2022 19th International Conference on Electrical Engineering, Computing Science and Automatic Control (CCE)
Mexico City, Mexico. November 9-11, 2022

Implementation of 8-Channel Pulse Width
Modulation with AXI4-Lite Interface
L. A. Luna-Rodriguez

F. J. Rodriguez-Navarrete

S. Ortega-Cisneros

Dept. of Electrical Engineering
CINVESTAV-GDL
Zapopan, Jalisco, Mexico
luis.luna@cinvestav.mx

Dept. of Electrical Engineering
CINVESTAV-GDL
Zapopan, Jalisco, Mexico
francisco.rguezn@cinvestav.mx

Dept. of Electrical Engineering
CINVESTAV-GDL
Zapopan, Jalisco, Mexico
susana.ortega@cinvestav.mx

Miguel Rivera-Acosta

J. Rivera-Dominguez

J. J. Raygoza-Panduro

Dept. of Electrical Engineering
CINVESTAV-GDL
Zapopan, Jalisco, Mexico
miguel.rivera@cinvestav.mx

Dept. of Electrical Engineering
CINVESTAV-GDL
Zapopan, Jalisco, Mexico
jorge.rivera@cinvestav.mx

Div. of Technologies for cyber-human integration
Dept. of Electro-photonics, UdG
Guadalajara, Jalisco, Mexico
juan.rpanduro@academicos.udg.mx

Abstract—This paper presents the implementation of an 8channel Pulse Width Modulation (PWM) block using Hardware
Description Language (HDL) which is controlled by an AXI4Lite interface. The block was generated with the input and
output signals necessary for the modulation and from there
an interface was made with the protocol through a register
mapping that controls the configuration to generate each PWM
signal independently. The block and the interface were verified
separately, and the synthesis and simulation results are shown,
generating a block whose input are the read and write signals
of the protocol and the outputs are the 8 independent channels
with different duty cycle configuration.
Index Terms—PWM, HDL, Handshake, Verilog, AXI, FPGA,
Verification.

Different specifications of the AMBA standard describe the
interfaces and protocols for use in multiple market applications, such as cloud computing, automotive industry, IoT,
among others.
Depending on the characteristics of the system, there are
different protocols that are recommended to be used according
to the performance of each element to be interconnected, with
the advantage that they are compatible with each other in case
you need to implement several protocols together. The most
commonly used are the following:
•

I. I NTRODUCTION
The use of reconfigurable devices took great importance
lately for the design of digital circuits due to the ease of
integration of different levels of abstraction, being able to
deploy functional systems that can be executed independently.
Implementations such as peripherals, processors, accelerators, intellectual property (IP) cores involve having a standardized data transfer that complies with the characteristics of each
one and can be interconnected with each other.
One of the standards that has taken off in recent years
is the Advanced Microcontroller Bus Architecture (AMBA);
developed by ARM in 1995, it is an Open Source standard
that specifies the interconnection and control of functional
blocks in a system of chip (SoC), allowing the development
of multiprocessor designs with a large number of controllers
and peripherals [1].
Having an Open Source communication standard that is
friendly to the development to SoC’s has some benefits, for
example, the flexibility to support a variety of devices with
different power, performance and area requirements, compatibility and scalability between IP components form different
design teams and integral support due to the adoption in the
majority of the semiconductor industry [1].
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•

•

Advanced Peripheal Bus (APB) [2]: This is the basic
interconnection protocol, designed to minimize power
consumption and interface complexity, so it should only
be used in those components that do not require high
bandwidth, for example UARTs, timers, etc.
Advanced High-Performance Bus (AHB) [3]: Protocol for
high performance designs, where burst transfers, large bus
configurations and high clock frequencies are required.
Advanced eXtensible Interface (AXI) [4]: Like AHB, this
protocol is for high-speed systems, with the difference of
having independent channels for read/write and control,
which increases its interconnection characteristics.

As explained above, a design can have different elements
with characteristics each; for high performance AHB or AXI
can be used, while for low performance APB can be used, and
an interconnection bridge can be used so that the whole system
communicates with each other, as shown in Figure 1. The
versatility of the AMBA protocol allows interaction between
all its variants.
Since AXI is currently the most widely used protocol
standard due to its wide configuration and implementation
worldwide, and the motivation to generate proprietary designs
and technology, this paper describes the implementation of the
IP cores communication system design in its 4-Lite version,
generating a design flow from scratch through the Hardware

Fig. 1. Example of implementation of microcontroller and peripherals with
AMBA standard protocols.
Fig. 2. 8-channel PWM module architecture.

Description Language.
For the design and testing of the interface, blocks which
in the future intended to be connected to a system on a
chip are used; for this work and for reasons of design and
handling complexity, it was decided to use an independent
8-channel Pulse Width Modulation (PWM) controller. An
AMBA interface was generated and the communication was
tested to ensure the operation of the protocol.
The implementation of this peripheral with a standard
communication interface using an HDL like Verilog helps to
create a methodology for the development of systems that
can migrate to Application-Specific Integrated Circuits (ASIC)
designs without the difficulties of a close-source software.
There are few implementations reported in the state of
the art where their master-slave communication interface is
generated from scratch, such as [5] where they design the
first AXI-4 interface on a 32-bit microcontroller with 130nm
CMOS technology; another implementation is described in [6]
with a system on chip with Wishbone protocol.
The limited information motivates to generation of a
methodology from HDL that can be replicated in any IP of a
system to generate a standard communication.
The outline of the paper is as follows: Section II describes
the characteristics of each of the blocks that make up the PWM
controller. Section III shows the communication integration
of the previous block with the AXI protocol. The synthesis,
simulation and verification results are shown in section IV.
Finally, Section V describes the conclusions of this work.
II. PWM CONTROLLER
A Pulse Width Modulator is a method for reducing the
average power of a voltage signal by controlling the voltage
through a digital signal, where the longer the interruption is
active, the higher the voltage supplied to the output.
Figure 2 shows the proposed diagram with the architecture
of the pulse width modulator with 8 independent channels
and adjustable frequency as well as the necessary signals for
more advanced configurations. It consists of three main blocks
described below.

A. Prescaler
This block allows to have 8 different speeds of the PS CLK
signal; it depends on the PSM input signal that generates a
time value for the internal counter and the frequency divider,
generating the output signal. Table I shows the configuration
from the input signal.
B. Counter
It is a reconfigurable 16-bit up-down counter. The input
signals INRR and ARR set the initial and final limits of the
counter respectively, while PWMSEL indicates whether the
generated pulse is edge or center aligned, as shown in Figure
3.
C. PWM Logic
This block generates an independent PWM signal on each
channel from the counter signal from the previous block.
This signal is compared to the PWM FREQ and PWMLOR
signal to set Duty Cycle.
III. AXI4-Lite I NTERFACE AND GENERATION
The transfer of information from an AXI4 channel consists
of the state of two signals, VALID and READY; these
generate the handshake to start the transfer [7].
TABLE I
F REQUENCY DIVIDER CONFIGURATION WITH PSM SIGNAL .

PSM[2:0]
000
001
010
011
100
101
110
111

Frequency divider value
1
2
4
8
16
32
64
128

Read and write transfers are generated independently, so
each has different channels to perform the transfer shown in

and generate the PWM signal outputs as shown in Figure 6,
which also shows the connection to the registers between AXI
protocol and the controller.
TABLE III
R EGISTERS FOR AXI4-Lite I NTERFACE WITH PWM CONTROLLER .

Fig. 3. Configuration of PWM pulse by PWMSEL.

Address (HEX)
00000000
00000004
00000008
0000000C
00000010
00000014
00000018
0000001C
00000020
00000024
00000028

Register
CONTROL
INRR
ARR
CCR0
CCR1
CCR2
CCR3
CCR4
CCR5
CCR6
CCR7

Bit Width
32
32
32
32
32
32
32
32
32
32
32

Type
Write
Write
Write
Write
Write
Write
Write
Write
Write
Write
Write

Fig. 4. Write and Read channel architecture.

Figure 4. This also infers that each channel has a pair of
signals (valid and ready) to perform the handshake, as shown
in Table II.
Due to the low complexity of the PWM controller, the
AXI lite protocol is used, which facilitates the transfer by
dispensing with components that are not important in the read
and write channels [4].
For the integration of the AXI4-Lite interface with the PWM
generator blocks, the input signals were analyzed in order to
relate them to a register bank that is shown in Table III and
Figure 5.
Each register will have an address that is accessed by the
AWADDR signal which is part of Write Address Channel and
is going to be modified with the data coming from WDATA
(activated by the handshake signals).
Since the PWM only has physical outputs (8 independent
channels), then it will only send data from master to slave.
Thus, the data from the registers will be taken to configure

TABLE II
S IGNALS FOR THE TRANSFER ON W RITE AND R EAD CHANNEL .

Channel
Write Address
Write Data
Write Response
Read Address
Read Data

Handshake Signals
AWVALID, AWREADY
WVALID, WREADY
BVALID, BREADY
ARVALID, ARREADY
RVALID, RREADY

Fig. 5. Individual mapping of bits in the control registers 0x00000000,
0x00000004, 0x00000008.

IV. R ESULTS
Table IV shows the synthesis results of the interface.
The software used was Xilinx Vivado Design Suite 2018.2
using Digilent’s ZYBO board containing a FPGA model
xc7z010clg400-1 [8].
The verification of PWM blocks was performed using
Synopsys VCS [9]. A benchmark test was generated which
consists of two environments, the first is for sampling and
measuring of outputs and registers of the DUT (Design Under
test) using backdoor methods of UVM Register Abstraction
Layer (RAL) [10]. The second environment is for writing
and reading registers inside the DUT using RAL frontdoor
accesses.
The Regmodel is a model that is created within the test
bench and is an exact match of the DUT registers. Table
V shows the content of the Regmodel of PWM controller,
where the organization of the registers and their necessary
characteristics such as register type, size and value, which
are necessary to carry out the verification are observed. The
verification environment can be seen in Figure 7.

Fig. 6. AXI4-Lite interface for 8-channel PWM controller.

TABLE IV
S YNTHESIS RESULTS OF AXI4-Lite PWM CONTROLLER .
Resource/Units
LUT
FF
BUFG

Memory block
Utilization Available
113
17600
14
35200
1
32

%
0.64
0.0.07
3.13

The pwm env is used mainly to sample PWM channels and
compute its period and duty cycle, the pwm agent is used to
extract the values of DUT registers in order to compute the
expected period and duty cycle in the Scoreboard and this has
a reference model of the PWM, that compares the with the
information sent by the pwm agent.
The ral env is used to write/read the DUT registers using
the UVM RAL. The RAL methodology consists of trying to
keep the Register database (register model) of the ral env
always as a mirror of the actual DUT registers, by successfully doing this, the verification environment can perform any
computation by using register database instead of actual DUT
registers.
Figure 8 shows the simulation results of the PWM controller, using the master IP verification block generated with
the Xilinx Verification Tool [11]; this sends the configuration
of the registers to generate the PWM signals of each channel
independently and it is observed that the registers are being
filled by doing a write transfer with the awvalid, awready,
wvalid and wready signals, generating a valid output on
each PWM channel shown in the subsequent signals. Figure
9 shows the implementation of AXI VIP block with PWM
interface.
V. C ONCLUSIONS
In this article an implementation of an independent 8channel PWM block controller by an AXI4-Lite interface
was described. These peripherals are of particular interest
because of their versatility of use in different areas such as

TABLE V
R EGMODEL CONTENT FOR TEST BENCH GENERATION .
Name
pwm regmodel
control reg
PSM
TCEN
PWMSEL
PWMLOR
INRR reg
INRR
ARR reg
ARR
CCR mem
n bits
size

Type
uvm reg block
uvm reg
uvm reg field
uvm reg field
uvm reg field
uvm reg field
uvm reg
uvm reg field
uvm reg
uvm reg field
uvm mem
integer
integer

Size
3
1
1
1
16
16
32
8

Value
@631
@633
WO control reg[2 : 0] = 30 h0
WO control reg[3 : 3] = 10 h0
WO control reg[4 : 4] = 10 h0
WO control reg[5 : 5] = 10 h0
@640
WO INRR reg[15 : 0] = 160 h0000
@644
WO ARR reg[15 : 0] = 160 h0000
@648
0 d32
0 d8

Fig. 7. Architecture of the PWM verification environment.

Communications, Power Systems, etc; in addition, this communication protocol is being used more and more frequently
in large designs. The purpose of this work was to generate
an interface with a peripheral that serves as a basis for the
implementation of other blocks in the future, and having been
verified and tested, it can be replicated more easily in other
designs, subsequently generating its own methodology that

Fig. 8. Simulation results of the PWM controller.

Fig. 9. Implementation of AXI VIP block for AXI4-Lite interface verification with PWM.

will serve for more complex future designs.
ACKNOWLEDGMENT
Especial thanks to the National Council for Science and
Technology (CONACYT - Mexico) and CINVESTAV-GDL
for the completion of this project.
R EFERENCES
[1] ARM, AMBA Specification. Rev 2.0. 1999, p. 1-2.
[2] ARM, AMBA APB Protocol. Specification. Version 2.0. 2010, p. 1-2.
[3] ARM, ARM AMBA 5 AHB Protocol Specification, Rev B.b, 2015,
p. 1-14.
[4] ARM, AMBA AXI and ACE Protocol Specification, Rev E, 2013, pp
A1-22.
[5] C. Duran et al., ”A 32-bit RISC-V AXI4-lite bus-based microcontroller with 10-bit SAR ADC,” 2016 IEEE 7th Latin American
Symposium on Circuits & Systems (LASCAS), 2016, pp. 315-318,
doi: 10.1109/LASCAS.2016.7451073.
[6] S. Budi, P. Gupta, K. Varghese and A. Bharadwaj, ”A RISC-V ISA
compatible processor IP for SoC,” 2018 International Symposium
on Devices, Circuits and Systems (ISDCS), 2018, pp. 1-5, doi:
10.1109/ISDCS.2018.8379629.
[7] L. A. Luna-Rodriguez; S. Ortega-Cisneros; E. Mascorro-Guardado;
J. Rivera-Dominguez and R. Parra-Michel; ”Implementation methodology for Self-Timed modulators with dual-rail structures based on
FPGA”, In Proceedings of the 2018 IEEE International Autumn
Meeting on Power, Electronics and Computing (ROPEC), Mexico,
2018, pp. 1-6.

[8] Zybo
Reference
Manual.
Available
online:
https://digilent.com/reference/programmable-logic/zybo/referencemanual (accessed on 15/5/2022).
[9] VCS Available online: https://www.synopsys.com/verification/simulation.html
(accessed on 07 05 2022).
[10] Introduction to UVM Register Model. Available online:
https://verificationguide.com/uvm-ral/introduction-to-uvm-ral/
(accessed on 11/06/2022).
[11] AXI Verification IP v1.1, LogiCORE IP Product Guide. Available online: https://docs.xilinx.com/r/en-US/pg267-axi-vip/AXI-VerificationIP-v1.1-LogiCORE-IP-Product-Guide (accessed on 15/5/2022).

