bit of the
encoded signal is received and integrated with a super
linear integrator to provide a first integration signal.
A first reference signal is provided as a function of a
previous integration signal associated with a previous
bit of the encoded signal by multiplying the previous
integration signal by an amount greater than one if the
previous bit has a first value, and by multiplying the
previous integration signal by an amount less than one
if the previous bit has a second value. The first
integration signal is compared to the first reference
signal and a first bit of an output signal is provided
based upon the comparison. The first bit of the output
signal is indicative of information encoded in the first
bit of the encoded signal.

The method and apparatus of the present
invention are particularly adapted for communicating
serially across a barrier 1in a process control
instrument. A housing for the process control
instrument has a first compartment, a second
compartment, and an electrical barrier between the first

and second compartments. Encoding circuitry in the

PCT/US98/20274
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first compartment is coupled to the barrier for encdding
data in a signal for transmission across the barrier.
Cycles of the signal having a first period are
representative of a first data state, while cycles of
the signél having a second period are representative of
a second data state. Decoding circuitry in the second
compartment is coupled to the barrier and receives and
decodes the signal having the varying period. In some
preferred embodiments, the encoded signal has a fifty
percent duty cycle to reduce power consumption by the
parrier and to improve the quality of the transmitted

signal. The decoding circuitry of the present invention

‘can be used to decode either frequency modulated signals

or pulse width modulated signals.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified block diagram of one
type of a process control transmitter using
communications techniques and circuits of the present
invention.

FIG. 2 is a timing diagram illustrating a
coding system for serial communications in accordance
with the present invention.

FIG. 3 is a diagram of a decoder circuit for
use in decoding a serial data stream encoded in the
manner illustrated in FIG. 2.

FIG. 4 is a timing diagram for the circuit of
FIG. 3 and preferred methods of serial communication
according to the present invention.

FIG. 5 is a detailed circuit diagram for the
current generator of FIG. 3.

FIG. 6 is a diagram which further illustrates
operation of the circuits shown in FIG.s 3 and 5 in

accordance with the present invention.
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FIG. 7 is a diagram of an encoder circuit for
use in encoding a serial data stream.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
FIG. 1 is a simplified block diagram of a

transmitter 10 which uses the serial communications
techniques of the present invention for communicating
between various devices within or associated with the
transmitter. As illustrated, transmitter 10 includes
housing 11, measurement circuitry 16 and sensor

circuitry 18. Measurement circuitry 16 is positioned in

.compartment 17 of housing 11. Sensor circuitry 18 is

positioned in compartment 19 of housing 11. Portions of
sensor circuitry 18 can also be located externally from
housing 11 as well.

Measurement circuitry 16 couples to two-wire
loop 12 via connection terminals 14 and is used for
sending and receiving information on loop 12. Loop 12
couples to a control room which is modeled as power
source 15 and resistor 13. Measurement circuitry 16
and/or sensor circuitry 18 can include multiple nodes of
two types: master nodes which are typically
microprocessors or slave nodes which are typically
peripheral devices such as memory. Other examples of
peripheral devices which can be included within
measurement circuitry 16 or sensor circuitry 18 are
devices for extracting power for the transmitter from
current flowing through loop 12, modems and other
communications and I/0 devices, signal processing
devices, display devices, analog-to-digital convertors,
digital-to-analog convertors, temperature Sensors, flow
sensors, PH sensors, level sensors, pressure Sensors,
differential pressure sensors, etc.

As mentioned above, in one embodiment,

measurement circuitry 16 and sensor circuitry 18 are
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located in separate compartments 17 and 19 within
transmitter 10 and are electrically isolated by
isolators 20 and 25. The isolators can be transformers,
optical barriers, or other isolation barriers known in
the art and required for electrically isolating sensor
circuitry 18 and the process from measurement circuitry
16. The isolators can also reduce ground loop noise in
the measurement of the parameters sensed by sensor
circuitry 18. Transmission lines 22 and 24 couple
measurement circuitry 16 and sensor circuitry 18 to
isolator 20 for facilitating communication between
sensor circuitry 18 and measurement circuitry 16 across
isolator 20. In the embodiment shown, lines 22 and 24
represent a single data line across which information
must be transmitted serially from measurement circuitry
16, through isolator 20, to sensor circuitry 18.
Likewise, information is transmitted serially from
sensor circuitry 18, through isolator 25, to measurement
circuitry 16.

As illustrated, measurement circuitry 16
includes frequency modulator or encoder circuit 30,
decoder circuit 31, microprocessor 32, digital signal
processing circuit 33 and input/output (I/0) circuitry
34. 1I/0 circuitry 34 is coupled to microprocessor 32
and to loop 12 for receiving data and instructions over
loop 12, for transmitting data over the loop, and for
regulating power from the loop to transmitter 10.
Microprocessor 32 is coupled to I/0 circuitry 34, to
modulator 30 and to decoder 31 via DSP circuit 33 for
receiving, transmitting and processing signals and data
from/to the various devices of transmitter 10. In
general, microprocessor 32 is used to control the
operation of transmitter 10. Modulator 30 frequency

modulates signals to be transmitted across transmission

PCT/US98/20274
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line 24, isolator 20 and transmission line 22 to sensor
circuitry 18. Decoder 31 receives modulated signals
transmitted across transmission line 27, isolator 25 and
transmission line 29 from sensor circuitry 18.

Sensor circuitry 18 includes control registers
21, modulator or encoder circuit 23, sensor 26, signal
conversion circuitry 28, and decoder 100. Sensor 26
senses a process variable and provides an output to
signal conversion 28. Circuitry 28 can include sigma-
delta modulators, complete A/D converters, oOr other
signal conversion circuitry. Modulator 23 can be of the
type like modulator 30 which frequency modulates process
variable related signals to be transmitted across
transmission line 27, isolator 25 and transmission line
29 to measurement circuitry 16. However, other
modulation techniques can be used to transmit signals
across isolator 25.

Decoder 100 decodes the frequency modulated
signal transmitted across the isolation barrier from
modulator 30 according to the present invention. The
signal transmitted across isolator 20 carries encoded
information and is used to create a clock signal for use
in the operation of sensor circuitry 18. The decoded
signal is provided to other circuitry within sensor
circuitry 18, for example control registers 21, and can
be used to control the various devices within sensor
circuitry 18. Control registers 21 control test
functions, filter functions, and the like. While in
other embodiments measurement circuitry 16 and sensor
circuitry 18 can include devices other than those
illustrated in FIG. 1, in some embodiments, modulators
23 and 30 and decoders 31 and 100 are used to transmit
or pass information between measurement circuitry 16 and

sensor circuitry 18.

PCT/US98/20274



WO 99/17508 PCT/US98/20274

10

15

20

25

30

-7 -

Transmitter 10 is connected to a controller,
electrically modeled as voltage source 15 and resistor
13, which can provide all the power to transmitter 10.
In preferred embodiments, sensor circuitry 18 also
includes rectifier circditry for rectifying the signal
transmitted across isolator 20 to provide power for
sensor circuitry 18. However, sensor circuitry 18 and
measurement circuitry 17 can alternatively be line
powered from an external power supply, as in a magmeter.

The current in the process control loop
(formed by transmitter 10, source 15 and resistor 13) is
typically representative of a process variable sensed by
sensor 26 in transmitter 10, or of a control signal from
transmitter 10. The current ranges between 4 and 20 mA,
according to the ISA 4-20 mA standard. Accordingly,
transmitter 10 must operate on less than 4 mA.
Transmitter 10 can also be configured to communicate
digitally over the 4-20 mA current, as in the HART®
protocol, or can be fully digital communications as in
Fieldbus.

The present invention includes a method and
apparatus for providing serial communication across
isolation circuits such as isolators 20 and 25 shown in
FIG. 1. For ease of illustration, only encoding and
decoding of signals transmitted across isolator 20 1is
discussed. However, the same techniques and features
can be used to encode and decode signals transmitted
across isolator 25 as well. According to preferred
embodiments of the present invention, a serial data
stream is encoded by modulator 30 using a frequency or
period modulation technigue. A logical "0" (first data
state) is transmitted as a cycle of the signal having a
first period T, and a logical "1" (second data state) is

transmitted as a cycle of the signal having a second
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period T, different than the first period. A serial
data stream encoded in this manner is illustrated in
FIG. 2. It is convenient, but not necessary, to set T,
~ 2T, to reduce the complexity of the encoding and
decoding circuitry. In one preferred embodiment, while
in a high accuracy mode of operation, T, is set to
approximately 1.10 us (F, = 900 KHz), while T, is set to
approximately 0.55 pus (F, = 1.8 MHz). In this
embodiment, while in a lower power mode of operation, F,

is set to approximately 460.5 KHz, while F, is set to

- approximately 921 KHz.

An encoded data stream such as illustrated in
FIG. 2 is transmitted across isolation barrier 20 in
accordance with the present invention, and subsequently
decoded by decoder circuit 100. By varying the period
of the signal to represent various data states, as
opposed to varying only the duty cycle of the signal
(pulse width modulation), data transmission errors
across the isolation barrier are reduced. Pulse width
modulation can result in saturation of the transformer
core in transformer type isolation barriers. If the
transformer core saturates, power is lost in the core
causing the transformer to heat. The generation of
unnecessary heat around electronic instruments is
undesirable as it contributes to component failures,
reduced component life expectancies and degradations in
the electrical performance of the components. Also,
wasted power is highly undesirable, particularly in
process control instruments where power is supplied over
the loop. Further, the saturated core of the
transformer distorts the signal, leading to transmission
errors.

In preferred embodiments of the present

invention, the encoded signals are approximately fifty
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percent duty cycle signals regardless of the period of
each individual cycle of the signal. Thus, the encoded
signals of the present invention are potentially easier
to generate than in pulse width modulation techniques.
Further, the  fifty percent duty cycle signals should
provide more constant power consumption as compared to
pulse width modulation encoded signals. Further yet,
the symmetry of a fifty percent duty cycle signal should
help to reduce the harmonics associated with the signal,
reducing interference on nearby components.

FIG. 2 illustrates eight consecutive cycles
50, 52, 54, 56, 58, 60, 62 and 64 of an encoded signal.
Each cycle represents one bit of transmitted data.
Alternatively, each cycle can represent one of multiple
possible data states for transmission between devices.
During each cycle, rising edge {transition) 68 and
trailing edge (transition) 70 are preferably timed such
that the signal has approximately a fifty percent duty
cycle, regardless of the period of the signal during the
cycle. As shown, cycles 50, 52, 54, 60 and 64 have
periods T, (at frequency F,). Cycles 56, 58 and 62 of
the signal have periods T, (at frequency F,).
Therefore, in a two data state implementation of the
present invention, the data stream of FIG. 2 would
represent the sequence 00011010.

One circuit for decoding the period encoded
data of FIG. 2 is shown in FIG. 3, although other
implementations are possible. A circuit for encoding
the period encoded data of FIG. 2 is shown in FIG. 7.
Using serial data decoding circuit 100 illustrated in
FIG. 3, a single data stream encoded using the technique
of FIG. 2 and transmitted across an isolation
transformer or other barrier can be decoded. Also,

decoding circuit 100 can be used to decode pulse width
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moaulated data streams as well. Thus, the circuit
illustrated in FIG. 3 is well suited for wuse in
measurement circuitry 16 and/or sensor circuitry 18 to
decode data transmitted across an isolation barrier.
Further, the- methods and circuits of the present
invention can be used to facilitate improved serial data
communications on any appropriate data buses or other
data lines.

Decoder circuit 100 includes current generator
102, reference current generator 104, edge triggered
comparator 106 and output circuitry 108. Current
generator 102 includes switch S, capacitor C,, current
sink I., transconductance amplifier stage 110 and track
and hold circuit 118. Input 112 of transconductance
amplifier 110 is coupled to supply voltage V.
Capacitor C, and switch 8, are coupled 1in parallel
across inputs 112 and 114 of amplifier 110. Current
sink I. is coupled between input 114 of amplifier 110
and supply voltage V. Output 116 of amplifier 110
provides current I, as an input to track and hold
circuit 118. Track and hold circuit 118 provides at
outputs 120 and 122 currents I,(t) which are delayed
versions of Ig,.

Switch S, is controlled using the incoming
encoded data signal CK. During the high voltage
portions of the CK signal duty cycle, switch S; opens.
Switch S capacitor (i, current sink I. and
transconductance amplifier 110 together form super
linear integration circuit. The term, "super linear" is
intended to indicate that the output of the integration
circuit as a function of time can be represented by y =
mt* (where X is greater than one). Depending upon the
period or frequency of incoming signal CK controlling

switch S,, output current I, at output 116 of amplifier
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110 will have one of two period or frequency dependent
final values, with each final value corresponding to one
of the two data states encoded. However, in other
embodiments, the circuit can be adapted to provide three
or more output states corresponding to-three or more
possible data states.

Track and hold circuit 118 maintains current
I,, during the low voltage portions of the CK signal
duty cycle such that output current I (t) of track and
hold circuit 118 is maintained substantially the same as
Ign
Track and hold circuit 118 is implemented using a

during the low voltage portion of the CK signal.

switched current mirror of the type which maintains the
output current even after the input current has changed.
Alternatively, a voltage type sample and hold (S/H)
circuit can be used. Output current Ig(t) from circuit
118 is provided to comparator 106 at input 120, and to
reference current generator 104 at input 122. Thus,
current I (t) is mirrored such that it can be provided
at two track and hold circuit outputs. Operation of
current generator 102 is discussed and shown in further
detail with reference to FIG.s 5 and 6. However, for
ease of illustration, only generation of one I (t)
output current is shown in FIG.s 5 and 6.

Reference current generator 104 generates a
reference current Ip, which 1is provided to edge
triggered comparator 106 for comparison to current
I.(t). With current I, appropriately adjusted,
reference current generator 104 generates a
substantially constant reference current for any given
set of encoded input gignal frequencies, and
automatically adjusts the reference current
appropriately if I,(t) varies slightly due to process or

temperature. Reference current generator 104 includes
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current delay cell 124, switch S,, multiplier circuit
128 and multiplier circuit 129. Current delay cell 124
can be a switched current mirror or other well known
circuits which receive as an input current Ig(t), which
maintain that input current for a period of time 7, and
then provide at a later time substantially the same
current as Ig(t-7). Thus, current delay cell 124
provides at its output 126 a current approximately equal
to current I (t) from the previous cycle of the incoming

encoded data signal CK. Generally, 7 will have one of

two values depending upon the sequence of data states

received by decoder 100. When the previous and current
bits each represent logical "0O" data states, 7 will be
approximately equal to T,. When the previous and
current bits each represent logical "1" data states, 7
will be approximately equal to T,. When the previous
and current bits represent a transition from a logical
n1" data state to a logical "O" data state, or vice
versa, 7 will be approximately equal to 1/2* (T, + T,).
Depending upon output Q(t) of decoder 100
(discussed below in greater detail), switch S, couples
output 126 of current delay cell 124 to one of
multiplier circuits 128 and 129. If selected,
multiplier circuit 128 multiplies current I;(t-1) by
0.75, while multiplier circuit 129 multiplies current
Io(t-7) by 1.5. Other multiplication factors can be
used if frequencies other than 900 MHz and 1.8 MHz are
used to encode the data in the high accuracy mode of
operation, for example. Large variations in I (t), as
would occur when switching between the high accuracy and
low power frequency ranges, are prevented or
accommodated by controlling current I. in order to

change the integration rate of the super linear
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integrator. Generally, I. ié controlled so that current
I.(t) is nominally always at about the same value.

The minimum value Igyy ©f current Ig(t)
provided from current generator 102 (corresponding to
period T, and therefore to a logical "0" or first data
state) is preferably set to approximately one half of
the maximum current value Ig, of current Ig(t)
(corresponding to period T, and therefore to a logical
n1v or second data state). Therefore, reference current
I,z at output 130 of reference current generator 104

will be substantially constant as shown in equation 1:
I (FOor all t)=1.5 % Iggy = 0.75 * Igyy Eq. 1

Because comparator 106 is edge triggered,
output Q(t) will correspond to the previous encoded bit
until the comparator again latches. Therefore, with
current delay cell 124 also providing current I.(t-7)
corresponding to the previous decoded bit, switch 52 is
controlled such that the correct multiplication circuit
is chosen to provide reference current Igg. One
advantage of decoder circuit 100 is that current I. can
be controlled so that current generator 104 provides an
appropriate reference current regardless of the
particular set of periods (and therefore regardless of
the possible values of Igy and I.nx) Chosen to represent
the logic levels in the data stream. The reference
current Igy is maintained during slight variations in
I.(t), caused by temperature or process variations, by
the appropriate selection of multipliers 128 and 129.
This provides advantages in that, with little or no
circuit modification, decoder circuit 100 can be used to
decode signals encoded with any of a wide range of sets

of periods. This adaptability, along with I,
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modification, ailows the periods to be selected or
changed as may be convenient or necessary without
modifying circuit 100. The ability to tailor the signal
periods without modifying the circuitry saves time and
costs. The use of multiplication circuits 128 and 129
allows an adequate reference current to be generated
when small variations in the incoming data or clock
signal CK occur.

Current comparator 106 receives current Ig(t)
from output 120 of current generator 102 at one of its
inputs. Current comparator 106 receives at its other
input reference current Iz, from output 130 of reference
current generator 104. At output 132, comparator 106
provides a high or low voltage output, depending upon
whether current Ig(t) is greater or lesser than
reference current Ig. Thus, comparator output 132 is
indicative of whether a particular bit of the encoded
signal received at switch S; contained an encoded "1" or
a "o".

The output voltage signal at output 132 of
comparator 106 is provided to output circuitry 108. It
must be noted that, while comparator 106 is preferably
a current comparator, all or parts of decoder circuit
100 can be implemented using voltage mode circuits
instead of current mode circuits. For example, current
generator 102 can be replaced by a voltage generating
circuit. Likewise, reference current generator 104
could be replaced with a reference voltage generator
circuit. 1In this case, comparator 106 would be replaced
with a voltage comparator circuit. However, due to the
noise immunity and reduced power requirements of current
mode circuits, current-mode circuits such as those

illustrated in FIG. 3 are preferred.
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Output circuit 108 includes current source Iy,
capacitor C,, AND gate 136, and latch circuitry 140.
Current source I, is coupled between supply voltage Vpy,
and input 134 to AND gate 136. Input 134 to AND gate
136 is also coupled through capacitor C, to supply
voltage Vg. Output 132 of comparator 106 is coupled to
input 135 to AND gate 136. Output signal Q(t) of AND
gate 136 is provided at input 138 to latch circuitry
140. Latch circuitry 140 provides an output at 142
which is representative of the state of the data stream
encoded in signal CK. Current source I, and capacitor
C, cooperate to maintain input 134 of AND gate 136 at a
low logic level voltage immediately after a reset or at
start-up. Thus, output Q(t) is held low for several
cycles after start-up until capacitor C, sufficiently
charges. This prevents false outputs due to noise or

other power-up process conditions. In the alternative,

instead of using the delay circuit formed by current

source I, and capacitor Cy, a power on reset circuit can
be used to drive input node 134 of AND gate 136.

After capacitor C, is sufficiently charged,
output Q(t) will reflect the state of the output of
comparator 106. Latch circuitry 140 receives AND gate
output Q(t) as an input and provides an output at output
142. Latch 140 is used to latch the individual decoded
bits, corresponding to the encoded bits received in the
serial data stream CK, to other circuitry in the
transmitter.

' FIG. 4 is a timing diagram which illustrates
output Q(t) as a function of input signal CK. FIG. 4
illustrates the decoded bit (in signal Q(t)) for each
bit or cycle of the period encoded data signal CK.
Output Q(t) changes to its corresponding value for each

bit of encoded signal CK at midpoint (or falling edge
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402) of the corresponding received period encoded bit.
Thus, during a transition from a received period encoded
"O" to a received period encoded "1", Q(t) transitions
(at rising edge 404) from a "0" to "1" at midpoint (i.e.
falling edgé.402) of the received period encoded "1"
bit. While in the preferred implementation of the
present invention Q(t) transitions at the falling edges
of the corresponding bit of the received period encoded
signal, numerous other implementations are possible.
For example, Q(t) can be designed to transition at the
start (rising edge 406) of the next encoded bit
received.

FIG. 5 is a circuit diagram which illustrates
current generator 102 in greater detail. As shown in
FIG. 5, current generator 102 is divided functionally

into super-linear integration circuit 502 and track and

hold circuit 118. Integration circuit 502 includes
switch 8,, capacitor C,, current source I and
transconductance amplifier 110. As shown in FIG. 5,

transconductance amplifier 110 includes transistors Quy,
and Qg and current source I, configured as a
differential amplifier. Transconductance amplifier 110
cooperates with switch S,, capacitor C, and current
source I. to form a super-linear integration circuit
which provides an output current I, having a magnitude
which is dependent upon the period length of the cycle
of the encoded input signal CK. Current source I, is
included to provide a low level current in order to keep
transistor Qu, turned on. Track and hold circuit 118
includes transistors Qg and Qu,, capacitor C,, and
reset switch 8S;. Transistors Qu, transistor Qup,,
capacitor C, and switch S; are configured as a switched

current mirror.
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Current generator 102 functions generally as
follows. During the high voltage portion of each
encoded cycle or bit of signal CK, switch S, is opened.
During this time, capacitor C, charges and voltage V,
drops. Thus, with the control node of transistor Quy
coupled to voltage source Vg, a voltage differential
develops between the control nodes of transistors Qg
and Q.., causing a greater portion of current I, to pass
through transistor Q. Since turn-on current I, is
very small as compared to current I, the current
flowing through transistor Qu, will be close in
magnitude to that of current I, which flows into
transistor Qu of track and hold circuit 118.

In general, switch S; is closed when switch S;
is open and vice versa. As illustrated, both switches
S, and S, are PMOS type switches. However, other switch
types can be used with slight modifications. In the
embodiment shown, during the high voltage portion of
input signal CK, switch S; closes, and track and hold
circuit 118 operates as a current mirror. Thus current
I, flowing through transistor Qe will be approximately
equal to current Iy . During the low voltage portion of
each cycle or bit of signal CK, switch S; opens and the
charge on capacitor C, keeps transistor Qu, conducting
so that output current Ig is maintained, even as current
Tgn

maintains the current generated by transconductance

changes. Thus, this switched current mirror design

stage 110 for use during the next half cycle. Switched
current mirrors of the type used for track and hold
device 118 can also be used as current delay cell 124.

FIG. 6 illustrates the correspondence between
current Iy from current generator 102 and the incoming
encoded signal CK. As can be seen in FIG. 6, after

falling edge 605 of first cycle 602 (having period T,



WO 99/17508

10

15

20

25

30

PCT/US98/20274

-18-

corresponding to a "0" bit) is received in the encoded
signal CK, current Ig takes on its minimum active
current value Igm. At rising edge 606 of next cycle
604 (having period T, corresponding to "1" bit) of
signal CK, I, drops to substantially zero. At falling
edge 607 of cycle 604, current I, takes on its maximum
value Igmx. This continues for each bit or cycle of
incoming data signal CK, with current Iy taking on
either value Iguy or value Ig,,. Track and hold circuit
118 maintains the current value (either at Ig,y or at
Igmy) for the remainder of the cycle of the encoded bit.
After the rising edge of the next encoded bit, switch S;
causes current I, to reset to 0.

FIG. 7 illustrates one preferred embodiment of
modulator 30 used in accordance with the present
invention to frequency or period encode signals for
transmission across isolator 20. Modulator 30 includes
a clock signal CLOCK having approximately a 50 percent
duty cycle, frequency divider 702 and multiplexer 706.
The 50 percent duty cycle clock signal CLOCK can have,
for example, the frequency F, corresponding to
transmission of a logical 0 bit. This clock signal is
provided both to input 703 of frequency dividexr 702 and
input 708 of multiplexer 706. After frequency division
by divider 702, a signal having a 50 percent duty cycle
but approximately one-half the frequency of clock signal
CLOCK (i.e., having frequency F,) 1is provided to
multiplexer 706 at input 704. Using the control signal
input 710 of multiplexer 706, output 712 of multiplexer
706 is selectively connected to the appropriate one of
inputs 704 and 708 during each individual cycle. In
this manner, a frequency encoded signal having a duty
cycle of approximately 50 percent can be generated at

output 712.
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The present invention provides numerous
advantages over the prior art. For example, the use of
a super linear integration circuit helps to increase the
integrated signal difference between encoded bits of the
first and second data states. This in turn providés
greater noise immunity and reduces the likelihood that
transmission errors will occur. Also, preferred
embodiments of the present invention require only a
single integration circuit. The single integration
channel nature of the decoder of the present invention
reduces complexity and costs as compared to prior art
two integration channel decoders. Further, use of a
fifty percent duty cycle signal to encode the
transmitted data reduces heat generation, reduces data
losses and errors caused by distorted signals from
saturated barrier transformers, and decreases
interference with nearby components which can sometimes
result from harmonics in non-fifty percent duty cycle
signals. Additionally, fifty percent duty cycle signals
decrease the decoder circuit complexity and increase the
ease at which the encoded signal is generated.

The methods and circuits of the present
invention can be implemented using various hardware,
software and hardware/software combinations to encode
and decode the data signals in order to transmit and
receive messages. The present invention is particularly
well adapted for use in process control transmitters,
valve controllers, and in process control field devices
in general because of the low current consumption of the
present invention. As used herein, the term process
control instrument is intended to mean any of these and
other process control devices. However, the present
invention can be utilized in any of a wide variety of

applications in which devices on a printed circuit board
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or coupled to a data line in general are required to
communicate with each other.

While the present invention is described
primarily with respect to encoding and decoding logical
ones and zeros, the present invention éan also be used
to implement multi-state communications in which more
than two data states are encoded. The single super
linear integration circuit and other decoding circuitry
can be used to decode either pulse width modulated or

frequency modulated signals with little or no

modification. Terms such as decoding circuitry,

integration circuitry and current generator circuitry
can all be used to refer to transition detecting
circuitry of the type which detects transitions in an
encoded signal for purposes of decoding the signal.
Although the present invention has been
described with reference to preferred embodiments,
workers skilled in the art will recognize that changes
may be made in form and detail without departing from

the spirit and scope of the invention.
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WHAT IS CLAIMED IS:

1. A decoding circuit for decoding a frequency
encoded signal into at least two data states, the
circuit comprising: _
| a super linear integrator which integrates
the signal over one-half of a period of
the signal to provide an integrated
value at the end of the half period,
wherein the super linear integrator has
a response as a function of time of y =
mt*, where x is greater than one;
a reference value generator; and
a comparator coupled to the integrator and to
the reference value generator, the
comparator comparing the integrated
value to the reference value during the
other half of the period and providing
in response an output indicative of the
data state.
2. The decoding circuit of claim 1, wherein the
integrator is a super linear integrator having an
exponential response as a function of time.
3. The decoding circuit of claim 1, wherein the
reference value generator comprises a multiplier coupled
to the integrator and selectively controlled by a
switch, the multiplier generating a reference value by
selectively multiplying a preceding integrated value by
a factor either greater than or less than one as a
function of a preceding data state associated with the
preceding integrated value.
4, The decoding circuit of claim 3, wherein the
integrator comprises a transconductance amplifier which
provides the integrated value at a transconductance

amplifier output.
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5. The decoding circuit of claim 4, and further
comprising a track and hold device coupled between the
output of the transconductance amplifier and the
comparator and between the output of the
transconductance amplifier and the multiplier, the track
and hold device receiving the integrated wvalue and
maintaining the integrated value during the other half
of the period.

6. The decoding circuit of claim 5, and further
comprising a current delay cell coupled between the
track and hold device and the multiplier, the current
delay cell receiving and storing the integrated value
during the other half of the period and providing to the
multiplier the preceding integrated value during the
other half of the period.

7. The decoding circuit of claim 6, wherein the
integrator, the transconductance amplifier, the track
and hold device, the current delay cell and the
comparator are MOS devices.

8. The decoding circuit of claim 3, wherein the
switch is <controlled such that the multiplier
selectively multiplies the preceding integrated value by
a factor of either approximately 1.5 or approximately
0.75 as a function of the preceding data state
associated with the preceding integrated value.

9. The decoding circuit of claim 3, wherein the
integrated value is equal to one of a maximum integrated
value or a minimum integrated value, wherein the factor
greater than one and the factor less than one are
selected such that the factor greater than one
multiplied by the minimum integrated value is
approximately equal to the factor less than one

multiplied by the maximum integrated value.
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A process control instrument comprising:
sensor circuitry positioned in a first
housing;
measurement circuitry positioned in a second
housing and coupled to a process control
loop, the measurement circuitry
transmitting data related to a process
over the process control loop; and
a transmission line including an isolation
barrier and carrying an encoded signal
between the sensor circuitry and the
measurement circuitry, wherein a cycle
of the encoded signal having a first
period is indicative of a first data
state bit, and a cycle of the encoded
signal having a second period different
than the first period is indicative of a
second data state bit;
wherein the sensor circuitry further includes
decoding circuitry, the decoding
circuitry comprising:
transition detecting circuitry coupled
to the transmission line detecting
a first transition of the encoded
signal during a first cycle and
responsively generating a detection
signal which changes in a first
direction from an initial detection
signal value, and detecting a
gsecond transition of the encoded
signal during the first cycle which
follows the first transition of the
encoded signal during the first

cycle, wherein upon detection of
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the second transition the
transition detecting circuitry

causes the detection signal to
reach a final detection signal
value;
comparison circuitry coupled to the
transition detecting circuit which
compares the final detection signal
value to a threshold value at a
time subsequent to detection of the
second transition; and
output circuitry coupled to the
comparison circuitry providing a
first data bit having a first type
if the final detection signal value
is greater than the threshold
value, and providing the first data
bit having a second type if the
final detection signal value 1is
less than the threshold value.
11. The process control instrument of claim 10,
wherein the encoded signal is a fifty percent duty cycle
signal during both cycles having the first period and
cycles having the second period.
12. The process control instrument of claim 11,
wherein one of the first and second periods is
substantially double the other of the first and second
periods.
13. The process control instrument of claim 11,
wherein the transition detecting circuitry comprises
integration circuitry which receives the encoded signal
as an input and which integrates the encoded signal
during one half of individual cycles of the encoded

signal and provides in response an integration output



WO 99/17508 PCT/US98/20274

-25-

signal indicative of the period of the encoded signal
during the individual cycles of the encoded signal.
14. The process control instrument of claim 13,
wherein the integration circuitry includes super-linear
intégration circuitry which provides the integratibn
output signal as a function of time wusing the
relationship y = mt*, where x is greater than one.
15. The process control instrument of claim 13,
wherein the integration <circuitry provides the
integration output signal in the form of a current
signal, wherein the threshold value is a threshold
current value, and wherein the comparison circuitry
includes a current comparator circuit for comparing the
integration output signal to the threshold current
value.
16. A process control instrument comprising:
sensor circuitry;

measurement circuitry coupled to a process
control loop, the measurement circuitry
transmitting and receiving data over the
process control loop and receiving power
from the process control loop;

a Dbarrier coupled Dbetween the sensor
circuitry and the measurement circuitry
and electrically isolating the sensor
circuitry from the measurement
circultry;

wherein one of the sensor circuitry and the
measurement circuitry further comprises
encoding circuitry coupled to the
barrier, wherein the encoding circuitry
encodes data in a fifty percent duty
cycle signal transmitted across the

barrier, wherein a cycle of the fifty
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percent duty cycle signal having a first
period is indicative of transmission of
a first data state bit, and wherein a
cycle of the fifty percent duty cycle
" signal having a second period different
than the first period is indicative of
transmission of a second data state bit;
and
wherein the other of the sensor circuitry and
the measurement circuitry  includes
decoding circuitry coupled to the
barrier, the decoding circuitry
receiving the fifty percent duty cycle
signal across the barrier and extracting
the data from the fifty percent duty
cycle signal.
17. The process control instrument of claim 16,
wherein one of the first and second periods 1is
substantially double the other of the first and second
periods.
18. The process control instrument of claim 16,
wherein the decoding circuitry comprises:
integration circuitry which receives the
fifty percent duty cycle signal as an
input and which integrates the fifty
percent duty cycle signal during
individual cycles of the fifty percent
duty cycle signal and provides in
response an integration output signal
indicative of the period of the fifty
percent duty cycle signal during the
individual cycles of the fifty percent
duty cycle signal;
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reference signal generation circuitry
generating a reference signal; and
comparator circuitry which receives the
integration output signal and the
reference signal as inputs and provides
a comparator output signal in response,
wherein the comparator output signal
associated with each cycle of the fifty
percent duty cycle signal is indicative
of the data state represented by the
cycle of the fifty percent duty cycle
signal.
19. The process control instrument of claim 18,
wherein the integration circuitry includes super-linear
integration circuitry which provides the integration
output signal as a super-linear function of the fifty
percent duty cycle signal.
20. The process control instrument of claim 18,
wherein the integration circuitry provides the
integration output signal in the form of a current
signal, wherein the reference signal generation
circuitry generates the reference signal in the form of
a current signal, and wherein the comparator circuitry
includes current comparator circuitry.
21. The process control instrument of claim 16,
wherein the barrier includes a transformer.
22. A method of decoding an encoded signal, the
method comprising:
receiving a first bit of the encoded signal;
integrating the first bit of the encoded
signal with a super linear integrator to
provide a first integration signal
associated with the first bit of the

encoded signal;
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providing a first reference signal as a

function of a previous wvalue of the
first integration signal associated with
the previous bit of the encoded signal
by multiplying the previous value of the
first integration signal by an amount
greater than one if the previous bit had
a first value, and by multiplying the
previous value of the first integration
signal by an amount less than one if the

previous bit had a second value; and

comparing the first integration signal to the

first reference signal and providing a
first bit of an output signal based upon
the comparison, wherein the first bit of
the output signal 1is indicative of
information encoded in the first bit of

the encoded signal.
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