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ABSTRACT

This paper presents the implementation of a serial interface using a Cyclone V development board
to interface with analog-to-digital converters (ADCs) that output digitized data as a one-wire serial
bitstream. Field Programmable Gate Arrays (FPGAs) are utilized for their flexibility in customizing
digital systems, programmed using hardware description languages such as VHDL, Verilog, and
SystemVerilog. The Serial Peripheral Interface (SPI) communication technique, known for its syn-
chronous data transfer capabilities, is utilized to ensure precise timing and reliable data exchange.
The DE10-Standard Development Kit, featuring the Cyclone V SoC FPGA and the LTC2308 ADC,
is used to demonstrate the process, including configuring the ADC for single-ended and differential
inputs and achieving a maximum sampling rate of 500KSPS. The system’s architecture incorporates
a Phase-Locked Loop (PLL) to match the required clock frequencies, and an algorithm to synchro-
nize and process the bitstream into a 12-bit digital representation. Experimental results confirm the
efficacy of the implemented SPI interface, making it a robust solution for real-world digital system
applications.
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1 Introduction

In recent years, the versatility and configurability of Field Programmable Gate Arrays (FPGAs) have made them a
key technology in digital systems design. Unlike Application-Specific Integrated Circuits (ASICs), which are fixed-
function devices manufactured for specific tasks, FPGAs offer a unique advantage by allowing users to define and
modify their hardware configurations post-production. This adaptability is achieved through programming languages
such as VHDL, Verilog, and SystemVerilog, which enable precise control over the FPGA’s digital logic [1][2]. The
ability to customize FPGA functionality for specialized applications not only improves performance but also optimizes
system efficiency [3].

A significant application of FPGAs is in the implementation of communication protocols, such as the Serial Peripheral
Interface (SPI). SPI is a synchronous serial communication technique that facilitates high-speed data transfer between
microcontrollers and peripheral devices. Unlike asynchronous communication, SPI uses a clock signal to synchronize
data exchange, ensuring reliable and accurate data transmission [4][5]. This characteristic is essential in applications
requiring high data integrity and speed.

The DE10-Standard Development Kit, equipped with a Cyclone V SoC FPGA, illustrates the practical use of FPGAs
in interfacing with various peripherals. This kit includes the LTC2308 Analog-to-Digital Converter (ADC), which
employs SPI communication for efficient data conversion. The LTC2308 supports multiple input modes and sampling
rates, making it a flexible tool for digital systems that demand high-resolution and rapid data acquisition [6]. The
configuration of this ADC and the subsequent data handling through the FPGA are important aspects of developing
effective digital systems.
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This paper explores the implementation of a serial interface using the Cyclone V FPGA and the LTC2308 ADC within
the DE10-Standard Development Kit. We examine the SPI communication protocol, the ADC’s configuration modes,
and the system’s architecture. Additionally, we provide detailed insights into the system’s performance, including the
design of a custom algorithm for data processing. Through experimental validation, we demonstrate the effectiveness
of this SPI interface in achieving accurate and reliable data transfer, showcasing its potential for applications in real-
world digital systems.

2 Field programmable gate arrays - FPGA

Field Programmable Gate Arrays (FPGAs) are versatile integrated circuits that allow users to customize their function-
ality. Unlike fixed-function chips, FPGAs are delivered in an unprogrammed state, enabling users to define specific
configurations.

Compared to Application-Specific Integrated Circuits (ASICs), which are pre-configured during manufacturing, FP-
GAs provide significant flexibility. Users can modify their configuration as needed to optimize performance or address
specific requirements without altering the hardware. [1]

FPGAs are typically programmed using hardware description languages such as VHDL, Verilog, and SystemVerilog.
These languages specify the behavior and interconnections of digital circuits, enabling precise configuration of the
FPGA’s logic [2]. The primary advantage of FPGAs over conventional processors lies in their adaptability to specific
tasks, offering enhanced efficiency and performance for specialized applications [3].

3 SPI Communication

Serial Peripheral Interface (SPI) is a widely used interface for data transfer between microcontrollers. It operates using
independent clock and data wires, along with a chip selection line to choose the device to communicate with. In serial
communication, there are asynchronous and synchronous modes. In asynchronous communication, there is no control
over when data is transferred. In contrast, synchronous communication relies on a clock signal to establish precise
timing, ensuring that both the emitter and receiver are synchronized [4]. This allows the emitter to send data and
the receiver to know exactly when to expect and read the data. SPI operates as a synchronous serial communication
technique. The clock signal ensures that both sides of the communication are perfectly synchronized. It dictates to
the receiver exactly when to sample the incoming bits from the data channel, either on the rising or falling edge of the
clock. Once the receiver detects the clock edge, it reads the next bit on the data line, ensuring accurate and reliable
data transfer. [5]

4 DE10-Standard Development Kit

The DE10-Standard Development Kit includes a Cyclone V SoC FPGA and various peripherals, such as push buttons,
7-segment displays, audio interfaces, an I2C multiplexer, VGA outputs, a TV decoder, SDRAM, PS2 ports, an ADC,
and more. This board includes an analog-to-digital converter, the LTC2308, which is a low-noise, 500ksps max, 8-
channel, 12-bit resolution ADC with an SPI interface [6]. This microchip can sample 8 different analog signals and
transmit the actual value of each in a 12-bit word. The maximum sampling rate is achieved when only one analog
channel is used. If all eight channels are used, 62500 samples per second can be obtained from each analog input.
The LTC2308 transmits data using a 4-wire SPI interface. When a rising edge of CONVST occurs, the conversion
process is initiated. The manufacturer recommends waiting 40ns after the conversion starts to pull down CONVST.
Alternatively, it can be pulled down just until the conversion ends and before the serial transmission. SCLK can operate
up to 40MHz.
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Figure 1: LTC2308 SPI signals

Source: Linear Technologies

5 Configuration Modes

The LTC2308 operates in several modes based on the values of a 6-bit word wired to the SDI port. Each bit on
SDI is loaded on the rising edge of SCK, while SDO bits are loaded on the falling edge of SCK. The configuration
bits determine the ADC’s mode of operation, including single-ended and differential inputs. When using differential
inputs, the input count is limited to four channels.

Figure 2: LTC2308 configuration bits

Source: Linear Technologies

A combination of single-ended and differential inputs can be configured, affecting the number of input channels. The
different combinations of the configuration bits are listed in the following table.

Figure 3: LTC2308 Input modes

Source: Linear Technologies

Analog signals are input to the DE10 board through a 10-wire header connector. It is important to note that PIN1
(VCC5) must be connected to a 5V rail. If the interface is configured in unipolar mode, the input voltage range is 0 -
4.095V. In contrast, in bipolar mode the input voltage range is from -2.048V to 2.047V.
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Figure 4: LTC2308 Channel configuration

Source: Linear Technologies

Figure 5: 10-wire header connector for analog signals in DE10 board

Source: DE10 Standard User Manual

6 One Single-Ended Input at 500KSPS

As mentioned in the ADC features, the maximum sampling rate is 500KSPS (500,000 samples per second). This
means the entire process for one sample must take 2µs. The LTC2308 datasheet states that the conversion time is up
to 240ns. With this in mind, and considering that SCK will run at 40MHz, the serial transmission will be completed
in 300ns. After this time, the ADC will rest for 1460ns. For this implementation, the analog signal is input through
ADC IN1 (+) and COM (GND) in unipolar mode. Therefore, the channel configuration sent to the ADC device was
”1000”. It is relevant to notice that the 10-pin port must be powered by an external 5V DC supply (VCC5). The DE10
development board already has the pins of the LTC2308 connected to the Cyclone V FPGA and the 10-bit header
connector. Therefore, the Pin Assignments must be performed as indicated in the DE10 Standard User Manual. For
this implementation, Quartus Prime 18.1 was used. [7]

First, the embedded system utilizes the fast clock included on the DE10 board, running at 50MHz. However, the
maximum clock for the analog-to-digital conversion using the LTC2308 is 40MHz. Therefore, a PLL is used to
decrease the frequency from 50MHz to 40MHz. The PLL blocks are included in Altera FPGA microchips. This
can be found in Quartus IP Catalog (Library/Basic Functions/Clocks; PLLs and Resets). Here, the input and output
frequency of the PLL must be specified. For this design, only one PLL output is used. The logic inside the SPI
interface block must replicate the CONVST, SCK, SDI, and SDO signals to obtain the 12-bit digital representation of
the analog input.
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Figure 6: Pin assignments in Quartus project

Source: Quartus Prime 18.1

Figure 7: IP Catalog in Quartus Prime

Source: Quartus Prime 18.1
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Figure 8: Architecture of the embedded system

Source: Quartus Prime 18.1

The architecture of the embedded system includes the PLL mentioned before, named as clock divider, and a SPI
interface block. The inputs of this architecture are the 50MHz clock included in the DE10 board, and the bitstream
coming from LTC2308 through SDO pin. On the other hand, the architecture has three outputs: CONVST, SCK, and
SDI, to replicate the SPI signals of the ADC device.

Figure 9: SPI interface experiment

Source: Author

During the experiment, a DC power supply was used to feed the required 5V to power the device. Also, different DC
values between 0 to 4.095V were applied to ADC IN1 and the results were evaluated in oscilloscope.

7 Algorithm

The SPI interface block contains the algorithm that obtain a 12-bit word from a bitstream. First, it starts the synchro-
nized communication by sending a 2.5ns pulse through CONVST pin. Then, it waits during 240µs. After this time, the
transmission occurs. To get the synchronization, the block ties SCK pin to the 40MHz clock obtained from the PLL.
Two counters are used to control the bitstream transmission: COUNTER POS for rising edges and COUNTER NEG
for falling edges in SCK. Depending on the counters’ quantities, the configuration bits are sent to the ADC device,
and the digitized conversion bitstream is received. The received bits are stored in a 12-bit word to be used in further
stages.
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Figure 10: SPI interface communication algorithm

Source: Author

8 Results

As mentioned before, the serial interface was tested for different analog inputs in the unipolar mode. In the first test,
716mV was applied to ADC IN1. Considering that 4.095V corresponds to the ”111111111111” 12-bit word, it is
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expected that the digitized conversion of the voltage input is ”001011001100”. This was indeed the received word
through the SDI pin.

Figure 11: SPI transmission with analog input equals 716mV

Source: Author

In another test, an input of 192mV was applied. As a result, ”000011000000” 12-bit word was received.

The results of these tests indicate that the SPI interface works properly. Therefore, the received 12-bit word can be
used for further purposes in the digital system.

Figure 12: SPI transmission with analog input equals 192mV

Source: Author
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9 Source codes

Figure 13: Global variable declaration

Source: Author

Figure 14: Local variable declaration

Source: Author
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Figure 15: Configuration of SPI transmission

Source: Author
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Figure 16: SPI Data extraction

Source: Author
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