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General Concepts
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Field Programmable Gate Array

• Field Programmable Gate Array is an integrated electronic circuit

• "field programmable" = can be programmed "in the field", i.e. not when it is

fabricted but at the place and time of application

• "gate array" = array of electronic logic gates - and much more

• You can "build" an electronic circuit which can be

reconfigured any time 

• Hardware Description Languages (HDL) and

software tools help to realize your design:

• VHDL = Very High Speed Integrated Circuit 

Hardware Description Language

• Verilog

• High level languages: "C", OpenCL, ...

• Programming tools: graphical design tools, CAD, 

Labview, ...

→ FPGA firmware
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FPGA History

• PROM = programmable read-only memory

• PLA = programmable logic array

• PLD = programmable logic device

• LUT = look-up table



Digital Elements
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• MUX = multiplexer

S = select



Digital Logic
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• A logic function can be implemented in a look-up-table (truth table)

• The input addresses bits in a configuration SRAM (static random access memory)

• SRAM of a LUT is programmed when the FPGA gets configured

• Examples:

• a 4-input LUT requires 16 bit SRAM and a tree of 2:1 multiplexers

In
p

u
t

Configuration

Bits in SRAM

Output

2:1 MUXes



Registers and D-flip-flops
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• In a typical FPGA building block the combinatorial logic is surrounded by registers

• A register samples and holds the input data (D) for a certain time and sends an output  

signal (Q) when a clock signal arrives = 1-bit temporal memory

• A register realized as a (synchronous) D-flip-flop (latch) clocked on the rising edge:

• Result: sequence of logic operations controlled by clock → synchronous design

Data

Clock



The Building Blocks
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• Structure of logic

building block depends

on your FPGA model

• another example:

• ALM = Adaptive 

Logic Module

• Usually, the design 

software takes care of

implementing your

design into logic blocks

• Configurable Logic Block:

• LUT

• Carry chain

• D-flip-flop / register

• MUX

synchronized

not synchronized



The Array = Combinatorial Logic + Interconnects
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• LAB = Logic Array Block

• Interconnects are crucial: 

• in large FPGAs there are hundreds of layers of configurable interconnects

• it is a network of signal lines and programmable multiplexers



Programming the FPGA
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• SRAM is a volatile memory element

• Active configuration is typically performed at power-up sequence

• Programming information is stored in external non-volative device (e.g. EEPROM)

• Configuration of FPGA corresponds to setting SRAM bits to define behaviour of LUTs, 

interconnects, etc.

• Example:



A More Complex FPGA
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• ALM = Adaptive Logic Module

• PLL = phase locked loop - removes skew between external input clock and internal clock and is necessary for low-skew clock networks

• HPS = hard processor system

• DSP = digital signal processor



Digital Signal Processors (DSP)
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• DPSs are made for multiplying and adding integers

• Application e.g. in digital signal filters: 𝐴 =  𝑖=1
𝑛 𝑎𝑖𝑆𝑖

• Floating point operation is usually fully supported, but may not be optimal

• Multiplier and accumulator: main operation

• Logic unit: bitwise AND, OR, NOT, NAND, NOR, XOR, and XNOR

• Pattern detector: terminal counts, overflow/underflow, rounding support

• Full "DSP tile" comes with surrounding logic and memory

XILINX example memory , logic block, DSP



Digital Signal Processors (DSP)

Introduction to FPGAs 14

• regular fixed point

multiplier-adder

• floating point

multiplier-adder

INTEL example

INTEL example

• Some other architectures:



Intellectual Property (IP) Blocks
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• IP = intellectual property

• IP block / IP core:

• complete module, ready to use

• developed by your colleagues or a company

• you may need a licence even if it is for free, some products can be expensive

• Examples: Ethernet controller, PCIe controller, soft processor, multiplier functions, ... 



Input / Output
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• Modern FPGAs have many I/O capabilities:

• GPIO = general purpose I/O, single pin connection

• Low Voltage Differential Signaling (LVDS) lines

• few gigabit / second (Gbps)

• multi-Gb transceivers

• up to 30+ Gbps per I/O pair

• PAM4 up to 60+ Gbps per I/O pair

"eye diagram"
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Technology



FPGA Technology
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• most FPGAs are based on SRAM / CMOS technology:

• configuration happens at power-on and is erased at power-off

• configuration is sensitive to radiation

• transistor sizes: smaller feature size → faster, lower power

• anti-fuse technology:

• contact is grown to make a connection: amorphous silicon or metal-to-metal

connections, non-volatile

• fast, one-time programmable

• configuration is immune to radiation

• flash-memory technology:

• flash-EEPROM

• non-volatile, slow

• configuration is immune to radiation

14 nm 28 nm 40 nm45 nm 28 nm 20 nm 16 nm



FPGA Producers and Costs
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• Xilinx and INTEL/Altera: market leaders, SRAM-based FPGAs 

• Microsemi (previously Actel, now Microchip), producing antifuse, flash-based, mixed-

signal FPGAs

• Lattice Semiconductor: low-power SRAM-based FPGAs, non-volatile configuration

• QuickLogic: low-power, low-density SRAM-based FPGAs

• Achronix: SRAM-based FPGAS with fast 1.5 GHz fabric speed

• Aeroflex / Cobham: radiation tolerant SRAM-based FPGAs

• Nanoexplore: SRAM-based FPGAs

• FPGA cost range: 

€ €€€€€



Example Product Overview
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Application Example
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• Digital signal processing board

for the ATLAS Liquid-Argon 

calorimeter trigger readout

• 320 detector channels at 40 MHz

• 2 digital filters per channel for

energy and time measurement

• 2 x 48 transceivers at 5-12 Gpbs

€€€



• FPGA:

• real-time logic and signal operations

• fixed/floating point calculations with 

integrated DSP slices

• very good in parallel data processing in 

real time

• very fast, multiple I/O data links

• memory size OK

• programmable with HDL, but also graphic 

CAD, System-C, C++, ...

• radiation tolerant versions

• ASIC

• combination of digital and analog circuits 

possible

• highly integrated

• custom design for large number of chips

• fixed design reduces flexibility

• ASIC/transistor technology allow 

optimized applications (e.g. radiation 

tolerance, ...)

• design can be evaluated with FPGA and 

implemented into ASIC

Choose the best solution for your problem

22Physics of Particle Detectors - SoSe 2018

• CPU (PC): 

• floating point and fixed point calculations

•multi-core, clock speed: multi GHz

• large command set, 64 bit+

•only sequential operations possible (one or 

few Arithmetic Logical Units, ALUs)

• I/O via bus systems

• large memory, data storage

•programmable with C/C++, Python, ...

• Graphics Processor Unit (GPU):

•parallel processing

• thousands of cores

•clock speed: multi GHz

• I/O limited

•programmable in dedicated parallel 

processing frameworks 

• Digital Signal Processor (DSP):

• fast real-time floating point and fixed point 

calculations

•clock speed: multi GHz

• limited I/O capabilities

•memory size OK

•programmable with C/C++, special commands



System-on-Chip (SoC)
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• FPGA and hard processor system (HPS) are combined in one chip: System-on-Chip

• typically ARM processors are used

• direct interconnect between FPGA 

fabric and processor

• some tasks are easier to handle by

software/CPU:

• high level system tasks

• control and monitoring

functionality

• application interfaces

• FPGA takes care of fast, parallel 

data processing and fast I/O



High Bandwidth Memory
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• In the past, FPGAs were limited in memory capabilities

• Recent FPGAs have larger resources internally (hundreds of Mb)

• Even more: high bandwidth memory
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Project Design Flow



Classic FPGA Design Flow
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Synthesis

• Translate design into device specific primitives

• implementation in one specific FPGA  type

• Optimization to meet required area & performance 

constraints

Design 

Specification

Place & Route

• Map primitives to specific locations inside 

target technology with reference to area & 

performance constraints

• Specify routing resources to be used

Design Entry/Coding

• behavioral or structural description of design

Register Transfer Level (RTL) 

Simulation

• Functional simulation

• Verify logic model & data flow (no 

timing delays)

Logic Elements

memory blocks
I/O

• modern, big FPGAs are complex: exploit design tools as much as possible



Classical FPGA Design Flow
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Timing Analysis

• Verify performance specifications were met

• Static timing analysis

Gate Level Simulation

• Timing simulation

• Verify design will work in target technology

Printed Circuit Board Simulation & Test

• Simulate board design

• Program & test device on board

tclk



VHDL example
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VHDL example
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• difference to "C"-Style programming:

• these are electronic signals

• the assignment is instantaneous

• timing must be taken into account

• clock management, signal synchronisation, 

registers, FIFO buffers, etc. are important 

tools

hardware description ≠ computer programming



Design software – Quartus II Web Edition – for INTEL FPGA
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Design software – Quartus II Web Edition – for INTEL FPGA
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Input and Output Assignment – Pin Planner
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After Analysis & Synthesis: Netlist viewer
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D Flip-Flop

Feedback for 7 digits

Adder for 7 bits

• RTL = register transfer level



Simulation of the Design: Testbench
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• The logic circuit can only be tested if external signals are simulated

• The stimulus for the simulation is written in a separate VHDL code:  the testbench

simulated testbench real testbench



Functional Simulation - Timing Diagram
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Tools Overview

• Target frequency

• I/O pin

characterisation

• ...
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More Information
• There are many interesting books on FPGA and firmware design

• There is a lot of material provided by FPGA producers:

• Tutorials and documentation for all knowledge levels

• Tutorials and documentation of device-specific features

• Very useful source of information! Most of it is for free!



Introduction to FPGAs 38

More Information
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Timing
• The FPGA is an electronic circuit: signal timing can be an isssue

• signals travel across the FPGA and need time to do so

• clock skew = different arrival time of clock signal at different places in the FPGA

• Example:

• Missed timing constraints lead to logic errors, which may look random

• A lower execution frequency and introduction of registers help to fulfill constraints
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Example
• ATLAS LAr signal processing FPGA:
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Improve Maximum Frequency
• in order to have well-defined signals at rising/falling edge of the clock, registers are

placed in the signal path: pipeline stages

1

3.5 𝑛𝑠
= 286 𝑀𝐻𝑧

1

3 𝑛𝑠
= 333 𝑀𝐻𝑧

1

2.5 𝑛𝑠
= 400 𝑀𝐻𝑧
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Signal Routing and Register Distribution
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Signal Routing and Register Distribution
• Registers independent of logic blocks:
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Signal Routing and Register Distribution

• If intermediate register can be placed right in the middle, delays are equalized
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Conventional Clock Network
• Conventional example: FPGA divided into quadrants

• Global clock or quadrant clock possible

• If clock domain crosses more than one quadrant, only a global clock is possible

• Clock network consumes a lot of power: 10-20% of total FPGA power 

(charge/discharge of many capacitors)

Clock domain 1 Clock domain 2

Clock domain 3
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Flexible Clock Distribution
• Smaller clock sectors

• More detailed clock domain 

segmentation possible

• Reduced power consumption

• If clock domains needs to be crossed a signal buffer needs to be implemented to pass 

over the data and signals
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Phase-locked loop (PLL)
• Programmable block that taks input clock and can convert into more and different 

clock signals

• Example:

• Typical FPGA clock frequencies: 100-400 MHz

• Modern FPGAs or high-frequency models reach 0.9 - 1.5 GHz
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More design concepts
• Sensitivity list must include all input signals, otherwise outputs can be non-responsive 

under changes of inputs 

• All output signals must be assigned under all possible input conditions

• No feedback from output to input signals 
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More design concepts
• Synchronous design is preferred, i.e. using signals synchronized to clock

• Reset: initialize register outputs to a know state

• implement synchronous reset, i.e. synchronous to free-running clock

• State machines:

• outputs may be assigned during states or

state transitions

• be careful with states that cannot be reached

or are illegal

• Clock domains: avoid unnecessary clock domains

• clock domain crossing require FIFOs/registers and proper treatment of signals

(handshake, avoid FIFO overflow)

• Timing constraints are important: time-constrain all I/O signals, properly implement

reset scheme, properly handle clock domain crossings


