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1 Introduction

The main purpose of this application note is to provide the reader with a
working knowledge of the Motorola TouCAN module. A non-typical CAN
application of stereo-audio transmission is used as an example. The
Motorola MC68376 microcontroller with TouCAN is used and its QADC
and QSPI modules are demonstrated also. The source code for the
TouCAN module and all audio transfer is provided in C.

In this example, an MC68376 MCU samples the stereo audio data using
the QADC. The resultant sampled data is transmitted onto the CAN bus
by the TouCAN module and is received by a second 68376 MCU also
connected to the CAN bus. The receiving MCU uses a small internal
RAM buffer for temporary storage before outputting the audio data on
the QSPI to an external DAC for reproduction of the analogue signal.
The MCUs use the queuing mechanism of the QADC and QSPI to
minimize CPU overhead.
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3 Summary of CAN

3.1 The
Physical Layer

AN1776

The Controller Area Network (CAN) was originally developed by BOSCH
Gmbh as a serial communications protocol to pass information between
controllers on an automotive network and thus reduce the growing
complexity of the wiring harness on modern car design. The protocol had
to include prioritization of messages, flexible configuration, multicast
reception, multiple bus masters, error detection, fault confinement and
automatic retransmission.

Over recent years there has been a steady growth in the number of
applications using the CAN interface. It is already widely used in the
Automotive industry in Europe and increasingly in the USA. In
automotive electronics, engine control units, anti-lock braking and
sensors may be connected using a high-speed CAN bus with bit-rates
up to 1 Mbit/s whereas electric windows and vehicle lighting may be
connected to a low speed bus with data transmission rates of between
10 to 100 kbit/s. Other applications include industrial and nautical
equipment, medical apparatus, elevator controls and even entire
manufacturing plants may interface intelligent control systems
communicating in real time using CAN networks.

The original CAN specification provided 11 identifier (ID) bits. The
updated CAN specification provides for either 11 ID bits or for a larger
identifier range using 29 bits. The 11-bit ID format is referred to as the
standard format and is governed by the CAN standard 1.2/2.0A, whilst
the 29-bit ID is referred to as the extended format. CAN standard 2.0B
caters for both 11 and 29-bit ID’s. The majority of current applications
use the standard 11-bit identifier as it has greater throughput i.e. the
smaller ID field is less of an overhead than a 29-bit field. See reference
#1 for the full CAN specification.

The physical layer covers the transfer of the data between the different
nodes on the CAN network and all electrical properties. The actual
physical interface is not described within the CAN specification but
usually consists of a two-wire differential bus with each signal
designated CANL and CANH. The ‘off’ state of the bus is called
recessive and the ‘on’ state is dominant. The physical interface is
designed so that more than one node may drive the bus at any one
instant without damage. If both dominant and recessive bits are
transmitted onto the bus together, the resulting bus state will be
dominant. Using a wired-AND implementation as an example, logic “0”
would be dominant and logic “1” would be recessive and the bus state
would be 0 if any input was O.
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A data frame is a regular message frame that carries data from the
transmitter to the receivers. Under normal operating conditions, the data
frame is the predominant, or only, frame on the bus and is described in
more detail. A data frame consists of several fields as shown below.

Data and remote frames are issued by the CAN controller after
instruction by the CPU whereas error and overload frames are usually
issued automatically by the CAN controller independently of the CPU.

Interframe Interframe
space >l Data Frame » Space

A

Start of Frame

(1 bit) | Control Field CRC Field
(6 bits) (16 bits) (E7”Sn°sf) Frame
Arbitration Field Data Field i
(Extended - 32 bits) (0-8 bytes) A&Kbﬁls?)ld

(Standard - 12 bits)

Figure 1 CAN Data Frame

start of frame — a single dominant start bit indicates the start of a
message from one or more nodes.

arbitration field — this contains the message ID plus the RTR bit. An
11-bit ID is used for standard format and 29 bits for extended format as
shown in Figure 2. The extended format additionally contains the SRR
and IDE bits. The ID is usually used to assign the message type i.e. air
temperature, engine speed, audio left, etc. and not the destination
address, however this is specified by the system designer. The ID is also
used to assign priority to messages — priority is discussed in more detail
in the section on arbitration. The RTR bit (Remote Transmission
Request) specifies whether the frame is a data frame or a remote frame.
The IDE bit (Identifier Extension indicates 11-bit or 29-bit identifier) and
SRR (Substitute Remote Request) are transmitted recessive for an
extended format frame.

control field — this field contains a 4-bit data length code (DLC) plus
two reserved bits. The DLC specifies how many bytes of data are
contained within the data frame and 0 to 8 bytes are allowed. Codes for
9 to 15 are not permitted.

data field — the data consists of between 0 to 8 bytes and can vary in
length i.e. air temperature may consist of two data bytes, whereas audio
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* STANDARD ID Arbitration field Control Field
Interframe __p. - > > Data Field
space
LL i [l (1] .
o) ID (11bits) ~ |a [2] DLC (@4bits)
0 x |—=
« EXTENDED ID Control Field Data
TR ontrol Fie ;
Isr?:)tg(r:ferame B Arbitration field e ole Field
L o4 @
S| D (ubits) | ol  p@sbits)  |ER R [DLC (4bits)

SOF: Start Of Frame
ID: Identifier
RTR: Remote Transmission Request
rl, rO: reserved bits
DLC: Data Length Code
IDE: Std or Extd. ID (CAN 2.0 B only)
SRR: Replacement of RTR on Std. format (CAN 2.0B)

Figure 2 Standard vs Extended Arbitration Fields

There are certain rules that all nodes must adhere to in keeping with the
CAN protocol standard. These include bit stuffing, cyclic redundancy
check, frame checks and the acknowledgment process. Bit stuffing
ensures that sufficient edges are generated for synchronization since
NRZ (non-return-to-zero) coding is used — after five consecutive equal
bits, an additional complementary bit is added, or stuffed, by the
transmitter. To enforce these rules all nodes must monitor the bus. This
means that all active nodes on the network, receivers and transmitters
alike, will monitor every bit of each message for proper conformance to
the CAN protocol. As soon as violation is detected by any node then
those nodes will transmit an error frame which consists of six
consecutive dominant bits (except in the case of error passive nodes
which transmit a recessive error frame — see Section 3.4 Errors and
Fault Confinement). Since this violates the law of bit stuffing, it acts as a
message to all other nodes that the current message is corrupt and
transmission should be aborted.

This monitoring of bits by the transmitter serves another purpose i.e.
arbitration. Since several nodes may commence transmission at the
same time, each message’s unique ID within the arbitration field is used
to determine who wins control of the bus. The process is as follows: two
or more nodes transmit a dominant start bit at the same time and both
successfully monitor the correct state on the bus. They then commence
transmission of the 12 (or 32) arbitration bits until at some point one node
transmits a dominant and the other transmits a recessive. Due to the
nature of the physical interface, the dominant bit prevails and so the
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Summary of CAN
Bit Timing

communication, it indicates this by transmitting an ERROR ACTIVE
FLAG which consists of 6 dominant bits and therefor blocks the current
transmission.

error passive — this state occurs when either of the counters increment
past 127 and indicates that there is an abnormal level of errors at this
node. The node still participates in transmission and reception, but is
forced to wait slightly longer after a message transmission before it can
initiate a new message transfer of its own. This extra delay for the error
passive node is known as suspend transmission and is accomplished by
having the node send an additional 8 recessive bits at the end of its
frame. This means that an error passive node loses arbitration to any
error active node regardless of the priority of their IDs. When an error
passive node detects an error during communication it indicates this by
transmitting an ERROR PASSIVE FLAG. This consists of 6 recessive
bits which will not disrupt the current transmission (assuming another
node is the transmitter) if the error turns out to be local to the error
passive node.

bus off — this state occurs when the transmit error count reaches 256.
This indicates that the node has experienced consistent errors whilst
transmitting. In this state, the node switches off its bus drivers and no
longer influences the bus. The node will eventually be re-enabled for
transmission and become error-active after it has detected 128
occurrences of 11 consecutive recessive bits on the bus which indicate
periods of bus inactivity.

Nodes connected to the CAN bus use a high frequency clock and a
prescaler of at least 5 bits which allows division of this clock by a range
of at least 1 to 32. The period of this resulting lower frequency clock is a
time quantum and this is the basic unit of measurement for the CAN bit
timing. The transmission period of the node will be a multiple of these
time quanta.

Referring to Figure 3, each bit on the CAN bus is composed of four time
segments as follows:

synchronisation segment — this has a fixed size of one time quanta
and the bit edge is expected to lie within this segment. Each node
synchronizes to the transmitting node by ensuring that the first edge of
a message lies within this segment. Further resynchronizations are
performed on subsequent edges within the message.

propagation segment — this is programmable between 1 and 8 time
guanta and compensates for delays on the CAN network. Its value must
be at least twice the maximum time the signal takes to propagate
between any two nodes on the system, i.e.

For More Information On This Product, 10
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nominal bit time

-R\W -—— | — +RIJW

sync. prop. seg. phase seg. 1 phase seg. 2
1 1.8 1.8 max(IP, psegl)

bAoA

// sampling point

3 sample mode only

Figure 3 Can Bit Timing

Motorola currently offer three different CAN modules to support CAN on
each of their 8, 16 and 32-bit microcontroller families i.e. MCAN, MSCAN
and TouCAN.

MCAN provides the lowest performance / highest CPU overhead of the
three and is available on the HCO5 family. One Tx and two Rx buffers
are provided.

MSCAN has a higher level of integration and provides three Tx buffers
and two Rx buffers. This module is available as two slightly different
versions for the HC08 and HC12 families. The MSCAN12 version has 2
x 32-bit filtering which is double that of the MSCANOS.

TouCAN offers the highest performance and is currently available on the
HC16, 683xx and PowerPC MPC500 families. It provides 16 message
buffers each configurable as Rx or Tx and 3 x 32-bit filter masks. The
TouCAN operation is covered in more detail in Section 4.9.

For More Information On This Product, 12
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MC68376 Overview
7.5K SRAM

There are two RAM blocks — a 4K byte block of SRAM for general
purpose use plus a 3.5K byte block for either general use or TPU
microcode emulation. The internal SRAM is sufficient for our application,
S0 no additional external memory is required.

8K bytes of masked ROM available for high volume users. In most
applications this is used for initialization and start up routines.

The TPU is essentially an internal co-processor with sixteen dedicated
input/output channels for control of timer based functions. This module is
very useful in engine management and motor control applications but can
be put to many other general purpose uses i.e. additional SCI (UART)
ports or PWM channels. The TPU is not required in our application.

The configurable timer module with two 16-bit modulus counters, 16-bit
free running counter, four double action submodules and four pulse
width modulation submodules provides additional timer / counter
functionality. The CTM is not required in our application.

The System Integration Module includes the external bus interface, 12
chip selects, system protection block with software watchdog, periodic
interrupt timer, bus monitor and the PLL generated system clock.

The TouCAN module is a communication controller that implements the
CAN protocol up to maximum possible CAN transfer rates of 1Mbit/s.
Both standard (11-bit identifier) and extended (29-bit identifier) message
formats are supported as specified in CAN protocol specification 2.0B.
The TouCAN module includes the following features:

* 16 message buffers for receiving or transmitting data frames.
* Programmable bit rate up to 1Mbit/s.

» 2 serial message buffers for double buffering of both received and
transmitted data.

* 16-bit free-running timer provides time-stamp.
e Supports CAN 2.0B — both standard and extended ID formats.

» CPU overhead reduced by implementing local ID fields within
each message buffer plus ID bit masking using one of three 32-bit
mask registers.

* Automatic reply mechanism available for remote request frames.
* 19 maskable interrupt sources.
* Low power sleep mode with wake-up mechanism.

For More Information On This Product, 14
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(1000) by the CPU. Once all TouCAN registers have been initialized and
the message buffers have their data and ID fields configured, the code
may be set to active receiver (0100) or active transmitter (1100 and RTR
= 0) or alternatively one of the remote modes may be selected for
transmission. The remote modes are remote transmission request (1100
and RTR = 1) which means the buffer transmits an ID only as a request
for data, and remote response (1010) which is the code to transmit data
only on reception of a matching ID from an RTR frame. After
transmission or reception of data on the CAN bus, the TouCAN will
update the MBs code field and its corresponding bit in the IFLAG register
will be set.

Reading the control/status word on a receive MB will lock that MB so that
its entire contents may be read without a serial message buffer
overwriting any of the data. The MB is unlocked by reading the
control/status word of another MB or by reading the 16-bit timer. When
polling a MB for completion of data transfer, the IFLAG register should
be used and not the code field within the MBs CONTROL/STATUS
register as this could lock the MB and prevent a message from being
transferred.

The length field specifies how many data bytes are contained within the
message — zero to eight. On transmit buffers the CPU writes this value,
whereas on receive buffers the TouCAN copies this field from the DLC
field within the CAN message.

During reception or transmission of data, the time stamp is captured
when the ID field appears on the CAN bus. The captured time stamp
value is transferred from the TouCAN’s free-running counter to the
relevant MB only when the entire message frame has been successfully
transferred. If standard format is used, all 16-bits of the time stamp are
used, but for extended format only the upper 8-bits of the timer are used.

The ID_HIGH and ID_LOW registers contain the arbitration field just as
it appears on the CAN bus, i.e. the SRR, IDE and RTR bits are
embedded within the 11 or 29-bit ID. This is why the layout of the bits is
slightly different for the standard and extended formats. The user must
be careful when writing these registers that the ID value is as intended.
The RTR, IDE and SRR bits are as specified in the CAN specification i.e.
RTR is set to 1 for remote frame request, IDE is set to 1 for extended
format and SRR in extended format should always be set to 1.

The MBs data registers contain up to eight bytes of data as specified by
the length field. As with the length field, these registers are written by the
CPU and transferred by the TouCAN on transmit buffers, but are written
as received from the CAN bus in receive buffers.

For More Information On This Product, 16
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There are some restrictions that must be observed when setting the
TouCAN bit timing. If the S-clock is equal to Fsys, i.e. PRESDIV =0, then
PSEG2[2:0] must be set to at least 2, otherwise PSEG2[2:0] must be at
least 1. The bit time should be at least 9 system clocks in length to
guarantee correct operation. This should not pose any problems as in
most cases the system clock will be at least 16MHz which means there
will always be more than 9 system clocks per bit time since maximum bit
rate is 1Mbit/s.

RXMODE[1:0] and TXMODE[1:0] in the CANCTRLO register allow the

receive and transmit pins to be configured independently of each other.
On the 68376, only the CANRXO pin is available so the RXMODEL1 bit is
not used. Clearing RXMODEQO defines a logic ‘0’ on the CANRXO pin as
dominant, which will be the case when using most CAN transceiver ICs.
However, on custom designed CAN bus interface circuits, either setting
is possible.

On the 68376, only the CANTXO pin is available and the following
settings are possible for TXMODE[1:0]:

00 - drives ‘0’ for dominant and ‘1’ for recessive.
01 - drives ‘1’ for dominant and ‘0’ for recessive.
X - drives ‘1’ for dominant and open drain for recessive.

The usual setting when using standard transceiver ICs is 00.

The TouCAN has 19 sources of interrupt, one for each of the 16 MBs,
bus off, error and wake up interrupts, and are enabled by setting the
relevant bits in the CANMCR (WAKEMSK), CANCTRLO (BOFFMSK and
ERRMSK) and IMASK registers. Each of these sources have individual
enable bits and status flags but share common interrupt arbitration and
request levels.

The interrupt mechanism for the TouCAN is similar to other IMB modules
on the 683xx family. The interrupt arbitration field (IARB[3:0] within
CANMCR) may take on values 0 through 15 and is reset to 0. A non-zero
value must be assigned otherwise the CPU will process a spurious
interrupt.

The interrupt priority level is set using ILCAN[2:0]. O disables all TouCAN
interrupts, while 7 is the highest priority. The IP field within the CPU
status register must be set to a value lower than the ILCAN to enable
interrupts of this level. The CPU32 allows nested interrupts — the current

For More Information On This Product, 18
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As described in Section 3.4, fault confinement on the CAN bus is
achieved using two 8-bit error counters. On the TouCAN, these are the
RXECTR and the TXECTR registers. These error counters are
automatically increased by the TouCAN by 1 or 8 on detection of Rx or
Tx errors and decrement by 1 on completion of successful reception or
transmission. As described in Section 3, the node status changes from
error active to error passive if either counter exceeds 127 and changes
to bus off status if the Tx error counter reaches 256. The status of the
node is indicated in the FCS[1:0] bits in the ESTAT register and
generation of interrupts may be enabled after detection of an error or a
transition to bus off state. The ESTAT register also sets either of two
warning flags, TXWARN or RXWARN, if either of the error counters
exceed 96 as this indicates a heavily disturbed bus.

After the TouCAN is reset (power-up, hard reset or soft reset), all of its
control registers default to their reset state but the message buffers are
not initialized. The TouCAN module will not attempt to communicate with
the CAN bus at this stage as its HALT bit within the CANMCR register is
set allowing the CPU access to all TouCAN registers. A typical
initialization procedure is as follows:

1. Initialize pin configuration and bit timings using the following
registers:
CANCTRLO: RXMODE [1:0], TXMODE[1:0] — define dominant
and recessive levels and select CMOS or open drain drive.
CANCTRL1: SAMP, PROPSEG[2:0] — select 1 or 3 samples per
bit and a propagation delay of between 1 & 8 time quanta.
PRESDIV - select how many CPU clocks (1-256) make up one
TouCAN time quanta.
CANCTRLZ2: RJWI[1:0], PSEGL1[2:0], PSEG2[2:0] — select phase
segment delays between 1 & 8 time quanta and re-synchronize
with up to 4 time quanta. Adhere to rules in bit timing section.

2. Make all 16 message buffers inactive by writing their control field to
0000. The MBs may be activated for Rx/Tx now so they will begin
the arbitration process immediately the TouCAN has synchronized
with the CAN bus (after step 6) or can be left inactive until the CPU
is ready for communication. In either case, the following steps are
taken to activate the MB for communication when required:
Initialize the ID fields of required MBs by writing the ID_HIGH and
ID_LOW registers to the necessary values, taking care to embed
the SRR, IDE and RTR bits within the 11 or 29-bit identifier. If the
MB is to be used for transmit, write the data bytes and length field.
Finally, rewrite the control field to make the MBs active Rx (0100)
or active Tx (1100), or use one of the remote codes for remote
frame set-up.

For More Information On This Product, 20
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A system for transmitting stereo audio over the CAN bus using TouCAN
is described. The system makes extensive use of the Motorola 68376
microcontroller which combines TouCAN, QADC, QSPI, 7.5K bytes
SRAM, CPU32, SIM and other additional modules which are not used in
this system i.e. ROM and timers.

The audio input node consists of a stereo input jack for audio input,
typically from a personal CD player which connects to two of the QADC
analogue input pins. The QADC samples at approximately 60kHz i.e.
30kHz per channel, and the data is passed to the TouCAN which
transmits it over the CAN bus via an external transceiver IC.

The audio output node also uses a 68376 with TOuCAN receiving the
audio data via the CAN bus. The 68376 uses internal SRAM to buffer the
incoming data before outputting it on the QSPI to an external serial DAC.
The DAC provides two low power output audio signals which are
capable of driving a pair of amplified speakers. The hardware design is
described in full in Section 6.

CAN BUS

CANH
~...000011101011010011101110... CANL
CANH CANL CANH CANL
TRANSCEIVER TRANSCEIVER
CANRX CANTX CANRX CANTX
TOUCAN TOUCAN
'y
MC68316 ' MC68316
QADC QSPI

0
AN

ATV ATNY. A
VEVAV. VARV,

LEFT RIGHT LEFT RIGHT

Figure 5 Input and Output Nodes Connected to CAN Bus
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retransmitted in the event of an error. Because of these reasons, we will
reserve 90% of the available bandwidth for audio transmission. A simple
calculation yields maximum sampling rate for each audio channel as
follows:

available CAN bandwidth
(2 channels) « (# bitsin sample)

max. sampling frequency =

using 10-bit QADC ~ _ 530000+ 0.90 _ 54y 15
resolution (60dB SNR) 2+ 10

A sampling rate of 24kHz will capture audio frequencies up to a
maximum of 12kHz and is insufficient for good quality playback. We can
consider several options which would allow us to increase the sampling
rate:

I) combine the stereo inputs into a single mono signal,

i) use data compression techniques to mathematically compress the
data, or

iii) reduce the resolution of the analogue samples.

Option i) is not suitable since our original requirement was for quality
stereo reproduction. Option ii) is a viable solution but would put
additional loading on the CPU. In our system where the transfer of audio
data is the sole task of the CPU, this would probably be acceptable, but
on other systems where additional tasks may be running, the loading on
the CPU may not be acceptable. Besides, digital data compression
techniques are out-with the scope of this note. Option iii) is possible —
the noise levels introduced using 8-bit sampling still give acceptable
audio reproduction. Also, 8-bit data is more suited to the data byte
orientation of CAN.

Re-applying our sampling rate calculation with 8-bit quantization gives:

max. sampling freq. using _ 530000+ 0.90 _ 29.8kHz
8-bit resolution (48dB SNR) 28 '

Our system frequency is not critical and 20MHz has been selected for
simplicity. The 68376 is currently available up to 25MHz but this is not
required as CAN bandwidth is our limitation, not processing power. The
QADC conversion times are based on the QCLK which in turn is derived
from the system clock. The minimum QADC conversion time of 18
QCLKs will be used. The prescaler for our QADC clock can now be
calculated to give the 29.8kHz sampling rate:

_ Fsvs
QADC prescalar = (Samp. freg. * 2)  Conversion clocks

For More Information On This Product, 24
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If the sampling frequency is less than double, as shown in Figure 7b, the
reproduced signal at the first harmonic will overlap the original signal and
the resulting distortion is called aliasing. To avoid aliasing, the sampling
frequency should be increased. If this is not possible, a low pass filter
must be used to remove some of the high frequency data within the input
signal, as shown in Figure 7c. An expensive LP filter with sharp roll-off
allows cut-off frequencies at half Fs. Inexpensive LP filters with gentle
roll-off requires the cut-off frequency to be lower, thus even more of the
original signal is lost. A trade off between price and quality must be
made.

In our system, the input signal from a CD will have 20kHz bandwidth.
Sampling at 29.2kHz means that aliasing will exist without the use of an

For More Information On This Product, 26
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Figure 8 QADC Continuous Sampling Operation

By assigning five of the available sixteen TouCAN message buffers to
transmit audio, each with eight data bytes, we can match the 40 bytes
from the QADC to the TouCAN data buffer size. The first eight bytes of
data will be transmitted from message buffer 0 and the last eight from
message buffer 4. Setting the TouCAN to transmit lowest numbered
buffer first, rather than lowest ID first (LBUF bit in CANCTRL1), we are
assured proper ordering of our sampled data. Once the QADC has
completed the conversion queue, all 40 bytes will be transferred to the
TouCAN and the five message buffers enabled together. The TouCAN
will then commence arbitration for the bus for each of the five messages
in turn and requires no further action from the CPU until all five
messages, i.e. 40 bytes, have been transferred. The TouCAN setup is
detailed in the software section.

As discussed previously, not all of the available CAN bandwidth will be
used. This means that on average the CAN will transmit the data faster
than the QADC can deliver it. In theory this means that the TouCAN
message buffers will always be empty by the time the QADC has
completed its queue, allowing the QADC ISR to transfer all 40 data bytes
directly from its result queue to the TouCAN. In practice, there may be
brief periods of heavy CAN bus activity, either from additional CAN
transmitter nodes or due to retransmission of an error-induced message
from our own transmitter.

To compensate for brief periods of additional activity, we shall use a
small buffer in RAM which may be used as a temporary store for data
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Figure 9 Additional Loading on the CAN Bus

The flowcharts for the QADC and TouCAN ISRs are shown in Figure 10

and Figure 11 respectively. The control of data flow from QADC into

either TouCAN or RAM buffer is handled by two flags — CAN_BUSY and
RAM_FULL as shown. These two routines must be mutually exclusive
and this is easily accomplished by assigning both ISRs the same
interrupt request level. The TouCAN interrupt should be triggered when
all five message buffers are empty, so only the last message buffer, MB4
will be used for interrupt generation.
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These two ISRs, along with the QADC’s queued mechanism and the
TouCAN'’s multiple message buffer structure, completely handle the
audio input function of sampling the dual analogue audio wave-forms to
transmitting the numerical representation onto the CAN bus. This means
that this function is fully interrupt driven and in our system, the main
audio input routine becomes a ‘do-nothing’ loop after performing
initialization. In other systems this is significant if audio transfer has to be
performed as a background task.

The node at the audio output has to receive all data on the CAN bus and
filter off non-audio information. It must then separate left and right
channel information and reproduce the original stereo audio signals.

To generate the analogue wave-form, an external DAC (Digital to
Analogue Converter) IC will be interfaced to the 68376. Serial input
DACs are abundant and are less expensive and come in smaller pin
packages than a corresponding parallel input DAC. The QSPI offers an
ideal interface for a serial DAC and may be configured for most, if not all
available. Our selection criteria for a DAC is as follows:

» serial interface for QSPI connection
» dual channel to reproduce left and right stereo

* minimum 8-bit resolution — our system currently uses 8-bit
sampling, but all 10-bits of the QADC resolution may be
implemented in a future revision if CAN bandwidth is better
utilized, i.e. by making use of data compression techniques.

* single +5 volt supply

» voltage output drive capable of driving a pair of amplified
multimedia speakers
The MAX549 DAC was considered. This is a low cost, dual 8-bit, voltage
output, serial input device in 8-pin DIP package. The drawback with this
device is its high output impedance and limited 8-bit resolution.

The AD1866 DAC is a more expensive device and comes in a 16-pin
package but offers all the features required. It is a dual 16-bit, voltage
output, serial input device running from a single +5 volt supply. In
addition, this DAC is intended for audio applications and has the
advantage of offering audio compatible outputs i.e. £ 1 volt up to £ 1mA.
This DAC is the one chosen for our application and is examined in more
detail in the hardware sections later.

This device requires the serial input to be supplied as a 16-bit serial
stream with two’s compliment, MSB first format. The QADC offers the
digital conversions in three formats — the Left Justified, Signed Result
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Figure 12 QSPI Serial Data Transfer
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This setup is performed in function aout_SPI_init in file aout.c in the
software section.

Once all 16 command entries in the queue have been executed, the
QSPI Finished Flag, SPIF, is asserted. In wrap-around mode, the next
data word at the start of the queue is latched into the shift register for
transmission almost immediately after the SPIF flag is asserted. For this
reason, we cannot simply wait for SPIF then reload 16 new data entries
as the QSPI would already have latched old data for transmission from
the first word in the queue. The SPIF flag is more suited to serial
reception of data when used in wrap-around mode rather than
transmission.

To get around this issue, we will load data into the queue in two halves.
Referring to Figure 13, when the queue pointer passes the mid-point of
the table, i.e. the first eight queued words have been transmitted
(CPTQP =7), the CPU will load eight new data words to the top of the
gueue. When the QSPI transmits the last word in the queue and SPIF
triggers, the CPU will load eight new data words to the bottom of the
gueue. This two stage loading mechanism allows the QSPI to run
continuously since data will be loaded into the queue approximately
eight transmit periods before they are due to be transmitted. The CPU
latency time after CPTQP = 7 and SPIF is eight transmit times at
58.4kHz per word i.e.

8

CPU latency for QSPI load = 8400

= 137us

Since only SPIF can generate an interrupt and not CPTQP =7, we shall
not use interrupts for the QSPI. Instead we shall poll for both of these

conditions before loading new data into the QSPI transmit data queue.
In another system where polling was not possible, SPIF interrupts could
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instances. For this reason, MB6 ISR must move the eight data bytes into
a temporary RAM buffer. The source code for this ISR is listed in
aout_MB6_ISR in file aout.c and is further explained in the software
section.

CTOUCAN MB6 RX ISR)

READ CONTROL
TO LOCK MB6

MOVE 8 BYTES
TOUCAN->RAM

I
SERVICE INTERRUPT
FLAG [6] =0

READ TIMER TO
UNLOCK MB6

RTI
Figure 14 TouCAN Rx ISR Flowchart

Since two micro-processors using separate crystal oscillators are used,
it is unavoidable that the data output rate will differ slightly from the input
sampling rate. Although this slight difference in speed cannot be
detected by ear, it will result in gaps in the audio sound that will be
audible. If the output rate is slower than the input, then the RAM buffer
between TouCAN and QSPI will eventually fill. When this happens, the
newly received data must be discarded as there is nowhere to store it.
Since the CAN message consists of eight data bytes, data will be lost in
blocks of eight bytes at a time. This is equivalent to an audio
transmission of 137 ps. By discarding this data, the output buffer will
recover for a short period then overflow again. Similarly, if the output rate
is faster than the input, there will be periods when the QSPI data queue
has not been updated with fresh data. Since the QSPI is running in
wrap-around mode, it will continue to output data regardless and so will
repeat previously transmitted data.

Typical crystal accuracy’s are in the region of £ 30 ppm. In addition,
many 68376 systems make use of the internal PLL (phase-locked loop).
The long term clock jitter of the resulting clock generated by the 68376
PLL is listed as 0.0625% with ‘long term’ defined as 500 pus. In practice
the resulting clock will be much more accurate than this figure, but we
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‘data-in’ pointer. The CPU will then transfer them into the top or bottom
half of the QSPI data queue.
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data
17 © " data

8 DATA data
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IN BUFFER
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- _ data_ _ _ _. MID POINT
TOUCAN | data
0

UPPER LIMIT

Figure 15 Audio Output Data Buffer

The function of the QSPI control loop is to move data from the RAM
buffer to the QSPI and monitor the amount of data within the circular
buffer i.e. the distance between the data-in and data-out pointer. The
QSPI output rate will then be adjusted so that the amount of data in the
buffer is less than an upper limit to avoid having to discard data from the
TouCAN, but greater than a lower limit to avoid QSPI being starved of
data. An algorithm will be used where three possible QSPI data rates
may be selected as follows:

NORMAL — the nominal QSPI speed will be that previously calculated
i.e. 342 system clock periods. This will be selected when the circular
buffer data size reaches mid-way.

FAST — the fast speed will be selected when the circular buffer data size
is greater than the upper limit to allow the QSPI to empty the data at a
more rapid rate and will be 341 system clocks.
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0.5 « 800 bytes
58.4K bytes/se 0.3%

Therefor choosing a buffer size of 800 bytes can cause the QSPI output
rate to alter as often as every 2.3 seconds. A smaller buffer may be used
i.e. a buffer of 96 bytes would still allow buffering of up to + 6 data frames
of 8 bytes each. On our system using a 68376 with 7.5K bytes of RAM,
800 bytes is not a problem.

= 2.3 seconds

It is not possible to adjust the QSPI output rate at any time. The DSCKL
field is within the SPCR1 register which cannot be altered while the QSPI
is running or operation will be disrupted. Our algorithm for altering speed
will involve the following steps:

i) clear WREN bit in SPCR2 to disable wrap-around mode so that
QSPI output ceases once last word in queue is sent

i) wait for transmission of last word by monitoring SPIF in the SPSR
(QSPI status register).

iii) re-enable wrap around mode by setting WREN bit.

Iv) write new value to DSCKL and start continuous transmission by
setting SPE, both within SPCR1 register.

These steps must be completed as quickly as possible so that no
interruption in audio output is detected. In our software the QSPI is
paused only for two or three instructions i.e. approximately one
micro-second thus the change over is almost unobservable.

The QSPI updating mechanism is shown in Figure 16 and is coded in file
aout.c.
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6 Hardware Design

The audio hardware consists of biasing and filtering of the analogue
audio signal from the audio input (i.e. CD) to the QADC and on the output
node, a DAC interface from the QSPI to a set of amplified speakers. The
CAN hardware consists of a CAN transceiver IC on both nodes and bus
termination resistors at either end of the transmission line.

Audio Input Node

: MC68376 :
1 1
1 _ o TRANS- 1
—:—» BIASING > QADC | [ TOUCAN [*—>| ~r\ver .
: ' CAN
fe e mc e e mm e e —m e — e ————————— . BUS
Audio Output Node
: MC68376 :
1 1
1 TRANS- o _ 1
. CEIVER [ TOUCAN QSPI = DAC —:—»
CAN 1 I SPEAKERS
BUS ! = !
Figure 17 Hardware Circuitry
AN1776
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The second stage of the audio input circuit comprising R3 and C2 is a
low pass circuit as recommended for the QADC analogue pins. This low
pass filter is designed to filter out any high frequency noise from external
digital circuitry or clocks. This particular circuit uses smaller values for R
and C than is usually recommended so that cutoff frequency is high
enough to prevent attenuation in the audio frequency band. Using R3 =
100Q and C2 = 0.01pF results in a cutoff frequency of 160 kHz which is
high enough to pass upper audio band of 20kHz, yet low enough to filter
most of the digital noise which on our system will be around 20 MHz from
the system clock.

With £ 0.7V input centered at Vdd/2, the signal range into the PQAO and
PQAL pins will be from 1.8 to 3.2 volts. To achieve full-scale, full-range
results from the QADC, this input range should match the reference
voltage range on the VRL / VRH pins. We can do this using one of two
methods:

1. amplify the input voltage range by a factor of approximately three
so the input range is almost 5 volts, or

2. set VRL and VRH to match the audio input voltage range.

Both these methods have their relative merits. The first requires
additional circuitry i.e. non-inverting amplifier, but would help reduce the
error due to noise assuming we could amplify the audio signal before
injection of noise from the digital circuitry. The second method requires
simple circuitry, i.e. only a simple potential divider circuit to bias VRH
and VRL. The disadvantage here is that VRH and VRL are below the
minimum specified reference voltage differential range for the QADC i.e.
4.5 volts. The QADC will still function using our reduced reference
voltage range, but full accuracy is not guaranteed over the smaller
range.

To simplify hardware design we will choose option 2) and reduce the
Vreg differential range to match the audio input range. Any loss of
accuracy in the analogue conversions caused by the QADC operating
outside its guaranteed range is not critical in an audio system, especially
not ours where we have discarded the two LSBs of the conversion.
Choosing values of 100Q, 120Q and 100Q for R7, R8 and R9
respectively gives VRL of 1.56V and VRH of 3.44V which sets the QADC
close to full scale over the non-amplified audio input voltage range.
Finally, C5 and C6 provide capacitive bypassing to help reduce noise on
the analogue supply and A/D reference voltage.
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Figure 20 Audio Output Data Transfer

6.2.2 Analogue The left and right audio analogue signals are driven from VOL and VOR

Signals respectively. VBL and VBR supply a dc bias equal to the center of the
output voltage swing providing dc coupling to a pair of amplified
speakers. Simple first order low pass filters comprising R10/C7 and
R11/C8 with a cut-off frequency of 38 kHz is all that is required to refine
the quantized edges — the high frequency harmonics of the sampled
signal are outwith the human hearing range anyway. The output voltage
range from the DAC is £ 1 volt and will directly drive a pair of amplified
personal CD or multimedia speakers with input impedance above 1kQ.

The AD1866 has two separate power supplies to limit the effect of digital
noise on the analogue signals. VL and DGND are connected to the
digital supply and VS and AGND should be connected to a separate
power supply if available. If no separate analogue supply is available
then a good PCB layout would provide separate traces from the main
power input to the digital and analogue portions of the circuitry.

Finally, capacitors C9 and C10 reduce the output noise contributed by
the DAC's internal voltage reference circuitry.
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This section describes the software required for the TouCAN, QADC and
QSPI set-up for control of the audio transfer described previously and
includes source code in C. The software comprises three C source code
files plus three header files. General MCU initialisation is not provided —
it is assumed that the system clock has been set to 20MHz and the
internal software watchdog has been disabled.

ain.c — this is the code which will run on the audio input node and
provides functionality to sample audio into the system using two QADC
channels and transfer the data out on the CAN bus.

aout.c — code for the audio output node will receive data from the CAN,
buffer it in SRAM and then transfer it on the QSPI to an external DAC
where it may be replayed on a pair of amplified speakers.

toucan.c — this file contains functions that are common to both audio
input and output nodes and will be included in the linking process for
both object files.

audio.h — general defines for constants in ain.c and aout.c.

regs.h — this header file contains the declarations for the subset of
68376 registers used plus type definitions.

toucanl.h — constants and bit field definitions used in the toucan.c file.

There are four generic routines in the file ‘toucan.c’ — three provide basic
TouCAN functionality and one allows alteration of the interrupt mask in
the CPU status register. These functions are common to both the audio
input and audio output nodes and will be linked with ain.c and aout.c
respectively to form object files for the input and output nodes. The
functions are as follows:

All general TouCAN initialization is performed by writing to the
CANMCR, CANCTRLO, CANCTRL1, PRESDIV, CANCTRLZ2 and
CANICR registers. The TouCAN module is leftin HALT mode and the 16
message buffers are left in an inactive state. Instead of passing a lengthy
string of arguments to this function, a table of constants is defined in the
header file ‘toucanl.h’. These constants define all the parameters that
are usually fixed at design time i.e. bit timing, etc. and are used for all
nodes on the bus.

For More Information On This Product, 48

Go to: www.freescale.com






7.3.3 ain_Q2_ISR

7.3.4 ain_MB4_ISR

7.3.5 Audio-in
main routine

7.4 Audio
Output —file
‘aout.c’

7.4.1 aout _toucan
_init

AN1776

Freescale Semiconductor, Inc.

Software
Audio Output — file ‘aout.c’

58.48kHz sampling rate (342 system clocks) using two
alternating input channels from left and right audio inputs i.e.
PQAO and PQAL.

This is the interrupt service routine for QADC queue 2 complete as
shown in Figure 10. Software loops are avoided here to reduce the ISR
execution time at the expense of slightly larger code size. This routine
transfers the 40 conversion results to either the TouCAN or a temporary
buffer in SRAM.

This is the interrupt service routine for TOuCAN MB4 transmission
complete as shown in flowchart Figure 11. This interrupt indicates that
MBO0-MB4 have completed transmission and are ready for more data. If
data is available in the SRAM then it is transferred into MBO-MB4
otherwise the ISR is exited and the QADC ISR will refill the MBs a short
time later. The interrupt is serviced by clearing the relevant bits in the
TouCAN’s IFLAG register.

The CPU idles in a ‘do nothing loop’ awaiting either of the ISRs. In
another system, the CPU may perform additional tasks here.

File aout.c plus the generic routines in toucan.h are linked together to
form the object code for the audio output node. This functionality is
described in Section 5.2. The main loop polls the QSPI and may make
slight adjustments to the QSPI transfer rate to control the size of the data
gueue in the SRAM buffer due to system frequency variations in the two
nodes. The reception of data on the CAN bus and subsequent transfer
into the SRAM buffer is performed by the TouCAN interrupt routine. The
following functions are provided:

Initialize TouCAN global registers including bit timing and pin
configuration.

Set interrupt request and arbitration fields.

Set MB6 and the Receive Global Mask Register to receive all
audio data frames

Enable interrupts for MB6 data reception.
Enable TouCAN for CAN bus participation.
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7.5 Source Listings

7.5.1 ain.c

/**************************************************************************************************/

/* OCPYR GHT (c) MOTCRCLA 1998 */
/* FI LE NAME: ain.c */
/* */
/* Audi o input function for 68376: QADC - >TouCAN */
/* */
/* I NCLUDE FI LES: regs. h (68376 registers plus basic type defs) */
/* toucanl.h (Constants and bit defs for TouCAN) */
/* audio.h  (Ceneral constants for the audi o deno) */
/* */
/* */
/* */
/* DESCRI PTI O\ */
/* This file perfornms the audio in functionality on 68376. */
4 Stereo audio data is sanpled on two QADC pins (PQA0,1) into a single */
/* 40-word queue. Only the upper 8-bits of the 10-bit QADC conversion are */
/* used due to the linted CAN bandwi dth of approx. 550kbit/s using a */
/* IMbit/s bit rate. On conpletion of the QADC conversion queue, the 40 */
/* bytes are transferred into five TouCAN nmessage buffers for transm ssion */
/* over the CAN bus. The main loop is a ‘do-nothing’ |oop as both the */
/* QADC and TouCAN are interrupt driven. */
/* */
/* This code is intended for denmonstration purposes only and is not */
/* guaranteed to function in a given application. */
/* */
/* */
/* */
/* QOWI LER SDS O osscode VERSIO\N 6.7 */
/* */
/* AUTHOR Al | an Dobbin LAST ED T DATE 10/ Jun/ 98 */
/* LOCATI O\ East Kil bride, Scotland. */
/* */
/* UPDATE H STCRY */
/* REV AUTHCR DATE DESCR PTI ON OF CHANGE */
/* e e e e e e e e e e e e e e e e e e */
/* 1.0 A Dobbin 10/Jun/98 First rel ease of file. */
/* */

/**************************************************************************************************/

/* include files */

#i ncl ude "regs. h" /* 68376 registers plus basic type defs*/
#i ncl ude “toucanl. h” /* Constants and bit defs for TouCAN‘/
#i ncl ude “audi 0. h” /* General constants for the audi o deno*/

/************************************************************************************************* */

/* QA obal variables */

/************************************************************************************************* */

vol atil e char can_busy=0;
vol atile char ramful | =0;
vol atil e union BYTE4 buffer[10]; /* ain buffer - access as 40 bytes or 10 | ongs*/
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