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What is a Field Programmable Gate Array ?
.. a quick answer for the impatient

¢ An FPGAIis an integrated circuit
¢ Mostly digital electronics

¢ An FPGA s programmable in the in the field (=outside the factory),
hence the name “field programmable”

¢ Design is specified by schematics or with a
hardware description language

¢ Tools compute a programming file for the FPGA
(gateware or firmware)

¢ The FPGA s configured with the design
¢ Your electronic circuit is ready to use

With an FPGA you can build electronic circuits ...
... without using a bread board or soldering iron
... without plugging together NIM modules

... without having a chip produced at a factory




Outline

¢ Quick look at digital electronics
¢ Short history of programmable logic devices
¢ FPGAs and their features

¢ Programming techniques

¢ Design flow
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World of Integrated Circuits

am

Full-Custom Semi-Custom
ASICs ASICs

PLD




Digital electronics
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The building blocks: logic gates

Truth table

AND gate

OR gate

Exclusive OR gate
XOR gate
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C equivalent

g=a&&b;

q=al|b;

g=al'=b;




Combinatorial logic (asynchronous)
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Outputs are determined
by Inputs, only

' Cuut

Example: Full adder with carry-in, carry-out

out

Combinatorial logic may
be implemented using
Look-Up Tables (LUTS)
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(Synchronous) sequential logic

A1l

PRE
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Qi1

MCLK
Jﬁ CLR
Clock

CLK [
CLR T
2-bit binary counter
set
I
S
data —D Qr Output
clock =P 5 9=  Inverted output
JLILTL I
reset

D Flip-flop (D=data,.delay)ux

A2
> PRE
D a—a?

Outputs are determined

by Inputs and their History
(Sequence)

The logic has an internal state

D Flip-flop:
samples the data at the rising
(or falling) edge of the clock

The output will be equal to
the last sampled input until the

next rising (or falling) clock edge



Synchronous sequential logic

=
c
o135

—x—x—tc—-o—to|-¢
-
I
)
un
)
I

=== ]

PN = I N o Y )
= 0=0=0=0

Using Look-Up-Tables and Flip-Flops
any kind of digital electronics may be implemented

Of course there are some details .
to be learnt ab lectroni ign




Programmable
digital electronics
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Long long time ago ...

Translstas
IC (Geneal)
SRAAN &ORAM

ASICs
SPLDs
CPLDs
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Simple Programmable Logic Devices (sPLDs)
a) Programmable Read Only Memory (PROMS)

o b c
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Simple Programmable Logic Devices (sPLDSs)
b) Programmable Logic Arrays (PLAS)

-4~ Predefined link
-3 Programmable link

NA T )
: |8
NA |28
: L JE &
N/A L] 8 o
: | 8©
(NN ) O
Programmable AND array w X Yy

Unprogrammed PLA (Programmable AND and OR Arrays)




Simple Programmable Logic Devices (sPLDs)

c) Programmable Array Logic (PAL)

—4- Predefined link

-¥- Programmable link

Programmable

2d PAL (Programmable AND Arr

AND array



Complex PLDs (CPLDs)

Programmable
Interconnect

matrix = s B2

SPLD-like
< blocks

Input/output pins ~——

and flip-flops

Coarse grained
100’s of blocks, restrictive structure



Translstas
IC (Genetal)
SRAAN &ORAM

ASICs
SPLDs
CPLDs

JPGA"

FPGAS ...

I T

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
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FPGAS

Programmable Programmable
logic blocks interconnect  (extremely flexible)

s e

e

Fine-grained: 100.000’s of blogks\\_ Programmable Input / Output pins
today: up to 4 million logic blocks ~~“7- A



T-based Fabrics
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Typical LUT-based Logic Cell

16-bit SR
16x1 RAM

clock —

clock enable —¢

setireset — Xilinx: logic cell,

Altera: logic element

¢ LUT may implement any function of the inputs

¢ Flip-Flop registers the LUT output

¢ May use only the LUT or only the Flip-flop

- LUT may alternatively be configured a shift reglster
elem nts_(not shown): fast car




Clock Trees

Clock

©SCO0O000000000000O00O0O©

0000000000000O0O0O tree

Flip-flops

0
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0000000

Clock signal from
outside world

L= na=)
(=ne) ey

Special clock
pin and pad

Clock trees guarantee that the clock arrives at the same time at all flip-flops
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Clock Managers

Clock signal from
outside world

: L
B

7

Special clock
pin and pad

Clock
Manager

I

I L N
I L

-
J L
J L

=

Daughtar clocks
used to drive
internal clock trees
or output pins

Daughter clocks
may have multiple
or fraction

of the frequency




Embedded RAM blocks

Columns of
embedded RAM
blooks
Arrays of
programmable - - - - - .
loglc blocks

MicroLab, NTUA Today: Upto -100 Mbit of RAM, ,



Embedded Multipliers & DSPs

- RAM
bcks
- Muplers

)
:) __...4 [ Loglc blocks
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Digital Signal Processor (DSP)

48-Bit Accumulator/Logic Unit

B -

>
A—1~ - - P

> D>

> 25x 18
D _ Multiplier
; > Pre-adder -
>

c - - Pattern Detector

>

DSP block (Xilinx 7-series)
Up to several 1000 per chip




Soft and Hard Processor Cores

¢ Soft core

¢ Design implemented with
the programmable
resources (logic cells) in
the chip

¢ Hard core

¢ Processor core that is
available in addition to the
programmable resources

¢ E.g.: Power PC, ARM




General-Purpose Input/ Output (GPIO)
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Microlab, %ﬁ

General-purpose /O
banks O through 7

Today: Up to 1200 user I/O pins
Input and / or output
Voltages from (1.0), 1.2 .. 3.3V
Many 1O standards
Single-ended: LVTTL, LVCMOS, ...

ential pairs: LVDS, ... 2



High-Speed Serial Interconnect

Using differential pairs

Standard I/ O pins limited to
about 1 Gbit/s

Latest serial transceivers:
typically 10 Gb/s, 13.1 Gb/ s,

¢ upto32.75 Gb/s

¢ up to 56 Gb/s with

Pulse Amplitude Modulation
(PAM)

FPGAs with multi-Tbit/ s 10
bandwidth

n-bit bus

Transceiver block

Differential pairs
(SERDES)




Components In a modern FPGA

O1—i

IE:)

n—10

MicroLab, NTUA

0 Logic block

OSRAM block

O Multiplier

O DSP block

D PLL

D Clock Manager

10 Bank

D SERDES
block

29



Programming techniques
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Fusible Links (not used in FPGAS)




+

Antifuse

\\ 7/

*

71N

Amorphous silioon column

+

::::' oooooo l — )

(a) Before programming

-  Metal 1

Technology

L!IJnprogrammed link

Programmed link

Polysilioon via

Substrate

(b) After programming

MicroLab, NTUA
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EPROM Technology

Erasable Programmable Read Only Memory

Source Coaritrol gate Dirain Source Control gate Dhrain

terminal terminal terminal tarminal terminal terminal
) oornal gate
Iiﬂl‘i]'tllﬂﬁ'.-l! 3::':;3[; Hzating gate
SOUreE drain EI"G{:[’I SR T it draim
subsirate
(a) Standard MOS transistor (b) EFROM transistor

Intel, 1971
MicroLab, NTUA 33



EEPROM and FLASH Technology

Electrically Erasable Programmable Read Only Memory

Mormnal E'PROM
MOS transistor fransistor

I

E‘PROM Cell

ROM: erasable word by word
by block or by device




SRAM-Based Devices

OO0000000000O0

Configuration data in
Configuration data out *— " " " " H " H " H "
B8 = O pin/pad AL

[] = SRAM cel

OoOoOooOooOo0oOon
DD0ODO0DODODODODOOOOO

Multi-transistor SRAM cell




Programming a 3-bit wide LUT

Hard-wired Osand 1s SRAMoells
(Antifuse technology ) (S;-bae&d looh, ogy)

= O
- o
Sy |
—
><.-
P o)

Q) 0

1 1 1
Nl

1 1 B 1_;—0

1 1 1"

C C-

b- - - - - b

a- - - - - ---- a

MicroLab, NTUA



Summary of Technologies

Predominantly

Technology Symbol associated with ...

Fusible-link —"S— SPLDs

Antifuse —0— FPGAs el
secure

EPROM —|||fI SPLDs and CPLDs

E“PROM 0 SPLDs, CPLDs, Rad-tolerant

SRAM SRA —|ﬁ FPGAs (some CPLDs) Used in most
FPGAS

MicroLab, NTUA 37



Design Considerations (SRAM Config.)

‘ Memary I
‘ P I FPGA FPGA

(Master) ‘ CPU I J  (Slave)

Serial

Sernial

Memory
Memw FPGA FPGA
(Master) CPU (Slave)
F'arallel
Parallel




Configuration at power-up

FPGA -
( SRAM based )




Programming via JTAG

Joint Test Action Group

JTAG

[ | & # connector

JTAG is a serial bus that can be

\ - Program Flash PROMs
- Program FPGAs

- Read / write the status of all FPGA I/ Os
( = Boundary scan )

MicroLab, NTUA




Remote programming

PCI, VME

The JTAG bus may be driven by

which contains an interface to a host
via PCIl or VME

‘gateware can then be updated remotely



Major Manufacturers
xlinx & XILINX.

¢ First company to produce FPGAs in 1985
¢ About 45-50% market share, today
¢ SRAM based CMOS devices

Intel FPGA (formerly Altera)

¢ About 40-45% market share inte[ FPGA

¢ SRAM based CMOS devices

Microsemi (Actel)

¢ Anti-fuse FPGAs C Microsemi
¢ Hash based FPGAs (Formerly mcter)
¢ Mixed Signal POWER MATTERS

Lattice Semiconductor

SILATTICE




Trends




Ever-decreasing feature size

Eﬁg‘?t}?\ﬂ?nnw vielengt

H i ¢ Higher capacity
b il j ¢ Higher speed

10pum  g10 um (1971} e.g. Intel 8008 h A

Lé,
:
;

N\aL5km(1 LT — ¢ Lower power
1um | Nl L consumption
. 1939} e.q. PS ﬂmﬁm F V-
. Mator
100nm| 130 nm.
REnN Xilinx Virtex-2
- e.g. Xenon
[T | {T;ieg —— 28 nm Xilinx Virtex-7 / Altera Stratix V
-, , 16 nm Xilinx UltraScale
sonen LA L LT 11nm(c2035) 14 nm Altera Stratix 10
1970 1990 2000 2010 Slowing down

az00n Red blood cell Human immuno-
head gosssadion deficiency virus (HIV)



Trends

Speed of logic increasing

Look-up-tables with more inputs (5 or 6)
Speed of serial links increasing (multiple Gb/ s)

More and more hard macro cores on the FPGA

¢ PCl Express

¢ Gen2: 5 Gb/s per lane

¢ Gen3: 8 Gb/s per lane
up to 8 lanes/ FPGA

¢ Gen4: 16 Gb/s per lane

¢ 10 Gh/s, 40 Gb/s, 100 Gbh/ s Ethernet

Sophisticated soft macros
¢ CPUs

¢ Gb/s MACs

¢ Memory interfaces (DDR2/3/4)

cessor-centric architectures — see next slides




System-On-a-Chip (SoC) FPGAs

SoC FPGA
«1»
<« 2%xSPI Dual ARM Cortex-A9 MCU
- i :
>[4 2% 12C Floatinq-Pomt Floating-Pomt
Engine Engine
«1> -
< » 2xCAN 5
ARM Cortex-A9 | | ARM Cortex-A9 = §
>
<« 2X UART § Q
o
<«»{ 2x SDIO Cache g h
<+ with DMA &2l
Counters, Timers, DMA, % 7
<« 2xUSB Interrupt Controller, etc. E g
<« with DMA e
> S
A
<« 2x GigE
Dl Programmable Fabric
i (Including DSP blocks, RAM blocks, etc.)
& GPIO
Xlinix Zynq e
Multi-Standards (1/Os) Multi-Gigabit
) (3.3V and High-Speed 1.8V) Transceivers (PCle, etc.)
Altera Stratix 10 FF 17 FF 7T

vy vy

herals + EPGAIn on




FPGASs In Server Processors and the Cloud

¢ New in 2016: Intel Xeon Server Processor with FPGA In
socket

¢ Intel acquired
Altera in 2015

¢ FPGAs In the cloud

¢ Amazon Elastic Cloud F1 instances
¢ 8 CPUs/ 1 Xlinix UltraScale FPGA
¢ 64 CPUs/ 8 Xlinix UltraScale FPGA

MicroLab, NTUA



FPGA — ASIC comparison

FPGA

Rapid development cycle
(minutes / hours)

May be reprogrammed in the
field (gateware upgrade)

¢ New features
¢ Bug fixes

Low development cost

¢ Yucan get started with a
development board (< $100)
and free software

* ASIC

Higher performance
Analog designs possible

Better radiation hardness

Long development cycle (weeks /
months)

Design cannot be changed once it
is produced

Extremely high development cost

¢ ASICs are produced at a
semiconductor fabrication facility
(“fab”) according to your design

Lower cost per device compared
to FPGA, when large quantities
are needed



FPGA development
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Design entry

Schematics

K =

S AR e
) & == F
_ : <

¢ Graphical overview
¢ Can draw entire design
¢ Use pre-defined blocks

® & o o

Hardware description language
VHDL, Verilog

4 N

entity DelayLine is

generic (

n _halfcycles : integer := 2);
port (

X : in std logic vector;

x delayed : out std logic vector;

clk : in std logic);

end entity DelayLine;

\_ /

Can generate blocks using loops
Can synthesize algorithms
Independent of design tool

May use tools used in SW
development (SVN, git ...




MicroLab, NTUA
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Hardware Description Language

¢ Looks similar to a programming language
¢ BUT be aware of the difference

¢ Programming Language => translated into machine
Instructions that are executed by a CPU

¢ HDL => translated into gateware (logic gates & flip-flops)

¢ Common HDLs
¢ VHDL
¢ \erilog
¢ AHDL ( Altera specific)

¢ Newer trends
¢ C-like languages (handle-C, System C)




| |
architecture behavioral of VMEReg is I Xal I l p I e i VI I D L

signal vme_en_i : std_logic;
signal Q : std_logic_vector(1l5 downto 0);

¢ Looks like a
programming

begin -- behavioral

vme_addr_decode : process (vme_addr, vme_en) is

variable my_addr_vec : std_logic_vector(vme_addr'high downto ©);
variable selected : boolean; Iang u age
begin -- process vme_addr_decode

my_addr_vec := std_logic_vector( TO_UNSIGNED ( my_vme_base_address, vme_addr'high+l ) );
selected 1= my_addr_vec(vme_addr'high downto 1) = vme_addr(vme_addr'high downto 1);
vme_en_1i <= 0"
1f selected then

vme_en_i <= vme_en;

end if; ¢ All statements
end process vme_addr_decode; exeCU te d |n
| reg: process (vme_clk, reset) is

begin -- process reg pal‘a”e|, except

if reset = '1' then -~ asynchronous reset . .
Q <= init_val; |nS|de
vme_en_out <= 'O}

elsif vme_clk'event and vme_clk = '1' then -- rising clock edge processes

vme_en_out <= vme_en_1i;
if vme_en_i = 'L’ and vme_wr = '1' then
Q <= vme_data;
end if;
end if;
end process reg,

data <= Q;
vme_data_out <= Q;

end behavioral;

MicroLab, NTUA



Schematics & HDL combined

Graphlcal State Dlagram

Y- )
\. .
I

Graphlcal Flowchart

Textual HDL
)
]
,” IMicn CIIO nAcs
; n(s++0
; thOny" ta & bl It;
! elsey.c&l(d."
ll
3
Tof)-level .
)
block-level
\ .
' schematic

’
r
’
/

Blod<..fevel schematlc

MicroLab, NTUA
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State m Intellectual Property
constraints Schematics ~ VHDL / Verilog cores

Machines
AL Processors
Timing Counters Interfaces
A \ FIFOs Controllers
rea

' — )
Behavioral
Simulation

@ Register Transfer Level (RTL) model
. : Static Timing
Analysis

Timing
Sy Simulation
Programming —

Place & Route

S




Floorplan xinx virtex 2)

TR TR W PERE € A S G ]
. s

RSt
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Manual Floor planning

For large designs, manual Routing congestion

floor planning may be nece¥&4Ry?®> NTUA Xilinx Virtex 7 (Vivado) >’




Embedded Logic Analyzers

i

Signals to A:;aolg.cer
Monitor prbuir
Trigger Conditions
Signals to Arl;glgicer
Monitor G e 5
Trigger Conditions

._'tn

MicroLab, NTUA
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