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2 An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
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1 Key System Specifications
FUNCTION DESCRIPTION
SPI protocol Master
Supported signals MISO, MOSI, CLK, and nCS
SPI clock 1 MHz, 5 MHz, 10 MHz, and 16.7 MHz
. 32-bit data protocol: 16-bit master to slave and 16-bit slave
Communcation protocol
to master
Adjustable signal path delay compensation | Up to 117 ns of delay path
Additional features Measurement of signal path delay for known slave answer
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2.1

System Description

Many industrial automation solutions require isolating the communication paths between the application
processor on the cold side and the 1/0O module on the hot side. Adding isolator components in the
communication path to separate the cold side from the hot side is a common approach, but it always
includes adding some delay in the signal path. Depending on the communication speed, this delay is
sometimes negligible; but more often, especially with the high-speed SPI protocol, the delay in the signal
path affects the requirements of the SPI master.

The SPI master must cope with the transmission path delay by shifting the sampling point for received
data. In situations where this task requires the use of external logic, this Tl design provides the use of that
external logic, or even FPGA, without the cost of additional components.

This TI design implements the SPI master protocol with signal path delay compensation in the
Programmable Real-time Unit and the Industrial Communication Subsystem (PRU-ICSS). The
implementation has been validated with the TIDA-00164, which is a 16-bit, 8-channel, integrated analog
input module for PLCs. For the validation, the design team used the TIDA-00164 device coupled with an
ISO7141CC isolator and ADS8688 analog-to-digital converter (ADC).

Signal Path Delay from Communication Channel Isolators

Figure 1 shows the system block diagram of the application processor communicating through the SPI
protocol with an 1/0O module over a digital isolator. The application processor contains the SPI master and
the 1/O module contains the SPI slave. The digital isolator provides galvanic isolation to the SPI
communication channel, but the digital isolator also adds delay to all SPI signals. The digital isolator adds
delay in both directions, which is from the master to the slave and from the slave to the master.

The master generates the signals nCS, SCLK, and MOSI. The slave receives these signals and uses
them to generate the MISO signal, which the master receives. However, the master still uses its self-
generated SCLK signal to sample the MISO signal that returns from the slave, as well.

CS CS CS iso .
R30[13] e N

SCLK i
R30[ 17] SCL K > ---------- §C-:|:'S-I§O > %L K

DIGITAL ISOLATOR ADC
AMA437x 1SO7141CC ADSS8688

SDIMOS MOSI_iso
Ra0[16] |12 SpommMOS T =2 N

SDOMISO  MISO_iso
CTIge)| PSS oo - =0 55

Figure 1. System Block Diagram With Processor, Digital Isolator, and 1/0O Module
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Figure 2 shows the impact of different SPI clock frequencies. The system is configured here to output new
data on the falling edge and capture the current data with the rising edge.

At low SPI clock frequencies such as 1 MHz, the delay added by the digital isolator is negligible. The
sample edge (rising edge) is well in the middle of the data bit, as output by the slave.

The corner case is at 10 MHz, where the MISO data bits are delayed such that they just output at the
sample edge of the SPI clock. This is already an invalid state for sampling because the data may have
been changed. Refer to Section 5.1.2 Analog Input and Filter and Section 5.1.2.1 Input Filter Design in the
TIDA-00164 user’s guide when measuring those boundaries (TIDU365).

At 17 MHz the start of the MISO data bit has been shifted by more than one clock cycle, so the MISO data
bit is only valid with the next sampling edge. If keeping the same configuration, the master samples all of
the data and the result would shift by one while the first MISO data bit would be sampled as invalid. The
user must compensate for the sample edge with the generated clock to account for the path delay.

This Tl design can account for the path delay time and compensate for the delay path, allowing up to a
16.7-MHz frequency to support the SPI.

SCLK 1 2 16 17 ... 32

MISO at different frequencies

I

1 MHz
DOUT )
i Delay,
10 MHz | \
— DOUT )
i Delay _/
17 MHz : "\ DOUT >7
Figure 2. MISO Signal at Master for Different SPI Clock Frequencies
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2.2 PRU-ICSS Instances in AM437x Processor
The AM437x processor has two instances of PRU-ICSS, which are labeled as PRU-ICSS0 and

PRU-ICSS1. See the block diagram in Figure 3.

This TI design was developed by using the PRU1 core of the PRU-ICSS instance 0 (PRU-ICSSO0). Note
that in this Tl design the PRU firmware (and, thus SPI master) are operable on any of the PRUs, either in

ICSSO0 or in ICSS1. However, if the designer uses a PRU with a function other than what has been

validated in this design, the firmware source code may require changes. If using the PRUO core or the

PRU-ICSS1, some changes may be required to configure the peripherals correctly.

This TI design uses the following peripherals:

PRU1 core in ICSS0O

PRU1 local data RAM (4KB) in ICSS0

Register-mapped GPO
28-bit serial input module

Control module configuration register (CFG) in PRU-ICSSO

PRU-ICSS block diagram

PRU-ICSS0

PRU-ICSS1

Figure 3. PRU-ICSS Instances on AM437x
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3 Block Diagram
T3 [ 'CS iso —
R30[13] > > CS
SCLK i
R30[17] =K > EEEEISREES SECRRI >{ scLk
DIGITAL ISOLATOR ADC
AMA437X 1SO7141CC ADS8683
SDI/MOSI  MOS|_iso
R30[16] |12 piEtEta= =B == 3{ sl
SDO/MISO  MISO_iso)
R31[0] <M ISR ==L LSS ==-¢ SDO
Figure 4. System Block Diagram
3.1 Highlighted Products
3.1.1 AMA4379 Processor

Up to 1-GHz Sitara™ARM® Cortex®-A9 32-bit RISC processor

NEON™ SIMD coprocessor and ARM Vector Floating Point (VFPVv3) coprocessor
32KB of L1 instruction and 32KB of data cache

256KB of L2 Cache or L3 RAM

256KB of on-chip boot ROM

64KB of dedicated RAM

Emulation and debug - JTAG

Interrupt controller

Programmable real-time unit subsystem and industrial communication subsystem (PRU-ICSS)

Supports protocols such as EtherCAT®, PROFIBUS, PROFINET, EtherNet/IP™, EnDat 2.2, and more
Two programmable real-time units (PRUSs) subsystems with two PRU cores each

32-bit load and store RISC processor capable of running at 200 MHz

12KB (PRU-ICSS1), 4KB (PRU-ICSSO0) of Instruction RAM with Single-Error Detection (Parity)

8KB (PRU-ICSS1), 4KB (PRU-ICSSO0) of data RAM with single-error detection (parity)

Single-cycle 32-bit multiplier with 64-bit accumulator

Enhanced GPIO module provides shift-in or shift-out support and parallel latch on external signal
12KB (PRU-ICSS1 only) of shared RAM with single-error detection (parity)

Three 120-byte register banks accessible by each PRU

Three 120-byte register banks accessible by each PRU

Local interconnect bus for connecting internal and external masters to the resources inside
the PRU-ICSS

Peripherals inside the PRU-ICSS:

— One UART port with flow control pins, supports up to 12 Mbps

— One enhanced capture (eCAP) module

— Two MII Ethernet ports that support industrial Ethernet, such as EtherCAT
— One MDIO port
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* On-chip memory (shared L3 RAM)
— 256KB of general-purpose on-chip memory controller (OCMC) RAM
— Accessible to all masters

External memory interfaces (EMIF)
» DDR controllers:

— LPDDR2: 266-MHz clock (LPDDR2-533 data rate)

— DDR3 and DDR3L: 400-MHz clock (DDR-800 data rate)

— 32-bit data bus

— 2GB of total addressable space

— Supports one x32, two x16, or four x8 memory device configurations
» General-purpose memory controller (GPMC)

— Flexible 8-bit and 16-bit asynchronous memory interface with up to seven chip selects (NAND,
NOR, Muxed-NOR, SRAM)

— Uses BCH code to support 4-, 8-, or 16-bit ECC
— Uses hamming code to support 1-bit ECC

See the AM4379 data sheet for a complete list of features [ 1].

3.1.2 AM437X Industrial Development Kit (IDK) EVM Hardware Specifications

Features

* AM4379 ARM Cortex-A9

+ 1GB DDR3, QSPI-NOR flash

» Discrete power solution

« EnDat connectivity for motor feedback control

o 24-V power supply

* USB cable for JTAG interface and serial console
Software and tools

e SYS/BIOS real-time operating system (OS)

» Starterware base port

» TI Code Composer Studio™ (CCS) integrated development environment (IDE)
» Application stack for industrial communication protocols
» Sample industrial applications
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Connectivity

» PROFIBUS interface

» CANOpen

» EtherCAT

e EtherNet/IP

e PROFINET

e Sercos Il

+ |EC61850

« PWM

3.1.3

» Motor axis position feedback

e Up to 3-pase motor drive connector
e Sigma delta decimation filter

» Digital inputs and outputs (I/O)

* SPI
* UART
« JTAG

See the AM437X IDK tool folder for a complete list of features and design resources:
www.ti.com/tool/tmdxidk437x.

ADS8688

Features
» 16-bit ADCs with integrated analog front-end (AFE)
* 4-, 8-Channel MUX with auto and manual scan
* Channel-independent programmable input ranges:
— Bipolar: £10.24 V, +5.12 V, +2.56 V
— Unipolar: 10.24 V, 5.12 V
* 5-V analog supply: 1.65-V to 5-V I/O supply
» Constant resistive input impedance: 1 MQ
* Input overvoltage protection: Up to 20 V
* On-chip, 4.096-V reference with low drift
» Excellent Performance:
— 500-kSPS aggregate throughput
— DNL: £0.5 LSB; INL: £0.75 LSB
— Low drift for gain error and offset
— SNR: 92 dB; THD: —-102 dB
— Low power: 65 mW
e AUX input — direct connection to ADC inputs
e SPI™-compatible interface with daisy-chain
* Industrial temperature range: —40°C to 125°C
* TSSOP-38 package (9.7 mm x 4.4 mm)

See the ADS8688 product website for a complete list of features, data sheet, and design resources:
www.ti.com/product/ads8688.
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3.14 I

SO7141CC

Features

See the 1ISO7141CC product website for a complete list of features, data sheet, and design resources:

Maximum signaling rate: 50 Mbps (with 5-V supplies)
Robust design with integrated noise filter
Default output low option (suffix F)

Low power consumption, typical ICC per channel (with 3.3-V supplies):

— 1SO7131: 1.5 mA at 1 Mbps, 2.6 mA at 25 Mbps

— 1S0O7140: 1 mA at 1 Mbps, 2.3 mA at 25 Mbps applications
— 1S07141: 1.3 mA at 1 Mbps, 2.6 mA at 25 Mbps

Low propagation delay: 23ns typical (3.3-V supplies)

Wide temperature range: —40°C to 125°C

50-kV/us transient immunity, typical

Long life with SiO2 isolation barrier

Operates from 2.7-V, 3.3-V, and 5-V supply and logic levels
Small QSOP-16 package

www.ti.com/product/ISO7141CC.
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4 System Design Theory
4.1 PRU-ICSS Introduction
The PRU-ICSS consists of two programmable RISC cores with dedicated RAM and ROM (see Figure 5).
The RISC cores operate at 200 MHz with a single-cycle instruction execution (5 ns) that enables real-time
deterministic programming. For more information on the PRU-ICSS, view the TI Wiki page:
http://processors.wiki.ti.com/index.php/PRU-ICSS.
Industrial === «—
Ethernet MIIO RX/TX 1>
3 « DRAMO
16 GPO < ": PRUO Core (8K Bytes)
16 GPI I:> 8KB IRAM M
~ | (8K Byt
t .% ( ytes)
Bank 0/1/2 o
$ = || shared
=1 - 12K Bytes
16 GPO <: PRU1 Core ) 2 Byes)
o
16 GPI —> O _
I:> 8KB IRAM o >
t C:D Master I/F
, (to SCR)
Industrial <= ‘ 2
Ethernet Emm==py| MIIL RX/TX j¢e—> wn
@) Slave I/F
MDIO — Pu) (from SCR)
. —> IEP
Industrial <=
Fieldous ====p{ UART |«
Ints to —> eCAP
ARM/DSP INTC <:7 Interrupt
Events f Controller [¢=—> PR MAC
vents rrom INTC < »
Periph + PRUs I :> ( )
Figure 5. PRU-ICSS Block Diagram
This TI design uses PRUL1 core inside PRU_ICSSO0, mainly due to pin availability on the AM437x Industrial
Development Kit (IDK) evaluation module (EVM). The programmer has the option to change the
PRU-ICSS firmware to effectively use the PRUO core instead of the PRUL.
The PRU-ICSS firmware generates the SPI output signals using the register-mapped general purpose
output (GPO) mode. The input signal MISO is oversampled with the 28-bit input shift register mode.
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4.2 SPI Interface Between AM437x and ADS8688
Figure 6 shows the system block diagram and the SPI communication signals between the AM437x
(SPI master) and the ADS8688 (SPI slave). The digital isolator ISO7141CC is in the SPI signal path. This
digital isolator adds a signal path delay in both directions at approximately 23 ns per direction.
The PRU-ICSS supports the following SPI signals as SPI master:
* nCS (output) — SPI chip select
e SCLK (output) — SPI clock
» MOSI (output) — SPI master out slave in
e MISO (input) — SPI master in slave output
T3 [ ‘CS iso —
R30[13] P s e 3> CS
SCLK i
Ra0[17] ==K sh===f - SO >{ scLk
DIGITAL ISOLATOR ADC
AMA437x 1S07141CC ADSB688
SDI/MOS] MOSI_iso|
R30[16] |19 ML, e = s{ spi
SDO/MISO  MISO_iso)
R31[0] <M SO pennR T =———tg SDO
Figure 6. System Block Diagram
4.3 TIDA-00164 ADC—ADS8688

The TI design TIDA-00164, which is a 16-bit, 8-channel, integrated analog input module for PLCS, has
been used to validate the SPI master communication as well as the delay path compensation function.

The TIDA-00164 design uses the ISO7141CC to isolate the SPI communication path and uses the
ADC8688 as an ADC.

The following lists the features of the TIDA-00164 TI design (see the board in Figure 7):

Single-supply industrial control analog input module

Eight channels; each channel can be configured as a current or voltage input

All eight channels can be typically provided with the analog voltage and current ranges:
— #25V,#5V,+10V,0to5V,0to 10 V

— 0to 20 mA, 4to 20 mA

16-bit SAR ADC

SPI interface, serial clock frequency (SCLK) up to 17 MHz

Digital isolator ISO7141CC provides digital signal isolation between the host processor and the
measurement side

Applications

— Process control end equipment

— Programmable Logic Controllers (PLCs)
— Distributed Control Systems (DCS)

— Data Acquisition Systems (DAS)
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&= 3-channel input
ADC

Digital isolator
with SPI signals

Figure 7. TIDA-00164 Board

Figure 8 shows the system block diagram. The ADS8688 is an 8-channel, integrated data acquisition
system based on a 16-bit SAR ADC, operating at a throughput of 500 kSPS (sampling frequency), and a
serial clock frequency of up to 17 MHz.

|
24-V DC_LIMIT |
|
F2AVOC Swap i
»| Protection » |
LM5069
Isolated +6 V_ISO +5V_ISO, 75 mA
Power L.DO
Supply >
LM5017 TPS70950
+9.3V |
|
t
[ +5V_ISO
A4 |
+33VDC, |
LDO 15 mA | *5V_ISO
TPS70933 | Filter
50-Pin Interface |
Connector I Voliaigg l;‘pD"gS:
To Base Board, -
( ) | AVDD DVDD < \ fe— 0-10 10V DG
| . Protection & 0-t0 5-V DC
spI | 16-Bit, 8 Ch-SAR Burden Resistor 1-to 5-v DC
< »> | ADIE With Four Current Inputs:
i puts:
| ADS8688 OptoMOS Switch 0 mA to 20 mA
: \ le— 4 mAto 20 mA
X |
+3.3-V DC . Filter
| Digital Isolator
| IsO7141CC
1c
< y > EEPROM :
I
|
Digital Isolator |
1SO1540 : TCAG408A To Control OptoMOS Switches
|
|
T
|
Figure 8. TIDA-00164 System Block Diagram
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SCLK

SDO

Figure 9 shows the SPI data frame format and the sample time diagram of the ADS8688 device. The
master sends 16 bits of data on the SDI (MOSI) signal to the slave. The slave samples the data with the
falling edge. At the 17th clock cycle, the slave sends the data on the SDO (MISO) signal to the master.
The master must also sample the bits with the falling edge starting with the 17th clock cycle.

Due to the propagation path delay through the digital isolator, the SDO bits arrive at the master after twice
the time of the propagation path delay of 23 ns, compared against the master’s own SCLK. This total
propagation path delay of 46 ns is negligible for SPI frequencies below 10 MHz, but with higher serial
clock frequencies the delay must be taken into consideration by shifting the sample edge to the correct
position. The next section addresses this approach.

Sample Sample
N N+1

Data from sample N

S ST €3 20 €3 €3 €A /) €3 G €3

4.4

44.1

1 2 )) 7 8 9 ” 14 15 16" 17 18 )23 24 25 26 27 28 29 30 31 32

o0 Y 3 €3 € €3 € 6 £ €3 E 6

—

\ W

S

XXX XXX XXX )—

T~

Figure 9. ADS8688 Sample Time Diagram and SPI Data Frame Format

Also note that the ADS supports two kind of access registers: command register and program register.
With the command register, the processor receives the ADC samples; with the program register, the
processor configures the mode of operation in the ADC. Refer to the ADS data sheet for further
information.

PRU Firmware Implementation

PRU-ICSS Registers R30 and R31

The PRU has a total of 32 registers named RO to R31, respectively. Registers R30 and R31 are not
available for generic use but do support configuration specific functions. The functions SDO and the 28-bit
serial input shift register are used with this Tl Design.

The following Figure 10 shows the special function registers R30 and R31 and how they function in this TI
design.

R31 | EEBISEHESHIINCOISIGHN ====\1ISO (R30.b0)

R30 -----I---

MOSI
ncs

SCLK

Figure 10. Register R30 and R31 Special Function Support
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4.4.4

GPO Mode

The register R30 is configured to register-mapped GPO pins to generate the nCS, SCLK, and MOSI
signals. The PRU performs the bit-banging technique to generate these signals and to emulate the SPI

communication transaction.

Table 1. Table 2: Output Pin Assignment

NAME

PRU PIN

COMMENT

nCS

prO_prul_gpol6

SPI chip select

SCLK

prO_prul_gpol7

SPI serial clock

MOSI

prO_prul_gpol3

SPI master-out slave-in

28-Bit Serial Input Shift Register

The register R30 is configured as a 28-bit input shift register. The 28-bit shift input mode must be
oversampled eight times with respect to the generated SCLK. The sampling clock of the 28-bit shift input
is configured in the CFG_CPCFGn register.

In the 28-bit shift input mode (see Figure 11), the general-purpose input pin PRU<n>_DATAIN is sampled
and shifted into a 28-bit shift register on an internal clock pulse, which feeds into a single one-stage flop
synchronizer. This mode is enabled by configuring the CFG register of the PRU-ICSS. The register fills in
least significant bit (LSB) order (from bit 0 to 27) and then overflows into a bit bucket. The 28-bit register is
mapped to PRU<n>_r31_status [0:27] and can be cleared in the software through the PRU-ICSS CFG
register space. The shift rate is controlled by the effective divisor of two cascaded dividers applied to the

ocp clock signal (ocp_clk).

PRU<n>DATAIN

28-bit shift register

v

27

ocp_clk—

PRU<n> | |
GPO_DIVO

PRU<n>

GPO_DIV1|

Bit 27

PRU<n> R31

0

27

28 (Cnt_16)

29 (SB)

——» Bit Bucket

Figure 11. 28-Bit Shift Register Function Block

PRU-ICSS Firmware

The PRU-ICSS firmware is programmed using an RISC assembler for this Tl design. This programming
method improves the implementation feasibility for real-time critical applications. Note that TI's Code
Composer Studio™ software version 6 (CCSv6) also allows the user to program the PRU in “C” language;
however, the “C” language is not used for this Tl design to meet the real-time constraints.

View the PRU Assembly Instructions manual on the TI Wiki:
http://processors.wiki.ti.com/index.php/PRU_Assembly Instructions.

The following Figure 12 explains the PRU-ICSS firmware program flow of this Tl design. Please refer to
the file spil.asm, which contains the PRU-ICSS firmware source code.
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| Clear All Registers and De-Assert Chip Select (1) |

v

Load the Data into Register (R5.w0) for Transmitting to ADC |<—

Select the Frequency and Load the Clock Generation
Values, Delay Value and the Sampling Point Accordingly

v

| Assert the Chip Select

Check
for the
Frequency
Selection

17 MHz, 10 MHz, 5 MHz, 1 MHz

Transmitting the Data ﬁ | Generate the Clock Accordingly (SCLK) |

Transmit the Data (MOSI) Bit by Bit |

16 Clock Cycles
Passed?

| Transmission of Data is Complete

v

Receiving the Data ﬁ | Maintain the Same Clock Frequency (SCLK) |

4>| Receive the Oversampled Data

| Store the Oversampled Data from Input (R31.b0) |

32 Clock Cycles
Passed?

| Receiving of Data is Complete

v

| De-Assert the Chip Select

Extract the Sampled data Bytes From the Oversampled Data
(Bit by Bit) With Delay Bit and the Sample Point

v

Store the Sampled Data to the Register (R5.w2) }

Start Next Data Transmission

Figure 12. PRU-ICSS Firmware Program Flow
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4.4.5 Configuration Memory
The SPI configuration data for clock speed, signal path delay, and sample position are stored in the PRU1
data RAM. This configuration data is configured by the ARM code; whereas this Tl design configures this
data through a GEL script within CCSv6. Table 2 shows the parameter assignment in the PRU1 data
RAM. Table 3 shows the SPI frequency.
Table 2. PRU1 Data RAM Usage
PARAMETER SIZE
PRU1 DATA RAM ADDRESS PARAMETER (BYTES)
0x0000 SPI frequency value 4
0x0004 Loop delay value 4
0x0008 Sample bit 4
Table 3. SPI Frequency
SPI FREQUENCY VALUE SPI SCLK FREQUENCY
0 17 MHz
1 10 MHz
2 5 MHz
3 1 MHz
SPI clock generation
The SPI serial clock (SCLK) is generated by the PRU using the bit-banging technique, which means that
the PRU sets and clears the SCLK bit to emulate the SPI clock. There is a delay time in between the clock
bit-banging and the delay time is different for each clock frequency.
This Tl design has been tested with SPI clock frequencies of 1 MHz, 5 MHz, 10 MHz, and 17 MHz.
Generating additional frequencies to this programming mode by changing the appropriate SPI
configuration parameters in the PRU1 data RAM is possible.
To calculate the SPI clock frequencies between 1 MHz to 12 MHz, the following equations are valid.
» Let X MHz be the selected frequency, then 1/ X MHz = Y nsec
* To execute one instruction, the PRU takes 5 nsec, so for Y nsec the PRU should execute
Y nsec /5 nsec = Z (round to the nearest even number) instructions
> Z instructions <
—> 72 | 22 «—
Figure 13. SPI Clock Frequency Generation
e Setting the clock requires Z / 2 number of instructions; and to clear the clock requires Z / 2 number of
instructions (see Figure 13)
» To maintain a 50% duty cycle for the clock for both transmission and reception of the data, use the
following delay value byte positions:
— On transmission of data b0 on set and b1 on clear
— On reception of data b2 on set and b3 on clear
e Each bnis 1 byte in size, or 4 bytes total. Each bn entry corresponds to the loop delay value
parameter located in the PRU1 data RAM.
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Each bn can be calculated as the following Equation 1 shows:

b0 = (Z / 2) - 2

b1 =b0 -6

b2 = b0

b3 =b0 -3 &)

The following Equation 2 shows an example for 10 MHz:
1/10 MHz =100 nsec

100 nsec / 5 nsec = 20 number of instructions

where

e b0=8

e bl=2

e b2=8

« b3=5 2)
For 17 MHz, the following loop delay values must be used:
where

« b0=3

e b1=0

e bh2=4

« b3=1 ()

Oversampling clock configuration

This TI design requires the use of an 8-bit oversampling frequency. To use this oversampling frequency,
the user must configure two cascaded dividers in the PRU-ICSS CFG register:
* The sample and shift clock is controlled by a programmable divider that can divide the 200-MHz clock
» These two values for the cascaded dividers can be calculated as seen in Figure 14:

— PRU<n>GPO_DIVO = DO

— PRU<n>GPO_DIV1 = D1

ocp_clk ———

PRU<n> HGF;%LBT;J_, PRU<n> CLOCKOUT

Figure 14. 28-Bit Shift Register Clock Generation

* Let (x MHz) be the SPI clock frequency, then for 8-bit oversampling frequency the
PRU<n>_CLOCKOUT must be configured to 8 x (X MHz) frequency

— The divider values can be derived from the following Equation 4:
8 x (X MHz) = (200 MHz / (DO x D1))

DO x D1=200 MHz / 8 x (X MHZ)
where
« DO and D1 are represented as integer values from 1.0, 1.5, to 16.0 in 0.5 increments (4)

These divider values are represented in the divider register as: 0Oh for div 1.0, 1h for div 1.5, 2h for div 2.0,
and so on until 1Eh for div 16.0.

TIDUA38A-July 2015—Revised July 2015 SPI Master With Signal Path Delay Compensation on PRU-ICSS 17

Submit Documentation Feedback
Copyright © 2015, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUA38A

13 TEXAS
INSTRUMENTS

System Design Theory www.ti.com

By using the preceding Equation 4, the following example frequencies can be calculated.

For a 5-MHz frequency:
5 MHz x 8 = (200 MHz / (DO x D1))
DO x D1 =200 MHz / 40 MHz
DO xD1=5
where
« DO=8h
« D1=0h (5)
For a 10-MHz frequency:
10 MHz x 8 = (200 MHz / (DO x D1))
DO x D1 =200 MHz / 80 MHz
DO xD1=2.5
where
e DO=3h
« D1=0h (6)
For a 17-MHz frequency:
10 MHz x 8 = (200 MHz / (DO x D1))
DO x D1 =200 MHz / 80 MHz
DO x D1=1.47
where
e The divider cannot be configured to 1.47, so it must be rounded to 1.5
e DO=1h
« D1=0h @

If the divider is set to 1h, the oversampling clock is 16.667 MHz. Note that the PRU clock (SCLK)
generation of 17 MHz does result in;

e 1/17 MHz =58.823 ns, rounded to 60 ns

So if a 60-ns time period is used for the SPI clock frequency, the 28-bit shift clock is the same as the SPI
frequency clock, and there is no drift in the sampled data.

For an 11-MHz frequency:
11MHz x 8 = (200 MHz / (DO x D1))
DO x D1 =200 MHz / 88 MHz

DO x D1=2.27 8)
The divider cannot be configured as 2.27, so the divider must be chosen as 2.25, with 1.5 for DO and 1.5
for D1.

In situations when the PRU clock (SCLK) generation is configured to 11 MHz:
* 1/11 MHz =90.909 nsec, rounded to 90 nsec

If the PRU clock generation uses a 90-nsec time period, it generates a clock frequency of 11.11 MHz,
which is the same frequency as the oversampled data rate.
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4.5

Delay measurement and sample bit

To take the appropriate bit sample of the oversampled data, the user must determine the sample point
within the bit stream of the 28-bit input shift register. To calculate the sample point, the user must either
calculate or determine the signal path delay by measuring. This sample point is the starting bit of the
received data.

According to Figure 9, the ADS does output the first bit with the 16th falling clock cycle. Due to the delay
of the digital isolator, there is some delay during the output of the first bit, which is double the amount of
delay in the delay path. The cause of this delay ratio is the clock and the MISO response traveling through
the digital isolator. For the ISO7141CC device, the delay is 46 ns.

To calculate this delay, the user is to assume that the starting bit is “1” and that the PRU-ICSS firmware
detects the left-most bit position. Under these assumptions, the user can utilize the PRU firmware to
calculate the delay (position of the starting bit).

From this delay value, the user can calculate the sample bit by adding 4 to the delay value.
GEL script example

The project GEL file contains an example configuration memory for each of the supported frequencies. As
soon as the GEL function is executed, it sets the parameters in the configuration memory for the selected
frequency.

Summary

The PRU-ICSS firmware integrates the support for the SPI communication link between the AM437x and
the ADS8688. The PRU-ICSS firmware supports various frequencies from 1 MHz up to 16.7 MHz. Note
that the maximum serial clock frequency for the ADS8688 device is 17 MHz. The established
communication link works with a maximum signal path delay of 2 clock cycles at 17 MHz, which is 120 ns.
The user can calculate the delay manually or determine the delay by using the PRU-ICSS firmware (in
situations where the response from the slave is known). Note that the signal path delay depends on the
digital isolator.
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5 Getting Started Hardware
The following hardware and software is required to demonstrate and evaluate the multi-protocol industrial
Ethernet detection with PRU-ICSS.
5.1 Hardware Requirements
 TMDXIDK437X EVM
» TIDA-00164 EVM
The TIDA-00164 EVM connector does not fit directly into the expansion connector of the TMDXIDK437X
device. For testing purposes, the user can either build an adapter board or initially connect the SPI bus of
both boards through blue wires.
5.2 Software Requirements
* Code Composer Studio v6.0 (CCSv6) for Windows
(http://processors.wiki.ti.com/index.php/Download _CCS)
« PRU C-Compiler v2.1.1
AM437X SYSBIOS Industrial SDK v02.00.00.02
The TIDEP0033 TI design consists of a PRU project for CCSv6. The PRU project generates a CCS debug
file (.out) during the build process. Note that if the user modifies the PRU-ICSS firmware, the PRU project
must be rebuilt for the firmware changes to take effect.
5.3 CCS Import, Build, and Download
First import both projects into CCS through the Import CCS Eclipse Projects window (see Figure 15 and
Figure 16).
«+ Import CCS Edlipse Projects { = i:h]
Select CCS Projects to Import I J‘"___.
Select a directory to search for existing CCS Eclipse projects. -
@) Select search-directory:  C\temp\SPI_Comm_with_PRU-ICSS_firmware
Select archive file: Browse...
Discovered projects:
W | & spibasic [C\temp\SPL_Comm_with_PRU-ICSS_firmware] Select All
Deselect All
Refresh
Automatically import referenced projects found in same search-directory
Copy projects into workspace
Open the Resource Explorer and browse available example projects...
@:‘ < Back Next > [ Finish l | Cancel |
Figure 15. CCS Import Dialog for ARM Project
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Getting Started Hardware

After importing the projects, the project explorer shows the PRU project spibasic (see Figure 16).

[ Project Exp.. ¥ [ TargetCon. — O

=

2%
4[3Z spibasic [Active - Debug]
> il Includes
- = Debug
- [ spilasm
{2 PRU_SPLgel
@ SPI_Comm_with_PRU-ICSS_1.0_manife

Figure 16. Project View

The next step is to rebuild the PRU project:

* In the Project Explorer task pane, select the spibasic folder with the cursor

» From the menu bar, select: Project — Build Project

» This process builds the PRU-ICSS project and generates the file spibasic.out

The next step is to generate a target configuration file (if it does not exist already) (see Figure 17).
Generating this file allows the CCS software to connect through the JTAG with the TMDXIDK437X EVM.

* From the menu bar, select: File — New — Target Configuration

* In the basic panel:

— Under the All Connections panel, select: Texas Instruments XDS100v2 USB Emulator

In Board or Device, select: IDK_AM437X

» In the cascaded advanced panel:

Select CortexA9

% AM437x_IDK_XDS100v2.coxml 22 [£] 0x3a2ac
Target Configuration

All Connections

Select the GEL file AM437x_EVMs.gel from the SDK in the folder sdk\tools\ge\AM437X
Click the Save button

= 0

4 T, Texas Instruments XDS100v2 USB Emulator_0
4 BB IDK_AM437X_0
4 B AM4379_0
4 % IcePick D O
4 ¥ M3_wakeupSS
4 % CS_DAP_M3

4 ¥y M3_wakeupS5_0

G M3_wakeupSSs_1
4 % DAP
4 % CS_DAP_DebugSs

4 % MPUSS
g ET™
G} CortexA9

4 ¥ Trace_STM
4k CSSTM_0
4 CSETE O

4 % PRU_ICSS1
Gl PRU_ICSS1_PRUO
G} PRU_ICSS1_PRU1

4 % PRU_ICSSO

it DRI Ircen peIIn

1

Import...

New... he selected cpu.

Delete

P 0x80000000
Down Ox1
Test Connection| 7 Ox0

Save

Basic Advanced Source

Figure 17. Target Configuration File

A\ \am437x_sysbios_ind_sdk_2.0.0.2\sd k\mols\gel\AM43 TOAM4A3Tx_EVMs.gel | Bn
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Connect the TMDXIDK437X EVM to a 24-V power supply; connect a USB cable between the IDK board
and the PC. Next, launch the target configuration file to set up the JTAG debug connection between
CCSv6 and the ICE EVM.

* In the Debug window, select the CortexA9 entry

e From the menu bar, select: Run — Connect Target

e Select; Scripts — AM43xx System Initialization — AM43xx_IDK_EVM _ Initialization
» Select: Scripts — ICSS — ICSSPRMC_Enable

The next step is to load the PRU_SPI.gel file into CCS.

* From the menu bar, select: Tools — GEL Files

» Right-click in the script section of the GEL Files window and select Load GEL

» Browse to the SPI_Comm project and select the PRU_SPI.gel

@@ GEL Files 2 = g5
type filter text GEL Files (CortexA9) @

Memory Map -

GEL Files :Scrlpt Status |

ARM Advanced Features & AM437x_EVMs.gel Success

Program/Memory Load Options [6 AM437x_ MMRs.gel Success

Auto Run and Launch Options [Gr AM437x_Status.gel Success

Misc/Other Options [ AM43sxx_PLLconfig.gel Success

Cortex A9 Disassembly Style Options [G AM43xx_EMIFconfig_HWIvl... Success
[ AM43xx_1CSS.gel Success
[€r PRU_SPLgel Success

Figure 18. Load PRU_SPl.gel

The next step is to configure the SPI communication parameter RAM and load the PRU-ICSS firmware.
e In the Debug window, select the CortexA9 entry

e From the menu bar, select: Scripts - PRU_SPI — PRU_SPI_Init

» This configures the SPI parameter RAM

* In the Debug window, select the PRU_ICSS0_PRUL1 entry

» Select: Run — Connect Target

» Select: Run — Load — Load Program

» Select the file spbibasic.out using the Browse button and press the OK button two times when
prompted

* The program is now downloaded into the PRU processor
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Depending on the CCS version, the PRU application executes immediately. To restart the PRU firmware

and to stop at main, run the following steps.

» From the menu bar, select: Run — Suspend

» Place a breakpoint at the second set of instructions (see Figure 19)
+ Select: Run — Restart

»+ CCS Debug - spibasic/spil.asm - Code Composer Studio

File Edit View Project Tools Scripts Run Window Help
rY
¥ Debug 2
4 ¥e AM437x_IDK_XDS100v2.ccxml [Code Composer Studio - Device Debugging]
4 o Texas Instruments XDS100v2 USB Debug Probe_0/CortexA9 (Suspended)
= (0x0003996E (no symbols are defined for 0x0003996E)

- B 8~ @S @I B OIS E

Y = O - Variab

Mame

& Texas Instruments XDS100v2 USE Debug Probe_0/PRU_ICSS1_PRUQ (Disconnected : Unknc
& Texas Instruments XDS100v2 USE Debug Probe_0/PRU_ICSS1_PRU1 (Disconnected : Unknc
B Texas Instruments XDS100v2 USE Debug Probe_0/PRU_ICSS0_PRUO (Disconnected : Unknc
4 ¢ Texas Instruments XDS100v2 USB Debug Probe_0/PRU_ICSS0_PRU1 (Suspended - SW Bre:

= $./spil.asm:83:392%() at spil.asm:84 0x000024 (the entry point was reached)

< | 11

A

Figure 19. CCS Debug View After Program Download

8] spil.asm &2
820
81lmain
82
83 zero &R0, 120
84 set R3@, R3@, SPI_CS
85 1di RO, ©
26 1di R28, 0
87 adc_reset:
88 s;resetting the device
89 ;1di tx_data, @x8500
90 ;jal R29.w@, fn_spi_transaction
91 adec_reset_done:
92
93 ade_init:
94 ; loading data into R5.w@ for writing to ADC
95 s;writing data to the program registers
96 1di tx_data, Ox@3A5
97 jal R29.w@, fn_spi_transaction
98 :settine the ch @ to operate at +-0.625*VREF(4.0896V) voltage level
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6 Test Setup

Figure 20 shows the test setup. A function generator is used as the signal source for the ADS8688 device.
The ADS8688 is triggered by SPI transactions from the AM437x to read out the ADC samples.

Function <
Generator SPI DIGITAL Pl
(Sine Wave |l ADC [(==m) |SOLATOR () AMA437x
(1 KHz, 500 Hz) of (ADS8688) (1ISO7141CC)
2.6V)
Figure 20. Test Setup
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7 Test Data

7.1 Validation of Communication Link

The validation of the SPI communication was performed through the command register for different
frequencies. Using this method ensures the validation of all 16-bits on the MISO line (see Figure 21).

All Program
Registers are reset
to default value on

CS rising edge

Sample N

<

CS can go high immediately after RST
y vy command or after reading frame data

ch ) H B R
(

»
@)
—
~
3
N
N
w
IN
[$]
/\_/
/\/
=
w
=
S
=
o
N
=
N
J
—~
=
w
=]
w
=
w
R
boman

SDI —( Reset Program Registers (RST) + 8500h X X X X X?gx X X X X X X X X X )—
Data from sample N

\\
SDO —— 1(315 XB14{/ B3 st X B1 X B0 )\ —\
\

Figure 21. Command Register Frame Format

By using the command register, the user can transmit the data to the 8-channel input on SDI line and can
receive the data from samples N on the SDO line. To implement these data transmissions, the testing
users generated a sine wave of 1 KHz and 500 Hz with 2.6 V using a function generator and given to the
ADC and tested the SPI communication. To successfully validate the 16-bit data, the user must configure
the ecap timer with 100 us for every SPI transaction.

The SPI data was accumulated in PRU memory and plotted using the CCS graph function.
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7.1.1 1-KHz Sine Wave on ADC Input
Figure 22 shows the SPI communication and the sine wave (ADC Input) of 1 KHz at 2.6 V.
File | Edt | Vedical | Digital | Horizlcq | Teg | Display | Cursors | Measure | Mask | Math | MyScope | Analyze | Utilities | Hnlp|n Tek .' -
T T |

=B 3.0vidiv T 55045 Ium'\u.m | 200psidiv 50.0MSIs 20.0ns/pt

B 200mVvidie E B 505 s Xl A Run Sample

T 4.0Vidiv Lo PR 1 289 acqs RL:1D0K

3.0V RLLERY H S0OM T 200,07 26Kz Auto  March 05, 2015 13:19:08
Value Moan Min Max StDev  Count Info

=B Freq 16.7BMHz [15.35614M  [282.3k  [33.33M  [aa™m 1,205k

B OiyCyc |64.45% 40162675  [534.0m  [100.0 18,97 1.265k

D ampl®  |2.64V Z6309801  [1.2 2.64 3.458m 1307k

Figure 22. Oscilloscope Capture of ADC Input (1 KHz) and SPI Communication

+5

+10 +15% +X +25

+30 +35 +40 +43 =50 +33 B0

sample

Figure 23. ADC Output (1 KHz) of Sampled SPI Data
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7.1.2 500-Hz Sine Wave on ADC Input
Figure 22 shows the SPI communication and the sine wave (ADC Input) of 500 KHz at 2.6 V.

File | Edit | Verdical | Bigital | Horizlicg | Trg | Display | Cursors Hmlm'm\|mﬁcnﬂe'm'mlmulﬂdpln Tek . -
T

- sovian

T [5.5040s = 156y )NJ 200psidiv $0.0MSIs 20.0ns/pt

T 200mVidiv 1m0 D 505 8ns (Mens A
T dovidiv B 1.0G | Lo PR 12 743 acqs RL:100K
T 4.0Vidiv RLLERY H S0OM T 200,07 26Kz Auto  March 05, 2015 13:39:23

Walue Mann Min Max 5t Dow Count Inife
BB Freg 10.08MHz  [9.1846626M [148.9k [37.5M 2407 [12.73k
B OiyCyc |46.0% 53588767  [260.6m  [100.0 15.23 12.73k
D ampl®  [2.56v 25961862 [1.12 18.8 252.8m 1.7k

Figure 24. Oscilloscope Capture of ADC Input (500 Hz) and SPI Communication

20900 -

26000 o

8900 /’\

37500 — K |

36000 -

35500 |

34500 —-

33500

32900

31500 —-

30800

20900

200 -

7900 J

26000

25900 j

24500 -+ . . . . . . . . . . . .
aig 10 e 30 w4 -5 +60 70 & 00 +100 ~110 10

sample

Figure 25. Oscilloscope Capture of ADC Input (500 Hz) and SPI Communication
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8 Design Files
8.1 Schematics
To download the bill of materials (BOM), see the design files at TMDXAM437X.
8.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TMDXIDK437X.
8.3 PCB Layout
To download the PCB layout, see the design files at TMDXIDK437X.
8.4 Gerber Files
To download the Gerber files, see the design files at TMDXIDK437X
8.5 Software Files
To download the software files, see the design files at TIDEP0033.
8.6 Physical AM437X IDK EVM
Purchase the AM437X IDK TMDXIDK437X EVM from the Tl online shop. Please refer to:
http://www.ti.com/tool/tmdxidk437Xx.
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