CSEE W4823x Handout 29
Prof. Steven Nowick November 3, 2011

HW#5: Designing a Master Controller for the Philips 12C Bus Protocol

This homework is due oRriday, November 18, at 4pm(submission details to be announced sodwte the
new deadline!

Introduction. This homework is an introduction to modelling and simulgtiof a real-world controller:. a
“master” unit for the Philips (now NXP) commercial 12C séts protocol. You will need to understand some
subtleties of this protocol, and its operation. Then, yoll éasign a singleMoore state diagram specification
for a master controller, model the FSM specification in VHRbhd simulate it using the Altera CAD package.

Grading. Since this homework is larger than some of the other homesydrrkvill be worth 8% of your final
grade.

Working in Groups. You are allowed to do this homework in a group-of-two. Youtbget the same grade.
However, solo homeworks are also allowed.

Required Reading: Background information and a description of the bus prdtace outlined below. Supple-
mentary handouts, Handouts #29a and #29b, on the bus pratecalso provided, as well as a supplementary
URL listed as Handout #29c from tiiessacademyHandout #29 gives the overview of the assignment, with some
important details on the bus protocol and implementatioanddut #29a is a short slide presentation giving a
nice overview of the 12C bus protocol. Handout #29b focusedetail on the protocol for getting an acknowl-
edge from a slave (slave as a receiver). Handout #29c, frenEffacademy, has links to a number of useful
pages, including overview and history of the 12C protocaliaus parts of the protocol, clock stretching, and
other techniques. One of these pages under #29c, coveribaneister gives an acknowledgment to a slave unit
(slave as sender), which is the opposite transmissiontiireof that in Handout #29b:
http://lwww.esacademy.com/en/library/technical-#égeand-documents/miscellaneous/i2c-bus/i2c-bustsigiving-
acknowledge-to-a-slave-device.html.

These handouts include detailed explanations of relevaris f the bus protocol, so be sure to read them
carefully. You should be able to do the entire assignment reading only Hadouts #29, #29a, #29b and #29c
(as well as the above web page URL on how the master ack’s a stgv

Optional Supplemental References:There are several several good websites which describe2@dus in
great detail, and give interesting information on the mistaf the protocol and its use in hundreds of commercial
products. So, optionally, we provide a list of referencesdme of these sites, bybu are not required to do
any additional reading in these manuals (unless you wahtfte that these documents contain not only useful
pointers on the 12C protocol, but also a huge amount of teehmhaterial that is irrelevant to this project (bus
arbitration, circuit-level issues, extended modes, letc.)

(a) NXP 12C Specification and User Manu@om 2007) gives fairly complete coverage of many detdils (
see note above, many of the advanced modes and featurathadrs will be ignored for this assignment),
and is a good background reference manual for clarifications
http://ww.nxp.com/documents/useranual/UM10204. pdf;

(b) Philips Application Note, 12C Manuaffrom 2003, now from NXP), which gives additional technical
details. It also opens with a nice overview of the practinduistrial applications of the 12C bus:
http://mww.nxp.com/documents/applicatiomote/AN10216. pdf



I2C Bus Background: The 12C bus was designed to coordinate the communicatiormbhperal devices with
different interfaces. This bus was primarily used in agplans for televisions, VCRs, and other audio-visual
equipment. However, today, the 12C bus is used in severakdddd applications. Prior to the development
of the 12C bus, a large amount of hardware, glue-logic, anithgiwas needed to allow peripheral devices to
coordinate and communicate. Adding additional deviceslévoause a substantial increase in hardware. Using
the 12C bus reduces the hardware and logic complexity wighattidition of more devices and also reduces the
amount of noise within the system. The 12C protocol is elégsimple, and highly scalable. It is designed to
accommodate different components operating at very diffierates.

I2C Bus Configuration: The 12C bus is a 2-wire serial bus consisting of 2 bi-dirawlowires, Serial Data
(SDA) and Serial Clock Line (SCL). All data transfers aredymnized over these two wires. Both the SDA and
SCL are "open drain” drivers which allows any connected ckevo drive the output low. For this problem, you
will not need to understand details of the electrical isstimvever, the basic idea is that the connected devices
can force a low value on the serial wires if desired. Eachpperial device is connected to both SDA and SCL.
Each such device connected to the bus has a unique seriakaddihich serves as an identifier.

In several of the above links, you can read discussion hoé@le clock can be ’stretched’ by slow units on the
bus, when they are not ready for the next data item, forcinglaydn the SCL rising transition sufficiently long
for a slow slave device to process at its own rate. This niatufe allows the assembly of a system with units
operating at different rates, and still having them funciorrectly together. This is one feature you will explore
and support in this assignment.

I2C Bus Protocol: The 12C bus protocol is a master-slave protocol. In gendinal,role of the master is to
initiate communication on the bus by issuing a start coodjtrequest a slave device to communicate with it,
and eventually terminate communication through a stop itiondP). The role of the slave is to respond to the
master’s request by first sending an acknowledgment (ACid,then to perform the desired communication
with the master until the stop condition is issued.

For the 12C bus, any connected device has the ability to bmtster, howeveonly one device can be the master
at a particular time. Hence an “arbitration phase” occuedoife a transmission, where any competing masters
must contend for one to win control of the bus. You wiit deal with the arbitration phase in this assignment.

In addition to the duties of the master outlined above, thetemas always the owner of SCL and is responsible
for determining whether it wants transmit data or receiviada

The master first initiates communicating by broadcastingAaRS symbol onto the 12C bus. This symbol is then
followed in sequence, bit-serially, by the target devicdrads, followed by an R/W symbol (indicating whether
the master wants to be a receiver [R] or sender [W] of datdnguihe communication). All other devices on the
bus are considered as “slaves”. they all monitor this busrsanication, and determine if the master is trying
communicate with them, i.e. if their unique address matthe®ne broadcast by the master.

There are two possible outcomes after the master broadbastiesired address: (i) a given slave unit finds that
the broadcast address is different from its own unique addmar (ii) the address matches its own address. In
case (i), such a slave basically does no more processingpetawait for a final STOP signal.

In case (i), the slave has determined that the master wamismimunicate with it. There are two subcases, de-
pending on whether the master issues (ii)(a) a “read” (€eeive) request, or (ii)(b) a “write” (i.e. transmit/send)
request. In cases (ii)(a) and (ii)(b), the sender sends luges to the receiver. Each data byte is transmitted
bit-serially, i.e. one bit at a time, in a designated order. A4CK symbol is then usually transmitted, defining the
end of the byte. In general, a number of bytes may be sentgithingiven transaction between the master and
slave. Finally, after the final data byte is sent, a STOP sytislgenerated.

In this assignment, you will design a single FSM for a mastertiol unit, handling both common modesdave



as sendemndslave as receiverThat is, you will be handling botread mode(i.e. slave as transmitter/sender)
andwrite mode (i.e. slave as receiver). In both cases, the designated stammunicates with the master, either
sending or receiving data bytes bit-serially (following i2C protocol as discussed above and shown in Handout
#29a and the designated web page), until a final STOP sigretééved from the master.

I2C Bus Symbols: The master and slave communicate with each other througideddus values of SDA and
SCL. In total, there are 4 events that can occur on the busseTaeents are start (S), stop (P), acknowledge
(ACK), and data transfer (either O or 1 symbols). A novel elwg scheme is used. Details are given in the
assigned readings. For details on ACK, see “Required Rgadhlove (for the two cases of slave as receiver and
transmitter).

Target Control Microarchitecture. A block diagram of the master’s main controller that you agsigning is
shown in the figure below. The master also has other hardwarieiding a local counter (discussed in detail
below) as well as other components which supply addresstarhils to transmit and process data bits that are
received.You will not design these other components, just the mastein controller.

The master's FSM ha3 input channelsgontaining a total o6 input signals.In addition, the controller oper-
ates using its own local high-speed clocks_hi. One input channel monitors activity on the 12C b&C(in,
SDAIn). The second input channel receives data or address hitstfre rest of the master unit to be sent out,
bit-serially, on the 12C bushjt_send. The third input channel receives control signals fromaalaounter unit
(SCLtoggle, bytedone, start/stop), which provide the master control with useful informati@uch as when

to generate a transition on the SCL clock, when a byte is dameé when the master unit should be enabled or
disabled.

The master FSM also h@soutput channels;ontaining a total o6 output signals.One output channel gener-
ates outputs to the 12C buSCL out, SDAout), as well as tristate controls for these sign&€ [ enableand
SDA enable respectively). The second output channel outputs dagathiias received from the 12C bus, and
sends them, bit-serially, on an output wirdatareceived to the rest of the master unit for processing (not
shown, you do not need to design this other hardware). T ¢hitput channel sends an enable signal to the
local counter unit, to update its courming.enablg.
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Each input and output is described in detail below, groupgédther by functionality.

InputsSCL.in andSDA.In are the bi-directional 12C bus wires; they come directlyrirthe global 12C bus. Any
changes on the 12C bus are always observable by the masteslt®on these 2 input wires at all times.

OutputsSCLout and SDAout are also connected directly to the global 12C bus, but thndugtate buffers, as
shown in the figure). These tristate buffers are enabled éyrtaster’s outputSCL enableand SDAenable
respectively. Before the master wins arbitration, it iscihee, and disconnected from the 12C bus, i.e. both



tristate buffers are disabled. Once the master becomeg&acé. wins arbitration, its controller is responsible
for generating and driving the SCL clock on the 12C bus, opouSCLout. Hence its tristate enable must be
asserted high for the entire transaction. Once the masgecdrapleted the entire transaction (i.e. sending a
STOP signal), it disables itself (SGinable and SDAenable deasserted low), and thereby no longer generates
SCL clock pulses on the bus. Whenever the master needs &thewalue of the SDA bus, it does so by asserting
the SDAenable high and transmitting a value on its output S®A However, whenever the slave is driving the
SDA bus, the master must disable its connection to SDA (DA 8nable deasserted low).

The inputbit_sendreceives inputs from the rest of the local master unit's waré. In the 12C bus protocol, when
the master needs to transmit an address on the bus, the huo@dngss bits are supplied, bit-serially, on this input
signal. Likewise, when the master is in “write” mode (i.eav@ as receiver) and needs to send a data byte, the
binary data bits are supplied, bit-serially, on this ingghal.

The outputdata receivedis used when the master is in “read” mode (i.e. slave as seridehis mode, each data
bit received on the 12C bus, bit-serially, is translated twamal bit-serial binary output (0 or 1) on output wire
datareceived, and sent to the rest of the master unit for praogséhgain, you are not responsible for designing
the rest of the master unit.)

Finally, a separate local counter is assumed, which intergith the master controller (see later for more details).
You are not to design this counter, but need to carefully tstdad how it operates, because it receives an output
of the master controller, and provides three inputs to thetenacontroller. In particular, the master FSM has
an outputcnt.enable going to the local counter, which approximately followe tiwaveform of the SClout
clock. The master FSM also has three inputs from the locaiteouSCL toggle, bytedoneandstart/stop. The
SCLtoggleinput is a request to the master control to toggle the SCleaystock (i.e. SCLout). Thebyte done
input indicates whenever a complete address byte (alorfy RMV) is received; it also indicates whenever a
complete data byte is sent as output (master in write modedamived as input (master in read mode). This
signal will help you to simplify your FSM specification, segou will not have to keep track of the number
of bits sent or received; the signal will tell you when a bytrarfsmitted or received) is complete. Finally, the
start/stop signal indicates to the master controller when it is aotilaib start an entire transaction (asserted
high), and when the transaction is complete (deasserted low

SCL Input: A novelty of the I12C protocol is that SCL is itself a clock sanbut each receiver FSM treats it as
adata input.Basically, the combination of SCL and SDA inputs determwvbat symbol is on the 12C bus.

Local Controller Clock: Note that, locally, your FSM has its owtdistinct high-speed clock, Chi. This local
clock has nothing to do with the bus clock, SCL, and you shasklme it operates at a much higher rate than
SCL. The SCL clock is produced by the master at a slower rateeral Clkhi clock cycles for the high period

of SCL, and several Clki clock cycles for the low period of SCL (see below for mor¢ails).

Your Moore FSM is controlled only by it€lk_hi clock, as shown in the above figure.

Interaction with the Local Counter: An important component of the master is a small local coymieshown
in the figure below. While you will not be designing the counteis important that you understand its role and
timing, since the master control interacts closely wittYdu should assume this counter is a Moore machine.

The local counter generates three critical control sigttalke master controller: (i) to activate a transition on the
system clock SCLRCLtogglg; (ii) to indicate when an address or data byte is complagee(dong; and (iii) to
initiate the start and stop of the master’s entire transadtitart /stop). Each of these signals will simplify the
master control, by keeping track of important events. 3¢ togglesignal also is used by the master controller
for SCL clock generation.

Generating the System Clock, SGut: Basic OperationThe interaction of two signalsnt enableandSCL toggle
are used by the master control to generate the pulses of shensylock, SCL. Basically, the counter counts a
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number of cycles of the local high-speed clo€kk hi, which determines how long SCL is low and how long
SCL is high. In particular, the master control’s outgat.enableis an input to the local counter. This signal is
similar to theSCL out output of the master control: when SQ@lut is asserted high, crenable is asserted high;
and when SClout is deasserted low, cehable is deasserted low. However, there are some impdirtaing
differences between them.

To understand how the local counter is used to generatediveisbystem clock, SCL, first assume that initially
the counter'ssnt enableinput andSCL toggleoutput are low. When the master controller ass8@$ out high,

i.e. generates the rising edge of the system clock, the atemaut enableoutput is also asserted high and sent as
input to the local counterThis rising transition on cnenable resets and re-activates the counfEne counter
then counts a fixed number N of clock cycles of its local @ilclock; this count determines the number of local
clock cycles (of CIkhi) for the high period of the system clock SCL.

When the count is complete, the counter assert$@&.toggle output high, which is an input to the master
controller. The master controller (on the next clock cythen deassertSCLoutlow, i.e. it generates the falling
edge of the system clock. It also deasserts the sepamagnableoutput low and sends it as input to the local
counter. This falling transition on cnenable also resets and re-activates the counfine counter then again
counts a fixed number N of clock cycles of its lo€dk_hi clock; this count determines the number of local clock
cycles (ofClk_hi) for the low period of the system clock SCL. When the counbisiplete, the counter deasserts
its SCLtoggleoutput low which is sent to the master controller. The maspatroller (on the next clock cycle)
then assertSCLout high, i.e. it generates the next rising edge of the systerkclt also asserts the separate
cnt.enableoutput high and sends it as input to the local counter, antesprocess continues.

In sum, the above scenario indicates how the cycle of “ttiamsion cnt.enablé followed by “transition on
SCLtoggle forms a loop which generates the slower system clock SCkqsul The counter is used to time the
number of local clock cycles (o@lk_hi) for the low period and high period of SCL. Hence, the SCL klperiod

is an integer multiple of the local higher speed clock.

Detailed Timing: outputs “cnenable” vs. “SCLout”. WhenSCLout makes a falling transitiongnt.enable

should make dalling transition in the same clock cyglée. concurrently. However, wheBCL out makes a
rising transition, evemvithout clock stretching, thesnt.enableshould make aising transition in the next clock
cycle or later See “Clock Stretching” below for more details.

Completing a Byte Transmissiomhe local counter also indicates when a byte transmissioariglete. This is

a useful feature, which will help you to simplify your mastentroller specification, because you do not need to
record how many bits you are sending or receiving: the sigyi@ donewill indicate when the byte is complete.
In particular, when sending an address (including the 8W Bit), sending a data byte, or receiving a data byte,
the local counter will count the appropriate number of SQicklcycles.It will then assert bytedone high in the
same local clock cycle (i.e. of CH) in which the rising transition of SCtoggle occurdor the 8th bit of any
data/address byte transaction. The bytame signal will only stay asserted high for 1 Gikclock cycle.

Completing an Entire TransactiorYou can assume that the counter is configured or hardwiretbttupe a final
“stop” signal for the transaction, when sufficient data bytave been read or written. This control is handled by



the start/stop signal. When the transmission begins, this signal is as$drigh. The signalemains highfor
the entire transaction. Finally, along with the last bytérahsmission, thetart/stop signal isdeasserted low
in the same local Clii clock cycle in whichbyte doneis asserted high (for the last time). See “Initialization”
below for further details.

Clock Stretching: For this assignment, you are to implement clock stretchargle master controller. This
feature enables a slow slave to put back-pressure on themast give it enough time to complete processing
of a particular symbol.

In particular, when the system clock SCL is low, and the nmrasttempts to assert it high (i.&CLout asserted
high), if the slave is not ready, the slave magld SCL low In this casegeven though the master has asserted
SCL_out high, the actual SCL bus value will remain lowhe actual bus value can be checked by the master
control on theSCL.in input. The master will continue to assert its SGut high. Once it detects the appropriate
release by the slave of the SCL bus, i.e. S@lappears high, the master withally assert cntenable high That

is, only after SCL is seen to go high, the master will then setmntenable output high, which as input to the
counter will reset it and activate the next counting seqeeite net result is a “stretching” of the low phase of
SCL, as long as needed by the slave unit. Hence, the staiftihg mext counting sequence is delayed until the
slave is ready.

As a consequence, the master output sig8&ls out andcnt.enablehave an asymmetric timing relation. Both
SCLout and cnt enableare deasserted low in the same local @ikcycle. Howeverwith no clock stretch-
ing, cntenableis asserted high cycle afterSCL out is asserted high. And if clock stretching has occurred,
cntenablemay be further delayed for several more local clock cycles.

SCL and SDA: Default Values.In the 12C bus, when inactive, assume both SCL and SCA artesiailh values.

Initialization: Initially, assume the master unit has not won arbitratiod eninactive. Hence, its tristate en-
ables, SCLenable and SCAnable, are initially deasserted low. Also.@rtable is initially low, and SCltoggle,
byte done andstart/stop are initially low. There may or may not be activity on the gystbus (SCLin,
SDA.IN).

Once arbitration is won, SCIn and SDAIn are available, hence stable at default 1 values. You willdeal
with how master arbitration works, but assume thatahgwin input to the local counter is asserted high for
1 cycle. The local counter theassertsstart/stop high, therebyactivating the master controllerThe master
controller, then enables its output tristate buffers aet its output signals SGhut and SDAout high. It also
asserts output cnénable high 1 cycle lateffollowing the protocol given above). At this point, the &dcounter
initiates a new counting sequence.

NOTE: For this assignment, you do not need to know about or implésyecial extended address modes, fast
modes, broadcast modes, electrical issues, error conglitiaissing responses or bus arbitration. You can read
on these topics, but just follow the more limited problemt tva are asking you to solve, assuming the valid
basic 12C protocol is observed, and there are no errorsyésailor arbitration issues.

Your Task: You are to design and simulate a single Moore controllerifipation for a master device on the 12C
bus protocol, where the master can be either a receiver ardeg&ansmitter.

First, carefully read the Handouts #29, #29a, #29b and #29well as the above given web link on the case of
giving an ACK to the slave.

Next, create a single Moore state diagram specificatiorhBFSM of the master, covering the two cases specified
above:case (i) “read” mode(i.e. slave as transmitter/sender); aade (ii) “write” mode (i.e. slave as receiver).

Your specification must handle the 12C protocol correctirédully going over this handout, #29, to make sure
you are following all assumptions and requirements cdgreas well as using #29a, #29b and #29c for fur-



ther clarification). Next, you are to model the FSM in VHDL jng a Moore FSM template in the assigned
Brown/Vranesic reading. Finally, using the Altera QuartiuSAD tool, you will simulate your VHDL specifi-
cation on sequences of input vectoBame sequences of input vectors will be provided in the resé.w

What To Turn In?: You are to turn in all documentation for your design dermatincluding the following.
Further details on testing, how to submit, etc., will be pued in a few days.
(i) The symbolic state diagram of the Moore FSM neatly harittievr and labeled;
(i) Printout of VHDL code for your FSM;
(i) Printout of waveforms that result from your simulatis;
(iv) Email attachments of (i) and (iii);

(v) A short paragraph explaning design experiences, testiethods, and challenges.



