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Acronym Definition

AHB Advanced High-Performance Bus
APB Advanced Peripheral Bus

API Application Programming Interface
AXl4 Advanced eXtensible Interface 4
BSP Board Support Package

CLINT Core Local Interrupt controller
CPU Central Processing Unit

PLIC Platform Level Interrupt Controller
RTOS Real Time Operating System

SoC System on Chip
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1. Introduction

The RISC-V RX CPU and LPDDR4 Memory Controller Reference Design provides an example usage of the RISC-V RX soft IP
and LPDDR4 memory controller in Lattice Avant™ and CertusPro™-NX FPGA devices.

The CPU is connected to the LPDDR4 memory controller IP for interfacing to external LPDDR4 SDRAM. This design
demonstrates how a software program is stored on an external SDRAM and the CPU is able to execute the software from
the memory. It addresses applications that require a large memory but the FPGA on-chip memory is not sufficient. This
design contains an example bootloader program to load software from the SPI Flash device to the LPDDR4 SDRAM. The CPU
connects to all peripherals in the system through the AXI Interconnect and bridges.

The Lattice Semiconductor RISC-V RX CPU contains a 32-bit RISC-V processor core and several submodules — Platform Level
Interrupt Controller (PLIC), Core Local Interrupter (CLINT), and Watchdog. The CPU core supports the RV32IMC instruction
set and debug feature, which is JTAG — IEEE 1149.1 compliant. The modules outside are accessed by the processor core
using AXI or Local Bus Interface.

The Lattice Semiconductor LPDDR4 Memory Controller IP Core provides a solution to interface with LPDDR4 SDRAM. Lattice
provides a turnkey solution consisting of a controller, DDR PHY, and associated clocking and training logic. The LPDDR4
Memory Controller IP Core reduces the effort required to integrate a memory controller with user application designs. It
minimizes the need to directly handle the LPDDR4 SDRAM signals by providing AXI4 interface support.

1.1. Quick Facts
Download the reference design files from the RISC-V RX and LPDDR4 Memory Controller web page.

Table 1.1. Reference Design Summary

General Target device CertusPro-NX devices
Lattice Avant-AT-E devices
Source code format Verilog
C
Simulation Functional simulation Not performed
Timing simulation Not performed
Test bench Not available
Software Requirements Software tool and version Lattice Radiant™ software version 2023.1
Lattice Propel™ Builder version 2023.1
Python 3
IP version RISC-V RX 2.2.0

LPDDR4 Memory Controller for Nexus Devices 2.1.0
Memory Controller for Avant 1.2.0

SPI Flash Controller

System Memory 2.0.0

AXI14 Interconnect 1.2.0

AXI4 to AHB-Lite Bridge 1.1.0

AXI4 to APB Bridge 1.1.0

APB Interconnect 1.2.0

GPIO 1.6.1
Hardware Requirements Board CertusPro-NX Versa Board
Lattice Avant-AT-E Evaluation Board
Cable USB-A to Mini-B cable

Lattice HW-USBN-2B cable (for Lattice Avant device only)
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1.2. Features

The key features of the reference design include:

e  RISC-V RX soft IP features described in RISC-V RX CPU IP - Lattice Propel Builder 2023.1 (FPGA-IPUG-02230)

e LPDDR4 memory controller interface IP core for CertusPro-NX device features described in LPDDR4 Memory Controller
for Nexus Devices (FPGA-IPUG-02127)

e LPDDR4 memory controller interface IP core for Lattice Avant device features described in Avant Memory Controller IP
Core - Lattice Radiant Software (FPGA-IPUG-02208)

e AXl4 Interconnect features described in AXI4 Interconnect Module - Lattice Propel Builder (FPGA-IPUG-02196)

e  SPI Flash memory controller features described in SPI Flash Memory Controller IP Core - Lattice Radiant Software
(FPGA-IPUG-02134)

e Bootloader software example to copy (with CRC check) application software from flash to SDRAM

e  FreeRTOS demo as application software that runs on SDRAM

1.3. Naming Conventions

1.3.1. Nomenclature
The nomenclature used in this document is based on Verilog HDL.

1.3.2. Signal Names

e _nare active low (asserted when value is logic 0)
e _jareinput signals

e o are output signals

e _jo are bi-directional signals

© 2023 Lattice Semiconductor Corp. All Lattice trademarks, registered trademarks, patents, and disclaimers are as listed at www.latticesemi.com/legal
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2. Directory Structure and Files

Figure 2.1 shows the directory structure.

v CertusPro-Mx-RISCV-LPDDR4-RD
cpnx_nscv_ri_rd
prebuilt_images
sge

sw

Figure 2.1. Directory Structure

Table 2.1 shows the list of directories included in the reference design package.

Note: In the reference design targeted to the Lattice Avant device, Avant replaces cpnx in folder/file names.

Table 2.1. Directory List

Directory/File Description

cpnx_riscv_rx_rd Contains the Propel Builder project and generated HDL files for IP.

prebuilt_images Contains the bitstream file, software image file, and Lattice Radiant Programmer scripts.
sge Contains the Propel Builder project software handoff files.

sw Contains the software project and source code used in this reference design.
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3. Functional Description

3.1. Design Block Diagram

The reference design demonstrates a complete and functional RISC-V processor system. This processor system is created
using Propel Builder. All components in the system are available in Propel Builder. The components are instantiated and
connected in Propel Builder, which also generates the corresponding RTL design files.

Figure 3.1 shows the top-level block diagram and connections of the reference design.

Top Module
rstn_i System
—» Memory
ddr_pll_refclk_i
4> | .
_to- gpio_io
AXI t-o APB APB I GPIO >
Bridge Interconnect
[]
Flash I/F
RISC-V RX CPU AXI4 Interconnect (S:P' IF 'al‘fh « >
AXI-to-AHB LT
UART '/im‘ o Lite Bridge
-~ | UART
~| LPDDR4 | |pppRraiF
Memory |« >
Controller
=== Control Path
Data Path

Figure 3.1. Reference Design Top Level Block Diagram

The design includes the following components:
e  RISC-V RX processor with local UART

e LPDDR4 memory controller

e System Memory

e  SPIflash controller

e General Purpose I/O (GPIO)

e AXl4 interconnect

e APBinterconnect

e AXlto APB bridge

e  AXI to AHB-Lite bridge

Each component in the block diagram is instantiated using the IP in Propel Builder. The IP features and parameters are
described in the IP Configuration and Parameter Description section.

Figure 3.1 shows the multiple interfaces at the design top level. The signals in each interface are described in the Signal
Description section.
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This section describes the reference design clocking scheme. There are some minor differences between the clocking
scheme for Certus Pro-NX and Lattice Avant devices. Refer to the Clocking Scheme Overview - CertusPro-NX Devices section
or to the Clocking Scheme Overview - Lattice Avant Devices section.

3.2.1. Clocking Scheme Overview - CertusPro-NX Devices

Figure 3.2 shows the clocking scheme of the reference design when targeted to the CertusPro-NX device. Table 3.1 provides
the clock signal details.

ddr_pll_refclk_i

Top Module
If_clk
OSsC — >
hf_clk —>
clkop
PLL

RISC-V RX
CPU

clk_realtime_i

clk_system_i

AXI-to-AHB System | |
Lite Bridge Memory :
AXI-to-APB ;
Bridge GPIO :
APB i
Interconnect SPI Flash 3
Controller i

AXl4 |
Interconnect }
LPDDR4 |

Memory |

Controller |

P pll_refclk_i 3

Figure 3.2. Clocking Block Diagram — Lattice CertusPro-NX Device

Table 3.1. Clock Description — Lattice CertusPro-NX Target Device

Clock Signal Source Destination Clock Frequency Description
If_clk FPGA Oscillator RISC-V RX CPU 32 kHz Low speed real time clock to RISC-V RX
hf_clk FPGA Oscillator PLL 50 MHz Reference clock input to the PLL
clkop PLL RISC-V RX CPU, 50 MHz! PLL primary clock output to clocks the RISC-V RX
all IPs in the system high speed input and all components in the system
ddr_pll_refclk_i Oscillator on LPDDR4 memory 100 MHz Reference clock input to the LPDDR4 memory
development kit controller controller’s PLL
Note:

1. The PLL clkop output frequency is adjustable to a value other than 50 MHz. This increases the RISC-V RX and system clock frequency.
However, the current reference design is closed timing at 50 MHz. Hence, the PLL clkop is configured to 50 MHz.
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Figure 3.2 shows the clocking scheme of the reference design when targeted to the Lattice Avant device. Table 3.1 provides
the clock signal details.

Top Module
clkos
clk_out »
OoSsC » PLL
clkop
—>
ddr_pll_refclk_i

RISC-V RX
CPU

clk_realtime_i

clk_system_i

AXI-to-AHB System |
Lite Bridge Memory :
AXI-to-APB ;
Bridge GPIo |
APB i
Interconnect SPI Flash 3
Controller |

AXIl4 i
Interconnect }
LPDDR4 |

Memory |

Controller 3

P pll_refclk_i 3

Figure 3.3. Clocking Block Diagram - Lattice Avant Device

Table 3.2. Clock Signal Description — Lattice Avant Target Device

Clock Signal Source Destination Clock Frequency Description
clk_out FPGA Oscillator PLL 50 MHz Reference clock input to the PLL
clkop PLL RISC-V RX CPU, 50 MHz? PLL primary clock output for RISC-V RX high speed
all IPs in the system input and all components in the system
clkos PLL RISC-V RX CPU 20 MHz! PLL secondary clock output for RISC-V RX low
speed real time clock input
ddr_pll_refclk_i Oscillator on LPDDR4 memory 100 MHz Reference clock input to the LPDDR4 memory
development kit controller controller PLL
Note:

1. Clock divider is used to divide the PLL clkos from 20 MHz to 2.5 MHz for clocking the clk_realtime_i of RISC-V RX. This is because the
PLL output frequency is not as low.

2. The PLL clkop output frequency is adjustable to a value other than 50 MHz. This increases the RISC-V RX and system clock frequency.
However, the current reference design is closed timing at 50 MHz. Hence, the PLL clkop is configured to 50 MHz.
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3.3. Reset Scheme

This section describes the reference design reset scheme for both CertusPro-NX and Lattice Avant target devices. Figure 3.4
shows the reset block diagram. Table 3.3 provides the reset signal details.

Top Module }”7”7”””””””””W”””””””‘:
| | AXI-to-AHB System | |
| | Lite Bridge Memory i
1 AXI-t_o-APB GPIO |
lock ! Bridge 1
rstn_i > > cpu_rstn_i i !
PLL | APB
system_rstn i Imierconnect SPI Flash i
RISC-VRXCPU | Controller | |
3 AX14 i
' | Interconnect !
! LPDDR4 !
! Memory |
! Controller |
Figure 3.4. Reset Scheme Block Diagram
Table 3.3. Reset Signal Description
Reset Signal Source Destination Description
rstn_i Push button on dev kit PLL reset input Reset the PLL
cpu_rstn_i PLL lock and rstn_i RISC-V RX reset input Release RISC-V RX from reset once rstn_i is not asserted
AND PLL is locked
system_rstn RISC-V RX All components in system | RISC-V RX output reset is used to reset all components in
the system. This triggers reset during CPU debugging
mode.
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4. IP Configuration and Parameter Description

The reference design is created using Lattice Propel Builder. The top-level HDL file is generated by Propel Builder and is
used as the top module for the design. The design parameterization is performed by configuring the IP in Propel Builder.
This section describes the following IPs and their parameters.

e RISC-VRXCPU

e LPDDR4 Memory Controller

e  AXl4 Interconnect

e System Memory

4.1. RISC-VRX CPU

The RISC-V RX CPU IP has AXI-based instruction and data ports. The instruction port is connected to the memory that
contains the software code for CPU execution. The data port is connected to the memory and peripherals for control. The
local UART feature is enabled to allow communication through serial protocol.

Figure 4.1 shows the RISC-V RX CPU IP configuration.

,

Configure Component from IP riscv_rtos Version 2.2.0
Set the following parameters to configure this component.

Diagram cpu Configure IP
“| Property Value
~* General
~ Debug Configuration
Debug Enable =

JTAG Channel Selection for Certain Devices [14-16] 14
~ TCM Local Bus Ports Configuration

TCM Enable
~ AXI Instruction Ports Configuration

A Instruction Ports Enable =

AX| Register Slice Type
IRQ_S2
Q. A)C[_M_DATE b ~ CFU Configuration

A)G_M_INSTFE_ Enable CFU Ports

cpu

=]

dk_realtime_i
—clk_system_i
system_resetn_of— ~ PLIC Configuration
vart tvd o— Murmnber of User Interrupt Requests [1- 30] 1
—fuart_rxd_i o Interrupt for Supervisor Mode
. Width of PLIC priority register [2 - 3] 3
riscv_rtos ~ NMI Configuration
Mon-maskable interrupt enable
~ Local UART
Enable UART instance ]
System Clock Frequency (MHz) [2 - 200] 50
Serial Data Width 8
Stop Bits 1
Parity Enable
UART Standard Baud Rate 113200

—rstn_i

4 » | Mo DRC issues are found.

Generate Cancel

Figure 4.1. RISC-V RX CPU IP Configuration
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Table 4.1 provides the configuration details of the RISC-V RX IP.

Table 4.1. RISC-V RX IP Configuration

Property

Value

Description

Debug Enable

True

Enable the JTAG interface for CPU debug capability.

Soft JTAG

False (CertusPro-NX

Allow debugger JTAG interface routed to FPGA soft logic. Enable

devices) only when Lattice Avant device is the target device.
True (Lattice Avant
devices)
JTAG Channel 14 Channel number used by the debugger.
TCM Enable False Tightly coupled memory interface is not used in the design.
LPDDR4 memory is used.!
AXI Instruction Port Enable True The AXl instruction port is used to connect to the LPDDR4
memory controller, which has AXI-based interface.
AXI Register Slice Type 0 Bypass register slice on the AXI instruction port.
Enable CFU Ports False CFU (custom function unit) is not used in the design.
Enable UART instance True Enable local UART within the RISC-V RX CPU. There is no need to
add extra UART IP in the system.
System Clock Frequency 50 MHz Specify the clock frequency for RISC-V RX clk_system_i to match
with the actual clock frequency.
Serial Data Width 8 8-bit of serial data
Stop Bits 1 1 bit of stop
Parity Enable False Parity is not enabled
UART Standard Baud Rate 115200 Baud rate of 115200. Need matching with terminal setting.

Note:

1. Using tightly coupled memory with external memory is not supported.

www.latticesemi.com/legal



http://www.latticesemi.com/legal

RISC-V RX and LPDDR4 Memory Controller :.ILATTICE

Reference Design

4.2. LPDDR4 Memory Controller

The LPDDR4 Memory Controller IP enables access to external LPDDR4 memory modules. The memory can be used to store
CPU software code and data. The memory controller IP are different on CertusPro-NX and Lattice Avant devices. The
following subsections describe the IP configuration for each device family.

4.2.1. LPDDR4 Memory Controller for CertusPro-NX Devices
Figure 4.2 shows the LPDDR4 Memory Controller IP configuration for the CertusPro-NX device.

© 2023 Lattice Semiconductor Corp. All Lattice trademarks, registered trademarks, patents, and disclaimers are as listed at www.latticesemi.com/legal.
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% Module/IP Block Wizard >
Configure Component from IP memory_controller Version 2.1.0
Set the following parameters to configure this component.
Diagram new_lpddr4 Configure IP
= General Memory Device Timing Training Settings
Property Value
1/0 Buffer Type LWSTLI
DDR Command Frequency (MHz) 533
new_|pddr4 Gearing Ratio
ddr_ca_o[5:0] Enable Power Down
Enable DEI
ddr_ck_o[0:0]
- EAPB_SD ddr_cke_o[0:0]
—=HAXI_S0  ddr_cs_0[0:0]m=
—aclk_i ddr_dmi_io[ 3:07] = Enable PLL
. . PLL Reference Clock frem Pin
—areset_n_i ddr_dq_lo[SI:D]E o —
—pclk_i ddr_dgs_io[3:0]
—pll_refclk_i  ddr_reset_n_o—
—pll_rst_n_i init_done_o}— DDR. Density (per Channel) 8Gb
. . DDFR Bus Width 32
—ipreset_n_i irq_or— .
—rst_n_i pli_lock_ol—
sclk_o—
trn_err_oj— Local Data Bus Type AXI4
memory_controller Data Width 26
ID Width 2
Write Ordering Queues 4
Read Ordering Queues 4
Enable Local Bus Clock
Enable APE I/F
4 » | No DRC issues are found.

Generate Cancel

Figure 4.2. LPDDR4 Memory Controller IP Configuration for CertusPro-NX Devices
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Table 4.2 provides the configuration details of the LPDDR4 Memory Controller IP for the CertusPro-NX device.
Table 4.2. LPDDR4 Memory Controller IP Configuration for CertusPro-NX Devices

Property Value Description

1/0 Buffer Type LVSTL_| Set the I/0O buffer type standard to LVSTL_| for better performance.

DDR Command Frequency 533 MHz Maximum supported frequency on CertusPro-NX devices.

Enable Power Down False Not used in this reference design

Enable DBI False Not used in this reference design

PLL Reference Clock from Pin True Export the PLL reference clock input to be connected from the top module.
Refer to the Clocking Scheme Overview - CertusPro-NX Devices section for
details.

DDR Density (per Channel) 8 Gb Configure the DDR DRAM density based on the memory module on the
development kit.

DDR Bus Width 32 Configure the DDR DRAM bus width based on the memory module on
development kit.

Data Width 256 Data width on the AXI interface of the memory controller.

ID Width 2 ID width on the AXI interface of the memory controller. This value must
match with the AXI Manager in the Interconnect IP. Refer to the AXI4
Interconnect IP section for details.

Write/Read Ordering Queues 4 Set the ordering queues that process the write and read data requests.
More queues means better ordering of access to the DDR bus. This
minimizes the gaps between accesses but consumes more resources. The
default value is used to balance performance and resource utilization.

Enable Local Bus Clock True Enable the clock domain crossing logic for the local data bus.

Enable APB I/F True Enable APB interface, which allows the CPU to access the memory
controller registers.

Note:
1. Default settings are used for properties in the Memory Device Timing and the Training Settings tabs.
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4.2.2. LPDDR4 Memory Controller for Lattice Avant Devices

Figure 4.3 shows the LPDDR4 Memory Controller IP configuration for Lattice Avant devices.

%, Module/IP Block Wizard

Configure Component from IP mc_avant Version 1.2.0

Set the following parameters to configure this component.

Diagram Ipddr4

Ipddr4

ddr_ca_o[5:0]
ddr_ck_o[1:0]
—HAPB_ SO ddr_cke 0[0:0]

—EAXI_SD ddr_cs_o[0:0]

—clk_i ddr_dmi_io[1:0]

—pclk_i ddr_dqg_io[15:0]

—pll_refclk_i ddr_dgs_io[1:0]
—pll_rst_n_i ddr_reset_n_o—
—preset_n_i init_done_o}—
—reset_n_i irg_o—
—rst_n_i pll_lock_o}—
sclk_o—
trn_err_o—

mc_avant
1

Configure IP
General Memary Device Timing
Property Value
1/C Buffer Type LVSTLT1 NI

DDR Command Frequency (MHz) 200

Reference Clock: Frequency (MHZJ 100.0

DDR Density (per Channel) 8Gb
DDR Bus Width 16
Mumber of DDR Clocks

Local Data Bus Type Axld
Data Width 128
1D Width 2
Write Ordering Queues 4
Read Ordering Queues 4
Enable Local Bus Clock
Enable APE I/F

Mo DR.C issues are found.

Generate Cancel

Figure 4.3. LPDDR4 Memory Controller IP Configuration for Lattice Avant Devices
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Table 4.3 provides the configuration details of the LPDDR4 Memory Controller IP for the Lattice Avant device.

Table 4.3. LPDDR4 Memory Controller IP Configuration for Lattice Avant Devices

Property Value Description

1/0 Buffer Type LVSTL_II Set the I/O buffer type standard to LVSTL_II

DDR Command Frequency 800 MHz Maximum supported frequency on Lattice Avant devices

Enable DBI False Not used in this reference design

Reference Clock: Frequency 100 MHz PLL reference clock input to be connected from the top module.
Refer to the Clocking Scheme Overview - Lattice Avant Devices
section for details.

DDR Density (per Channel) 8 Gb Configure the DDR DRAM density based on the memory module
on the development kit.

DDR Bus Width 16 Configure the DDR DRAM bus width based on the memory
module on the development kit.
Note: The Lattice Avant-AT-E Evaluation Board limits only single
DDR channel usage, hence the Bus Width is set to 16 only.

Number of DDR Clocks 2 Total of two DDR clocks per dev kit

Data Width 128 Data width on the AXI interface of the memory controller

ID Width 2 ID width on the AXI interface of the memory controller. This
value must match with the AXI Manager in the Interconnect IP/
Refer to the AXI4 Interconnect IP section for details.

Write/Read Ordering Queues 4 Set the ordering queues that process the write and read data
requests. More queues means better ordering of access to the
DDR bus. This minimizes the gaps between accesses but
consumes more resources. The default value is used to balance
performance and resource utilization.

Enable Local Bus Clock True Enable the clock domain crossing logic for the local data bus.

Enable APB I/F True Enable APB interface, which allows CPU to access the memory

controller registers.

Note:

1. Default settings are used for properties in the Memory Device Timing tab.
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4.3. AXIl4 Interconnect IP

The AX14 Interconnect IP is used to connect the RISC-V RX instruction and data AXI ports (managers) to various subordinates
within the system. This includes the system memory, LPDDR4 memory controller, SPI flash controller, and peripherals. The
interconnect output interfaces are AXI-based. As such, conversion bridges are needed when connecting the AX14
Interconnect to AHB-Lite or APB-based subordinates.

Figure 4.4 shows the AXI4 Interconnect IP configuration in the General tab.

% Module/IP Block Wizard x

Configure Component from IP axi_interconnect Version 1.2.0
Set the following parameters to configure this component.

Diagram axi_interconnect_0 Configure IP
35 General External Manager Settings External Subordinate Settings
Property Value
~ General
Total External AXI4 Managers [1 - 32] 2
Total External AXl4 Subordinates [1-32] 4
AKXl User width 1
axi_interconnect_0
=[x so0  AxT_mMog4H~
—[Haxiso1  AXI_MoiH-
—axi_aclk_i AXI_MO24H~=
—|axi_aresetn_i  AXI_M034—
axi_interconnect
4 ¥ | Mo DRC issues are found.

Generate Cancel

Figure 4.4. AX14 Interconnect IP Configuration
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Table 4.4 provides the configuration details of the AXI4 Interconnect IP.

Table 4.4. AXI4 Interconnect IP Configuration

Property Value Description
General Tab
Total External AX14 Managers 2 For interface to RISC-V RX instruction and data ports
respectively
Total External AX14 Subordinates 4 Four subordinates on which to interface:
e LPDDR4 AXI data path
e  System memory data path
e  SPIflash data path
e  All APB based registers space (via APB Interconnect)
AXI User Width 1 AXI User is not used and set to minimum value
External Manager Settings Tab
External Manager AXI ID width 1 Set to 1 to match the RISC-V RX AXI interface width
AXI Manager Max Address Width 32 Maximum address width that can be set for AXI manager
AXI Manager Max Data Width 32 Maximum data width that can be set for AXI manager
AXI Manager Max no of ID supports 1 Maximum number of IDs that can be set for AXI manager
External Manager AXI Access Type WR Write and read access for both RISC-V RX AXI managers
External Manager AXI protocol AXI4 Full AX14 for both RISC-V RX AXI managers
External Manager Address Width 32 Actual address width for each RISC-V RX AXI manager
interface
External Manager Data Width 32 Actual data width for each RISC-V RX AXI manager
interface
External Manager No of ID Actual number of IDs (RISC-V RX has only one ID)
External Manager Write/Read accept 8 Number of outstanding write and read transactions that
each manager interfaces can accept. Use default value in
this design.
External Manager Priority Round Robin Use Round Robin scheme for each manager interface.
Choose responses from different subordinates (at write
response channel and read response channel).
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Property Value Description
External Subordinate Settings Tab
External Subordinate AXI ID Width 2 Subordinate ID width
= Manager ID width + log2 (number of managers)
=1+log2(2)
=2
External Subordinate Max Address Width 32 Address width maximum at 32 bits for all subordinates
External Subordinate Max Data width 256 (CertusPro-NX Data width maximum at 256/128 bits to match with
devices) LPDDR4 memory controller AXI interface
128 (Lattice Avant
devices)
External Subordinate AXI Access Type WR Write and read access for all subordinates
External Subordinate Protocol Type AXl14 Full AXI14 for all subordinates. Subsequent conversion
from AXI4 to AHB-Lite or APB involves bridges.
External Subordinate Address width 32 Actual address width for each subordinate

External Subordinate Data width

256 (subordinate 0
on CertusPro-NX
devices)

128 (subordinate 0
on Lattice Avant

Data width is set to 256/128 on Subordinate 0, which is
connected to LPDDR4 memory controller AXI interface.
The remaining are set to 32.

devices)
32 (other
subordinates)

External Subordinate Write/Read Issue 8 Number of write and read transactions that each
subordinate can issue. Use default value in this design.

External Subordinate Fragment Cnt 8 Number of address fragments that each subordinate has.
Propel Builder will populate it according to connections
and address map assigned.

External Subordinate Priority Round Robin Use Round Robin scheme for each subordinate. Choose
requests from different Managers (at write and read
address channel)
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4.4. System Memory

The System Memory IP is used to store the initial software code that RISC-V RX executes out from reset. The LPDDR4
external memory is not ready until the memory training is completed. The initial software is required to ensure the LPDDR4
memory is ready before RISC-V RX accesses it. Using the System Memory IP allows the initial software to be pre-compiled
into the FPGA bitstream file. Once the device configuration process is completed, the System Memory will contain the valid
initial software. Refer to the RISC-V RX Software Flow section for details.

Figure 4.5 shows the System Memory IP configuration in the General tab.

oy

Configure Component from Module system_memeory Version 2.0.0
Set the following parameters to configure this component.

Diagram system0 Configure IP
General Port 50 Settings Port 51 Settings
Property Value
~ General
Interface Axl4
Systemo Memory Address Depth [1 - 106438] 8192
Data Bus Width(bits) 32
4 ) Memory Type EBR
Port Count 1
— +AXI_SO ECC Enable
— aXi_adk_i AXI4 1D Width 2

~ Data Streamer

Enable Data Streamer

—axi_resetn_i

. J
system_memory | Sssis

Initialize Memory

4 » | No DRC issues are found.

Generate Cancel

Figure 4.5. System Memory IP Configuration
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Table 4.5 provides the configuration details of the System Memory IP.

Table 4.5. System Memory IP Configuration

Initialization File

Path to the mem file

Property Value Description

Interface AXI4 Select AXI4 as memory interface that match with RISC-V RX AXI managers

Memory Address Depth 8192 Total memory size = 8192 * 32 /8 =32 KB

Data Bus Width 32 Total memory size =8192 *32 /8 =32 KB

Memory Type EBR Use embedded ram to construct the system memory

Port Count 1 Enable single AXI subordinate port as the arbitration is handled by AXI4
interconnect

AXI ID Width 2 ID width is set accordingly to match AXI4 Interconnect property

Initialize Memory True Enable this option to point to the software memory initialization file (.mem)

Initialization File Format Hex which will compile the software into bitstream after Lattice Radiant

compilation.
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Table 5.1 shows the input/output interface signals for the top-level module.

Table 5.1. Primary 1/O

Signal Name 1/0 Type 1/0 Width Description
ddr_pll_refclk_i Input 1 Reference clock input for LPDDR4 memory controller’s PLL.
rstn_i Input 1 Active low reset input for the reference design. Activate by pressing
push button on the board.
CertusPro NX devices: SW3
Avant devices: SW1
gpio_io Input/Output 8 General purpose 1/0 signals connect to LED on board.
UART Interface
uart_rxd_i Input 1 UART receive input. Connects to the board FTDI2232 TXD signal.
uart_txd_o Output 1 UART transmit output. Connects to the board FTDI2232 RXD signal.
SPI Flash Interface
sclk_o Output 1 Serial clock to SPI flash
ss_n_o Output 1 SPI flash chip select
mosi_o Output 1 Serial data from SPI flash controller (FPGA) to SPI flash
miso_i Input 1 Serial data to SPI flash controller (FPGA) from SPI flash
wpj_o Output 1 SPI flash write protect. Not used.
flash_rst_n Output 1 External SPI flash reset signal. Assign to 1’b1 to release flash from
reset.
Note: This applies only if Lattice Avant device is the target device.
LPDDR4 Memory Interface
ddr_ca_o Output 6 LPDDR4 command/address
ddr_ck_o Output 1 LPDDR4 clock
ddr_cke_o Output 1 LPDDR4 clock enable
ddr_cs_o Output 1 LPDDR4 chip select
ddr_dmi_io Input/Output 4 LPDDR4 data mask
ddr_dg_io Input/Output 32 LPDDR4 data
ddr_dgs_io Input/Output 4 LPDDR4 data strobe
ddr_reset_n_o Output Memory reset signal
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6. RISC-V RX Software Flow

This section describes the software flow of the reference design.

6.1. RISC-V RX Boot up Sequence

This section describes the RISC-V RX CPU boot up sequence that enables the CPU to execute software code from the
LPDDR4 memory.

Here are the terms used and their descriptions:

Boot up — Process of starting the RISC-V RX CPU, loading software into the LPDDR4 memory, and executing the
software

Bootloader — Software that initializes, sets up, and loads the application image into the LPDDR4 memory

Application — Software that is loaded into the LPDDR4 memory and executed by the CPU at the end of boot up process
SPI Flash — Non-volatile memory that can store application software persistently

Application image — Converted application software with extra information and is used to program into the flash

Figure 6.1 illustrates the boot up sequence with reference to the terminologies above.

SPI Flash
FPGA o
RISC-V Aplphcatlon 1
RX mage
(such as
FreeRTOS)
1 4
3
A
System LPDDR4
Memory y
L5 emory
2 | Bootloader h e
Image
(such as
FreeRTOS)

Figure 6.1. Boot up Sequence

The following is the boot up sequence shown in Figure 6.1:

vk wnN

The application image (such as FreeRTOS) is pre-programed into flash before booting up.

The system memory is pre-initialized with the bootloader (in bitstream file) during the FPGA configuration process.
The RISC-V RX CPU executes the bootloader when reset is de-asserted.

The bootloader initializes the LPDDR4 memory controller and copies the application image from flash to memory.

The RISC-V RX CPU executes the application in the LPDDR4 memory when it is ready and this completes the boot up
process.
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6.2. Bootloader Software Flow Chart

Figure 6.2 illustrates the bootloader software flow.

Copy Image to
Start LPDDR Memory

A A

UART and GPIO Check Image
Initialization CRC32

y

Flash Initialization No

4

Yes

LPDDR4 Memory
Controller Initialization

Flush Cache
Read Image Header A
from SPI Flash
Jump to
Application Code

Magic Word
Correct?

No

Figure 6.2. Bootloader Software Flow

The following is the bootloader sequence shown in Figure 6.2:

1.
2.
3.

L X N ow

Initialize the UART interface and GPIO (for driving LED)
Initialize the SPI flash controller. Read the flash ID and display the value.

Initialize the LPDDR4 memory controller. Trigger the memory training process and monitor the completion. Ensure that
all trainings pass before proceeding.

Read the application image header from SPI flash and check for the magic word in the header.

Refer to the Application Image Format section for details.

Proceed if the magic word matches. Otherwise, go to boot fail and stop booting.

Copy the application image from flash to the LPDDR4 memory.

Generate CRC32 checksum for image in the LPDDR4 memory and compare it with the value from the image header.
Proceed if checksum matches. Otherwise, go to boot fail and stop booting.

Flush the CPU cache.

10. Jump to the application code address in the LPDDR4 memory.
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6.3. Application Image Format

The application image contains the application software binary and extra information appended as the header. Figure 6.3
illustrates the application image format. The header information is required for bootloader to perform image validation and
integrity check during boot up.

——————— Magic Word
Image Size
256 Bytes —| Image Header
CRC32
——— Reserved
Application
| Binary
Image
Specific
Figure 6.3. Application Image Format
Table 6.1 provides the image header details.
Table 6.1. Application Image Header
Header Property Value Description
Magic Word 0x4C534343 Represents LSCC in ASCII notation. Magic Word is used to check if a valid image
header exists in flash.
Image Size Variable Application binary size in number of bytes. This provides the total size to be
copied by the bootloader.
CRC32 Checksum Variable CRC32 checksum calculated for the application binary.
Reserved N/A Padding to align the image header to flash page size (256 bytes).
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6.4. Application Image Generation

This section describes the application image generation process to produce the image described in the Application Image

Format section.

Source Build Project o
Code Application

E—

Run make_image.py

>

Figure 6.4. Application Image Generation

The following is the application image generation process shown in Figure 6.4.

Image
Header

Application
Binary

1. Build the application software project from source code using Propel SDK. This creates the application binary file (.bin).

2.  Runthe make_image python script (provided by this reference design) to append the image header on top of

application binary.

Refer to the Generating the Flash Image section for details.
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7. Implementing the Reference Design on the Board
This section describes the procedure for running the RISC-V LPDDR4 reference design using the prebuilt binary files in the
design package.

The following Lattice development boards are used to run the design:
e  CertusPro-NX Versa Board
e  Avant-E Evaluation Board

Follow the procedure in the Setting up the CertusPro-NX Versa Board section or in the Setting up the Lattice Avant-AT-E
Evaluation Board section, depending on the board that you are using.

7.1. Extracting the Reference Design Files

Before running the reference design, download the design package .zip file from the Lattice Semiconductor website.
e  CertusPro-NX-RISCV-LPDDR4-RD.zip

e  AVANT-RISCV-LPDDR4-RD.zip

Unzip the .zip file to your local directory, for example to C:\workspace\.

The extracted directory is named CertusPro-NX-RISCV-LPDDR4-RD or AVANT-RISCV-LPDDR4-RD, depending on which design
you downloaded into your workspace. This path is referred to hereinafter as <my_work_dir>. For example, <my_work_dir>
= C:\workspace\CertusPro-NX-RISCV-LPDDR4-RD.

7.2. Setting up the CertusPro-NX Versa Board

This section provides the procedure for setting up the CertusPro-NX Versa Board, shown in Figure 7.1

Mini USB
12 V power
adaptor

I BEEEE Bk

Placed jumper by default
Empty jumper by default
1 current measuring jumper

J32 and J33

Figure 7.1. CertusPro-NX Versa Board
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To set up the CertusPro-NX board:

1. Connect the 12 V power adaptor to J44.

2. Connect the Mini USB Type A cable from the PC to J34.

3. Connect (using jumpers) Pin 1 and Pin 2 on both J32 and J33 to enable UART.
4. Turn on switch SW6.

7.3. Setting up the Lattice Avant-AT-E Evaluation Board

This section provides the procedure for setting up the Lattice Avant-AT-E Evaluation Board, shown in Figure 7.2.
Note: The Lattice USB Programming Cable HW-USBN-2B is required to program the SPI flash on the board.

JP51 JP28

Mini USB
. F3R233 “"’°
WM
JP1, JP2
J3

- VigLaTTice ) -

| Avant

SW6

1 12v DC
1] |-y ezams we m W k N - 3 ’ power jack

Figure 7.2. Lattice Avant-AT-E Evaluation Board

To set up the Lattice Avant-AT-E board:

1. Connect the 12 V power adaptor to J50.

2. Connect the Mini USB Type A cable from the PC to J2.

3. Connect (using jumpers) Pin 1 and Pin 2 on both JP1 and JP2 to enable UART.
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4. Connect the HW-USBN-2B cable to J3 in the following manner (this is used for SPI flash programming):
a. Connect ISPEN/PROG (yellow wire) from cable to J3 pin 2.
b. Connect TDI/SI (orange wire) from cable to J3 pin 5.
c. Connect TDO/SO (brown wire) from cable to J3 pin 7.
d. Connect VCC (red wire) from cable to J3 pin 10.
e. Connect TCK/SCLK (white wire) from cable to J3 pin 12.
f.  Connect GND (black wire) from cable to J3 pin 14.
5. Connect (using jumpers) the following pins:
a. Pins1and2onlJP51
b. Pins 2 and 3 onJP28
c. Pins1and2onlJP25
d. Pins1and?2onlJP65
6. Turn on switch SW6.

7.4. Setting up the UART Terminal
The software code in this reference design displays messages on the terminal through the UART interface.
To set up the UART terminal:
1. Launch Tera Term.
Note: Other terminal emulator software, such as PuTTY, may be used.
In the New connection dialog box, select Serial.

Select the correct COM port from the Port drop-down menu. It is usually the larger number. For example, if you see
COM1 and COM2, choose COM2.

4. Click OK
Tera Term: Mew connection *
O TCPAIP myhost.example.com
History
Telnet 22
SSH §5H2
Other
AUTO
® Serial Port: COM21: USB Serial Port [COM21)  ~
Cancel Help
Figure 7.3. Tera Term New Connection
5. Click Setup > Serial Port.
6. Inthe Serial port setup and connection interface, select 115200 in Speed.
7. Select the rest of the options based on Figure 7.4.
8. Click New setting to complete the process.
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7.5.

Tera Term: Serial port setup and connection

Port:

Com21 ~ | K
New setting
Data: 8 bit ~ Cancel
Parity: none ~
Stop bits: 1 bit ~ Help
Flow control: none ~

Figure 7.4. Tera Term Serial Port Setup and Connection

Transmit delay

EI msecichar

EI msecfline

Programming the Application Image to SPI Flash

The application image is programmed into SPI Flash before starting the bootloader software. This ensures there is a valid
image for bootloader to load into LPDDR4 memory.

To program the application image to SPI Flash:

1. Launch Radiant Programmer 2023.1 from the Windows Start menu.

2. Inthe In the Getting Started dialog box, select Open an existing programmer project.

Figure 7.5. Windows Start Manu > Radiant Programmer

B Lsttice Radiant Software 2023.1

&~ Install&Uninstall Cable Drivers

. IP Packager

e
ﬂ J Mentor ModelSim Lattice Edition

Power Calculator

4 Radiant Programmer

£ Radiant Programmer - Getting Started ? *
Mew Project:
Project Name: | |
Project Location: | ~ | Browse...
O Create a new project from a scan
Cable: Port: Detect Cable
TCK Divider Setting (0-30x): |5 =
() Create a new blank project
Open Project:
@ Open an existing programmer project
| <my_work_dir > fcpnx_flash_winbond. xcf ~ | | Browse...
oK Cancel

Figure 7.6. Radiant Programmer - Getting Started Dialog Box
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3. Click the Browse button and navigate to <my_work_dir>\prebuilt_images directory.

4. Select the corresponding .xcf file for your board as indicated in Table 7.1.

Table 7.1. Programming Files Selection

Board Flash Device XCF File

CertusPro-NX Versa Board Winbond W25Q512)V cpnx_flash_winbond.xcf

CertusPro-NX Versa Board Macronix MX25L51245G cpnx_flash_macronix.xcf

Lattice Avant-AT-E Evaluation Board Macronix MX25L51245G avant_flash_macronix.xcf
5. Click OK.

6. Inthe main interface, click Run > Program Device.

7. The Output console displays the Operation successful message.

OQutput
INFO - Devicel LFCPMX-100: W25Q5121V: Erase Program,Verify

Initializing. ..

IDCode Chedking...

Enter 4Byte mode...

Enabling. ..

Erasing...

Disabling...

Enabling...

Programming...

Disabling. ..

Verifying...

INFO - Execution time: 00 min : 04 sec
INFQ - Elapsed time: 00 min : 10 sec

INFO - Operation: successful.

Output ~ Td Console
Figure 7.7. Output Console

Note: If the flash programming fails, refer to the Debugging the Design section.
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7.6. Programming the FPGA Bitstream

This bitstream (.bit) file is programmed into the FPGA device. This bitstream contains the RISC-V LPDDR4 design with the
bootloader code pre-initialized in system_memory.

To program the bitstream into the device:
1. Inthe Radiant Programmer main interface, click File > Open Project.

2. To open the Programmer project file, browse to <my_work_dir>\prebuilt_images and select
cpnx_bitstream_program.xcf or avant_bitstream_program.xcf.

Click Open.
In the main interface, click Run > Program Device.

The Output console displays the Operation successful message.

Output

INFQ - Chedk configuration setup: Successful (Ignored JTAG Connection Checking).
INFQ - Device 1 LFCPMX-100: Fast Configuration

IMFO - Operation Done., Mo errars.

IMFO - Elapsed time: 00 min : 11 sec

IMFO - Operation: successful,

Output  Td Console
Figure 7.8. Output Console

Note: If you encounter error during bitstream programming for the Avant device, follow these steps:
1. Disconnect the HW-USBN-2B cable from PC.
2. Power cycle the board (switch off and on).

3. Repeat the Program Device steps.

7.7. Verifying the Results

After FPGA configuration is completed, observe the messages in the Tera Term terminal as shown in Figure 7.9.
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Figure 7.9. RISC-V RX and LPDDR4 Reference Design Results

The following process is observed:

1.
2.
3.

The bootloader software executes first. It initializes the SPI flash controller and the LPDDR4 memory controller.
The bootloader copies the image from flash to the memory. It checks the CRC to be correct before proceeding.

If everything is good, the bootloader instructs the CPU to jump to the LPDDR4 memory address and start executing the
application.

The FreeRTOS application is executed from the LPDDR4 memory.
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8. Compiling the Reference Design

This section describes the process of compiling the RISC-V and LPDDR4 Reference Design. Compilation is required to
generate the binary files from the source files. The compilation process involves the following software tools for generating
the FPGA bitstream and the RISC-V processor software executable files:

e Lattice Propel Builder 2023.1

e Lattice Radiant Software 2023.1

e Propel Software Development Kit (SDK) 2023.1

These sections show the typical design flow for Lattice RISC-V based design:

e Building and Generating the RISC-V Processor using the Lattice Propel Builder

e Synthesizing RTL Files and Generating the Bitstream using the Lattice Radiant Software

e Building the Software Project using Propel SDK

These sections show the specific flow that is needed for this reference design to create the bootloader software and
application image:

e  Pre-initializing System Memory

e Generating the Flash Image

8.1. Building and Generating the RISC-V Processor using the Lattice Propel Builder

The RISC-V processor system in this reference design is built and generated using Lattice Propel Builder. The components
(IP) are instantiated and connected using the schematic graphical user interface of Propel builder, as shown in Figure 8.1.

Schematic Address . Start Page

ddr_pl_refck iC>

[LEE SECRE
I wxansL i fash ot

Sstesn_sesets, 6 et § AT H 1 (=
et b o) e L) |

TR

Figure 8.1. Lattice Propel Builder Schematic View
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The following procedure is required after making modifications to the design. Refer to the Customizing the Reference
Design section for details.

To generate the RISC-V processor system:
1. Launch Lattice Propel Builder 2023.1 from Windows Start menu.

B Lattice Propel 2023.1

o~ Install@&Uninstall Cable Drivers

{3} Lattice Propel 2023.1

L% [ Lattice Propel Builder 20231

Figure 8.2. Windows Start Manu > Lattice Propel Builder

In the Propel Builder main interface, click File > Open Design. This opens the Open sbx dialog box.
Navigate to <my_work_dir>\cpnx_riscv_rx_rd or <my_work_dir>\avant_riscv_rx_rd.

Note: Before performing this step, make sure you have already completed the procedure in the Extracting the
Reference Design Files section.

Select cpnx_riscv_rx_rd.sbx or avant_riscv_rx_rd.sbx and click Open.
5. In Propel Builder, click Design > Validate Design.

You should see no error in the Tcl Console window.

Tcl Console

% sbp design drc

INFO <2359136> - Startc: skp design dre.
INFO <235%137> - Finished: sbp design drc.

Figure 8.3. TCL Console — No Error for Validate

6. Click Design > Generate. You should see no error in the Tcl Console window:

Tel Conscle

% sbp design generate

INFO <2Z359185> - Start: sbp design generate.
INFOQ <2359150> - Finished: skbp design generate.

% sbp_design save

% sbp_design pge sge -1 {C: /CertusPro-NX-RISCV-LPDDR4-RD/cpnx riscv rx rd/
cpnx_riscv_rx rd.sbx} -o {C: /CertusPro-NX-RISCV-LPDDR4-RD/cpnx riscv rx rd/../} -nc
Warning[FileExistance]:No available driver for memory_controller

Figure 8.4. TCL Console — No Error for Generate

Note: The memory controller driver warning can be safely ignored.

© 2023 Lattice Semiconductor Corp. All Lattice trademarks, registered trademarks, patents, and disclaimers are as listed at www.latticesemi.com/legal.
All other brand or product names are trademarks or registered trademarks of their respective holders. The specifications and information herein are subject to change without notice.

FPGA-RD-02278-1.0 40


http://www.latticesemi.com/legal

RISC-V RX and LPDDR4 Memory Controller :.ILATTICE

Reference Design

8.2. Synthesizing RTL Files and Generating the Bitstream using the Lattice Radiant

Software

Lattice Radiant software is used to synthesize the RTL design files (from Propel Builder) and generate the FPGA bitstream
file.

To compile the project.
1. Open Lattice Radiant Software 2023.1 from the Windows Start menu.
B Lattice Radiant Software 2023.1

o~ Install8Uninstall Cable Drivers

' IP Packager

 sm— |
[vj] Mentor ModelSim Lattice Edition

@-) Power Calculator

b ¢ Radiant Programmer

B rodint software

Figure 8.5. Windows Start Menu > Radiant Software

Note: Do not launch the Lattice Radiant software from Lattice Propel Builder. This causes the Radiant top-level setup to be
overwritten. This is a known issue to be fixed in a future Lattice Propel Builder version.

2. Inthe Lattice Radiant software main interface, click File > Open > Project.
3. Navigate to <my_work_dir>\cpnx_riscv_rx_rd.rdf or <my_work_dir>\avant_riscv_rx_rd.rdf and click Open.
4. Click Export Files to start bitstream compilation.

Lattice Radiant Software - Reports
File Edit View Project Tools Window Help

r— = A
- =- B Qaaea BFE n° & @ [
’ u Synthesize Design n Map Design u Place &Route Design > Export Files H
Run Export Files
Qv Find Text... % ) Start Page epore e |

Figure 8.6. Export Files

5. The compilation may take some time to complete. The .bit file is generated/updated in the project path
(<my_work_dir>\impl_1) after compilation is completed successfully.

Note: If you observe timing violations after Lattice Radiant compilation, this may be due to the Placement Iteration Start
Point number for Place & Route not working optimally on your machine. In this case, perform the following steps:

In Lattice Radiant software, click Project > Active Strategy > Place & Route Design Settings.

Change Placement Iterations from 1 to 5.

1
2
3. Change Placement Save Best Run from 1 to 5.
4. Click OK.

5. Click Export Files.

This reruns the Place & Route Design with five different incremental start point values. The Place & Route Reports show all
five placement results and selects the best timing result.
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8.2.1. Floor-planning Constraints

The RISC-V LPDDR4 reference design for Avant devices uses physical constraints (floor-planning) to achieve better hold time
slacks for the SPI Flash Controller IP used in this design. Groups are created using the Idc_create_group constraint for the
sub-modules in the SPI Flash Controller as follows:
e ahb_intf
e apb_intf
e spi_flash_intf
Each group are assigned to a specific site in FPGA using the Idc_set_location constraint. The ahb_intf and apb_intf groups
are placed on sites with specific routing distance from the spi_flash_intf group. The routing distances compensate for the
large clock skews between the sub-modules.
The actual physical constraints, which are in the avant_riscv_rx_rd.pdc file, are listed as follows:
# Floorplanning constrains for SPI flash hold time
ldc_create_group -name ahb_intf -bbox {24 25} [get_cells
{avant_riscv_rx_rd_inst/spi_flash_inst/lscc_spi_flash_inst/ahb_intf_inst }]
ldc_set_location -site {R66C37F} [ldc_get_groups ahb_intf]
ldc_create_group -name apb -bbox {18 26} [get_cells
{avant_riscv_rx_rd_inst/spi flash_inst/lscc_spi flash_inst/apb_intf _inst }]
ldc_set location -site {R47C37F} [ldc_get groups apb]
ldc_create_group -name spi_flash_intf -bbox {41 20} [get cells
{avant_riscv_rx_rd_inst/spi_flash_inst/lscc_spi_flash_inst/spi_flash_intf_inst }]
ldc_set_location -site {R47C340F} [ldc_get_groups spi_flash_intf]

8.3. Building the Software Project using Propel SDK

Lattice Propel SDK is used to build the RISC-V processor software project. This section provides the procedure building the
software project in Propel SDK.

8.3.1. Setting Up the Project Workspace
Launching the Propel SDK tool and setting up an Eclipse workspace for software projects are discussed in this section.

Note: These steps are required only when you create a Propel SDK workspace for the first time. On subsequent Propel SDK
launches, you can reuse the previously created workspace.

To create a new Propel SDK workspace:
1. Launch Lattice Propel 2023.1 from the Windows Start Menu.

B Lattice Propel 2023.1

&~ Install&Uninstall Cable Drivers

{3 Lattice Propel 2023.1

c‘ Lattice Propel Builder 2023.1

Figure 8.7. Windows Start Manu > Lattice Propel 2023.1

In the Lattice Propel Launcher dialog box, click Browse.
Navigate to <my_work_dir>.

Create a new folder named propel_workspace and click Select Folder

vk W

Figure 8.8 shows the reference design workspace setup. When ready, click Launch.
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Q Lattice Propel Launcher X

Select a directory as workspace

Lattice Propel uses the workspace directory to store its preferences and development artifacts.

Waorkspace: Q| Ch\workspace\CertusPro-MX-RISCV-LPDDR4-RD\prepel_workspace] v Browse...

[] Use this as the default and do not ask again

» Recent Workspaces

Figure 8.8. Propel SDK Workspace Setup

© 2023 Lattice Semiconductor Corp. All Lattice trademarks, registered trademarks, patents, and disclaimers are as listed at www.latticesemi.com/legal.
All other brand or product names are trademarks or registered trademarks of their respective holders. The specifications and information herein are subject to change without notice.

FPGA-RD-02278-1.0 43


http://www.latticesemi.com/legal

RISC-V RX and LPDDR4 Memory Controller :.ILATTICE

Reference Design

8.3.2. Building Bootloader and Application Software

The source code for both the bootloader and the application software are provided in the reference design. These are
located in <my_work_dir>\sw.

e bootloader_sw.zip contains the project and code for bootloader software

e freertos_app_sw.zip contains the project and code for FreeRTOS application software

To build the software project in Propel SDK.
1. In Propel main interface, click File > Import.

2. Inthe Import wizard Select page, choose Existing Projects into Workspace under General.

P

s

Select
Create new projects from an archive file or directory. E 5 |

Select an import wizard:

|t5pr:f\|tr:rtaxt |

v = General ”~
@n Archive File
(% Existing Projects into Workspace
[ File System
[T} Preferences
[} Projects from Folder or Archive
v = C/C++
C/C++ Executable
E.ﬂf C/C++ Project Settings
Existing code as Autotools project
Existing Code as Makefile Project
= Git
= Install
(= Lattice Propel

= Onmnh

@ < Back Finish Cancel
Figure 8.9. Select Existing Projects

Click Next.

In the Import Projects page, choose Select archive file.

Click the Browse button and navigate to <my_work_dir>\sw \bootloader_sw.zip.
Click Open.

ok~ w

£t Import O it

Import Projects

1 Mo projects are found to import

(O Select root directory: Browse...
(®) Select archive file: < m)r_work_dirb\sw\bootloader_sw.zip| ~ | Browse...
Projects:

| selectal

Figure 8.10. Import Projects

Click Finish to complete the process.
The bootloader_sw project is listed in Project Explorer.
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2§

Y 8§ = 0O

(1]

() Project Explorer X

== bootloader_sw

Figure 8.11. Project Explorer

9. In Project Explorer, right-click bootloader_sw and select Build Project.
10. Verify that no error message is shown in the Console window.

11. Make sure that the bootloader_sw.mem file is generated in the
<my_work_dir>\propel_workspace\bootloader_sw\Debug directory.

2 Console X “_I*] Problems| é] Tasks| (] Properties| 4 Terminal x| S| GEEE
CDT Build Conscle [boctloader_sw]

Building target: beotloader_sw.elf

Invoking: GNU RISC-V Cross C Linker

riscv-none-embed-gcc -march=rv32imc -mabi=ilp32 -msmall-data-limit=8 -mno-save-restore -0@ -fmessage-length=@ -fsigned-char -ffunction-sections -fdata-sections -g3 -T "C:/lscc/f2f_emb_traini
Finished building target: bootloader_sw.elf

Invoking: GNU RISC-V Cross Create Listing
riscv-none-embed-objdump --source --all-headers --demangle --line-numbers --wide "bootloader_sw.elf” > "bootloader_sw.lst™
Finished building: bootloader_sw.lst
Invoking: GNU RISC-V Cross Print Size
riscv-none-embed-size --format=berkeley "bootloader_sw.elf”
text data bss dec hex filename
5224 20 2672 7916 leec bootloader_sw.elf
Finished building: bootloader_sw.siz
Invoking: Lattice Create Memory Deployment

riscv-none-embed-objcopy -0 binary --gap-fill @ “bootloader_sw.elf" “"bootloader sw.bin™; srec_cat "bootloader_ sw.bin™ -Binary -byte-swap 4 -DISable Header -Output "bootloader_sw.mem" -MEM 32
Finished building: bootloader_sw.mem

19:@4:@@ Build Finished. @ errors, 2 warnings. (took 1@s.522ms)

Figure 8.12. Console

12. Repeat steps 1 to 11 to build the FreeRTOS application using freertos_app_sw.zip.

13. After successfully building the FreeRTOS application, make sure that the freertos_app_sw.bin file is generated in the
<my_work_dir>\propel_workspace\freertos_app_sw\Debug directory.

© 2023 Lattice Semiconductor Corp. All Lattice trademarks, registered trademarks, patents, and disclaimers are as listed at www.latticesemi.com/legal.
All other brand or product names are trademarks or registered trademarks of their respective holders. The specifications and information herein are subject to change without notice.

FPGA-RD-02278-1.0 45


http://www.latticesemi.com/legal

RISC-V RX and LPDDR4 Memory Controller ....LATTICE

Reference Design

8.4. Pre-initializing System Memory

As described in the RISC-V RX Boot up Sequence section, the RISC-V RX processor executes the bootloader software from
the system memory when out from reset. The system memory content is pre-initialized with the bootloader software
through FPGA configuration.

Note: These steps are required when changing the bootloader software or initializing the system memory with your own
software program.

To initialize system memory:
1. Inthe Propel Builder tool, double click on the systemO_inst block. This opens the Module/IP Block Wizard.

systemD_inst

Figure 8.13. systemO_inst Block

In the Module/IP Block Wizard, select the Initialize Memory box.
Set Initialization File Format to hex.
In the Initialization File field, click the “...” browse button.

In the Select File dialog box, browse to <my_work_dir>\propel_workspace\bootloader_sw\Debug.

o vk v

Select bootloader_sw.mem and click Open.
The final settings are shown in Figure 8.14.
7. Inthe Module/IP Block Wizard, click Generate and then Finish.
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. Module/IP Block Wizard x

Configure Component from Module system_memory Version 2.0.0
Set the following parameters to configure this component.

Diagram sysmemQ Configure IP
General Port 50 Settings Port 51 Settings
Property Value
~ General
Interface AXl4
SYS' nen IO Mermory Address Depth [1 - 65536] 8192
Data Bus Width(bits) 32
4 )
Memary Type EER
Port Count 1
I AXI_SO ECC Enable
—laxi aCIk i AXI41D Width 2

~ Data Streamer

Enable Data Streamer

—axi_resetn_|i

- /
t ~ Initialization
SyS em_memory Initialize Memory [v]
Initialization File Format hex
Initialization File Ci/workspace/CertusPro-NX-RISCV-LPDDR4-RD...
4 » - Mo DRC issues are found.

Generate Cancel
Figure 8.14. System Memory IP Setting to Pre-initialize with Bootloader Software

8. In Lattice Propel Builder, click Design > Generate to update the output.
9. In Lattice Radiant, click Export Files to generate the updated bitstream file.

Note: Refer to the following sections for the Propel Builder and Radiant compilation steps:
e Building and Generating the RISC-V Processor using the Lattice Propel Builder
e Synthesizing RTL Files and Generating the Bitstream using the Lattice Radiant Software
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8.5. Generating the Flash Image

The application image requires header appended using a provided Python script, as described in the Application Image
Generation section. The make_image.py script is provided in the reference design package at the <my_work_dir>\sw
directory.

Note: This is required to make modifications to the application software or to replace the FreeRTOS application with others.
The pre-requisite .bin file is available, as described in the Building Bootloader and Application Software section.

To generate the flash image:

1. Launch Command Prompt from the Windows Start menu.

2. Make sure you have Python 3 installed. To check, enter python --version. The output is shown in Figure 8.15.
Note: If you do not have Python 3 installed, go to Microsoft Store to install it.

Command Prompt

Microsoft Windows [Version 10.0.19045.2965]
(c) Microsoft Corporation. All rights reserved.

>python --version

Figure 8.15. Python Verification

3. In Command Prompt, enter cd <my_work_dir>\sw to change directory.

Enter the following to run the make_image Python script:
python.exe .\make_image.py ..\propel_workspace\freertos_app_sw\Debug\freertos_app_sw.bin
..\prebuilt_images\freertos_app_boot.bin

The freertos_app_boot.bin file generated in the prebuilt_images directory.

Repeat the steps in the Programming the Application Image to SPI Flash section to program the image into SPI flash.
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9. Customizing the Reference Design

This section describes the customization that can be applied to the reference design. Hardware related modifications are
made using the Propel Builder, since it is the primary design entry tool. Software related modifications are made using
Propel SDK.

9.1. Changing LPDDR4 Memory Controller Parameters

The LPDDR4 memory controller IP parameters are set according to the DRAM chips available on the CertusPro-NX Versa
Board and in the Lattice Avant-AT-E Evaluation Board. You can change the IP parameters to suit the board and DRAM chip
in your project.

To modify the IP parameters:
1. In Propel Builder, double-click on the lpddr4_inst block.

lpddrd_inst

ddr_ca_o[5:0]j———t"% ddr_ca_o[5:0]
ddr_ck_c[0:0]—]f% ddr_ck_o[0:0]
HFAPE_SD ddr_cke_o[0:0] "% ddr_cke_o[0:0]
HRAKI_S0  ddr_cs_o[0:0]p—]% ddr_cs_o[0:0]
pll_reficlk_i ddr_dmi_io[3: 0] pe—% ddr_dmi_io[3:0]
aclk_i ddr_dq_io[31:0]p— ddr_dq_io[31:0]
: pclk_i ddr_das_io[3:0]j—"% ddr_dgs_io[3:0]

areset_n_i  dd r_rﬁe‘t_n_{:u_D ddr_reset_n_o
pll_rst_n_i init_done_ct—
preset_n_i ing_of=—
rst_n_i pll_lock_of—
sclk_ot—
- trn_err_op=—
1 L]

Figure 9.1. Ipddr4_inst Block

2. Inthe Module/IP Block Wizard, make changes to the parameters that suit your board and DRAM chip. Table 9.1 shows
the possible customization.

Table 9.1. LPDDR4 Memory Controller IP Parameters Customization

Parameter Description

DDR Command Frequency (MHz) Change the frequency to the desired value that match your design. For Lattice Avant
devices, the maximum is 800 MHz while for CertusPro-NX devices, it is 533 MHz.

DDR Density Change the density (in terms of Gb) per channel to match with the DRAM chip. This affects
the AXI4 address bus width of the IP interface.

DDR Bus Width Change the bus width for DDR data bus to match with the DRAM chip. This affects the DQ,
DQS and DMI bus width. It requires update to FPGA pin assignments.

3. Inthe Module/IP Block Wizard, click the Generate button to make sure RTL is updated per customization.

Note: Regenerate the Propel Builder system and in Lattice Radiant click Export Files to update the bitstream.
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9.2. Adding New Component to the Propel Builder System

This reference design can be used as base design to add a new component or IP that your project requires. You can perform
this in Propel Builder using the Schematic view.

The following procedure shows the design flow in general:

9.2.1. Hardware Flow

To add a new IP:

1.

O N U kW

In Propel Builder, select and add new IP from the IP Catalog window. Complete the IP configuration using the wizard
and generate.

Note: If you need to create a custom IP, refer to Lattice IP Packager 2023.1 (FPGA-UG-02187).

Connect the new IP to the RISC-V CPU or other IPs in the system. There are three primary interface types:

e  AXI4 or AXI-lite — Add new Manager/Subordinate interface in axi_interconnect_0_inst (depending on the interface
type on the new IP). Connect the new IP to the newly added interface on the interconnect.

e APB - Add new Requestor/Completer interface in apb_interconnect0_inst. Connect the new IP to the newly added
interface on the interconnect.

e AHB-Lite — Add new Manager/Subordinate interface in axi_interconnect_0_inst. Since the new IP has AHB-lite
interface, you need to add AXI4 to AHB-Lite Bridge IP in between.

Connect the clock and reset signals for the new IP.

Export the I/O from new IP to top level module (if applicable).

In Propel Builder, go to Address view to assign the base address for the new IP.
Upon completion, click Generate in Propel Builder.

In Lattice Radiant, assign pins for the new IP (if applicable).

Click Export Files to generate the updated bitstream.
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9.2.2. Software Flow

If the new IP contains software driver, update the Board Support Package (BSP) in the software project.
To update the BSP:

1.

In Propel SDK, right-click on the software project that you are working on and select Update Lattice C/C++ Project.

In the Update System and BSP dialog box, you may observe a Directory is not correct error as shown in Figure 9.2. This
is because the software project is created in another PC with a different system environment path when the project is
imported to SDK.

08 C/C++ Project - O X

Update System and BSP

Select system environment file and B5P package

Current System env: | Ci/flscc/werkspace_rd_2023/bootloader_sw/src/sys_envaml |

MNew System env: | Directory is not correct! | | Browse...

[] Re-generate toolchain parameters and linker script
[ Update BSP package

Cancel

Figure 9.2. New System Error

Click the Browse button to navigate to the new system env path in your PC.
For example: <my_work_dir>/sge/sys_env.xml

Note: This step updates the software project to point to the Propel Builder system env file located in your PC. The
correct path is displayed instead of the previous error.

Select the Update BSP package box. This shows the new IP driver and version available for update.

Note: DO NOT select Re-generate toolchain parameters and linker script box. The software projects provided in this
reference design contains modified linker script. Selecting this option overwrites the modifications.

Click Update to complete the process.

Build the software project to obtain updated executable files (.elf, .mem and .bin).
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9.3. Changing the Application Image Load Address

The bootloader copies the application image to LPDDR4 memory at a pre-defined address. The default address is set to
0x4000_0000, which is the beginning of the memory. If you need to change the load address, modify the bootloader source
code.

To change the application image load address:
1. In Propel SDK Project Explorer, open bootloader_sw > src > main.c.
2. Edit the following line in main.c to the new load address.
#define APPLICATION_MEMORY_START_ADDR 0x40000000
Note: The load address must be 16-byte aligned. Examples of valid addresses are: 0x40000010, 0x40000020, and
others.
Rebuild the bootloader_sw project.
The application software must be updated to match the new load address.
a. Open freertos_app_sw > src > linker.Id.

b. Edit the following line in linker.ld to the new load address. For example, if the new load address is 0x40000010, the
OFFSET_SIZE should be 0x10.
OFFSET_SIZE = 0x10;

Right-click freertos_app_sw and select Clean Project.
Right-click and select Build Project.
Repeat the procedure in the Generating the Flash Image section to generate the new flash image.

© N o w

Repeat the procedure in the Programming the Application Image to SPI Flash section to program image to flash.

9.4. Updating Linker Script to LPDDR4 Memory Address

By default, the software application created is not set to execute from the LPDDR4 memory. Modify the linker script so that
you can execute your software project from the LPDDR4 external memory.

To modify the linker script:

1. Inthe Propel SDK Project Explorer, open the linker script (linker.ld) for your software project.

2. Inlinker.ld, locate the MEMORY region. The following example shows the MEMORY region set to the System Memory
(systemO_inst) starts from address 0x0 and has the length of 32 Kbytes.
MEMORY
{
system@_inst (rwx) : org = 0x0, len = 0©x8000
¥
3. Modify the MEMORY region to set to LPDDR4 memory (ddr) as follows, where ddr starts from address 0x40000000 and
has the length of 1 GBytes.
MEMORY
{
ddr (rwx) : org = 0x40000000, len = Ox40000000
}

Replace systemO_inst with ddr for each sections, including .text, .ctors, .dtors, .rodata, .data, .bss, .heap, and .stack.
Save the linker.ld file.
Right-click the project and select Clean Project.

N o u s

Right-click and select Build Project.

www.latticesemi.com/legal


http://www.latticesemi.com/legal

= LATTICE

10. Debugging the Design

This section lists possible issues and provides troubleshooting procedures.

10.1. SPI Flash Programming Fail

Check the following if the SPI flash programming fails when performing the procedure in the Programming the Application
Image to SPI Flash section.

10.1.1. Check Flash Device for CertusPro-NX Devices

To check flash for CertusPro-NX devices:

1. In Radiant Programmer, double-click on Erase, Program, Verify under the Operation column. This opens the Device
Properties dialog box.

2. Inthe General tab, select the options as shown in Figure 10.1 (if using Macronix flash device) or Figure 10.2 (if using
Winbond flash device).
e Target Memory —SPI Flash
e  Operation —Erase, Program, Verify
e  Programming file — <my_work_dir>\prebuilt_images\freertos_app_boot.bin
e Vendor — Macronix or Winbond
e Device — MX25L51245G for Macronix flash device or W25Q512JV for Winbond flash device

3. Click Load from File to make sure the data file size is correct.

E3 LFCPNX - LFCPNX-100 - Device Properties ? *

General Device Information

Device Operation

Target Memory: External SPI Flash Memory (SPI FLASH) w
Port Interface: JTAG25PI ~
Access Mode: Direct Programming ~
Operation: Erase,Program, Verify ~

Programming Options

Programming file: hf_emb_h'ainingfprebuilt_imagesffreertos_app_boot.bin|... 0x5430

SPI Flash Options

Family: SPI Serial Flash -
Vendor: Macronix v
Device: MX25L51245G ~
Package: B-and WSON w
SPI Programming
Data file size (Bytes): | 16915 Load from File
Start address (Hex): 0x00000000 e
End address (Hex): 0x000 10000 ~

[ Turn off addresses auto updating
|:| Erase SPI part on programming error

[ secure SPI flash golden pattern sectors

el

Figure 10.1. Flash Device Properties for Macronix
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E3 LFCPNX - LFCPNX-100 - Device Properties ? *

General Device Information

Device Operation

Target Memory: |Ex1:ema| SPI Flash Memory (SPI FLASH) w |
Port Interface: |TaGase1 |
Access Mode: | Direct Programming ~ |
Operation: | Erase,Program, Verify - |

Programming Options

Programming file: |C:)‘Isocjfo_emb_training.fmake_image!ﬁeerms_app_boot.bin || 0x5496

SPI Flash Options

Family: |SPI Serial Flash hd |
Vendor: | WinBond |
Device: |wasQs12v |
Package: |8-pad wson |

SPI Programming

Data file size (Bytes): |16916 | | Load from File |
Start address (Hex): | 0x00000000 v|
End address (Hex): |ox0o010000 v|

[ Turn off addresses auto updating
|:| Erase SPI part on programming error

Secure SPI flash golden pattern sectors

[ o ]| cance

Figure 10.2. Flash Device Properties for Winbond
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10.1.2. Check Correct Flash Device for Lattice Avant Devices

To check flash for Lattice Avant devices:

1.

In Radiant Programmer, make sure the settings match Figure 10.3 settings.

Enable Status DeviceVendor Device Family Device

| PASS  Macronix 5P| Serial Flash MX25L51245G

Figure 10.3. Lattice Avant Device Flash Programmer Project Settings

Double-click on Erase, Program, Verify under the Operation column. This opens the Device Properties dialog box.
In the General tab, make sure Programming file points to <my_work_dir>\prebuilt_images\freertos_app_boot.bin.

Click Load from File to make sure the data file size is correct.

10.1.3. Check TCK Divider Setting
To check TCK Divider setting:

1.
2.

If you see the following error, select Use Custom Clock Divider under Programming Speed Settings.
Increase the TCK Divider Setting value to 3 or higher.

Output

INFOQ <B85021294> - Device 1 LFCPMX-100: W25Q512V: Erase,Program,Verify
Initializing...

IDCode Checking...

ERROR <B85021012%= - Verification Error...when Processing function: 'CHECK_ID'
Failed to read the device's ID.

Flease set the custom TCK Divider Setting walue to 3 or more and try again. ..

ERROR 85021372 - Operation: unsuccessful,
Figure 10.4. TCK Divider Error

Programming Speed Settings
() Use default Clodk Divider
(®) Use custom Clodk Divider

TCK Divider Setting (0-30x):

Figure 10.5. Programming Speed Settings

10.1.4. Check Cable Settings
Flash programming failure may occur if the incorrect programming cable is selected.

To check cable setting:

1.

Click Detect Cable in the Cable Settings panel located at top right of the Radiant Programmer main interface.

Note: If you connect multiple cables to your PC, Detect Cable lists all the connected cables. Select the correct cable that
connects to the board that you are working on. Alternatively, connect only one cable from the PC to the board to avoid
detection of multiple cables.

For the Lattice Avant board, make sure to connect the HW-USBN-2B cable properly to the board. Refer to the Setting up
the Lattice Avant-AT-E Evaluation Board section.
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10.2. UART Serial Terminal Prints Incorrect Characters

Incorrect (junk) characters may be displayed on the serial terminal.

To resolve the display of incorrect characters:

1. Make sure the Baud Rate or Speed in the terminal software is set to 115200.

2. If you modify the PLL output clock, update the system clock frequency value in the Propel Builder RISC-V RX wizard.
Double-click RISC-V RX IP and set the correct System Clock Frequency value under Local UART.

~ Local UART
Enable UART instance =
Systermn Clock Frequency (MHz) [2 - 200] 50
Serial Data Width g
Stop Bits 1
Parity Enable
UART Standard Baud Rate 115200

Figure 10.6. UART Settings
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11. Resource Utilization

Table 11.1 shows the resource utilization for CertusPro-NX devices and Table 11.2 for Lattice Avant devices.

Note: The values are only for reference and actual usage may vary.

Table 11.1. Resource Utilization for CertusPro-NX Devices

Configuration LUTs Registers EBRs 1/0
(Utilization/Total) (Utilization/Total) (Utilization/Total) (Utilization/Total)

RISC-V LPDDR4 Reference Design 36582/79872 20132/80769 68/208 80/299

targeting CertusPro-NX devices

Table 11.2. Resource Utilization for Lattice Avant Devices

Configuration LUTs Registers EBRs 1/0
(Utilization/Total) (Utilization/Total) (Utilization/Total) (Utilization/Total)

RISC-V LPDDR4 Reference Design 28049/397440 16167/399141 45/990 84/567

targeting Lattice Avant devices
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Technical Support Assistance

Submit a technical support case through www.latticesemi.com/techsupport.
For frequently asked questions, refer to the Lattice Answer Database at www.latticesemi.com/Support/AnswerDatabase.
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