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Abstract - This paper introduces a handheld device which 
is based on FPGA technology. A specific design task was to 

develop a small embedded computer with some general 

features and application specific extensions. To fulfill the 

requirements two approaches were investigated: the usage of a 

universal high-end embedded processor (like Intel’s PXA or 

AMD’s Alchemy) with additional external components; and a 

monolithic single-chip FPGA based solution. 

I. INTRODUCTION 

The main objective was to develop a universal platform, 

which can be used in several application fields, focused on 

medical industry, with the following specification: 

 

Architectural requirements: 

• 32 bit embedded processor 

• SDRAM memory for application code 

• NOR Flash based program code storage 

• NAND Flash based bulk data storage 

 

User interface and communication: 

• Multiplexed keyboard input 

• QVGA color LCD 

• Sound playback capability 

• USB, Bluetooth and RS232 PC connection 

• Thermal printer interface 

 

System specific requirements: 

• Application specific digital interface 

• Option for end-user firmware upgrade 

• Low power consumption, built-in Li-Ion battery 

• Small size, portable operation 

• Must fit into special enclosure 

 

A. Architectural requirements 

The 32 bit embedded processor supposed to give enough 

flexibility to run the application code. Moreover embedded 

operating systems can be used too. 

SDRAM memory enables fast program code execution 

and temporary measurement-data storage. 

Different types of flash memories are required to 

accommodate the program code, configuration parameters, 

sound samples and the bulk measured data. Program code is 

usually stored in NOR flash memory, some Mbytes in size. 

A large size (128 Mbytes) NAND flash memory was 

needed to be added, to store measurement data. 

 

B, User interface and communication 

The enclosure included a multiplexed keyboard, with 

buttons: numbers 0-9, four directional arrows, and other 

special functions. 

The colorful user interface is one of the key issues in this 

handheld device, that is why a QVGA (320x240) graphic 

display was used. 

Audio playback interface was required, for better user 

contact, warning signals, and to enable that visually 

disabled can use the device too. 

Measured data can be transferred to the PC through 

various connections, serial, USB and Bluetooth. Bluetooth 

can be used to interoperate with mobile phones and PDAs 

too. Standard thermal printer is connected through RS232. 

 

 
Fig. I. Sudoku game used as enclosure 

 

C, System specific requirements 

The device size was restricted by the enclosure, which is 

a handheld Sudoku game (shown on Fig. I.), from where 

the die casted plastic box and the embedded keyboard was 

reused. The game was operating from two “AA” size 

batteries. To extend the runtime the power source has been 

replaced with a 2800 mAh Li-Ion rechargeable battery, 

originally used in Palm IIIc PDAs. 
 



Many applications need dedicated I/O functions, for 

example: digital I/O, PWM, timer or more sophisticated bus 

connectivity like: one-wire, SPI, IIC, UART bus interface, 

or even other non standard interface. As the main objective 

was to design a universal device, some of the resources 

must be reserved for further extension. 

Unfortunately usually not all peripherals are known when 

the specification is drafted. By using a general purpose 

microcontroller or embedded microprocessor, it is not so 

convenient to add additional peripherals to the design any 

later time. FPGA gives the opportunity to integrate further 

extensions at a much later point of the design process. 

Almost all handheld electronic devices including: 

portable music players, PDAs, mobile phones etc. give the 

possibility for the end-user to upgrade the system firmware. 

There was a natural need to add firmware upgradeability to 

the specification.  

II. COTS SOLUTION 

Two design approaches were investigated. One solution 

can be to use a high-end embedded microprocessor. The 

two main competitors are: Intel’s PXA [1] and Raza 

Microelectronics’ (former AMD) Alchemy [2] processor 

family. The 32 bit cores of these devices are running at 

~500 MHz. They also include wide range of peripherals: 

 

• SDRAM, and Flash support 

• Embedded display driver 

• Standard audio codec interface 

• USB host/ slave support 

• Serial, IIC, SPI, timer, Digital I/O 

• Real time clock  

• Optional Ethernet and Bluetooth support 

 

 
Fig. II. shows a typical single board computer. Hardware 

development is made easy through the available reference 

design. Hardware design time can be minimized by using 

Component Off the Shelf (COTS) singe board computers, 

which usually include all the above mentioned peripherals 

in small form factor. 

Software development is made easy by using ready 

compiled multi-task operating systems, – typically 

embedded Linux - including drivers and high-level 

application code. 

Since there is a wide range of support available for 

hardware and software components this design path flatters 

quick time to market time. But sooner-or-later designer 

have to face with price, printed circuit board complexity, 

non-fexible extension possibilities too.  

III. FPGA SOLUTION 

The other investigated, and later realized possibility was 

to use a low-cost FPGA that includes the soft-core 

embedded 32 bit microcontroller and all the other 

peripherals too. A Spartan-3E 500 K system gate FPGA [3] 

was selected because: it is relatively cheap, has a large 

complexity, and has the ability to load the configuration 

from standard SPI Flash memory. 

 

  
 

 Fig. III. System overview 
 

Fig. III. gives an overview of the implemented system. It 

shows the main memory interfaces, including SDRAM, 

NAND flash, and NOR flash; the communication 

interfaces: serial, USB and Bluetooth; the user interfaces 

push-buttons and QVGA display; plus the possibility for 

further standard and non-standard extensions. 

This design solution has the following benefits: 

 

• Hardware components and peripherals can be 

tailored to the application needs. System 

includes only required peripherals, resulting 

optimal device utilization and power 

consumption. 

• FPGA based technology has been selected 

because it gives possibility to include almost 

any additional peripherals at a later stage of the 

design process with minimal impact on the 

general system.  

• Developer can select from a big variety of 

standard peripherals or alternatively can develop 

own Intellectual Property core. 

• SPI memory can be used to store the FPGA 

configuration, which prospects chance to fix 

small FPGA bugs even by the end customer. 

• Power consumption is critical in embedded 

designs. The evaluated system architecture 

consumed only 150mW of power compared to 

the usual power need (1000mW) of a single 

board computer.   

IV. SOFT-CORE MICROPROCESSOR 

A wide range of soft-core processors are available to use. 

Some them are developed by chip vendors, others are free 

and available with source code. Table I. summarizes the 

processors that were taken into account. [4], [5] 

 

 
 

Fig. II. Small form factor single board computer. 
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Fig. IV. Peripherals implemented in the FPGA. 

(External connections are not shown.) 

 

TABLE  I. 

Comparison of soft-core processors on Xilinx FPGAs  

 
Processor Developer Source Available Bus IF 

Microblaze Xilinx No Core Connect 

Leon 2 Gaisler Research Yes AMBA 

OpenRisc 1200 Opencores Yes Wishbone 

 

MicroBlaze processor was selected to be used, because it 

is natively supported by Xilinx development software, it 

has the smallest footprint, and many standard peripherals 

with low level drivers are available in the Embedded 

Development Kit (EDK). [6]  

V. PERIPHERALS 

Embedded Development Kit 9.2 introduced Processor 

Local Bus (PLB) support for MicroBlaze processors, while 

up to this version these processors used the On-chip 

Peripheral Bus (OPB). In the evaluated architecture all 

system peripherals and the MicroBlaze processor were 

interfaced to a single OPB bus. 

EDK offers a wide range of well configurable standard 

peripheral units connecting to the OPB bus. I have selected 

the following to be used: 

• Configurable SDRAM controller (16 bit x16 M) 

• Serial ports: RS232, thermal printer and 

Bluetooth 

• SPI controller: two onboard SPI flash memory 

and Real Time Clock 

 

Other special peripherals had to be defined: 

• QVGA display controller 

• DAC interface for audio CODEC 

• Interface for onboard USB chip  

• Multiplexed keyboard input controller 

• System supervisory I/O (e.g. battery 

management) 

• Dedicated application specific digital interface 

 

In order to reduce the number of OPB slave devices, the 

special peripherals communicate through common OPB 

Slave interface. 

EDK offers a full OPB slave peripheral with interface to 

an intermediate bus called IPIF. This bus reduces the 

development effort needed to connect custom peripheral to 

the OPB bus, and promotes higher quality because of less 

variability.[7] 

Fig .IV. depicts the implemented system architecture, 

without showing external connections.  

Two standard SPI controllers running at different speed 

were connected in parallel. The selected real time clock 

chip support maximum 1 MHz bus frequency, while SPI 

flash memory can achieve 40 MHz. As the bus speed can 

not be changed at runtime, and it is important to have fast 

SPI flash access, the only solution was to have two SPI 

peripherals. 

Three serial ports were added used for thermal printer, 

PC connection over RS232 and Bluetooth communication. 

VI. CONFIGURATION 

A. Firmware storage 

The Spartan-3E FPGA has the possibility to use standard 

SPI Flash memories to load FPGA configuration. A small 

size, low cost 4 Mbit SPI memory can store the full 

configuration, and still 46 % of the memory can be used for 

other purpose. If 16 Mbit flash is used 86 % of the flash 

memory is free. This free memory space can be used to 

store the application code. [8] 

After device initiation SPI configuration pins can be used 

freely as general I/O. SPI memory controller implemented 

in the FPGA can access the same memory, from where the 

configuration was loaded.  

If application code, and FPGA configuration is stored in 

the same memory a single SPI flash update is enough to 

change both hardware and software configuration. It is a 

convenient way at manufacturing and facilitates end-user 

firmware upgrade too. 



The evaluated system had a 4 Mbit (W25P40 in SO 8 

package) flash assembled. The flash chip has 8 sectors, 

each 512 Kbit in size. XC3S500E FPGA has a 

configuration size of 2,270,208 bits, consuming 5 sectors. 

Sectors 6 – 8 was used to store application code. 

Reset, exception and interrupt vectors were saved to the 

last sectors of the SPI flash. 

B. System start - Bootloading process 

This section describes the configuration process: 

1. FPGA configures itself via dedicated SPI 

interface pins in master serial mode, from SPI 

flash memory. 

2. Bootloader located in BRAM, copies program 

code to SDRAM from flash via SPI controller 

located on OPB. 

3. Bootloader copies vectors to BRAM from SPI 

flash. 

4. Program Counter is set, to start main program 

code executed from SDRAM. 

C. End-user firmware upgrade  

The customer has the possibility to update the device 

firmware through USB. The SPI flash memory can be 

erased and programmed sector based, resulting the 

possibility to upgrade the FPGA configuration, and 

software code independently.  

VII. QVGA DISPLAY CONTROLLER 

As the most important user interface, a 2.5 inch TFT-

LCD module has been integrated into the device. The 

320x240x3 display has a standard RGB 666 interface, with 

a clock speed of 5 MHz. Red Green and Blue color 

information is transferred over three 6 bit wide buses, while 

the timing is controlled with horizontal sync, vertical sync 

and dot clock signals. Two display controllers were built, 

with different design approaches. 

A. BRAM based frame buffer 

By reducing the 18 bit color depth into 3, the frame-

buffer can fit into 15 BRAMs (each color utilizing 5 

BRAMs). The XC3S500E device includes twenty 16 kbit 

BRAMs, while 4 of them is reserved for the bootlader code 

plus the non-relocatable code (e.g.: interrupt vectors), 

resulting 95 % of BRAM utilization. 

By locating the frame buffer into the FPGA the external 

SDRAM is freed, used only to store external code and 

variables. This manifests in much faster execution speed, 

however limiting the available colors to eight.  

 
Fig. V. QVGA display controller with BRAM frame buffer 

 

The MicroBlaze processor can read/write the dual port 

memory through the OPB – IPIF bus, while the other side 

of the memory is read by the QVGA controller synchronous 

with the timing signals. 

B. SDRAM based frame buffer 

Another alternative is to store the frame information in 

the external main memory, from where the program code is 

executed. This case there is no practical limitation on the 

frame buffer memory size; consequently full 18 bit color 

depth can be used. If we limit the color depth to 16 bit, 

single memory access is enough to read pixel information. 

The embedded memory controller is configured to work 

with MT48LC16M16A2 memory (4 Meg x 16 x 4 banks) at 

50 MHz clock frequency. (OPB bus transfer size is 32 bits, 

so with a single access 2 pixels are transmitted. As the 

memory is 16 bits wide, minimum two clock cycles are 

needed to finish a single OPB transfer.) 

Display controller running at 5 MHz, occupies 1/10
th
 of 

the time slots of SDRAM. 

A dedicated DMA controller was designed to read pixel 

information from SDRAM, and display it. To compensate 

the latency might be caused by the access of the shared 

SDRAM, a single line display buffer was implemented.  

 

 

 
 

Fig. VI. Display controller with shared SDRAM access 

 

Fig. VI. shows the principle of operation. DMA transfer 

parameters like: line length (320 pixel), transfer type (2 

pixels in a double-word), frame buffer storage memory base 

address, display enable can be configured via the IPIF 

interface denominated as “Video Control Registers”.  

Transfer 1 shows MicroBlaze to SDRAM transfer, this 

can be used to read / write the frame buffer, execute code 

etc. Transfer 2 is unidirectional, used to DMA the pixel 

information row-by-row to the display. 

C. Further possibilities 

If multiport memory controller is used (Native support 

from EDK 9.2) dedicated access channel could be designed 

for the QVGA controller. This way the main system bus 

(currently OPB) is not occupied during QVGA controller 

memory read. The memory access multiplex is done inside 

the SDRAM controller. 



 
Fig. VII. QVGA controller using Multiport Memory Controller 

 

Fig. VII. depicts this usage scenario. While “Transfer 1” 

represents MicroBlaze - SDRAM communication, 

“Transfer 2” shows QVGA memory read, through 

dedicated Native Port Interface (NPI). Multiport memory 

controller supports PLB v.4.6, Xilinx CacheLink (XCL), 

LocalLink (using SDMA) and Native Port Interface 

standards. The most convenient solution would be to use 

the Native Port Interface.  

In order to balance and optimize performance, read and 

write FIFOs are inserted during the multiport memory 

controller configuration. 

VIII. SOUND PLAYBACK CAPABILITY 

The designed system includes a low-cost stereo DAC 

(UDA 1330) with standards I2S interface.[9] There are two 

options for speaker drive; LM4861 chip is assembled for 

moving-coil and LM4961 IC for piezoceramic speakers. 

 

  
 

Fig. VIII. Sound playback 

 

The DAC is interfaced directly to the FPGA. To offload 

the main system bus, the NAND flash driver has a direct 

interface to the DAC driver peripheral. The consecutive 

sound file can be stored in the flash memory, and played 

back on the speaker, without processor interaction. (Shown 

as 2. on Fig. VIII) 

Audio playback control registers include DAC setup 

registers, start of playback and playback length registers. 

During sound playback the Flash memory can not accessed 

by the MicroBlaze. (Shown as 1. on Fig. VIII) 

VIII. FURTHER EXTENSIONS 

Embedded Development Kit 9.2 introduces many 

interesting new features, like: 

• MicroBlaze 7.0, improved performance, option 

for Memory Management Unit (MMU) 

• OPB replaced by PLB 4.6. (System bus option 

for MicroBlaze.) 

• Multiport Memory Controller (MPMC) for all 

types of SDRAMs.  

 

Based on these interesting new features, the system 

architecture can be modified to boost overall performance. 

 

The following components need continuous access to the 

main SDRAM memory: 

• NAND flash memory controller: if animation 

(video playback capability) is needed the frames 

could be stored in the NAND flash and 

transferred to the main SDRAM without 

MicroBaze processor interaction. 

• DAC interface: If there is a direct fast method to 

copy data into the main SDRAM from the 

NAND Flash, sound could be played back from 

the SDRAM too. In this case the structure 

described in section VIII can be omitted. 

• QVGA display controller: If the SDRAM based 

frame buffer is used (described in section 

VII.B.) dedicated access to the SDRAM is 

needed. Animation can be displayed by moving 

the frame buffer reference pointer to a new 

image location from time-to-time. With a simple 

timing, the animation can be displayed without 

CPU load, at a high frame rate. 

 

Multiport Memory controller can be used with four port 

interfaces in this design scenario, as shown in Fig. IX. The 

MicroBaze processor is connected with the peripherals and 

the SDRAM memory through PLV v4.6 bus. The above 

described three peripherals, have dedicated port interfaces. 

Multiport Memory Controller gives the possibility to fine-

tune the arbitration of the access of the SDRAM.  

Native Port Interface has the smallest footprint, 

compared with the other three interfaces. If we use PLB 

v.4.6, XCL or LocalLink the MPMC automatically includes 

bus translation logic to Native Port Interface. 

32 bit NPI Native Port Interface supports the following 

transfer modes: 

• Word transfers 

• 4-word cache-line transfer 

• 8-word cache-line transfer 

• 16-word burst transfer 

• 32-word burst transfer 

In order to achieve optimal performance, bulk transfer 

could be broken into 32-word burst transfers, followed by 

word transfers for the remaining words. This architecture 

does not support byte, and half-word transfers. 

 



 

 
Fig. IX. System architecture using multi port memory controller. 

 

 NAND Flash ECC Correction 

NAND flash memories are divided into pages which are 

typically 512 bytes in size. Additional extra 16 bytes of 

“out of band” storage space, intended to be used for 

metadata or Error Correcting Code (ECC). ECC could be 

implemented, to detect flash failure and prevent data loss. 

[10] 

ECC implementation in software can quite decrease 

system performance; that is why hardware acceleration 

implemented in FPGA, with transparent operation is 

needed. 

 

IX. CONCLUSION 

A four-layered 74 x 70 mm size printed circuit board was 

designed with 273 components, to fulfill design 

specification. 

A handheld device was built based on XC3S500E FPGA. 

3400 Flip - Flops (36%), 4100 LUT (44%) and 19 BRAMs 

(95 %) were occupied. The full system running on 50 MHz 

consumes ~150 mW power. 
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