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I*C bus in consumer applications

A. MOELANDS

Much of today’s consumer-oriented electronic equipment
contains at least one controller, usually a microcomputer,
and a number of standard and dedicated integrated circuits
for storing and displaying data, and for performing digital and
analogue circuit functions. There are, of course, many ways
of linking the internal circuit assemblies and interfacing the
peripheral ICs with the microcomputer(s), but it’s obviously
of great benefit to equipment designers and manufacturers
if the control interface is simple, standardised and facilitates
equipment upgrading or conversion to unit construction.
This is why we developed our Inter IC (12C) bus and have
included the hardware interface for it in a wide range of
ICs for applications such as tv sets, video equipment, audio
units, radios, telephones and automotive electronics.

The 12C bus is structured for economy, efficiency and
versatility. Since data throughput for control functions is
low, it transfers the control data serially in either direction
at a rate of up to 100 kbits per second. This requires only
two wires; one for the data and one for the system clock, so
few IC pins and only simple print-board wiring and inter-
board connectors are needed. Consequently, it doesn’t limit
the scale of integration per IC package and it reduces costs
and board space. Furthermore, the I2C bus is a true multi-
master bus so that control can be assumed by more than
one of the ICs connected to it. To avoid loss or corruption
of information, a unique address is allocated to each IC and
the bus protocol incorporates an arbitration procedure to
decide control priorities. When ICs with fast clocks commu-
nicate with others with slow ones, the protocol effectively
synchronises the system clock by defining the clock source.

The I2C bus supports a wide range of microcomputers
and peripheral ICs manufactured in many different semi-
conductor technologies and, since engineers and equipment
manufacturers find it a powerful tool for system design and
product development, it’s fast becoming accepted as an in-
dustry standard.

BUS REQUIREMENTS

Serial Bus Information Transfer

The transfer of digital data within the equipment should be
by way of a 2-wire serial bus which consists of a data line
and a clock line. This decreases interconnection costs be-
cause printed-circuit boards are simplified and only two
interconnection wires are required where functions are far
apart as in modular equipment. For example, when the

tuning function in a tv set is on the main pcb, and the
control function and display is on the front panel. Connec-

tor costs for inter-board links are also reduced.

Another advantage of a 2-wire serial bus is that it only
requires two pins on the IC. This leaves more pins available
for achieving a greater degree of integration within each IC
or allows package costs to be reduced by permitting the use
of smaller packages.

Bidirectional Information Transfer

The serial bus must permit bidirectional data transfer. This
requirement follows directly from the functional require-
ments of the system. For example, in a tv set, a non-volatile
memory which contains the channel numbers or preferred
analogue settings must be both read and written via the bus.

Binary Addressing of ICs

Modules or ICs must each have a unique binary address be-
cause there is no enable line in a two-wire system. This leaves
more I/O available on the controller for other purposes.

Acknowledgement of Reception

The bus system must allow the receiving device to acknow-
ledge reception of a message. This enables checks to be
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made on the transfer of data and allows a master controller
to determine the configuration of the system under control.

Multi-master Operation

It is essential for the bus system to allow multi-master op-
eration. A master device is one that can initiate a data trans-
fer, Multi-master operation allows more than one device to
assume control of the bus to start a transfer. However, an
arbitration system must be incorporated to ensure that in-
formation is not lost or corrupted when more than one
master tries to simultaneously control the bus.

With multi-master operation there is no need for a cen-
tral master (usually a microcomputer) to control all the
furictions. This means that incorporation of additional fea-
tures or conversion of the system to a modular form will
not affect the original system. The extra controls and soft-
ware are contained within an additional master-controller
which is simply clipped onto the bus.

Whereas with single-master operation the central control-
ler has to transmit data continually, the controllers in a multi-
master system need only transfer data of mutual importance.
This reduces the data carried on the bus and allows the bus
to be used more efficiently. In a multi-master system, with
its inherent distributed intelligence, real-time interrupts can
be handled locally and therefore, interrupts need not affect
the whole system.

Multi-master operation also simplifies diagnostic proce-
dures during which an additional master can be temporarily
connected to the bus to implement programming or align-
ment routines.

Low-priced Slave Interface Implementation

Another important requirement is that the bus system must
allow inexpensive hardware implementation of a slave inter-
face. A slave is a device controlled by the current master.

The cost of the hardware interface to the bus is of para-
mount importance because it applies to each IC connected
to the bus. For example, the interface should not require
an internal oscillator in the slave because it would be re-
dundant for many functions.

Standardised Protocol

The bus protocol must be standardised to allow a modular
build-up of software.

THE I2C BUS

Definition of I2C bus terminology

Transmitter — The device which sends data to the bus

I2C BUS IN CONSUMER APPLICATIONS

Receiver — The device which receives data from
the bus

Master — The device which initiates a transfer,
generates clock signals and terminates
a transfer

Slave — The device addressed by a master

Multi-master — More than one master can attempt to

control the bus at the same time with-
out corrupting the message

Arbitration — Procedure to ensure that if more than
one master simultaneously tries to con-
trol the bus, only one is allowed to do
so and the message is not corrupted.

The 12C bus meets all the previously described requirements:

— It is a 2-wire serial bus consisting of a clock and a data
line.

— It allows bidirectional data transfer.

— It is a real multi-master bus which means that more than
one device capable of controlling the bus can be connect-
ed to it. Each master generates its own clock.

— Each IC has a unique 7-bit address and can operate as a
receiver or transmitter.

— ICs can be considered as masters or slaves when perform-
ing data transfers.

— An arbitration procedure prevents corruption or loss of
data when masters are competing for use of the bus.

— The first byte of a transfer contains the 7-bit slave ad-
dress. The least significant bit of this byte is a direction
bit.

— Every byte transferred is acknowledged by the receiver.

— The slave interface implementation is simple and inex-
pensive.

— The protocol is standardised.

Another feature of the I2C bus is that any master can
operate the bus at its own speed as long as it does not ex-
ceed 100 kbits/s. Consequently the data transfers are asyn-
chronous and the clock is only generated by each master as
long as it is in control of the bus. If more than one master
attempts to gain control of the bus simultaneously, a system
clock signal is derived from the clocks of the active masters.

The input levels of the I2C bus have been designed with
a view to protecting the ICs against line transients. For ex-
ample, in a tv set, series resistors of up to 3002 can be used
to protect the ICs against high voltage spikes on the data
and clock lines due to flash-over of a television picture tube.

The maximum number of devices which can be driven
from the bus is only limited by the maximum bus capaci-
tance of 400 pF. The bus can therefore be up to 3 or 4 me-
tres long.
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General Characteristics

The serial data (SDA) and serial clock (SCL) lines are both
bidirectional. Each is connected to a positive supply voltage
via a pull-up resistor (see Fig. 1). When the bus is free, both
lines are HIGH. The output stages of ICs connected to the
bus must have an open-drain or open-collector to perform
the wired-AND function. The number of ICs than can be
connected to the bus, and its length, are solely limited by
the maximum bus capacitance of 400 pF.

Due to the variety of different technology devices (CMOS,
NMOS, bipolar) which can be connected to the I2C bus, the
levels of the logical ‘0’ (LOW) and ‘1’ (HIGH) are not fixed
but depend on the supply voltage of the ICs (see ELEC-
TRICAL SPECIFICATIONS OF INPUT AND OUTPUTS
OF I2C DEVICES). One clock pulse is generated for each
data bit transferred. Data can be transferred at up to 100
kbits/s.

Data Validity

As shown in Fig.2, the data on the SDA line must be stable
during the HIGH period of the clock. The HIGH and LOW
state of the data line can only change when the clock signal
on the SCL line is LOW (Fig. 2).

Start and Stop Conditions

As shown in Fig.3, a HIGH to LOW transition of the SDA
line while SCL is HIGH indicates a start condition. A LOW

to HIGH transition of the SDA line while SCL is HIGH is a
stop condition. Start and stop conditions are always genera-
ted by the master. The bus is considered to be busy after
the start condition. The bus is considered to be free again a
certain time after the stop condition. This bus free situation
will be described later in detail.

Devices connected to the bus can easily detect start and
stop conditions if they possess the necessary interfacing
hardware. However, microcomputers with no such interface
have to sample the SDA line at least twice per clock period
to sense the transitions.

= +Vpp
pull-up R R
resistors i P .

SDA (Serial Data Line)

SCL (Serial Clock Line)

7287023

DEVICE 1 DEVICE 2

Fig.1 Connection of devices to the 12C bus
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Fig.2 Data validity on the 12C bus
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Fig.4 Data transfer on the 12C bus
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Transferring Data

Byte Format. Every byte transferred on the SDA line must
contain 8-bits. The number of bytes that can be transmitted
per transfer is unrestricted. Each byte must be followed by
an acknowledge bit. As shown in Fig. 4, the most significant
bit (MSB) is transferred first. If a receiving device cannot re-
ceive another complete byte of data until it has performed
some other function, for example, serviced an internal in-
terrupt, it can hold clock line SCL LOW to force the trans-
mitter into a wait state. Transfer then continues when the
receiver is ready for another byte and releases clock line
SCL.

Acknowledge. The acknowledge-related clock pulse is gene-
rated by the current master. The transmitting device releas-
es the SDA line (HIGH) during the acknowledge clock pulse.
The receiving device must pull down the SDA line (LOW)
during the acknowledge clock pulse so that the SDA line is
stable LOW during this clock pulse (Fig. 5). Of course, set-
up and hold times must also be taken into account. A re-
ceiver which has been addressed is usually obliged to gene-
rate an acknowledge after each byte has been received. When
a slave receiver does not acknowledge its address, for ex-
ample if it is not able to receive because it is performing
some real-time function, the data line must be left HIGH by
the slave. The master can then generate a STOP condition
to abort the transfer.

If a slave receiver acknowledges its slave address, but
some time later in the transfer cannot receive further data
bytes, the master must again abort the transfer. This is indi-
cated by the slave not acknowledging a data byte by leaving
the data line HIGH. The master then generates the STOP
condition.

f pimtanin

1 ) -—-
DATA OUTPUT | \ |
BY TRANSMITTER ! \|
Y=
)
DATA QUTPUT 1 !
BY RECEIVER : E
t 1
1

1}
SCL FROM ! ! :

=
| B

. !
START

CONDITION clock pulse for
acknowledgement

7286887

Fig.5 Acknowledgement on the 12C bus

If a master receiver is involved in a transfer, it must sig-
nal an end of data to the slave transmitter by not acknow-
ledging the last byte from the slave transmitter. The slave
transmitter must then release the data line to allow the
master receiver to generate the stop condition.

I2C BUS IN CONSUMER APPLICATIONS

Clock Generation and Arbitration

Synchronisation. All masters generate their own clock on
the SCL line during transfer of data. Data is only valid du-
ring the clock HIGH period. A defined clock is therefore
needed to allow the bit-by-bit arbitration procedure to
take place. Clock synchronisation is performed using the
wired-AND connection of devices to the SCL LINE. As
shown in Fig. 6, a HIGH to LOW transistion on the SCL
line causes all competing devices to count off their LOW
periods and the SCL line is held low until the device with
the longest LOW period finishes its count. Devices with
shorter LOW periods remain in a HIGH wait state during
this time. When all devices concerned have counted off their
LOW periods, the clock line is released and goes HIGH.
There is then no difference between the state of the device
clocks and the state of the SCL line, and all devices start
counting their HIGH periods. The first device to complete
its HIGH period count pulls the SCL line LOW. In this way,
a synchronised SCL clock is generated, the LOW period of
which is determined by the device with the longest clock
LOW period and the HIGH period of which is determined
by the device with the shortest clock HIGH period.

start counting
wait HIGH period
state =

7287024

Fig.6 Clock synchronisation during the
arbitration procedure

Avrbitration. Arbitration ensures that a master which trans-
mits a HIGH level on the SDA line while another master
transmits a LOW level, will switch off its DATA output
stage because the level on the bus does not correspond to
its own level. Arbitration can continue during many bits.
The first stage of arbitration is the comparison of the ad-
dress bits. If the masters are addressing the same device, ar-
bitration compares the data bits. Because address and data
information is used for the arbitration, it does not delay the
transfer of information.

A master which loses the arbitration can generate clock
pulses until the end of the byte in which it lost the arbitra-
tion. If a master loses arbitration during the addressing pro-
cedure, it is possible that the winning master is trying to
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address it. The losing master must therefore switch over im-
mediately to its slave receiver mode.

Figure 7 shows the arbitration procedure for two masters.
Of course more masters may be involved. As soon as the
master generating DATA 1 generates an internal HIGH level
whilst the data on the SDA line is LOW, it switches its out-
put off so that the master generating DATA 2 wins the ar-
bitration and its output continues to be transferred on the
SDA line. Since arbitrations are decided solely on the
basis of addresses and data transmitted by competing
masters, there is no central master, or any order of priority
on the bus.

I transmitter 1 loses arbitration
DATA 1 #5DA

1286888

Fig.7 Arbitration procedure for two masters

UW_fED_/L

Use of the Clock Synchronising Mechanism as a Handshake.
In addition to being used during the arbitration procedure,
the clock synchronisation mechanism can be used to enable
receiving devices to cope with fast data transfers, either on
a byte or bit level.

On the byte level, a device may be able to receive data
bytes at a fast rate, but needs more time to store a received
byte or prepare another byte to be transmitted. Slave de-
vices can then hold the SCL line LOW, after reception and
acknowledgement of a byte, to force the master into a wait
state until the slave is ready for the next byte transfer in a
type of handshake procedure.

On the bit level, a device such as a microcomputer with-
out a hardware I2C interface on-chip can slow down the
bus clock by extending each clock LOW period. In this way,
the speed of any master is adapted to the internal operating
rate of this device.

Formats

The data transfer format is shown in Fig. 8. After the start
condition, a 7-bit slave address is transmitted and followed
by a data direction bit (R/W); a ‘0’ indicates WRITE, a ‘1’
indicates READ. A data transfer is always terminated by a
stop condition generated by the master. However, if a mas-
ter still wishes to communicate on the bus, it can generate

-
I
1
I
|
1

START ADDRESS R/W ACK
CONDITION

ACK DATA STOP
CONDITION

7ZB68RY

Fig.8 A complete data transfer

another start condition, and address another slave without
first generating a stop condition. Various combinations of

read/write formats are then possible within such a transfer.
Possible data transfer formats are:

(a) Master transmitter transmits to slave receiver. Direction is not changed.

S | SLAVE ADDRESS R/W

DATA A DATA AP

‘0" (write)

7287563

|— data transferred Q

(n bytes + acknowledge)

A = acknowledge
S = start
P = stop

218 ELECTRONIC COMPONENTS AND APPLICATIONS, VOL.5 NO.4, SEPTEMBER 1983




(b) Master reads slave immediately after first byte.

I?’C BUS IN CONSUMER APPLICATIONS

S | SLAVE ADDRESS R/W

DATA A DATA Al P

|

7287564 ‘1" (read)

At the moment of the first acknowledge, the master
transmitter becomes a master receiver and the slave receiver
becomes a slave transmitter. This acknowledge is still gene-
rated by the slave. The stop condition is generated by the
master.

(c) Combined formats.

I— data transferred —J

(n bytes + acknowledge)

S | SLAVE ADDRESS |R/W|A | DATA |A|S

SLAVE ADDRESS |R/W |A |DATA |A| P

L (n bytes J

+ ack.)
read or write

7287565

During a change of direction within a transfer, the start
condition and the slave address are both repeated, but with
the R/W bit reversed.

Notes:

1) Combined formats can be used, for example, to control
a serial memory. During the first data byte, the internal
memory location has to be written. After the start con-
dition is repeated, data can be transferred.

2) All decisions on auto-increment or decrement of pre-
viously accessed memory locations etc. are made by the
designer of the device.

3) Each byte is followed by an acknowledge as indicated by
the A blocks in the sequence.

4) I2C devices have to reset their bus logic on receipt of a
start condition such that they all anticipate the sending
of a slave address.

Addressing

The addressing procedure for the I2C bus is such that the
first byte after the start condition determines which slave
will be selected by the master. Usually, this first byte fol-
lows that start condition. The exception is the ‘general call’

I— (n bytes —l

+ ack.)

read or write direction
of transfer
may change
at this
point.

address which can address all devices. When this address is
used, all devices should, in theory, respond with an acknow-
ledge, although devices can be made to ignore this address.
The second byte of the general call address then defines the
action to be taken.

Definition of Bits in the First Byte. The first seven bits of
this byte are the slave address (Fig.9). The eighth bit (LSB
— least significant bit) determines the direction of the
message. A ‘0’ in the least significant position of the first
byte means that the master will write information to a
selected slave; a ‘1’ in this position means that the master
will read information from the slave.

When the address is sent, each device connected to the
bus compares the first 7 bits after the start condition with
its own address; if there is a match, the device considers it-
self addressed by the master as a slave receiver or slave trans-
mitter, depending on the R/W bit.

MSB LSB

R/W

slave address
7287566

Fig.9 The first byte after the start condition
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Since identical ICs may be used more than once in a sys-
tem the slave address can be made up of a fixed part and a
programmable part. The number of programmable address
bits depends on the number of pins available. For example,
if a device has 4 fixed and 3 programmable address bits, a
total of eight identical devices can be connected to the
same bus.

General call address. The general call address is used to ad-
dress every device connected to the I2C bus. However, if a
device does not need any of the data supplied within the
general call structure, it can ignore this address. If a device
does require data from a general call address, it will behave
as a slave receiver. The second and following bytes will be
acknowledged by every slave receiver capable of handling
this data. A slave which cannot process one of these bytes
must ignore it by not acknowledging. The meaning of the
general call address is always specified in the second byte
(Fig. 10).

LSB

I
olojojojojofofo|Alx|x|x|[x[x|x[x]|B[A

|— first byte | i second byte Q

(general call address) 7287567

Fig.10 Generall call address format

ELECTRICAL SPECIFICATIONS OF INPUTS
AND OUTPUTS OF I2C DEVICES

The I2C bus allows communication between devices made
in different technologies which might also use different
supply voltages. For devices operating on a supply voltage
of 5V = 10%, the input levels are:

ViLmax = 1,5 V (maximum input LOW voltage)
VIHmin = 3,0 V (minimum input HIGH voltage)

Devices operating on a supply voltage different from 5V
(e.g. bipolar), must also have these input levels.

For devices operating over a wide range of supply volt-
ages (e.g. CMOS), the input levels are:

ViLmax = 0,3 Vpp (maximum input LOW voltage)
VIHmin = 0,7 Vpp (minimum input HIGH voltage)

For both groups of devices, the maximum output LOW
level is:

VOLmax =04 V (maximum output LOW voltage
at 3 mA sink current).

Devices with fixed input levels can each have their own
power supply of 5 V + 10%. Pull-up resistors can be con-
nected to any supply as shown in Fig. 11. However, the de-
vices with input levels related to Vpp must have one com-
mon supply line to which the pull-up resistor is also con-
nected (Fig. 12).

When devices with fixed input levels are mixed with de-
vices with Vpp related levels, the latter devices must be
connected to one common supply line of 5V + 10% along
with the pull-up resistors (Fig. 13).

Vopi-q=5V+ 10%

Vb1 Vop2 Vbo3 Vbpa4
Rol | Rp NMOS NMOS NMOS NMOS
soA B | | !

SCL

TZB7568

Fig.11 Connection of fixed input level devices
to the 12C bus

VDD =Eys v

Rp Rpﬂ CMOS CMOS CMOS CMOS

SCL

7287569

Fig.12 Connection of devices with a wide supply
voltage range to the 1?C bus

Vop1 = Vpp2 = Vpp3 =
5V +10% 5V + 10% 5V + 10%
BIPOLAR
Ry RDHJ cMOS CMOS NMOS iy
sDA | 1 | L

7287570

Fig.13 Connection of a mixture of devices with fixed input
levels and devices with supply voltage related input levels to
the 12C bus
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Input levels are defined in such a way that:

— The noise margin on the LOW level is 0,1 VDD.

— The noise margin on the HIGH level is 0,2 VDD.

— Series resistors (Rg) up to 300£2 can be used for protec-
tion against high voltage spikes on the SDA and SCL line
due, for example, to flash-over of a tv picture tube
(Fig.14).

The maximum bus capacitance per wire is 400 pF. This
includes the capacitance of the wire itself and the capaci-
tance at the pins connected to it.

Vbb Vbp
12¢ 12¢
DEVICE DEVICE
5[] %]
Rs[j m“s F‘s[‘l] f]“s
SDA

SCL

7287571

«Fig.14 Series resistors for protecting ICs against
high-voltage transients
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TIMING

The clock on the I2C bus has a minimum LOW period of
4,7 us and a minimum HIGH period of 4 us. Masters can
generate a bus clock with a frequency up to 100 kHz.

All devices connected to the bus must be able to follow
transfers with frequencies up to 100 kHz, either by being
able to transmit or receive at that speed or by applying the
clock synchronisation procedure which will force the mas-
ter into a wait state and stretch the LOW periods. Of course,
in the latter case the frequency is reduced.

FURTHER INFORMATION

Further information is available in the I2C bus specification,
ordering code 9398 615 00011.
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