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Abstract: Smart lighting systems based on the Digital Addressable Lighting Interface (DALI)
protocol are the most suitable for street lighting systems, allowing digital lighting control operations.
Unfortunately, the microcontrollers, which are commonly used in the Wireless Sensor Network nodes
to control the lamps, do not implement this protocol. The DALI protocol implemented by software in
the microcontroller consumes hardware resources (timers), processing time and requires a precise
temporal analysis of the application, due to the strict bit times and the Manchester coding that it uses.
In this work, the design of a bridge is proposed to free the microcontroller from the implementation
of the DALI protocol. The novelty of this work is the implementation of the DALI Bridge in a
low-cost Field-Programmable Gate Array (FPGA) with low power consumption. The bridge has
been described in the hardware description language following the 1076-93 and 1076.3-97 standards,
to guarantee its portability. The results of the synthesis show that a minimum amount of logical and
routing resources is used, that the power consumption is in the order of tens of mW, that it has a
very small latency time and that it supports a high operating frequency, which allows adding new
functions. Its operation is verified by implementing a wireless sensor node using an FPGA of the
Lattice Semiconductor iCE40 family.

Keywords: DALI Bridge; FPGA; VHDL,; wireless sensor networks; 10T; street lighting

1. Introduction

The Internet of Things (IoT) requires standardized protocols to integrate heterogeneous devices so
that the data transmitted from one end to the other can be interpreted and disseminated, allowing the
interconnection of smart devices. It was estimated that in 2010 the number of devices connected to the
Internet exceeded the number of people connected by more than six times. Since then, the number of
mobile and IoT devices continues to grow at a rapid rate [1]. Taking advantage of the IoT paradigm
and the connectivity it enables, new applications are continually appearing for public service, industry,
finance, and the end user. The exchange of information between IoT devices is carried out in local
networks formed by sensors and actuators. These networks are managed as Wireless Sensor Networks
(WSNs). In IoT networks, there are millions of interconnected local WSNs, and within each WSN
there are different types of smart devices or wireless sensor nodes, which exchange information using
different protocols. Therefore, a wireless sensor node must be capable of processing, in addition to
transmitting and receiving information from different wireless sensor nodes or from the Internet.
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An application of great interest in the IoT domain is smart street lighting systems, which are
defined as a networked street lighting system, equipped with sensors and actuators, that integrates a
wide set of nodes and connectivity interfaces, and that, in particular, use advanced and multipurpose
communication infrastructures to illuminate public spaces and roads. In addition, they allow one to
control and monitor modern and heterogeneous lighting devices. Therefore, WSNs provide a shared
medium for sensors and actuators to transfer data in smart street lighting systems [2].

In the context of IoT and smart street lighting, nodes must support numerous sensor connections
with different interfaces. In addition, the processing capacity that is required to handle the data
acquired by the sensors is increasingly high, so even in some cases it is necessary to apply Artificial
Intelligence and Machine Learning techniques. On the other hand, the street lighting system data
network is increasingly used as a backbone network to offer other services and functions, such as
predictive maintenance, people flow control, environmental control, parking space search, etc. [3-5].
Networked streetlights should provide a basis for smart city applications such as urban planning,
traffic management, identification of mobility patterns, surveillance, security and emergency assistance,
etc. [4,6-10]. In addition, to improve the visibility and the controllability of the system, the nodes
perform tasks typical for the network of which they are part, such as packet routing and flow
control [2,5,11].

In order to cover the aforementioned applications, the nodes must continually increase their
performance and their number of connections to sensors, in addition to maintaining a low power
consumption, cost and ease of replacement and maintenance, all without forgetting the robust and
reliable control that they must carry out on the lamps. One of the main interfaces created for
lighting systems is the DALI, specially developed to digitally control luminaires, electronic ballasts,
and dimmable fluorescent lights. In Europe, it is used to solve energy problems, mainly for commercial
and industrial purposes. It is part of the IEC 60929 [12] specification and were modified by IEC 62386
standard [13] of electronic ballast. DALI-type ballasts can operate at lower power levels than standard
magnetic ballasts [14] and DALI supports the replacement of adjustable ballasts and luminaires from
different manufacturers [15]. The DALI protocol offers bidirectional communication, thus ensuring
a more reliable and secure transmission of data, compared to other lighting control protocols [16].
Some of the main advantages of using the DALI protocol are:

e  Detection of electrical faults or lamp failures.

e Lamp status notification.

e Lamp power level regulation.

e  Maximum or default values for lamp operating tolerances.

e  Power consumption optimization.

e Capability of sending information about the electrical characteristics of the lamp
(voltage, current and power).

e Individual or group control, by addressing with Identifiers (ID).

e Lower system cost and more functions compared to 1-10 V systems.

Lighting systems based on the DALI protocol are the most suitable for street lighting systems due
to the indicated advantages, allowing digital lighting control operations and other management tasks
(for example, energy monitoring) to be carried out, in addition to achieving energy savings and adapting
to the lighting conditions and the needs of each moment [17-20]. However, the Microcontrollers
(MCUs) used in the nodes that are part of the lighting control networks do not have this integrated
interface, so in most cases, the DALI protocol has been implemented by Software (SW) and used in
different lighting prototypes [21,22]. The implementation of DALI by SW as a virtual peripheral has
limitations, such as the consumption of resources (usually timers) of the MCU and the large processing
time that leads to an “inappropriate synchronization” to transmit control data to the network and
communicate with other devices.
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The implementation of “virtual peripherals” through SW has strict time requirements,
which implies reserving a certain processing time in addition to consuming Hardware Resources
(HW) of the MCU. The integration of virtual peripherals as part of an application makes excessive
use of interrupt services routines and requires careful SW development. Any new service that is
implemented on the node should consider the impact on virtual interfaces and peripherals made by
the SW. Therefore, a need arises to free the MCU from the DALI implementation as a virtual peripheral.
One of the simplest and most efficient ways to achieve this is to create a bridge between the MCU
and the DALI bus. This bridge should communicate with the MCU through a single link such as the
Universal Asynchronous Receiver-Transmitter (UART) or Serial Peripheral Interface (SPI), which are
implemented in almost all commercial MCUs.

One of the options to implement a DALI Bridge is the HW implementation. It has many advantages
over the SW implementation. All real time problems that may appear in the bridge design by SW will
disappear, if implemented by HW. In addition, the implementation by HW provides other advantages
to implement the lower layers of communications that will be detailed in this paper. The construction of
tasks by HW is not new and is the basis of the HW/SW codesign [23]. It is one of the best options when
these tasks have strict real-time requirements, are parallel in nature, or must have high performance
and limited power consumption.

One alternative for the development of an ad-hoc peripheral by HW is a FPGA. This device allows
HW reconfiguration, even dynamically, so it is commonly used to perform overly complex processing
tasks, which must have an adequate real-time response. An FPGA enables the implementation by
HW of any peripheral or specific application circuit and up to one or more Central Processing Unit
(CPU), all working in parallel. Hence, it is a very versatile device, which allows one to implement
highly efficient and customized digital electronic systems, compared to a classic CPU. The advantages
of FPGAs in terms of cost, size and power consumption facilitate their use in platforms for wireless
communications [24,25]. Their evolution has led them to be employed to reduce time and cost in the
development of complex communication systems for satellites and spacecrafts that use high-speed
protocols [26].

The objective of this work is the HW implementation of the DALI protocol (DALI Bridge) through a
low-cost FPGA in a Wireless Sensor Node for Street Lighting applications in IoT, that allows for the
execution of the DALI protocol in real time and that is suitable for the needs of the application in terms
of the integration of devices and sensors.

This paper is structured as follows: Section 2 emphasizes previous related work; Section 3
describes the materials and methodology of the proposed design; Section 4 presents the experimental
results of the DALI Bridge FPGA-based implementation and provides both a brief discussion of
the experimentation performed and the overall performance of the implementation; in Section 5,
the conclusions are established.

2. Related Work

The innovation and evolution of smart street lighting systems have historically been supported
in the WSNs, for example, in [27] a wireless street lighting system was proposed to verify and
guarantee the optimal parameters of the system and the state of the street lamps; and also to optimize
control, as in [28], where an autonomous street lighting system is proposed to collect information for
management and maintenance.

Regarding street lighting systems, works are identified based on the use of MCUs and the help of
various components to control streetlights. For example, in [29], attenuation profiles of on/off sequences
are configured, having the disadvantage of a slow execution of the program that prevents adequate
communication in the streetlight.

Desktop computers have been used to control lighting, as in [30], where they control street
lighting and transmit information remotely. They have also been used to propose prototypes, as in [31],
where they run a perceptual light automation algorithm. A similar case is the wireless system for the
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control of street light presented in [32], where an 8-bit AVR MCU is programmed to control all the
necessary interfaces. Another street lighting system reported in [33] tries to support IoT applications
for intelligent transport, where a communication manager is performed by SW to receive frames and
process the information. From the analysis of the mechanisms used for the communication interfaces in
the aforementioned lighting systems, we can observe that these interfaces are dependent on a collection
of libraries, source code, different tools and applications determined by the device where the program
is executed, which limits its operation.

Programming the DALI protocol as a bridge in devices such as Programmable Logic Controllers
(PLCs) or commercial development boards reduces its computing capacity due to the need to execute
different mandatory processes related to the DALI protocol. Furthermore, the high-power consumption
and cost of the devices make them impractical for the portability and flexibility requirements of a
wireless sensor node for IoT applications. In [34], after analyzing various lighting control methods,
it was determined that the DALI protocol is the most convenient to use. As an analysis case, they
control the lighting with a PLC using a DALI soft-gateway to convert from the Modbus protocol of the
PLC to the DALI protocol. Another case is presented in [35], where a PC sends and receives commands
to digitally control ultraviolet lamps using a ZigBee wireless module and an MCU as a bridge for the
DALI protocol. In the prototype shown in [21], they use a BeagleBone Black microcontroller board to
dim the lighting, where the MCU is programmed to invert the values of the optocoupler signals and
perform Manchester encoding/decoding. A similar prototype is described in [36], where they control
the lighting using a BeagleBone Black, which requires running a Unix-based operating system and
using extensive libraries for its operation. In this case, the DALI protocol control SW is implemented as
a driver module loaded in the Linux kernel of the MCU. In [22], they present a prototype where they
use the Linux kernel module under UBUNTU 18.04.2 LTS on the Raspberry Pi3 to control the DALI
driver. However, they have a need to use the “PREEMPT_RT real-time patch” to mitigate runtime and
synchronization problems with electronic elements such as ballasts, devices and sensors that have
strict synchronization requirements for the transmission of control signals. This is a problem generated
by the realization of peripheral interfaces by SW, which furthermore requires reserving a certain
processing time and a careful development of the program, making it excessively complicated. On the
other hand, if you want to make new applications, you must consider the impact of the interfaces
made by SW, since they consume HW resources. There are companies that have developed commercial
modules such as the DALI Interface RS232 PS/S [37], which is a device that is difficult to integrate into
wireless sensor nodes, due to its dimensions and interface compatibility.

The FPGA has inherent advantages such as flexibility and the ability to run in parallel for real-time
processing which provides high performance, avoiding bottlenecks that are generated in SW execution.
It also has its own characteristics to decrease latency and the static and dynamic power consumption.
In [38], there is an example where they optimize the logical resources of the FPGA to map neural
models, decreasing the latency in the IoT nodes. In [39], with an FPGA they achieve high levels of
security, low power and low area in communication protocols of WSNs, because the security processes
require a large amount of computer processing difficult to assume by low-cost CPUs. By accelerating
complex cryptography operations, and freeing the MCU from these operations, the performance of
IoT devices can be improved. However, the use of FPGAs in sensor nodes is not quite common.
Our research group has used them in some of our projects, since the appearance of low power and low
cost Programmable Logic Devices (PLDs), as for example in a low power datalogger [40].

In comparison with the publications analyzed, the novelty of this work focuses on the portable
description of the DALI Bridge and its implementation in FPGAs of low cost and low power
consumption, freeing up processing load on the MCUs of the wireless sensor nodes for street
lighting applications.
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3. Materials and Methods

This section describes the design goals, the basic hardware considerations, the functionalities of
the DALI protocol for the control of ballasts and the description of the DALI Bridge for implementation
in FPGAs.

3.1. Design Goals

The DALI Bridge receives, interprets, and transmits DALI commands and information between two
interfaces. The DALI Bridge has the purpose of decoding and encoding the data sent between the Host
and the DALI Interface. Figure 1 shows the schematic block diagram of the DALI Bridge connection.

DALI

Figure 1. Schematic block diagram of the Digital Addressable Lighting Interface (DALI)
Bridge connection.

The DALI Bridge design was based on the following criteria:

e HW implementation for real-time execution.

e Portable description developed in Very High-Speed Integrated Circuit (VHSIC)
Hardware Description Language (HDL) (VHDL-93) that can be synthesized with any tool
compatible with the IEEE Standard 1076-93.

e  The implementation in the FPGA will be conducted using only the LUTs (Look Up Tables).

e Integration in FPGAs with low cost, low power consumption and with a reduced number of LUTs.

e  FHlexibility to support upgrades and reconfiguration.

o  Development of a UART communication interface for easy connection to any device, peripheral or
Wireless Sensor Node.

e  Support for the communication of street lighting applications in IoT.

The necessary aspects to apply the DALI Bridge in WSNs have also been taken into account,
enabling the development of an integral and autonomous architecture, with scalability and adaptable
power, and allowing a direct communication with other devices such as MCUs or “desktop computers”,
without depending on external plugins. In short, the DALI Bridge handles all communications directly,
which offloads the MCU from computational work, avoiding waiting for events and interruptions.
Furthermore, the description of the DALI Bridge must be efficient in the use of the logic components of
the FPGA since it must leave enough components free to allow the implementation of some additional
processing algorithm.

3.2. Design Considerations for the DALI Bridge

This section begins by describing the DALI protocol, emphasizing the characteristics that make it
difficult to implement by software and the section ends with an analysis of the communication protocol
between the Bridge and the Host.

3.2.1. DALI Protocol

DALl is made up of a two-wire serial bus and requires a special power supply. It uses Manchester
coding for the transmission and reception of data with a master/slave structure. The Master transmits
16 bits and the Slave (ballast) transmits 8 bits. The use of multiple masters is feasible, and a slave
ballast can be shared by two masters. There are 64 channels or individual addresses for connecting
ballasts to one interface line.
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Manchester encoding is a digital signal format where the symbol “1” is represented by an
ascending transition and the “0” is represented by a descending transition. Figure 2 shows a DALI
frame in which the temporal parameters related to the bit period, the signal transitions with respect to
the logical values and the “bit transfer rate” are indicated.

'DLEESTARTE 1 1 0 0 1 0 0 1 ESTDPESTOPEIDLE

v ' f 1
+ MSB i L
'

' : V N
833.33us 416.67us ' 416.67us

Figure 2. Manchester encoding.

The time period of both pulses (high and low) is half the bit period. The time of a bit is 833.33 us.
The transfer speed is 1200 bps with an acceptable error of £10%. The packet sent by the control device
to the receiver is called Forward frame and the response, Backward frame. In Figure 3, it is shown
that the Forward frame is 19-bits long and with the following order: 1 bit for “Start”, 8 bits for the
addpress, 8 bits for the DALI command and 2 bits for “Stop”. Meanwhile, the Backward frame is 11-bits
long and with the following order: 1 “Start” bit, 8 data bits, and 2 “Stop” bits. In both cases, the Most
Significant Bit (MSB) is sent first.

8 ADDRESS BITS 8 COMMAND BITS 8 DATA BITS

WW

Figure 3. Format of the DALI frames.

FORWARD FRAME BACKWARD FRAME

Regarding the transmission time, the half-bit time is 416.67 ps. The slot timing range specifies the
minimum (374.99 us) and maximum (458.33 us) time of the pulse at high and low levels. A Forward
frame has a duration of 38 half bits, equivalent to 15.83 ms. A Backward frame takes 22 half bits or
9.17 ms. The time between two consecutive Forward frames is at least 22 half bits or 9.17 ms. The time
between a Forward frame and a Backward frame is greater than or equal to 7 half-bit times or 2.92 ms,
and less than or equal to 22 half-bit times or 9.17 ms. The time between a Backward frame and a
consecutive Forward frame is at least 22 half bits or 9.17 ms.

Therefore, neither Manchester encoding/decoding, nor the DALI frame format can be implemented
through a standard serial port of an MCU. To implement the DALI Bridge, a specific interface must
be designed to fulfill the characteristics previously indicated. The interface could be implemented
by software, using a General Purpose Input/Output (GPIO) port and the timers required to time
all the events necessary for the transmission and reception of the frames, but, as indicated in the
introduction, it may happen that the MCU does not have the sufficient processing capacity or resources
to guarantee compliance with the bit timing, receive and transmit the frames, and perform the rest of
the functions of a node in a WSN. Therefore, the need arises to develop a bridge that implements the
DALI protocol and that controls the ballast according to the commands sent by the MCU of the WSN
node. The characteristics of the communication between the bridge and the host of the wireless node
are indicated in the following section.

3.2.2. Communication between the Host and the DALI Bridge

The DALI Bridge can be implemented within the WSN node itself, if the design is ad-hoc, or on
another independent Printed Circuit Board (PCB). In both cases the communication will be through a
standard asynchronous serial port. In this way, any device can act as a host, for example, an MCU,
a Wireless System on a Chip (SoC) or a desktop computer. The serial port is configured by default at a
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speed of 9600 bps, 8 bits per character, even parity bit and one stop bit, but it can be synthesized with
any other standard speed.

The DALI Bridge controls the operation of the ballasts by decoding commands. For this purpose,
the Host sends commands to the DALI Bridge, which first decodes them and, depending on the type
of command, executes them, sending the corresponding frames to the ballast. The data in the Request
Frame that the host sends to the bridge consist of three fields, as indicated in Figure 4. Each field is
11 bits in size, according to the asynchronous communication format indicated above. The first field is
the command for the bridge, the second the address of the DALI device and the third the command
information for that device. The return data from the ballast are sent by the bridge to the Host, in the
format shown in Figure 5. The format is divided into two fields, the acknowledgment, and the data,
of a size of 1 byte. The acknowledgment indicates if valid data are returned from the ballast and that,
therefore, the data are sent in the response.

""" BRIDGE \ DALI DALI
COMMAND ADDRESS COMMAND
------------ DALI .

Figure 5. Response frame format.

There are general commands for the DALI Bridge and separate commands for DALL Some of the
implemented commands are indicated in Table 1.

Table 1. General commands of the DALI Bridge and those of the DALL.

Command Description
00 ECHO
01 Reset the Bridge
02 Returns the status of the Bridge
03 Reserved
04 Send, transmits the 16-bit DALI sequence

Send and receive, transmit the 16-bit DALI sequence, and wait at

05 most 100 ms for an 8-bit return
06 Double Send, transmits a 16-bit DALI sequence twice, 10 ms apart
07 Node ID Identification

The command 00 (ECHO) allows the host to know if it has a bridge connected to its serial
port. Command 01 is used to initialize the DALI Bridge components to a known state, for later
commissioning. Command 02 is used to find out the status of the DALI Bridge. There are two bits
to know its state. For example, the overload status bit determines the existence of a short circuit on
the DALI bus for more than 254 ms, which allows the DALI Interface to be automatically deactivated.
The other bit indicates whether the DALI Bridge has received the response after the execution of
command 05, so if the data are not received, this bit is asserted. The set of DALI commands allow the
control of the lighting, know the status, and configure the ballast. Command 04 is used to send DALI
lighting control commands, such as those that control arc power. Command 05 is used to send DALI
commands and to know the status of the ballast, for example, to determine if a ballast works, if it is
on, and check the lighting level. Command 06 is used to send DALI ballast configuration commands,
for example, to turn the ballast on, turn it off or reset it. Command 07 allows the identification of the
DALI Bridge in the network.

When the command to check the status of the ballast is executed, a DALI Response (1 Byte)
is received that allows verifying various ballast factors, based on the decoding of the bits, for example,
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when the least significant bit is zero, it indicates that the ballast is OK; if the next bit is active
(1), it indicates that the lamp is burned out; if the bit in position two has the value zero, it indicates that
the ballast is off, otherwise it is on; if the most significant bit is equal to zero, it indicates that the power
supply is OK, otherwise there is no power supply, as indicated in Table 2.

Table 2. DALI Response decoding.

DALI Response

Decoding
b(7) b2 b1 b)
0 Ballast is OK
1 Lamp is burnt out
1 Ballast on
1 There is no power

3.3. DALI Bridge Description FPGA-Based

As indicated in the introduction, the DALI Bridge was implemented in hardware by means
of an FPGA, since in this way the operation is guaranteed, both from a logical and temporal point
of view. One of the design objectives is to make a portable description, so that the bridge can be
implemented in any FPGA of any manufacturer. For this reason, it was described using a Standard
HDL, specifically through VHDL following the standard 1076-93.

The system was divided into three components: the UART, the DALI Processor, and the Manchester
Coding Transmitter/Receiver (MCTR). The block diagram of the DALI Bridge is shown in Figure 6.
The operation of each component was described using a Finite State Machine with Embedded Data Path
(FSMD). The DALI Bridge was designed as a completely synchronous system, so that all components
use the same clock signal, and, in turn, their operating modes are synchronous. Only the asynchronous
preset or clear inputs of the flip-flops are used to initialize them when the reset input of the DALI
Bridge is activated. This ensures higher frequency operation by reducing clock signal skew problems
in the FPGA and making it easier to place and route the design in the FPGA. The component entities
were configured using a generic to specify the frequency of the clock signal, whose value depends on
where the design is implemented. Based on this generic, the parameter values of the components that
establish the different timings used in the DALI Bridge are determined. The three components that
make up the DALI Bridge are described below.

UNIVERSAL

ASYNCHRONCQUS
DALI RECEIVER- Host
Interface TRANSMITTER

{UART)

Figure 6. DALI Bridge block diagram.
3.3.1. UART

The entity in Figure 7 corresponds to the UART. The function of the UART within the DALI
Bridge is to carry out communication between the DALI Processor and the Host, transmitting and
receiving data between both components. To fulfill these purposes, the UART has two components,
the Transmitter, and the Receiver.
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UNIVERSAL ASYNCHRONOUS
RECEIVER-TRANSMITTER (UART)

Clk

{TXD_UART>
Reset } + : :
Transmitter Receiver
|| L Clk
. Dato_Rec IDala_Rec_UART >
Ready | | Reset
Reset
RXD
Errar_Par IError_Par_UAF{T >
WR_UART WR RD_Data
™D — -
Clear Error
5 — : |
Data_In_UART(7:0) B Data_In(7-0) gy Dato_OU(7:0) =3 [Data_out_UART(7:0) >
RXD_UART —
[RD_Data_UART

[Clear_Error_UART
[Rx_En_UART

Figure 7. Universal Asynchronous Receiver-Transmitter (UART) Entity.

The UART was described so that any baud rate can be configured. By default, it is set to 9600 bits
per second (104 ps per bit). The characters that are transmitted have a size of 11 bits with the format
indicated in Section 3.2.2. Transmission begins with the least significant bit. The ports of the UART
that correspond specifically to the transmitter are: CLK, Reset, WR_UART, Data_In_UART (7:0),
READY_Tra_UART and TXD_UART. The data path consists of four registers, which are: an input buffer
register, a serializer register, a baud rate register, and a counter register. The buffer register performs
the parallel load operation since its function is to store the character to be transmitted. The serializer
register performs the parallel load and shift right operations to generate the parallel-to-serial conversion.
This register has a size of 10 bits, since it must store the start bit (0), in the least significant position,
the 8 bits to be transmitted and the even parity bit. The baud rate generator generates the clock signal
that synchronizes the data transmission. The counter register counts the bits that are transmitted to
determine the end of the transmission.

The description of the transmitter was made in an FSMD. The transmission process starts
when the control unit detects that the WR_UART signal is activated, then the parallel data applied
in Data_In_UART are loaded into the buffer register. The contents of the buffer register are then
transferred to the serializer register and the baud generator register is initialized with zero. Once the
character to be transmitted is stored in the serializer register, the count is enabled in the baud generator
register. Every time the baud-generating register determines that the bit time has elapsed, a bit is
transmitted through the TXD output, that is, a right shift is made in the serializer register by entering a
1 from the left. Obviously, the necessary shifts are subsequently made to transmit all the bits, for this,
the counter is used, which increases its count, each time a bit is transmitted. By introducing a bit with
value 1 in each shift, the stop bit is generated automatically after transmitting the previously stored
10 bits, thus saving a bit in the serializer register.

The UART ports that correspond specifically to the receiver are: CLK, Reset,
RXD_UART, RD_Data_UART, Clear_Error UART, Rx_En_UART, Data_Rec_UART, Error_Par UART,
and Data_Out_UART (7:0). The receiver should sample the receive input, RXD_UART, in roughly half
the bit time to ensure correct reception. Therefore, sampling is performed at a frequency 16 times
higher than the transmission frequency. The data path consists of an input buffer register, a data
register, a frequency divider register, a baud rate generator, and a counter register. The buffer register
stores the received character. The data register performs serial load and shift right operations to convert
from serial to parallel. The frequency divider register generates a pulse type signal with a frequency
16 times higher than the transmission frequency to guarantee correct sampling of the receive input
(RXD_UART), as indicated above. The baud rate generator, from the previous signal, activates its
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output to indicate the moment of capture of the received bit. The counter register counts the bits
received to determine the end of data reception.

The data path and the receiver control unit were described by an FSMD. In the idle state, the baud
generator register is initialized to zero and the counter register with the number of bits to receive.
The reception process starts when the control unit detects that the Rx_En input is activated and
the RXD_UART input has a zero value (start bit), then a time equivalent to half a bit is waited to
correctly synchronize with the midpoint of the start bit. Once the reception is synchronized, a bit
time is waited successively to sample the remaining bits at the midpoint of each one of them. The bit
time is measured by the baud rate generator, so each time its output is activated, the received bit
is stored in the RXD_UART input, making a right shift in the data register, and the counter register
is decremented. At the same time, the value of the even parity of the received bits is updated.
This process is repeated until the counter register is set to 0, indicating that all the bits have been
received. Finally, the Data_Rec_UART signal is activated to indicate to the DALI Processor that data
have been received. If a parity error has occurred, Error_Par is activated and is maintained until
Clear_error is activated.

3.3.2. DALI Processor

The DALI Processor entity aims to control the information exchange between the UART and
MCTR entities. It performs the decoding of the DALI instructions and commands, which it receives
from the host, and encodes the responses from the DALI Interface that it returns to the host. The DALI
Processor Entity is shown in Figure 8.

G
Ready_Tra_URRT
Data_Rec UAR D ALI Data In UART(7.0)
Data_Out_UART(7:0)
WRVCTR

[Data_Out MCTR{15:0) >F=

Figure 8. DALI Processor Entity.

The description of the data path and the control unit of the DALI Processor was described by an
FSMD, and its simplified state diagram is shown in Figure 9. The data path consists of seven registers,
which are: Instruction, Data_UART, Forward MCTR, Backward_MCTR, Bridge_acknowledge,
DALI_acknowledge and False_acknowledge. The Instruction register stores the command received
by the UART. The UART _Data register stores the data that are transmitted to the UART.
The Forward_ MCTR register is 16 bits in size and is used to store the data that will be sent to the
MCTR. The Backward_MCTR register stores the return data from the MCTR. The Bridge_acknowledge
register stores the response from the execution of a Bridge Command. The DALI_acknowledge register
stores the response from the execution of a DALI Command. The DALI_Response register stores the
response data of the execution of a DALI Command.
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Figure 9. Simplified state diagram of the Finite State Machine with Embedded Data Path (FSMD) of

the DALI Processor Entity.

In the FSMD start state all auxiliary and output signals are initialized. The command decoding
process starts when the control unit detects that the Data_Rec_UART signal is active, at which time the
data coming from the UART are read by the Data_Out_UART (7:0) input and stored in the Instruction
register. The command is then interpreted to determine whether it is a command for the Bridge or a
DALI command itself. In the case of a command for the Bridge, it is executed and, if a response is
requested, the current parameters of the Bridge state are loaded into the Bridge_acknowledge register
and, later, transferred to the Data_In_UART (7:0) output to send them to the UART.

3.3.3. MCTR

The function of the MCTR entity is to exchange data between the DALI Processor entity and
the DALI Interface. The MCTR design was made with two blocks called Transmitter and Receiver,

whose interconnection is shown in Figure 10.

MANCHESTER CODING
(MCTR)
TRANSMITTER/RECEIVER
Ready_Tra_MCTR >
Clk
TXD_MCTR >
Reset ; - )
Transmitter Receiver
— Clk —1 Clk Data_Rec Data_Rec_MCTR >
Ready [—
Reset — Reset
[WR_MCTR —{ RXD
TAD— Data_Out{7:0y == Data_Out_MCTR{7:0)
[Data_In_MCTR(15:0) =] Data_In(15:0) Rx_En
[RXD_MCTR ’7
[Re_En_MCTR

Figure 10. Manchester Coding Transmitter/Receiver (MCTR) Entity.

The MCTR entity transmits and receives Manchester encoded data, complying with the

specifications indicated in Section 3.2.2.

The MCTR ports that correspond specifically to the transmitter are: CLK, Reset, WR_MCTR,
Data_In_MCTR (15:0), Ready_Tra_MCTR, and TXD_MCTR. The commands that are transmitted have
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a size of 19 bits. Transmission begins with the most significant bit. The MCTR transmitter data path is
shown in Figure 11. It consists of an input buffer register (Reg_buffer), a serializer register (Reg_serial),
a baud generator register (Gen_baud) and a counter register (Reg_counter).

Reg_Serial

Reg_Buffer 812
Data_In_MGTR(15:0) Q14

DI{15:0) : Q13
Data(15:0) D205 o502

— Load Q11
Q10
Clear Q8
— shift Q8
— Qr
— Load Qs

Q5
Beeat Preset Q4

TXD MCTR

Reg_Counter al
Qo Qo
—lnc Q1

. Q2
Clear_Sin Q3

> Q4

Gen_Baudios

Tic

Tic

— Clear_Sin

=3

Clk

Figure 11. MCTR Entity Transmitter FSMD data path.

The buffer register performs the parallel load operation, and its function is to store the command
to be transmitted. The serializer register has a size of 17 bits, since it must contain the start bit (1), in the
most significant position, and the 16 bits to be transmitted. This register performs parallel load and
shift left operations to convert from parallel to serial. The baud rate generator generates a pulse type
signal (Tic) that is activated each time the half-bit timing is fulfilled, that is, every 416.67 us. The counter
register counts the bits that are transmitted to determine the end of the transmission. The data path
and control unit of the transmitter was described by an FSMD.

The Algorithmic State Machine (ASM) diagram of the MCTR transmitter control unit is shown
in Figure 12. In the Start state, Ready_Tra_MCTR is activated to indicate to the DALI Processor that
it is not transmitting and therefore that it can write a command to transmit it to the DALI Interface.
The transmission process starts when the control unit detects that the write input, WR_MCTR,
is activated. If so, the parallel data to be transmitted are loaded into the buffer register and wait
for WR_MCTR to be deactivated. Once writing is deactivated, the Load_serial state is transferred,
in which the contents of the buffer register are transferred to the serializer register, and the baud
generator register and the counter register are initialized to zero. The Shiftl and Shift2 states perform
the transmission of a bit in the Manchester code. To do this, in the Shiftl state the first half bit, which is
the complement of the value of the data bit, is transmitted through the TXD_MCTR output, and in
the Shift2 state the second half bit, which is the value of the bit. In this way, the corresponding
transition is generated according to the Manchester encoding described in Section 3.2.2. In both states,
time counting is enabled in the baud generator register to count the number of pulses equivalent to
the half-bit time (416.67 us), and if it reaches its final count, it is initialized to zero. In the Shift1 state,
you simply go to the Shift2 state, once the first half bit has been transmitted. In the Shift2 state, the serial
register is shifted one bit to the left and the counter register is increased each time the baud generator
activates a Tic. This sequence is repeated until all data bits have been transmitted, so the value of the
counter register must be checked. If this has reached 16, it goes to the Stop state, to transmit the two
stop bits, otherwise it returns to the Shiftl state. In the Stop state, the transmit output is set to 1 for
four half bits to terminate the transmission of the forward frame. For this reason, the baud generator
register count is enabled, and each time it reaches its final count it is initialized to zero, and the counter
register is increased. This process is repeated until the counter register has the value 20, which indicates
that all the bits have already been transmitted, so it returns to the Start state, in which the transmission
output is set to 1, which corresponds to the idle status.
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Figure 12. Control Unit for the MCTR Entity Transmitter FSMD.

The receiver specifically corresponds to the following MCTR ports: CLK, Reset, RXD_MCTR,
Rx_En_MCTR, Data_Rec_ MCTR and Data_Out_MCTR (7:0). The receiver receives the Backward
frames, which consist of 11 bits. To ensure that the reception is correct, the receiver performs the
sampling of the information at the midpoint of each first half bit, as shown in Figure 13. In doing so,
the decoding of the received Manchester data is performed at the same time, since the value of each bit
will be the complement of the value read in the reception input. To synchronize with the midpoint of
the pulse at the low level of the start bit, the initial transition is detected, and a quarter of the bit time
is waited, that is, 208.33 ps. Once the reception has been synchronized, to receive the rest of the bits,
only the reception input must be sampled each bit time. To count these times with good precision,
a clock with a frequency 32 times higher than that of reception will be used as the time base.

20833USSAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE

beTECT l i l l l i
IDLE \I(STARTX D7 X D6 >.< D5 X D4 X D3 X D2 X D1 X Do )I(STOPXSTOPX IDLE

R - T O

' LSB
Figure 13. Sampling the reception data in Manchester encoding.

The MCTR receiver data path is shown in Figure 14. It consists of an input buffer register
(Reg_Buffer), a serial register (Reg_Serial), a frequency divider register (Reg_Serial), a sampling register
(Reg_Sample) and a counter register (Reg_Counter). The buffer register stores the received data.
The serial register performs serial load and shift left operations to generate the serial-to-parallel
conversion. The frequency divider register generates the clock signal (Tic32) that is used as a time base
to synchronize the reception. The sample register determines the moment of capture of the bit received
from Tic32. The counter register counts the bits that are received.
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Data(7:0)
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Reg_Divider

Reset
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Reg_Sample

Figure 14. MCTR Entity Receiver FSMD Data Path.

The description of the receiver was made by means of an FSMD, whose ASM diagram of the
control unit is shown in Figure 15. In the Start state, the baud generator register is initialized with
zero and the counter register with the appropriate value to detect the end of the reception of the data
bits. In this state it is expected to receive the start bit to begin the reception process. This starts if the
reception enable input, Rx_En_MCTR, is active and the data reception input, RXD_MCTR, has the
value 0 (start bit). If this double condition is met, the process indicated above is carried out, which can
be seen in the ASM diagram of the FSMD. It goes to the Wait_1_4 state in which a quarter of the bit
time is waited to synchronize with the start bit. To time this, the sampling register is used, which is
incremented each time Tic32 is activated. If the sampling register reaches count 7, it is initialized with
the value 0 and goes to the Shift state to receive the eight data bits. As already indicated, a bit time
must be waited and the complement of the value of the receive input must be loaded serially into the
serial register. To do this, each time the sampling register reaches the value 31, a shift to the left is
made in the serial register, loading the complement of the value of the reception input, and the counter
register is decremented. This sequence is repeated in the Shift state until the counter register reaches
the zero count, which indicates that it only remains to receive the two stop bits. To do this, the Stop_1
and Stop_2 states are used, in each of which a bit time is waited to validate them, and the Load state is
entered in which the content of the serial register is transferred to the reception buffer, and the Output
signal Data_rec_ MCTR is activated to indicate the DALI Processor that a Backward frame has just been
received from the DALI interface.

Reset

Start

Figure 15. FSMD Control Unit of the MCTR Entity Receiver.
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3.4. Implementation of the DALI Bridge in a Wireless Sensor Node for IoT

The implementation of the DALI Bridge in an FPGA embedded in a wireless sensor node
requires a set of basic elements that are shown in the block diagram of Figure 16, where the FPGA is
distinguished as the key element, in addition to an oscillator circuit, a Joint Test Action Group (JTAG)
Connector, the DALI Interface, a Power Supply circuit and optionally a memory and a Node ID.

MEMORY
(OPTIONAL)

OSCILLATOR

JTAG
POWER CONNECTOR
SUPPLY

NODE ID
L J (OPTIONAL)
DALI
INTERFACE

Figure 16. Basic Components to implement the DALI Bridge in an FPGA in a Wireless Sensor Node.

The main element to implement the DALI Bridge is the FPGA, which has certain basic characteristics
without the need for specific blocks, such as being ultra-low power consumption or low cost and,
therefore, with a reduced number of logic resources. On the other hand, it may be desirable to have
the ability to dynamically disable Phase Locked Loops (PLLs) to decrease static and dynamic power
consumption. Currently, all low-cost FPGAs include specific function blocks, such as Block Random
Access Memory (BRAM) and Digital Signal Processing (DSP). None of these blocks are necessary in
this design, but they could be used, especially RAM blocks, in future versions to improve performance,
such as including a First-In, First-Out (FIFO) memory in each of the receivers. The FPGA must allow
different configuration methods such as: Master SPI, Slave SPI, Non-Volatile Configuration Memory
(NVCM) and JTAG.

Obviously, if the FPGA is volatile in nature, as it is not powered, the DALI Bridge configuration
stored inside will be lost. To avoid this problem, an external memory must be used to store the
configuration data, so that in the power-up, the FPGA itself transfers the contents of the external
memory to its internal configuration memory. The most common element used to achieve this is an SPI
series FLASH memory due to its low cost. This external memory must comply with the compatibility
restrictions presented by the FPGA, which are mainly: the supply and operating voltage range, as well
as the support for operations in the frequency range of the FPGA’s internal oscillator. It must also meet
the necessary requirements for communication through the serial or parallel port of the FPGA that is
used for its configuration.

Another basic element is the DALI Interface, which is essential to adapt the logic voltage levels
between the DALI Bridge and the ballast. The control of the DALI Interface must comply with the
variable logic levels that depend on the operation of the ballast [15]. For the high logic level, when the
ballast is a receiver, the range is 9.5 V to 22.5 V, and when it is a transmitter the range is 11.5 V to 20.5 V.
Otherwise, for the low logic level, when the ballast is a receiver, voltage levels vary from —6.5 V to
+6.5V, and when it is a transmitter they range from —4.5 V to +4.5 V. On the other hand, it must have an
adequate communication range and the necessary electrical isolation with the other basic components.
It is vital that the DALI Interface is compatible with the logic levels of the FPGA being used.

All the components of the DALI Bridge need a 3.3 VDC power supply to work, so the power
supply unit will consist of an AC/DC converter. This converter must have an output voltage of 3.3 VDC,
and its maximum output current will be limited by the type of host used, since, as indicated in the
results section, the power consumption of the DALI Bridge is lower than 15 mW. Current FPGAs
usually need several supply voltages; specifically, the Input/Output (I/O) blocks usually use a voltage
of 3.3 VDC, but for the operation of their internal core they use a lower voltage, generally on the
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order of 1.2 VDC. On the other hand, they also usually need a different tension for their programming,
which is usually an intermediate tension between the two previous ones. These two supply voltages
inherent to the FPGA can be obtained using two Low Dropout (LDO) linear regulators, given the low
power consumption of the bridge, but a switching regulator with double output could also be used.
To supply the DALI Interface, although it is not the objective of this work, an isolated DC/DC converter
can be used, which generates the necessary voltage from 3.3 VDC to be able to generate the logic levels
of the DALI bus.

The FPGA needs a device to generate the clock signal, and the device in charge of performing this
function is the oscillator. A precision oscillator with a programmable frequency range can be used as
long as it allows one to generate several operating frequencies to have versatility in the wireless sensor
node, in addition to allowing one to reduce power consumption according to the requirements that
are demanded.

The JTAG connector is used for the FPGA configuration. This must comply with the IEEE
1149.1 standard, but in turn will have to adapt to the recommendations of the FPGA manufacturer.
This connector has been included because it is usually the most common method, but the final solution
will depend on the configuration options that the FPGA allows. If the system being designed has a USB
connector, a USB-JTAG adapter could also be used. Regardless of the option chosen, if non-volatile
memory is required, it must also allow its configuration.

Optionally, a Node ID selector can be included, which is the response value that is returned to the
Host when command 04 is executed and serves as an identifier, both for the Bridge and as an identifier
for the wireless sensor node in the network.

4. Results

This section presents the experimental results of the implementation of DALI Bridge in the FPGA
embedded in a Wireless Sensor Node for IoT. The node where the DALI Bridge was integrated was
developed to improve the “UCODALI” node which was described in detail in [16]. In the UCODALI
node, the DALI protocol was carried out by software in the SoC, which also had to perform the
processing and wireless connection functions. This software implementation of the DALI protocol
consumes two timers of the MCU hardware and forces the use of low-level functions of the operating
system. The use of these types of functions complicates the application excessively and requires a
careful analysis of the execution time to be able to comply with the time requirements of the DALI
protocol. For these and other reasons, which have been discussed throughout this work, it was decided
to free the SoC from the implementation of the DALI protocol, which motivated the development of
the DALI Bridge and the new UCODALIB node.

4.1. Wireless Sensor Node Description of UCODALIB

Figure 17 shows a photograph of the new UCODALIB node, which has the advantage of having
all the necessary hardware elements for the implementation of the bridge and the DALI Interface
integrated on a single PCB. The processing element is not integrated on the same PCB, but a generic
connector has been dedicated to enable the connection of any MCU or SoC.

Figure 18 shows a block diagram that highlights the use of an FPGA to synthesize the bridge
described in this work. In this figure, the following blocks are observed:

e FPGA.

e  Serial Flash-Embedded Memory (SFEM).

e  DALI electrical interface.

e  Connector for the MCU.

e  Power Supply.

e Node ID Selector and HMI (Human Machine Interface—buttons and LED).
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Figure 18. Block diagram of the wireless sensor node: UCODALIB.
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The FPGA is the key component, where the functions for the DALI Bridge implementation were
carried out, in addition to some interfaces to peripherals. The DALI Bridge was implemented in the
Lattice Semiconductor FPGA iCE40HX1K-VQ100 [41]. It is a low-cost, low-power FPGA that makes it
ideal for use in the implementation of wireless sensor nodes. This FPGA offers limited resources based
on Look-Up Tables (LUTs), Embedded Block RAM (EBR), NVCM and PLLs. It features programmable
low-oscillation differential I/Os with the ability to dynamically disable on-chip PLLs to decrease static
and dynamic power consumption. This FPGA is of the reprogrammable Static Random Access Memory
(SRAM) type and supports different configuration modes: Master SPI, Slave SPI and NVCM. Table 3
summarizes the logic resources of the FPGA.

Table 3. Information of the FPGA iCE40 of Lattice Semiconductor (Source: latticesemi.com).

Part Number HX1K
Logic Cells (LUT + Flip-Flop) 1280
RAM4K Memory Blocks 16
RAM4K RAM bits 64K
Phase-Locked Loops (PLLs) 11
Maximum Programmable (Input/Output) I/O Pins 95
Maximum Differential Input Pairs 11

100 VQFP (14 mm X 14 mm, 0.5 mm)
100-Pin VQFP (0.5 mm Pitch)

Code VQ100

Package
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The DALI Interface block adapts the logic voltage levels of the FPGA to those of the DALI bus,
in addition to isolating the bus from the rest of the components on the board. A detailed description
of this block can be found in [16]. The M25P40VP Serial Flash Embedded Memory (SFEM) [42]
with capacity of 4 Mbytes has been chosen to store the description of the DALI Bridge and configure
the FPGA through the SPI bus that connects the two circuits. For the initial configuration of the FPGA
and SFEM, a JTAG connector is used. For the operation of the FPGA, the configurable precision
oscillator LTC1799 [43] has been used, which allows generating the clock signal with three frequency
options: 33.3 MHz, 3.33 MHz and 0.333 Mhz. In this way, the most suitable frequency can be selected
to achieve the lowest power consumption of the node.

The PCB has a slot made up of two connectors for inserting the wireless communication and
processing module. Currently the SoC CC2530EM Module is used, which includes an MCU based on
an enhanced version of the 8051 and RF components for wireless connection [44].

By configuring two microswitches, the 16-bit size node identifier (Node ID) is set. The board has
LED:s to visually monitor communications, general-purpose LEDs and two push buttons, one for reset
and one for general purpose.

The supply of the different components of the Wireless Sensor Node UCODALIB is carried out
with the FC47121 switching Power Supply [45], since the voltage is obtained from the 230 VAC network.
The FC47121 is based on flyback topology, making it ideal for low power applications. On the other
hand, the hybrid module MEU1S0315ZC [46] has been used to generate a supply voltage of 15 VDC
for the DALI Interface, so that it can generate the appropriate voltage levels to control the ballast.
This module is a DC/DC converter with galvanic isolation and a remarkably high efficiency.

4.2. Results of the Implementation of the DALI Bridge in the Wireless Sensor Node

The results of the bridge design synthesis are shown below in terms of logical resources used,
bridge latency, estimated power consumption, and DALI interface bit time. The synthesis was
performed for the FPGA iCE40HX1K-VQ100 using the iCEcube?2 tool from Lattice Semiconductor [47].
A portable VHDL description of the Bridge has been made, seeking to minimize the consumption of
logical resources, so that approximately 80% of LCs (Logic Cells) and 90% of the routing resources
remain free. On the other hand, it does not use any of the RAM Blocks of the FPGA, which will be
left free to improve the functionality of the bridge to implement other interfaces. This can be seen in
Figures 19 and 20.

Device Info:
Device Family: iCE40
Device: iCE40HX1K
Package: VQ100

FFs: 245

LUTs: 387

RAMs: 0

IOBs: 6

GBs 4

PLLs: 0O

Logic Resource Utilization:

Total Logic Cells: 392/1280
Combinational Logic Cells: 147 out of 1280 11.4844%
Sequential Logic Cells: 245 out of 1280 19.1406%
Logic Tiles: 72 out of 160 45%

Registers:
Logic Registers: 245 out of 1280 19.1406%
IO Registers: 0 out of 560 0

Block RAMs: 0 out of 16 0%

Pins:
Input Pins: 4 out of 72 5.55556%
Output Pins: 2 out of 12 2.777178%
InOut Pins: 0 out of 72 0%

Global Buffers: 4 out of 8 50%

PLLs: 0 out of 0

Figure 19. Synthesis Report—Logic Resource Utilization.
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Routing Rescurce Utilization:

Local line of tile 2606 out of 28666 9.09091%
Span 4 339 out of 6944 4.88191%
Span 12 46 out of 1440 3.19444%
Global network 4 out of 8 50%
Vertical Inter-LUT Connect 60 out of 1120 5.35714%

Figure 20. Routing Resource Utilization.

A particularly important parameter in any bridge design is the latency time. It is true that the data
flow through the bridge is quite small and that the speeds of the interfaces on both sides are very low,
so the latency time is not going to cause the bridge to malfunction. However, minimizing latency time
is important so as not to add unnecessary delays. To measure the latency time, the execution of the
DALI command number 04 of Table 2 has been simulated, operating at a frequency of 33.3 MHz. To do
this, the time that elapses since it finishes receiving the command from the host and starts sending
it to the DALI bus has been measured. This time is very small, specifically 180 ns, as can be seen in
Figure 21. On the other hand, the time from when the host sends the command to the Bridge and it
responds by sending the frame to the DALI bus has also been measured. This has a value of 3.38 ms,
as indicated in Figure 22.
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Figure 21. DALI Bridge latency time.
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Figure 22. DALI Bridge response time including communication time.



Electronics 2020, 9, 1803 20 of 24

It should be noted that the last measured latency time is determined by the transmission speed,
which in this case is 9600 bps, so it can be easily reduced, since the DALI Bridge can be configured
with the highest speeds allowed by the MCUs.

Timing analysis was performed on the DALI Bridge synthesis to obtain the Clock Frequency,
which is shown in Figure 23. Regarding internal operations in the FPGA, it is observed that the
implementation supports a target operating frequency of 122.40 MHz. In the calculation, the synthesizer
takes into account the operating frequency of all individual logic resources (I/O Cells, LUTs, Flip-Flops
and BRAM), the switching frequencies of the flip-flops of the logic cells and the delays of the
combinational logic cells (LUT). If additional and independent modules are needed, which require
operating at higher frequencies, it is possible to develop them on the same FPGA.

FHER R R R R R R R R R R R R R R R

1::Clock Frequency Summary

Number of clocks: 1
Clock: Conjunto_FSM Ctrl UARTpc RxTxManchl|clk |Frequency: 168.74 MHz | Target: 122.40 MHz |

End of Clock Frequency Summary
HEFFH R R R R R R R R R

Figure 23. Clock Frequency Summary.

Table 4 shows the breakdown of the estimated power dissipation as a function of frequency and
temperature. The estimation was made for a supply voltage of the I/O banks of 3.3 V, since these
are configured with the LVCMOS33 standard, and a supply voltage of the Core of 1.2 V. For the
frequency values, three cases have been considered: the maximum operating frequency determined
by the synthesis tool (122.40 MHz), and the two frequencies of the precision configurable oscillator,
which has been used in the implementation of the wireless node (33.3 MHz and 3.33 MHz). From the
data in the table it can be deduced that the power consumption in static mode is practically negligible,
since in the most unfavorable condition (70 °C) it is only 1.41 mW. On the other hand, the power
consumption in dynamic mode does not vary with temperature, and logically only depends on the
frequency. Therefore, the total power consumption remains very stable over the entire temperature
range (0 to 70 °C), varying only 1.1 mW.

Table 4. Power Estimation.

Clock Dynamic Power Power Consumption (mW)
Domain—Clock Temperature (°C) Breakdown (mW)
Frequency (MHz) Core Power 10 Power Static Power Dynamic Power Total Power
0 12.46 3.54 0.32 16.00 16.32
122.40 25 12.46 3.54 0.44 16.00 16.44
70 12.46 3.54 1.41 16.00 17.41
0 3.39 0.96 0.32 4.35 4.67
33.3 25 3.39 0.96 0.44 4.35 4.79
70 3.39 0.96 141 4.35 5.76
0 0.34 0.10 0.32 0.44 0.76
3.33 25 0.34 0.10 0.44 0.44 0.88
70 0.34 0.10 1.41 0.44 1.84

Regarding the variation of power consumption with respect to frequency, there is a significant
relative difference of 16.57 mW, between the maximum frequency (122.40 MHz) and the minimum
frequency (3.33 MHz) at which the design could operate. Another conclusion that can be drawn is that
if only the two frequencies of the oscillator mounted on the PCB are used, the absolute difference is
only 4.88 mW. Therefore, if the FPGA were to perform some processing for which it had to operate at
33.3 MHz, the total power consumption would not be excessively increased.

This very low power consumption of the DALI Bridge considerably reduces the consumption of
the UCODALIB node compared to that of the UCODALI node, since, as the SoC MCU has to perform
less processing, it can operate at a lower frequency.
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Another important point of the DALI protocol specifications is the bit time. Experimentally,
the “bit transfer rate” was analyzed, where the mean time per bit (Te) of 416 us was obtained, and one-bit
time of 832 s, having only 0.16% error, a value within the error tolerance range allowed (10%), since the
standard specifies that the one bit time must be 833.33 s and therefore the average time per bit (Te)
must be 416.67 us. This is shown in Figure 24.

—-418pus
-2.00ps
A416ps

(@ 1.00v 200ps l's.oomws H & - 920mv |
)

W+v72.0000us 10k points

Figure 24. Mean time per bit measurement (Te).
5. Conclusions

This work shows the description and implementation of the hardware DALI protocol in a low-cost,
ultra-low power consumption FPGA, making it ideal for IoT applications in Smart Lighting systems.
The choice of hardware implementation of the DALI protocol, creating a bridge between the DALI bus
and the MCU, ensures the timing required for the bus bits, Manchester encoding and frame formatting.
In addition, the bridge frees the application running on the MCU from the tedious task of composing
the sent frames and performing Manchester encoding/decoding and timing. A reliable implementation
of the DALI protocol is achieved regardless of the application, operating system, and timers available
in the MCU and with a bit time precision unattainable with a software implementation.

The DALI Bridge has been developed to improve one of the wireless sensor nodes used in previous
Smart Lighting systems applications, and in which the correct communication with the ballasts has
been verified. This has meant an important simplification of the Application Programming Interface
(API) that controls the ballasts and, therefore, also of the final application.

The DALI Bridge has been described according to the VHDL-93 standard, using the high-level
descriptive resources of VHDL, for which a portable description has been obtained, that can be
synthesized by all synthesis tools. Therefore, it can be implemented in any FPGA from any manufacturer.
On the other hand, the description has been optimized to use the least possible number of logical
resources which, in turn, are only those that all low-cost FPGAs have, such as LUTs, flip-flops and
those necessary to implement arithmetic circuits, such as adders and counters.

In addition, in this work it has been shown that FPGAs are not only suitable for performing high
performance computing tasks in wireless nodes and IoT, but also they are a good choice to implement
control protocols, buses and interfaces to peripherals, due to their flexibility, and their low cost and
power consumption.

Furthermore, the free space of logic resources of the FPGA allows for enough logic capacity to
create modules for processing, algorithms, communication, or control of other sensors and/or actuators,
independently of the DALI Bridge. All this makes use of FPGA’s decisiveness in WSNs.
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The reduced number of logic resources used for the implementation of the DALI protocol in
the FPGA allows the addition of another Bus Bit Error Control Module (B-BCoM). This module
simultaneously reads the bits that it writes to the bus and compares them. In this way, at a physical
level, bit errors that are very difficult or almost impossible to detect by a software-based DALI
transmitter—since the comparison must be made in bit time—now can indeed be detected. This new
module will allow us to detect short circuits, inadequate voltage values and drifts to ground.

Author Contributions: O.0.0.-G. has been leading the topics of VHDL description and HW development, and has
also worked on the design, simulation, and FPGA implementation of the Bridge as well as on the interface.
M.O.-L. has worked on the design, development and testing of HW. EJ.Q.-L. has been leading the development,
the HW tests and the interface, and has also worked on the design, VHDL description, simulation, and FPGA
implementation of the Bridge. J.G.A.-O. has been leading the research tasks related to communications and
lighting protocols. R.S.-R. has been leading the research tasks related to the communication interface and wireless
communications. EJ.B.-O. has been leading the research project in general and has also worked on electronics and
interface issues. All authors contributed equally in the writing, editing and improvement of the paper. O.0.0.-G.
is the corresponding author. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This research was partially supported by the “Programa Fortalecimiento de la Calidad Educativa”
(PFCE) UAZ 2019 and partially supported by the Spanish Ministry of Economy and Competitiveness under
Project TEC2016-77632-C3-2-R.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Forecast. Cisco Visual Networking Index: Global Mobile Data Traffic Update, 2017-2022. 2019.
Available online: https://davidellis.ca/wp-content/uploads/2019/12/cisco-vni-mobile-data-traffic-feb-2019.
pdf (accessed on 15 June 2020).

2. Mahoor, M.; Hosseini, Z.S.; Khodaei, A.; Paaso, A.; Kushner, D. State-of-the-art in smart streetlight systems:
A review. IET Smart Cities 2020, 2, 24-33. [CrossRef]

3. Haba, C.-G.; Breniuc, L.; Galatanu, C.-D.; Petrisor, D.; Hertanu, R. IoT System for Implementation of
Connected Lighting. In Proceedings of the 2019 11th International Symposium on Advanced Topics in
Electrical Engineering (ATEE), Bucharest, Romania, 28-30 March 2019; pp. 1-5.

4. Lau, S.P; Merrett, G.V.; Weddell, A.S.; White, N.M. A traffic-aware street lighting scheme for Smart Cities
using autonomous networked sensors. Comput. Electr. Eng. 2015, 45, 192-207. [CrossRef]

5. Merlino, G.; Bruneo, D.; Distefano, S.; Longo, F,; Puliafito, A.; Al-Anbuky, A. A Smart City Lighting Case
Study on an OpenStack-Powered Infrastructure. Sensors 2015, 15, 16314-16335. [CrossRef] [PubMed]

6. Shahzad, G.; Yang, H.; Ahmad, A.W.; Lee, C. Energy-Efficient Intelligent Street Lighting System Using
Traffic-Adaptive Control. IEEE Sens. |. 2016, 16, 5397-5405. [CrossRef]

7. Wojnicki, I.; Komnata, K.; Kotulski, L. Comparative Study of Road Lighting Efficiency in the Context of
CEN/TR 13201 2004 and 2014 Lighting Standards and Dynamic Control. Energies 2019, 12, 1524. [CrossRef]

8. Lee, H.; Choi, C.-H.; Sung, M. Development of a Dimming Lighting Control System Using General
Mlumination and Location-Awareness Technology. Energies 2018, 11, 2999. [CrossRef]

9. Park, H,; Park, J.; Kim, H; Lee, S.Q.; Park, K.-H.; Paik, ]. Hybrid Sensor Network-Based Indoor Surveillance
System for Intrusion Detection. Symmetry 2018, 10, 181. [CrossRef]

10. Shlayan, N.; Challapali, K.; Cavalcanti, D.; Oliveira, T.; Yang, Y. A Novel Illuminance Control Strategy for
Roadway Lighting Based on Greenshields Macroscopic Traffic Model. IEEE Photon J.2017,10, 1-11. [CrossRef]

11.  Zotos, N; Pallis, E.; Stergiopoulos, C.; Anastasopoulos, K.; Bogdos, G.; Skianis, C. Case study of a dimmable
outdoor lighting system with intelligent management and remote control. In Proceedings of the 2012 International
Conference on Telecommunications and Multimedia (TEMU), Chania, Greece, 30 July—1 August 2012; pp. 43—48.

12. International Electrotechnical Commission. IEC 60929:2011. AC and/or DC-Supplied Electronic Control
Gear for Tubular Fluorescent Lamps—Performance Requirements. Available online: https://webstore.iec.ch/
publication/3926 (accessed on 15 June 2020).


https://davidellis.ca/wp-content/uploads/2019/12/cisco-vni-mobile-data-traffic-feb-2019.pdf
https://davidellis.ca/wp-content/uploads/2019/12/cisco-vni-mobile-data-traffic-feb-2019.pdf
http://dx.doi.org/10.1049/iet-smc.2019.0029
http://dx.doi.org/10.1016/j.compeleceng.2015.06.011
http://dx.doi.org/10.3390/s150716314
http://www.ncbi.nlm.nih.gov/pubmed/26153775
http://dx.doi.org/10.1109/JSEN.2016.2557345
http://dx.doi.org/10.3390/en12081524
http://dx.doi.org/10.3390/en11112999
http://dx.doi.org/10.3390/sym10060181
http://dx.doi.org/10.1109/JPHOT.2017.2782801
https://webstore.iec.ch/publication/3926
https://webstore.iec.ch/publication/3926

Electronics 2020, 9, 1803 23 of 24

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

International Electrotechnical Commission. IEC 62386-201:2015.  Digital Addressable Lighting
Interface—Part 201: Particular Requirements for Control Gear—Fluorescent Lamps. Available online:
https://webstore.iec.ch/publication/22534 (accessed on 15 June 2020).

DALI Standard. International Electrotechnical Commission IEC 62386. 2020. Available online:
https://www.digitalilluminationinterface.org/dali/standards.html (accessed on 15 June 2020).
ZVEI-Division-Luminaires. Manual DALI AG (Digital Addressable Lighting Interface Activity Group). 2001.
Frankfurt, Germany. Available online: http://www.susaeta.net/attachments/article/42/manual%20dali.pdf
(accessed on 22 July 2020).

Bellido-Outeirino, FEJ.; Quiles-Latorre, EJ.; Moreno-Moreno, C.D.; Flores-Arias, J.; Moreno-Garcia, L;
Ortiz-Lopez, M. Streetlight Control System Based on Wireless Communication over DALI Protocol. Sensors
2016, 16, 597. [CrossRef]

Roisin, B.; Bodart, M.; Deneyer, A.; D'Herdt, P. Lighting energy savings in offices using different control
systems and their real consumption. Energy Build. 2008, 40, 514-523. [CrossRef]

Liu, J.; Zhang, W.; Chu, X,; Liu, Y. Fuzzy logic controller for energy savings in a smart LED lighting system
considering lighting comfort and daylight. Energy Build. 2016, 127, 95-104. [CrossRef]

Madzalan, S.N.; Hamid, H.; Hussin, M.F; Kadir, K.A. A new automatic lighting control system using DALI
for unikl BMI library. In Proceedings of the 2017 International Conference on Engineering Technology and
Technopreneurship (ICE2T), Kuala Lumpur, Malaysia, 18-20 September 2017; pp. 1-4.

Juntunen, E.; Sarjanoja, E.-M.; Eskeli, J.; Pihlajaniemi, H.; Osterlund, T. Smart and dynamic route lighting
control based on movement tracking. Build. Environ. 2018, 142, 472-483. [CrossRef]

Adam, G.; Kontaxis, P; Bouroussis, C.; Ventzas, D.; Topalis, F. Embedded computer communication and control
of DALI LED drivers. In Proceedings of the Balkan Light Conference, Athens, Greece, 16-19 September 2015;
pp- 125-130.

Adam, G.K. DALI LED Driver Control System for Lighting Operations Based on Raspberry Pi and Kernel
Modules. Electronics 2019, 8, 1021. [CrossRef]

Teich, J. Hardware/Software Codesign: The Past, the Present, and Predicting the Future. Proc. IEEE 2012,
100, 1411-1430, Special Centennial Issue. [CrossRef]

Kuo, Y.-S;; Pannuto, P; Schmid, T.; Dutta, P. Reconfiguring the software radio to improve power,
price, and portability. In Proceedings of the 10th ACM Conference of Embedded Network Systems,
Toronto, ON, Canada, 6-9 November 2012; pp. 267-280.

Szilvasi, S.; Babjdk, B.; Volgyesi, P.; Lédeczi, A.Marmote SDR: Experimental Platform for Low-Power Wireless
Protocol Stack Research. |. Sens. Actuator Netw. 2013, 2, 631-652. [CrossRef]

Dello Sterpaio, L.; Marino, A.; Nannipieri, P.; Dinelli, G.; DaValle, D.; Fanucci, L. A Complete EGSE
Solution for the SpaceWire and SpaceFibre Protocol Based on the PXI Industry Standard. Sensors 2019,
19, 5013. [CrossRef]

Leccese, F; Leonowicz, Z. Intelligent wireless street lighting system. In Proceedings of the 2012 11th
International Conference on Environment and Electrical Engineering, Venice, Italy, 18-25 May 2012;
pp- 958-961.

Leccese, F. Remote-Control System of High Efficiency and Intelligent Street Lighting Using a ZigBee Network
of Devices and Sensors. IEEE Trans. Power Deliv. 2012, 28, 21-28. [CrossRef]

Ocana-Miguel, A.; Andres-Diaz, ].R.; Hermoso-Orzaez, M.].; Gago-Calderdén, A. Analysis of the Viability
of Street Light Programming Using Commutation Cycles in the Power Line. Sustainability 2018,
10, 4043. [CrossRef]

Leccese, F,; Cagnetti, M.; Trinca, D. A Smart City Application: A Fully Controlled Street Lighting Isle Based
on Raspberry-Pi Card, a ZigBee Sensor Network and WiMAX. Sensors 2014, 14, 24408-24424. [CrossRef]
Sambandam Raju, P; Mahalingam, M.; Arumugam Rajendran, R. Design, Implementation and Power
Analysis of Pervasive Adaptive Resourceful Smart Lighting and Alerting Devices in Developing Countries
Supporting Incandescent and LED Light Bulbs. Sensors 2019, 19, 2032. [CrossRef]

Kaleem, Z.; Ahmad, I.; Lee, C. Smart and Energy Efficient LED Street Light Control System Using ZigBee
Network. In Proceedings of the 2014 12th International Conference on Frontiers of Information Technology,
Islamabad, Pakistan, 17-19 December 2014; pp. 361-365.


https://webstore.iec.ch/publication/22534
https://www.digitalilluminationinterface.org/dali/standards.html
http://www.susaeta.net/attachments/article/42/manual%20dali.pdf
http://dx.doi.org/10.3390/s16050597
http://dx.doi.org/10.1016/j.enbuild.2007.04.006
http://dx.doi.org/10.1016/j.enbuild.2016.05.066
http://dx.doi.org/10.1016/j.buildenv.2018.06.048
http://dx.doi.org/10.3390/electronics8091021
http://dx.doi.org/10.1109/JPROC.2011.2182009
http://dx.doi.org/10.3390/jsan2030631
http://dx.doi.org/10.3390/s19225013
http://dx.doi.org/10.1109/TPWRD.2012.2212215
http://dx.doi.org/10.3390/su10114043
http://dx.doi.org/10.3390/s141224408
http://dx.doi.org/10.3390/s19092032

Electronics 2020, 9, 1803 24 of 24

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Garcia-Castellano, M.; Gonzélez-Romo, J.M.; Gémez-Galan, J.A.; Garcia-Martin, J.P,; Torralba, A.;
Pérez-Mira, V. ITERL: A Wireless Adaptive System for Efficient Road Lighting.  Sensors 2019,
19, 5101. [CrossRef]

Kudryashov, A.V.; Galishheva, E.S.; Kalinina, A.S. Lighting Control Using DALI Interface. In Proceedings of
the 2018 International Conference on Industrial Engineering, Applications and Manufacturing (ICIEAM),
Moscow, Russia, 15-18 May 2018; pp. 1-5.

Wang, S.-C.; Liu, Y.-H.; Chen, Y.-L.; Chen, J.-Y. Development of DALI-based electronic ballast with energy
saving control for ultraviolet lamps. In Proceedings of the 2010 8th IEEE International Conference on
Industrial Informatics, Osaka, Japan, 13-16 July 2010; pp. 214-219.

Adam, G.K.; Kontaxis, P.A.; Doulos, L.T.; Madias, E.-N.D.; Bouroussis, C.A.; Topalis, F.V. Embedded
Microcontroller with a CCD Camera as a Digital Lighting Control System. Electronics 2019, 8, 33. [CrossRef]
Tridonic. DALI Interface RS232 PS/S PC Interface Module for DALI Systems. Available online:
https://www.tridonic.com/com/en/products/dali-interface-rs232.asp (accessed on 15 September 2020).
Wielgosz, M.; Karwatowski, M. Mapping Neural Networks to FPGA-Based IoT Devices for Ultra-Low
Latency Processing. Sensors 2019, 19, 2981. [CrossRef] [PubMed]

Parrilla, L.; Castillo, E.; Lopez-Ramos, J.A.; Alvarez-Bermejo, J.A.; Garcia, A.; Morales, D.P. Unified Compact
ECC-AES Co-Processor with Group-Key Support for IoT Devices in Wireless Sensor Networks. Sensors 2018,
18, 251. [CrossRef] [PubMed]

Quiles, EJ.; Ortiz, M.; Gersnoviez, A.; Brox, M.; Olivares, A.; Glosekoétter, P. Development of a Wireless Low
Power Datalogger with High Performance Converter. Elektronika ir Elektrotechnika 2015, 21, 21-27. [CrossRef]
Lattice-Semiconductor. iCE40 LP/HX Family Data Sheet. 2018. Available online: http://www.latticesemi.
com/en/Products/FPGAandCPLD/iCE40 (accessed on 18 July 2020).

Micron-Technology-Inc.  M25P40 3V 4Mb Serial Flash Embedded Memory. 2011.  Available
online: www.micron.com/-/media/client/global/documents/products/data-sheet/nor-flash/serial-nor/m25p/
m25p40.pdf?rev=9762aaf3985f4b978574ebe826f994fe (accessed on 21 July 2020).
Linear-Technology/Analog-Devices. IC Precision Oscillator Silicon-LTC1799CS. 2020. Available online:
https://www.analog.com/media/en/technical-documentation/data-sheets/LTC1799.pdf (accessed on 22 July 2020).
Texas-Instruments. CC2530 Development Kit User’s Guide. 2010. Available online: http://www.ti.com/lit/
ug/swru208b/swru208b.pdf (accessed on 15 July 2020).

Myrra-Electronic. Transformers Datasheet—2.5 W and 5 W. 2015. Available online:  http:
//www.acalbfi.com/be/Power-supplies/AC-DC/Electronic-transformers/p/Electronic-transformer-
-Switching-power-supply--3-3V--2-5W--regulated/0000003LZW (accessed on 20 July 2020).
Murata-Manufacturing-Company-Ltd. Converters MEU150315ZC. 2013. Available online: http://power.
murata.com/en/meuls0315zc.html (accessed on 19 July 2020).

iCEcube2. Design Software (Lattice Semiconductor). Ultra-Productive Design Tools for Ultra-Low Density
Devices. 2020. Available online: http://www.latticesemi.com/iCEcube?2 (accessed on 2 September 2020).

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/s19235101
http://dx.doi.org/10.3390/electronics8010033
https://www.tridonic.com/com/en/products/dali-interface-rs232.asp
http://dx.doi.org/10.3390/s19132981
http://www.ncbi.nlm.nih.gov/pubmed/31284516
http://dx.doi.org/10.3390/s18010251
http://www.ncbi.nlm.nih.gov/pubmed/29337921
http://dx.doi.org/10.5755/j01.eee.21.3.10044
http://www.latticesemi.com/en/Products/FPGAandCPLD/iCE40
http://www.latticesemi.com/en/Products/FPGAandCPLD/iCE40
www.micron.com/-/media/client/global/documents/products/data-sheet/nor-flash/serial-nor/m25p/m25p40.pdf?rev=9762aaf3985f4b978574ebe826f994fe
www.micron.com/-/media/client/global/documents/products/data-sheet/nor-flash/serial-nor/m25p/m25p40.pdf?rev=9762aaf3985f4b978574ebe826f994fe
https://www.analog.com/media/en/technical-documentation/data-sheets/LTC1799.pdf
http://www.ti.com/lit/ug/swru208b/swru208b.pdf
http://www.ti.com/lit/ug/swru208b/swru208b.pdf
http://www.acalbfi.com/be/Power-supplies/AC-DC/Electronic-transformers/p/Electronic-transformer--Switching-power-supply--3-3V--2-5W--regulated/0000003LZW
http://www.acalbfi.com/be/Power-supplies/AC-DC/Electronic-transformers/p/Electronic-transformer--Switching-power-supply--3-3V--2-5W--regulated/0000003LZW
http://www.acalbfi.com/be/Power-supplies/AC-DC/Electronic-transformers/p/Electronic-transformer--Switching-power-supply--3-3V--2-5W--regulated/0000003LZW
http://power.murata.com/en/meu1s0315zc.html
http://power.murata.com/en/meu1s0315zc.html
http://www.latticesemi.com/iCEcube2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Related Work 
	Materials and Methods 
	Design Goals 
	Design Considerations for the DALI Bridge 
	DALI Protocol 
	Communication between the Host and the DALI Bridge 

	DALI Bridge Description FPGA-Based 
	UART 
	DALI Processor 
	MCTR 

	Implementation of the DALI Bridge in a Wireless Sensor Node for IoT 

	Results 
	Wireless Sensor Node Description of UCODALIB 
	Results of the Implementation of the DALI Bridge in the Wireless Sensor Node 

	Conclusions 
	References

