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-1- DATA BUS COVMUNI CATI ON TECHNI QUE FOR FI ELD

| NSTRUMENT BACKGROUND OF THE | NVENTI ON

The present invention relates generally 5 to the field of process
control instrunents. Mor e particularly, the present invention
relates to systens and nethods for facilitating serial conmunication
in a t r ansyolokdess Transmitters in the ppeoeess22coNt rol
industry 10 typically conmunicate with a controller over a two-wire
circuit or control |oop. The transmtter receives commands from a
controller over the two-wre control l,00p and sends out put signals
representative of a sensed physi cal paraneter back to the
controller. The 15DAT#H &5 COMMUNISATI QNN TEFHNIIE FORb&TRID devi ces
such as master nodes or mcropro sl ave nodes or

peri pheral devices such as sensors, vgﬁgiﬁ% |oners and

communi cations circuitry. CommuB 0 KE

the transmtter typically takes pihacgre?s@nt gn,eatﬂ@{ aebase MR- 410G Udes a
clock line and agnunheripe £5ePh GA Brdddds cont BACAUSE Hert@NCEnf3 about

current

particularly, the present invention relates to systems
and methods for facilitating serial communication in a
transmitter.

Transmitters in the process control industry

10 typically communicate with a controller over a two-wire
circult or control 1loop. 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

15 transmitter itself can include a number of devices such
as master nodes or microprocessors, and slave nodes or
peripheral devices such as sensors, valve positioners
and communications circuitry. Communication between the
various devices of the transmitter typically takes place

20 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.

25 In many process control instruments, the
sensor of the process control instrument must be
isolated from measurement circuitry or other devices of
the process control instrument for safety purposes. An
igolation barrier is used to electrically isolate the

30 sensor. The sensor receives power and communication
through the barrier and the barrier prevents large
electrical discharges from impairing the measurement
circuitry. Typically, the barrier only
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consunption and conplexity, it is inportant to mnimze t he nunber of
data bus lines required for comrunication bet ween the various devices.
25 In many process control instruments, the sensor of

t he process control instrunent nust be i sol ated from neasur enent
circuitry or other devices of the process control instrunment for safety
pur poses. An I solation barrier is used to electrically isolate the 30
sensor. The sews®@nqggEecei ves power and commruni cati on rdUsom@i2 t he
barrier and the barrier prevents |arge el ectrical discharges from

| npai ri ng the neasurenent circuitry. Typically, the barrier only

-2- al l ows comruni cation on a single-data |ine. Wil e

necessary for safety or other purposes, inclusion of the i sol ation
barrier reduces thélpfvwbepowfunagraleion ¢al a singéenAdiet i bifs - betWdér t he
sensor and the ot hekecdsesdryefior sbfetgndr thher ipnepeesesinkches onpt axiet y  of

communi cati ons 1 sBEIVRAN B8 isENS0EuARd dHae RiBEF HEVIeEEScrical
SUMVARY OF THE | NVENTI ON

connections between the sensor and the other devices,
5 and thus increases the complexity of communications
between the sensor and the other devices.
SUMMARY OF THE INVENTION
The present invention includes first and

second devices coupled to a data line. The first and
10 second devices communicate serially by controlling a
duty cycle of the data signal on the data line during
cycles of the data signal. Generally, one device on the
data generates a clock signal and any device on the line
can modulate the clock signal to transmit data. In some
15 embodiments, the first device is a master node (or
microprocessor) and the second device is a slave node
(or peripheral device). Frequently, both the first and
second devices comprise integrated chips which
communicate over the data line. 1In other embodiments,
20 themdata line is a clock line which carries a clock
signal. In these embodiments, the first and second
devices communicate serially by controlling the duty
cycle of the clock signal during cycles of the clock
signal. 1In some embodiments, the master node initiates
25 the clock cycle so that the clock signal is supplied at
a substantially constant frequency.
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a simplified block diagram of one
type of process control transmitter in which the
.30 communications techniques of the present invention can
be used.
Figure 2 is a timing diagram illustrating a
coding system for facilitating serial communications on
a single clock line or other data line in accordance
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The present invention includes first and second devices coupled to a
data line. The first and 10 second devices comuni cate serially by

controlling a duty cycle of the data signal on the data |ine during
cycles of the data signal. Generally, one device on the dat a gener at es
a clock signal and any device on the |ine can nodul ate the cl ock

signal to transmt data. In sone 15 enbodi nents, the first device is a
mast er node ( Okyoogr4gsdll Croprocessor) and the second devi CRcpgsotaegave node

(or peripheral device). Frequently, both the first and second devices
conprise integrated chips which communi cate over the data line. In
ot her enbodi nents, 20 the data line is a ciock |line which carries a clock
signal. In these enbodi nents, the first and second devi ces communi cate
serially by control l¥ity t Bemelutgreferredydmbodimeniie chPbckihsi gwaksehn i ng
cycles of the clock inventsbrgnal . I n sone enbodi nents, the nmaster node

a substantially constant fr % 1 SCRI PTI ON OF THE
DRAW NGS R STiOLAY SR Fredebiee BRF 67 %one

type of process éonﬂ@UP“F%ﬁhsn1tter in which the 30 connunlcatlons

techni ques of the present inwvegtreomn cana timbmy usi@dram which further Figure
2 is a timng diagramubttlesatisBgod the c&ﬁGli;ngys%\éﬁxt em E‘Qéuxfea(ﬁ lid ating
serial comuni cati OrJL.sac Tltate s@ln%l n(%m%ugkcg’s}{io 5%?1 ! ygttem\ec[:loc%t 1r|163I ne in

accordance
Figure 5 is a diagram illustrating circuitry

initiates 25 the clock cycIF.gg&;_:)e that t he.&d ggggl%lmgggla g% l,{lpplld(g;p at

10 which can be used to implement the methods of serial

communication in accordance with the present invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention provides a technique for

transmitting data over the same data line which provides

15 a clock signal. More specifically, a first device on a
data line provides the clock signal. Any other device,
or the first device, may transmit data on the line by
"pulling down" the clock signal and thereby altering a
duty cycle of the pulse train.

20 Figure 1 is a simplified block diagram of a
transmitter 10 which uses the serial communications
technigues of the present invention for communicating
between various parts of the transmitter. As
illustrated, transmitter 10 includes measurement

25 circuitry 16 and sensor circuitry 18. Measurement
circuitry 16 is adapted to couple to two-wire loop 12
via connection terminals 14 and is used for sending and
receiving information on loop 12. Measurement circuitry
16 can function as a master or slave device, or both.

30 Examples of slave or peripheral devices include those
for providing power for the transmitter from current
flowing through loop 12, communications devices, signal
processing devices, memory devices, and display devices.
Loop 12 couples to control room 2 which is modeled as
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-3 - wi th sonme preferred enbodi nents of the present I nventi on.
Figure 3 is a block diagramof a system which communi cates serially
usi ng the nmethods of the present 5 i nventi on. Figure 4 is
a timng diagramwhich further illustrates use of the coding system of
Figure 2 to facilitate serial conmmunications on a systemclock |ine.
Figure 5is a diagramillustrating circuitry 10 which can be used to

i mpl enent the nylghgelgssof seri al conmmuni cation in accqgpsEResyd th the
present invention. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS

The present invention provides a technique for transm tting data over
the sanme data |ine which provides 15 a chock signal. Mre specifically,
a first device on a data line provides the clock signal. Any other
devi ce, or therPierisodess éeandragsistanseriét. digaguogmentecizcnétiy

"pul ling down" the akoeknsiiganldeanthyt hesmbhyataloherdfngdhadse andddtpecycl e of

the pulse train. 20geyices which AV Bnd1 15 cBnalIRkEd etk Qmﬁ%pgézagram of a

transmtter 10 which uses .the serial communications niques of the
present invention f8¥ec5hﬁﬁ% i ng between various parts of the
transmtter. 5 As ?qIiﬁﬂ?réF@éeerPréﬂ§ﬂ¢¥Wﬁ§FS 10eadurehentes
measur enent 25 Ci ptxtityy 166 amd semsor cirauktyyld8are ddkased eirent

circuitry 16 is adaptgghate COgHRrtRedtdO- Wi €rr00D c12nsmitee¥i @ £ONNECt ON

termnals 14 and is els Q:qslcgflys?tggiarﬁ%daw 1solatore§8| Vlrgglgtpc]:rog t I On on | oop
12. Measur ement CIrC %
be a transformer or other isolation barrier known in the

10 art and requlred for various standards for electrically
isolating sensor circuitry 18 and the process from
measurement circuitry 16. Isolator 20 can also reduce
ground loop noise in the measurement of the parameters
sensed by sensor circuitry 18. Lines 22 and 24 couple

15 measurement circuitry 16 and sensor circuitry 18 to
isolator 20 for facilitating communications between
sensor circuitry 18 and measurement circuitry 16.
Frequently, lines 22 and 24 represent a single data line
across which information must be transmitted serially

20 through isolator 20. While the serial communications
technique and apparatus of the present invention is
particularly well adapted for communication between
ncdes or devices conventionally coupled to a data bus
such as those in measurement circuitry 16, it can also

25 be used to communicate on a single data line such as is
required between sensor circuitry 18 and measurement
circuitry 16 across isolator 20.

The present invention includes a communication
technique which allows bi-directional communication over

30 a single data line. The communication technigque of the
present invention is particularly suited for allowing
bi-directional serial communication over a clock line,
and thus reducing the number of data bus lines needed.
While the present invention is discussed herein
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16 can function as a nmaster or slave device, or both. 30 Exanpl es of

sl ave or peripheral devices include those for providing power for the
transmtter from current fl ow ng through | oop 12, communi cati ons
devi ces, signal processi ng devices, nenory devices, and displ ay

devi ces. Loop 12 couples to control room 2 which is nodel ed as

-4- power source 4 and resistance 6. Measurenent circuitry 16
can incl ude anyygéaiissiati on of these and ot her - devi aesssiedh:
conventionally comuni cate with each ot her over a data bus. 5

In sone preferred enbodi nents, neasurenent circuitry 16 and sensor
circuitry 18 are carried in separate.5. conpartnents W thin
transmtter 12, electrically isolated by isolator 20. Isolator 20
can be a transpomasilyrvighhoespess| 80i drclipgkr fegnaknend & nclded 10 art

and required for variystsé aedasds of otheebeeddritCahdantion canSel &8 ivag sensor

circuitry 18 and thed¥ P6&33cad AMa in siFRAPYLLIRAR ¢ £4d BHth%r]zfatal sol at or
20 can al so reducecn_powgg %2%5|00p noi Se in the neasurenent of the

par anet er s
5 Transmission of data is accomplished using

this technique by allowing any device connected to the
clock line to modulate the clock duty cycle. This
technique can be implemented using a coding system
having three data states such as the example shown in
10 Figure 2. However, the technigque can ezsily be extended
to more than three data states. Additionally, it is
within the scope of the invention to use less than three
data states. Figure 2 illustrates in three consecutive
clock c¢ycles which contain encoded data bits. Clock
15 cycle 202 having a first duty cycle is representative of
a logical "0" bit. Clock cycle 204 having a second duty
cycle, different from the first duty cycle, is
representative of a logical "1" bit. Clock cycle 206
having a third duty cycle, different from both the first
20 and second duty cycles, is representative of an "idle®
state in which no data is being transmitted over the
clock line. Alternatively stated, the different duty
cycle values are representative of different data
states. Thus, instead of just a first data state (i.e.,
25 logical *0" bits) and a second data state (i.e., logical
»1* bits), the present invention can be used transmit
multiple data states. Preferably, the clock signal
remains at a constant frequency so that any system
functions requiring a stable clock signal are satisfied.
30 A clock can be derived by any device by triggering off
of rising edges 212,, 212,, and 212;,;, which are
boundaries between cycles.
During transmission of zero during a clock
cycle 202, rising edge or transition 212, is generated
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sensed by sensor circuitry 18. Lines 22 and 24 couple 15 neasurenent

circuitry 16 and sensor circuitry 18 to I solator 20 for facilitating
comuni cati ons bet ween sensor circuitry 18 and measurenment circuitry
16. Frequently, lines 22 and 24 represent a single data |line

across which information nust be transmtted serially 20 t hrough i sol at or
20. Wile the serial comunications techni que and apparatus of the
present i nvent| ok/P188S particularly well adapted for cagssrage: on

bet ween es or devices conventionally coupled to a data bus

such as those |n measurenent circuitry 16, it can also 25 .be used to
communi cate on a single data |line such as is- requi red between sensor
circuitry 18 and measurenent circuitry 16 across isolator 20.

The present inventiortd féRpgRsthe G@RAINFEIRF0fTom 2 RigghnPyutowidatta al | ows
bi -directional comurdteati 0%, orer 30 secgidngbe daigh | Baea sHaee s,.

conmuni cati on technlqg@sg&uéng traggﬁﬂptea@yeeglanh§nﬁghtugglargy suited
for allow ng bi - dlrect 4ér o onnunlcathgchggnaa cl oq¥ i ne,

and thus reducing théhunb LT8R L \WPT fate

present inventiondis %ﬁaEEU%GEﬂCWuﬁoeFﬁta “tate S,. The Wldth or duration
of pulse 210 is indicative of the fact that clock cycle

202 contained an encoded "0" bit (or first data state
bit). Assuming that subsequent clock signal cycle 204
is intended to transmit a "1" bit (or a second data
10 state), pulse 22C will have rising edge (or first
transition) 212, and trailing edge (or second
transition) 214, spaced apart to give pulse 220 a
duration which is different than the duration of pulse
210 from the previous c¢lock signal cycle. As
15 illustrated, the width or duration of pulse 220
(indicative of a "1" bit) is larger than the width or
duration of pulse 210 (indicative of a "0" bit).
However, in other embodiments, this need not be the
case. Assuming next clock cycle 206 is intended to
20 transmit an idle condition identifier (i.e., neither a
"o% bit nor a "1" bit) or a third data state, pulse 230
will be controlled such that rising edge 212,,. and
trailing edge 214;,, are spaced apart to give pulse 230
a width or duration different than the widths of both of
25 pulses 210 and 220.

The data transmission technique of Figure 2
can be implemented in any appropriate manner. One
technique is shown in Figure 3. Figure 3 illustrates a
master node 302 and three slave nodes 304, 306 and 308

30 connected to a single line 310, preferably a clock line.
The devices illustrated are intended to represent the
type of devices which communicate over a data bus in a
process control instrument, For example, master node
302 can be a microprocessor, a microcontroller, or any
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- 5- primarily with respect to a clock signal and a cl ock i ne,
the nmet hods of the present invention can also be used to encode data
in signals transmtted on other data or power lines. 5

Transm ssion of data is acconplished using this techni que by allow ng
any device connected to the clock line to nodul ate the clock duty
cycle. Thi s techni que can be inplenented using a codi ng system

havi ng three daygegigses such as the exanple shown in 10 pclrgih@?-
However, the technique can easily be extended to nore than three data
states. Additionally, it is wi thin the scope of the invention to use
| ess than three data states. Figure 2 _kllustrates in three consecutive
cl ock cycles which contain encoded data bits. Cl ock 15 cycl e 202 havi ng
a first duty cycle isthepredgenitatyi ve bitegrated dndgi ¢Hl) 't@vibed.. TGeock

cyc: e 204 having a setaws nddéy can be GG Eylcal'ﬁﬂlfaf aﬁm&gdwmcbbeTJd'}lrz %% duty
cycle, is repre Y 0] R T .

having a third duty égﬁﬁ%'dﬁpﬁgrgﬁ{i ?‘%ug% 6%%hs_%111em?i rigtgg?g%%ogﬁdogecond
duty cycles, is repr ééé‘?ﬁ“ﬁi‘ﬁ% FOLFONERT eC1 eIt 3] T TIPSR CR hB°data i s
bei ng transmitted overoctdss conditiprypk cpPhumicapjansy ¢igcudes yorsdeniegs. t he
different duty ayel@y-val dies tal ecsrdpiresentvwali bl ecaivedt f sk dat a

states. Thus, instegohOf theSimadibhrficodat &igitat drhal for’3tordfdbeal "0

bits) and a second data st.ate (i bits hefgr esent

.e., .lqgigcal 1 t
i nvention can be used"ttANSAT 'g_’ . ah?rug??lpﬁaé'a%'taé’%?%t ggr.wgftﬁrr%f érably,
the clock signal COREATER RS AP I BPRTTRAt SiTPaLBIEREY 2B HRE LaTPakyst em
functions requiriing &ostabbeuchaokcentgmdlisy eabeat psfiddne8d. IMmokbck can
gezc[jeri }/ed b;d/ gn;z/[ dexi CRotva thcmiageﬁé ngodngef list o®fadiiskagigdgas,iddd[err],
12[err], an 12[ery i r ou ri e [ .
During transm ssion S%rezlyr]oa%dua?ﬁ ﬁexamp%ﬁ 'ockw Au%%?%l éwgggh&?iée%ce%

a S n
transition 212[err] F‘%d/g’é?n‘é?%?t Eor %he listed devices are considered wit(}inn
the scope of the invention. Some or all of the above-

dge or

15 listed devices can communicate over a single data or
clock line in accordance with preferred embodiments of
the present invention. Typically, the devices may all
be components of a single module ox housing, for example
measurement circuitry 16, but this is not necessarily

20 the case. Typically, all the devices are within the
same housing communication over a shared transmission
line.

2As shown in Figure 3, master node (or
microprocessor) 302, slave node (or peripheral device)

25 304, slave node (or peripheral device) 306 and slave
node (or peripheral device) 308 are connected to clock
or data line 310. Clock reference signal generator 312
is optionally included and coupled to master node 302
for providing a constant frequency clock reference

30 signal. Master node 302 generates rising edge 212 of
each clock signal cycle. A physical signal technique is
used such that any of devices 302, 304, 306 or 308,
coupled to clock line 310, can drive clock line 310 to
low logic level state S, (transition 214) at some time
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- 6- to change the clock signal froma first or |ow data state
SL to second or high data state S[err]. Subsequent | vy,
trailing edge or transition 214[err] is generated in order to bring
the clock signal fromdata 5 state S[err] back to data state S[err].
The wi dth or duration of pulse 210 is indicative of the fact that

cl ock cycle 202 contai ned an encoded "0" bit (or first data state
bit). Assum ng t W@x%ssdessequent cl ock signal cycle 204 PCT/UsIeseded t o
transmt a "1" bit (or a second data 10 state), pulse 220 will have
rising edge (or first transition) 212[err] and trailing edge
(or second transition) 214[err] spacett apart to give pulse 220 a
duration which is diff e@ng rtlgi‘ﬂgteggsCl%%él% ,Qf Byl&ethe o {rom t he
previ ous clock signa P fﬁ or
duration of pulse %' de”f‘?ﬁm"\"@a??%/ec%’ftral "t:Ll"'e tﬂ”tt}’ icgcjr%\r‘gfertlt%an t he
wi dt h or dur at i oploclf spanadeprulskd . (Gyadibtes iofesudf physid¥l sbgal
However, in other enbpsinmegiss ihbiwiengeedoprtline wit® a resiS@Sepul ASFUM NY

next cl OCk CyCl € %06 éﬁenleﬂkeﬂﬂ‘%ﬂl&‘? each node has an open drain pull-down

device, or a current loop in which any node or device on
the loop can sink the current flow. However, any
appropriate technique may be used to implement a data
line with this signalling characteristic and ability.

10 Other signalling techniques could also be used such as
frequency, phase, etc., based techniques.

Control of the signal on clock line 310 in
accordance with one embodiment is illustrated in further
detail in Figure 4. Figure 4 illustrates one clock

15 cycle 400, beginning at time nT, for each of the three
data states illustrated in Figure 2 during clock cycles
202, 204 and 206. Regardless of which of the three data
states is transmitted at time nT, master node 302, for
example, drives clock line 310 to high logical level

20 state S§;. (Note that any node may be used to supply
the clock signal.) This initiates a first clock cycle
and potentially the first bit of a transmitted message.
The device that is currently transmitting (i.e., master
node 302 or any of slave nodes 304, 306 or 308) causes

25 the clock signal to drop to low logic level state S,
{i.e., generates transition 214) at time nT + 7 if the
next bit is to be a "0" (or a first data state). The
one of devices 302-308 which is currently transmitting
pulls or drives the clock signal to state S, at time nT

30 + 27 if the next bit is a "1" {or a second data state).
Any state or states may be used and S, and S, are merely
used for illustration.

If a slave node is transmitting data on the
clock line, as soon as master node 302 recognizes that
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20 transmt an idle condition identifier (i.e., neither a "0"

bi t

nor a "1" bit) or athird data state, pulse 230 will be controlled

such that rising edge 212[err] and
apart to give pulse 230
pul ses 210 and 220.

of both of 25

techni que of Figure 2

ne t echni QR385 hown in Figure 3. Figure 3 ill ustr H@YSH/I6522

node 302 and three sl ave nodes 304, 306 and 308 30

| i ne 310, preferably a clock Iine. The devices illustrated are

I ntended to represent the

data bus in a

-7- ot her

related to the

5

10

15

20

25

30

trailing edge 214[err] are spaced
a wdth or duration different than the w dths
The data transm ssion
can be inplenented in any appropriate nmanner.

mast er

connected to a single

type of devi ©és whi ch comuni cate over a

prt@l%eéﬁaweo%a@lhagn&tlmneme 16 sEXAUIPLE scARSLEr node
302 can be a nlcropro%es§so pocantr IIe

r, or.an
ci redit fy°or tht egratsel n2hits (1%Ef dev?%(}:’%stran?ﬁ’ettmg
nodes can be for exarfgREe ﬁ@%ryaru&heeesreéaw d¢s driveppRoMe Rowk and
RAME for storing instsigedl ordloving masterf ppdmBodrrof doiveseselgedlr evitry 18

Hrlv

level S, at time (n + 1)T, indicating the start of a
second clock cycle and potentially of a second bit of a
transmitted message. If clock line 310 is idle, master
node 302 drives the clock signal to state S, at time nT
+ 37, sending an "idle" code (or a third data state) on
clock 1line 310 and creating the required clock
transitions. Timing within period T can be derived
using a combination of analog and digital techniques
such as a phase-lock-loop.

Figure 5 illustrates circuitry which can be
used to implement the techniques of the present
invention. Shown in Figure S are clock driver circuitry
500, bus keeper circuitry 502, bus transceiver circuitry
504 and clock 1l1line 310. Typically, clock driver
circuitry 500 and bus keeper circuitry 502 would be

“included. in master node 302, while bus transceiver
circuitry 504 would be included in each of slave nodes
304, 306 and 308. Clock driver circuitry 500 includes
clock generator 506 having clock signal output 508 and
enable output 510. Clock signal output 508 is provided
as an input to tri-state output buffer 511, while enable
output 510 is provided as an enable input to tri-state
output buffer 511. Output 512 of tri-state output
buffer 511 is coupled to clock line 310.

Bus keeper circuit 502 includes inverters 514
and 516. Input 513 of inverter 514 is coupled to clock
line 310. Output 515 of inverter 514 is coupled to
input 516 of inverter 517. Output 518 of inverter 517
is coupled to input 513 of inverter 514 and to clock
line 310.
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5 process conditions, comunications circuits or devices,

anal og-to-digital converters which convert process or ot her
information into a digital format for storage or transm ssion, and
digital -to-anal og convertors for converting digital control signals
into an analog format 10 for uses such as controlling val ve positioners.

I n nust be noted that the above list of devices is provided nerely
as an exanple. woNsyn4sesinber of ot her devices «and/ or usecré®ehe |isted
devi ces are considered within the scope of the invention. Sone or al

of the above- 15 |I|isted devices can communi cate over a single data or
clock line in accordance with preferred enbéﬂinents of the present

invention. Typically, the deviges Ry %Uanscew? r’ggloger%%% of ? c?l ngl e

nodul e or housing, for exanhple nmeasur enent C|rCU|try

not necessarily 20 lﬁ‘é’“ﬁag‘gfferﬁ?b? 'ca’ﬁcﬁl"%ﬂ 3P WBOHEFF BB 5 2% énw Ehin the
sane housi ng comuni caienowwrat Qubferr €24t r abspnits SROnof bufifenes519 is

As shown in Figure 3,coipst¢@rtonetik( 0Oine 31001 QLEPEOGLSSEH buBfd: sphaue node

(or peripheral deyi ce;)m%ded?% 2| YR NG LLOL R LAPNBAL 2 iV 108) 5106 and

sl ave node (or peripheral ) are connecte {0 ¢l

data |ine 310. d ock IﬁégéY’é}?céngl ‘aké?ﬁiéiregt%}Oc 1949025 i 5 PEPrbRAY y

i ncl uded and coupl ed aforeresver sfvéd'eo%{;ztor 52fors proniddfirg an dopst it
frequency clock refereneetadz »Suffeal .s24VhstieinencdablO? cgepet ates rdesi ng

edge 212 of each r%lcg%ﬁiagz@al'nomt%r Aophysigalsadonal chechbwye is
used such t hat agy of devi (‘fegrS_g% . 0b4dff306 ered to cl ock

r
line 310, can drive c¢I"8ck 9 e 52% I ogl%gu'f e‘r’\?élo}gt At e §te

(transition 214) at yfEex iSeé is coupled to clock line 310.
At the beginning of a clock period (i.e., at

time nT) clock driver circuit 500 drives clock line 310

to state S,, and then disables tri-state output buffer

15 511. Bus keeper circuitry 502 maintains the c¢lock line

at state Sy until it is driven to another state by clock

driver circuit 500 or a transceiver circuit 504. At

time nT + 7 or nT + 27, a transceiver circuit or the

clock driver circuit can drive clock line 310 to state

20 S, if the corresponding master or slave node wishes to

transmit data on the clock line. Assuming a slave node

wishes to transmit data, the corresponding transceiver

504 drives clock line 310 to state S, by enabling tri-

state driver 524 and applying the appropriate signal

25 level from output 523, After clock line 310 has been

driven to state 8,, tri-state output buffer 524 of

transceiver 504 is disabled and the state of clock line

310 is maintained by bus keeper 502. If the master node

is transmitting data on the clock line, clock driver

30 circuit 500 can be used to drive clock line 310 to state
S, in the same manner.

At time nT + 37, clock driver circuit 500

enables tri-state output buffer 511 and drives the clock

signal to state S; (which will already be at state if a
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- 8- after a rising edge (transition 212) of the clock cycle.

Thus, devices 302-308 control the duty cycle of the cl ock signal

pul ses. Exanples of such physical signal t echni ques include a clock
line with a resistor pull-up 5 elenent in which each node has an open
drain pull-down device, or a current |loop in which any node or device
on the I oop can sink the current flow. However , an¥

appropriate tect¥Pelé8fray be used to inplenent a data FHRAR2h this
signalling characteristic and ability. 10 O her signalling techniques
could al so be used such as frequency, Qase etc., based techniques.
Control of the signal on clock line 310 in’ accordance w th one

embodi ment i s illustraisdd BrfdlavBesiode was dehabhideAndiQimagdhe Elgek e 4
illustrates one clock }éﬁ ufry%kseé‘QQ,sug gmﬁlﬁen&aa&lﬁg ?@Iaoé;@rslsa&b of the

t hr ee data states strated ring ¢ y . es
202, 204 and 206. ReghFHtsd&iony &hitdffeof hb“ih?g%c“ SEReT T3 s

transmitted at tine n3rivessckeckndies 309, th GEate Sy @i&%ltémscﬁqg\}éy%ﬂ ock
line 310 to high longi gated evetk 29clestate S[err] (Note that any node may

lé;‘C:JZed to Zﬁgp:ogte t Itlhe cl 0&1@_ @1&@@' Jtrafe]}@h& lsmgzmage&@emcstmgu@ck
n |a rst 0 tran t S The
device that is current %/? a?lsorﬁktt enera(tor 508 & mast er 80 81%{{%51 %gg/or any of

sl ave nodes 304, 306 B’Palw&ﬂ@'aiﬂse”é‘d%s ugqsh ) Sew%ilgﬁa@et Fi8FBpito | ow
| ogi c ! evel state [ eefidbling andi sweitchijenehattas-sragrsiufifons 219incgt the ne nT +
[err] if the 10 transceiver output buffers are only reguired to drive
the clock line to a single state S,, tri-state buffer
524 can be simplified to an open-drain or open-collector
type buffer. Other circuit configurations are also
possible. For example, bus keeper circuit 502 can be
15 replaced with a resistor to pull clock line 310 to state
Sy- The transceiver timing would then need to be
modified so that the clock line is held at state S, by
the transceiver until time nT + 37, when the clock
driver output buffer is enabled and drives the clock
20 line to state S..

The technique of the present invention allows
clock and Dbi-directional data to share a single
interconnect line, reducing the number of lines or
interconnections between integrated «circuits or

25 electronic modules, and reducing the power required for
data transmission. This technique can also be used to
superimpose data on a power line, allowing a single line
to provide power, provide clock signals, transmit data
and receive data. The present invention enables bi-

30 directional input/output (I/0) communications with very
little increase in power. Because I/0 circuitry is
typically a primary source of power consumption, the
invention reduces the overall power consumption.
Because each new clock cycle can be controlled so as to
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next bit is to be a "0" (or a first data state). The one of devices
302-308 which is currently transmtting pulls or drives the clock
signal to state S[err] at time nT 30 + 2[err] if the next bit is a "1"
(or a second data state). Any state or states may be used and S[err]
and S[err] are nerely used for illustration. If a slave
node is transmtting data on the clock line, as soon as master node
302 recogni zes WQpB/14883 PCT/US97116822 O-

t he sl ave node has driven the clock signal to state S[err] it al so
drives the signal to state S[err]. The transmtting sl-ave node can
then release its drive of the clock silgnal , al |l owi ng master node 302

to drive the signal Lo B pdg@HeheSkerdd Alecbid® (& ®ihLT. chodicating the
start of a second cl.ock cycle ang patenti al | q:f. a second bit of a
transmitted nessage. ST9¥ &R 1SS0 $°F dP8Y r%%? gpns or %88?5‘:6502 drives
the clock signal to seatigisper ipenatanti fgeqipncy clogk3fignp}; sending an
"idle" code (or a third data ®eatwdthod khd adpackcud iae tB4dOpraseht creating
the required clock;nyentibhaBsd WeODRplenthfldIGsMhd NiRnPEIIHwd-£ 88 bE
derived using a_conbination of, anglLRd,andndi gitrl . Lechniayes. -
to transmit and receive messages. The present invention
is particularly well adapted for use in process control
equipment such as transmitters, valve controllers and
10 other process control field devices in general.
However, the present invention carn be utilized in any of
a wide variety of applications in which devices on a
printed circuit board or otherwise coupled to a data
line are required to communicate with each other. 1In
15 addition to reducing the number of electrical
interconnections, the present invention can be used to
communicate serially across an isolator on a single data
line. The invention is well suited for carrying digital
information, across such a barrier, particularly data
20 from a sigma-delta analog to digital converter.
While the present invention is particularly
suited for use in the process control environment, it
can also be used in numerous other fields such as
computer communications, network communications, and in
25 providing serial communications between electronic
devices in general. Further, while the present
invention is described primarily with respect to
encoding and decoding logical ones and zeros, the
present invention can also be used to implement multi-
30 state communications in which at least three data states
are utilized. In such a system, dithering pulse
durations represent different data signals. Those
skilled in the art will recognize that any number of
digital states may be represented in this manner. The
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such as a phase-| ock-1 oop. Figure 5 illustrates circuitry
whi ch can be 15 used to inplenment the techniques of the present

invention. Shown in Figure 5 are clock driver circuitry 500, bus
keeper circuitry 502, bus transceiver circuitry 504 and clock line
310. Typically, clock driver circuitry 500 and bus keeper
circuitry 502 woul d be 20 i ncluded in master node 302, while bus
transcei ver wogwmmsi try 504 woul d be included in each B8€T/E9#IB2N0des
304, 306 and 308. Clock driver circuitry 500 includes cl ock generator
506 having cl ock signal output 508 and enabl e out put 510. d ock signal

out put 508 is provided 25 as an input tolBri-state output buffer 511,
whi | e enabl e out put 510 is provided, as_an e ihput. to trij-state
p’%f?ﬁﬁt”%’fﬁtg n tpl;rlcn_/:l.c%es numerog%l?ée%e'f Qp% u:ﬂg:g}.‘é)é'%l .

out put buffer 511. _ at e out ' _ is
coupl ed to clock |imll@yrgng the use of fewer data |ddapdy TEAFCHAL T8O PiTcl udes
inverters 514 30 af@inbl6.allbrjmy pidted icivepier b6drd | sizoupbedret 0 cl ock

line 310.  Qutput 51%0841 NMRLEEEg Dbdet TROERIAERT Oreducind tput 180 Of

: zxg:: E g:: giz anoaltsfgt%}5%2fgggrcalpr}\é?ell;squgbrr:%%%?allowing} %oﬁ&ﬂﬁ'a@@iéé’ 4199&13’513 of
between slave nodes, and reducing data transmission

errors which are common under certain conditions by
providing a new method of encoding the transmitted data.
Using the present invention, data transmission occurs at

10 very high sreed because it takes place at the clock
rate, which is typically the fastest signal in the
system. The power savings are realized because the
clock pin is already transitioning, and therefore,
additional signal transitions need not be generated.

15 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.

20
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-10- Each _bus transceiver circuit 504 includes i nput

buf fer 519, receiver and nodul ator 522 and tTi - state output buffer
524. I nput 520 of buffer SM,EM" d to clock line 310. CQutput 521
of buffer 519 is 5 provi m"”m Fo recei ver and nodul ator 522
for receiving the data &nbedded®cl &ck= si gnal . Qut put 523 of
recei ver and nodul ator 522 is provided as an input to tri-state

buffer 524, wWQ®/1488hable output 526 of s recei ver PcEgsoTiseal at or
522 is provided to the enable 10 input of tri-state buffer 524. CQutput
525 of tri-state buffer 524 is coupled to clock Iine 310.

At the beginning of a clock period (i.e., at4- time nT) clock driver
circuit 500 drives clock |d . to state S[err], and then disabl es
tri-state output buf s b E‘S—%—I‘%us keeper circuitry 502 maintains the
clock line at stlate 9 erf]PIATEFF ‘f‘t“tirgl AGHER TTPIADYer state by

cl ock driver circuit 500aortrantntgsiosi veimeci adapted504 céAtry a tine
nT + [err] or nT + 2T, a transcei \éehgilrycu'k&nﬁritw@ signal Ginaek K44 wer
circuit can drive clock line 310 t4 ?t&kﬁem S[err] if the correspondi ng
master or slave node wi shes to mt data, on the cl ock |

Assunming a sl ave node Wi §h5érfto fl"r‘ﬁ'r‘f§mct°“8 4, ©9 hEP e(:oJr’r’lae'sp"Hh‘dihng
transcei ver 504 drives cl ock PrpriEdexie Ql@CSt%ltge\aS[Célr Fhe Byinenasidi ng tri -
state driver 524 and appl yi ngat becapprdephitat eowdlghialto2bhe 1L evel wHircdm out put
523. After clock line 310 has be%dulatesdEhé/%}ciQéft%@ é[o%krilgr{aﬁ' state
out put buffer 524 of transceltver LS di sabl eg] an (g t@ﬁ % e of
clock |ine 310 is mai ntai ned Sy B REe BRT™EGS2S 4 Re Rastd thode

is transnitting data on the clock d¥#- clock driver 30 circuit 500 can
be used to drive cloek |ine 318 pgos¢sxt eontrol &tvice ¢helstmy weewresm.

At time nT + 3[err], ¢gb0osdeotlidtficEindaul it00he dutyeh@hkess he-Siqdke out put

buffer 511 and dri Veglgll?a?l (f:oogi“{ansmlt information.

3. The process control device of claim 1 wherein

the second device operates at a rate derived from the
clock signal.

4. The process control device of claim 1, wherein
the second device selectively controls the duty cycle of
the clock signal such that a cycle of the clock signal
having a first clock signal pulse duration is
representative of a first data state and such that a
cycle of the clock signal having a second clock signal
pulse duration different from the first clock signal
pulse duration is representative of a second data state.
5. The process control device of claim 4, wherein
the second device further controls the duty cycle of the
clock signal such that a cycle of the clock signal
having a third clock signal pulse of a different
duration from either the first or the second clock
signal pulse durations and is representative of an idle
condition in which no data is being transmitted on the

transmission line.
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signal to state S[err] (which will already be at stateqj Sh”

-11- master or slave node was transmtting duri ng er“Replm(?;s,icl e)
in order to supply the trailing_edge clock signal t

(n + 1)T, clock driver circuit 500 ~—~driwes--clock I|n

S[err] again, thus beginning ﬂ! Mﬁ cle.

timng reference signal provid m m:;{ 507 to clock enerator 506
can be a di gi t alVO4HHB%r anal oYy <i gmal's |s used toPF Hﬁ@?’?ﬁsﬁe t he
times for enabling and switching the tri-state buffers. Since the 10
transcei ver output buffers are only reqU|reg to drive ‘the clock line
to a single state S[err], tri-state buffer 524 can be sinplified to an

open-drain or open-cgllector rthe pracxaecbawcﬁrdevmgmemacﬂu{q;wwherem
configurations are atl:h% ﬁecond Qev %Ltefthg og?:(x[acﬁgk?lr QH%%%QP@r fcé}( cuit 502

can be 15 replaced W

Slerr]. The transceiard Scligﬁ?hgs‘\‘/%’ultd‘a héncﬁe "'B’(? clock nﬁﬂ?‘?a}led SO
that the clock |ine hsvingl d ahist atlecls| exgﬂ]a*byulse dun-’h@qrr aig€ersdr unti |
time nT + 3[err], whepd RBeCti@6K and seédridvelocispytalbphies dusaenadyd ed and
drives the clock is representative of a third data state.

7. The process control device of claim 1, wherein
at least one of the first and second devices includes a
device selected from the group consisting of a
microprocessor, an analog-to-digital convertor, a
digital-to-analog convertor, a memory, an input-output
circuit, a temperature sensor, a flow sensor, a pH
sensor, a level sensor, a pressure sensor, a
differential pressure sensor and a modem.

8. The process control device of claim 1, wherein
the transmission line includes a barrier current, and
wherein the first device is coupled to the transmission
line on a first side of the barrier current while the
second device is coupled to the line on a second side of
the barrier current such that the second device
communicates serially with the first device across the
barrier current.

g. The process control device of claim 1
including input circuitry adapted to couple to a two-
wire process control loop.

10. The process control device wherein the duty
cycle of the clock signal has a low value and a high
value and the second device includes circuitry which
controls a duration of a low value of the clock signal
to thereby modulate the duty cycle.

i1. A method of serial communication between first
and second devices in a process control instrument,

comprising:
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20 line to state S[err].

i nvention all ows

i nterconnect |ine, reducing the n

bet ween
t he power
used to

provi de power
The present

conmmuni cations with very little increase in power. Because I/O
circuitry is typically a primry sour ¢&®of power consunption, the
i nvention reduces the overal | QwefciagNSWIPt Lk  signBECaYsEi£ACh Jnew

I nt egrated

required for

The techni que of the present
clock and br-directional data to share a single
i nt erconnecti ons

circuits ﬂ“ﬂmﬂﬂ"wwm”l" ¢ nodul es, and reducing

cl ock cycle can be controlled so as

-12-

frequency cl ock signal.

pr esent

5

t )
al ways begin at fixed intarvars ol EPMEEEnE I EERY °7 3 gnal
can be stable for any functions orci®s¥i dére. wherplyfachngt atkonSiksit
and sefhed nixviioes and appatad U afhet he

i nvention can be inpleamert echeUsahg ei ther hardware or

contrclling with the first device the duty
cycle of the clock signal during cycles
of the clock signal to thereby transmit
data to the decond device.

12. The method of claim 11, wherein the step of
controlling the duty cycle of the clock signal during
cycles of the clock signal comprises using the first
device to control the duty cycle of the clock signal
during cycles of the clock signal in order to transmit
gerially encoded data from the first device to the
second device,

13. The method of claim 12, wherein the step of
controlling the duty cycle of the clock signal during
cycles of the clock signal further comprises controlling
the duty cycle of the clock signal during individual
clock signal cycles such that a clock signal cycle
having a first duty c¢ycle 1is representative of
transmission of a first data state from the first device
to the gecond device, and such that a clock signal cycle
having a second duty cycle different from the first duty
cycle is representative of transmission of a second data
state from the first device to the second device.

14. A system control device comprising:

a clock line;

a first device coupled to the clock 1line
which provides a clock signal on the
clock line, wherein the clock signal has
clock signal cycles and a substantially
constant frequency;
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software to encode and decode the clock cycles in order to transmt
and recei ve nessages. The present_invention is particularly well
adapted for use in process contr equi pment such as transnitters,

val ve controllers and 10 ot hjgi[,ﬂ laﬁmﬂl rol field devices in
gener al . However, the pre mnmﬂn be utilized in any of

a wde variety of appl i cations in which "devices on a printed circuit
board or ot her wygeogagudpl ed to a data | ine are requir agdrivseraepaTuni cat e
with each other. In 15 addition to reducing the nunber of electrical
i nt erconnections, the present invention can be used to . communi cate
serially across an isolator on a single datia- line. The invention is
wel |l suited for carrying digital i nformation, across such_a barrier,
particularly data 20 from & SEGRRE dAPHEECaRAFRIGH 5°dFF t oot er .

While the present invention is pandcularly suited for use in the
process control environment, & tthird dédicell Spbed usedtien d1daR! Qlife Ot her

fields such as corrputer commgini, &ahi gy, oglegyl\prkncsqnmé@bg%l , and in
25 providing serial conmmunicatji.on i?et ween electro 4(; evices in
en

general .  Further, while the PF&SenfeVices LRBRFHHEN 2E2de¥er FhRd
primarily with respect to emeldkngl Hitd  Bec oWPntRYiegi cele oméeckand
zeros, the present inventionsigmalabsty byclusedidiogi opdlesent and ti- 30
state comunications in which at leagtsidHAe data states are

utilized. In such a system dithering pul se durations represent
different data signals. Those skilled in the art will recognize that
any nunber of digital states may be represented in this manner. The
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-13 - present invention provides nunerous benefits including

allowing the use of fewer data lines, reducing the pin count, allow ng
printed circuit board size to be reduced, reduci ng power consunption,
reducing the load 5 on a mcroprocessor by allow ng communication directly
bet ween sl ave nodes, and reducing data transm ssion errors which are
common under certain conditions by provi ding a new net hod of encodi ng
the transm tt edwinisassss Usi ng the present invention, datRETOSHAER? ssion
occurs at 10 very high sreed because it takes place at the clock rate,
which is typically the fastest signal ip«he system The power savi ngs
are realized because the clock pinis already transitioning, and

t her ef ore, additional signal transitions need not be generated. 15

Al though the present invention._bhas _been _ described with reference
to preferred enbodi nents, mpékers s&blled inthe art wll recognize

t hat changes may be made injfo a detqil W t hout departing from
the spirit and scope of the ugxgpti

MEASUREMENT
CIRCUITRY

20
7
ISOLATOR

7,:9. /

SENSOR

CIRCUITRY
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-14- WHAT IS CLAIMED IS 1. A process control device conprising:

a transm ssion line adapted to carry a serially transmtted
signal which has a duty cycl e; a first device
coupled to the |ine which provi des a clock signal on the

i ne; and a second device coupled to the line which

nodul ates the cycle of the clock signal to serially

communi cate W iy, defifasd 1 1 St device. 2. PCT/UBI/1§8E20CESS
control device of claim1 wherein the second device nodul ates the duty
cycle of the clock signal to transmt izfprmation. 3. . The process
control device of claim1 wherein the second device operates at a rate
derived fromthe clock signal. 4. The process control device of claim

1, wherein the second device selectively controls the duty cycle of the
cl ock signal such that a cycle of the clock signal having a first clock
signal pulse duration is representative of a first data state and such that
a cycle of the clock signal having a second clock signal pulse duration
different fromthe first clock signal pulse duration is representative of a

second data state. 5. The process control device of claim4, wherein
t he second devi ce wat C I's the duty cydl e of t?g
o |
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cl ock signal such that a cycle of the clock signal having a third clock

si gnal pul se of a different duration fromeither the first or the second
cl ock signal pulse durations and is representative of an idle condition in
which no data is being transmtted on the transm ssion |ine.

REPLACEMENT SHEET -15- 6. The
process control device of claim4, wherein the second device further
controls the duyysgigse of the clock signal such that a cyctressoissizhe cl ock
signal having a third clock signal pulse duration different fromthe first
and second clock signal pulse durationssig representative of a third data
state. 7. The process control device of claiml1, wherein at | east
one of the first and second devices includes a device selected fromthe
group consisting of a mcroprocessor, an anal og-to-digital convertor, a
digital -to-anal og convertor, a nmenory, an input-output circuit, a
tenperature sensor, a flow sensor, a pH sensor, a | evel sensor, a pressure
sensor, a differential pressure sensor and a nodem 8. The process
control device of claim1, wherein the transm ssion line includes a barrier
current, and wherein the first device is coupled toihe transmssion |ine

on a first side of the barrier lcurrent whil d.the pnd device is coupled
to the line on a second side of the| barrier currgnt Such that the second
devi ce communi cates serially withthe{first ﬂevi"e—ééross the barrier
current. E% =
_—
-1 ] c
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9. The process control device of claim1l including input circuitry
adapted to couple to a two-wire process control |oop. 10. The process
control device of claim1, wherein the duty cycle of the clock signal has a
| ow val ue and a high value and the second device includes circuitry which
controls a duration of a | ow value of the clock signal to thereby nodul ate

the duty cycle. 11. A nmethod of serial comunication between
first and sapesgagssievi ces in a process control in8EVUREIB22
conpri si ng: - 16-
generating a clock si gnal havi ngi/4 a -substantially
constant frequency on a clock line, wherein each of the
first and second devices are coupled to the
clock line; and controlling with the first device the duty
cycle of the clock signal_ during_cycles of the clock signa
to thereby transmtl datﬁ to the decond devi ce.
e
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12. . .The net hod—ef—etatm- 11, wherein the step of cont#3 ENT S !

cycl e of he cl ock cl es 'of the clock signal{ c : 1S (0]
the first deV| ce t(“'m'm ’&Hﬁlﬁmy cycle of the clock gi o‘ )
cycles of the clock#*si gna to transmt serially jenc

the first device to the second devi ce. 3. The rretFod of cl a|m 12
wherein the step of controlling the duty cycle of the cl ack.signal dnrlngf

cycles of the_clock si further rls s.control he .dut cycl e of
the clock sighal duri n%%ﬁvcﬁﬁal c8’i‘ Seyhse 8% F‘L%l“gu%'h 'f%artegg clock -
signal cycle titi sgrond idesti celutyriheal e:omsroaprﬂ&ermﬁdm weycdk tofarthei ssi on of
a first data spate f.romthe. fi st deV| ond deyi and such
that a cl ock %#og‘ﬂ‘al 89% s%&w ’gtﬁtjv 83‘8 sd‘iqflfgr%?l‘{mrgrom t he
first duty cyehixd sloepr e&gxtdlatpu\leeoﬁutmlonrrmsfmmf facsetimndfidata state
fromthe first ewcet t he ev ontr ol

devi ce corrpri%’? gf econd Slock sg E&Eﬁ ﬁfénrata.ons is re%rets)é %Eﬂﬁw tge coupl ed
to the clock &diwifira data state. whi ch provides a clock signal on the

clock 1ine, V\?er ein theT %%lécésésg%%ntpoa]ts dev:.?e of cla&/m 1,C1w88§e3§'1 gQal cycles

and a substantially ant
least one of the first and second dev1ces includes a device

selected from the group consisting of a microprocessoxr, an
analog-to-digital convertor, a digital-to-analog convertor,
a memory, an input-output circuit, a temperature sensor, a
flow sensor, a pH sensor, a level sensor, a pressure sensor,
a differential pressure sensor and a modem.
8. The process control device of claim 1, wherein
the transmission line includes a barrier current, " and
wherein the first device is coupled t¢ the transmission line
on a first side of the barrier current while the second
device is coupled to the line on 2 second side of the
barrier current such that the second ‘device communicates
serially with the first device across the barrier current.

9. The process control device of claim 1 including

input circuitry adapted to couple to a two-wire process

control loop.

R/ 10. The process control device of claim 1, wherein
the duty cycle of the clock signal has a low value and a
high value and the second device includes circuitry which
controls a duration of a low value of the clock signal to
thereby modulate the duty cycle.

11. A method o¢of serial communication between

first and second devices in a process control

instrument, comprising:

61.5’01—?:*‘3’”\
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coupled to the clock Tirie,

a second Mce coupled to the clock line;
wherei n any

third devices transmits data on the

cl ock

si gnal

PCT

duty cycle during cycles of the
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(57) Abstract

An apparatus for and method of serially transmitting a message between first and second devices (302, 304) coupled to a data or
clock line (310) in a process control device (10) is disclosed. A first transition (212) of the data or clock signal is generated during a signal
cycle. A second gransition (214) of the signal is generated during the first signal cycle in order to control the duty cycle of the signal during
the first signal cycle. If the duty cycle of the signal during the first signal cycle has a first value, then the first signal cycle is representative
of a first data state transmitted between the first and second devices (302, 304), If the duty cycle of the signal during the first signal cycle
has a second value, then the first signal cycle is representative of a second data state transmitted between the first and second devices (302,

304).
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