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The difference between a
microprocessor and programmable logic

* A micro processor is programmed with instructions
(which are stored in RAM/ROM)

* A programmable logic circuit is programmed by a
circuit description

* A programmable circuit consist of configurable
blocks of logic and configurable connections
between these block
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Technology node

State-of-the-art

generations behind

. E2PROM |/
Feature SRAM Antifuse FLASH
One or more One or more

generations behind

Circuit technologies and FPGA configuration

Yes Yes (in-system
HRERISUISI L (in system) No or offline)
Reprogramming 3x slower
speed (inc. Fast than SRAM
erasing)
Volatile (must No
13 (TR TS Yes No (but can be if required)
on power-up)
Requ_lres e_xterr_1a| Yes No No
configuration file
Good for Yes No Yes
prototyping (very good) (reasonable)
Instant-on No Yes Yes
. Acceptable
IP Security (especially when using Very Good Very Good
bitstream encryption)
Size of Large Very small Medium-small
configuration cell (six transistors) y (two transistors)
Power_ Medium Low Medium
consumption
Rad Hard No Yes Not really
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SRAM-based FPGASsS

*  Working principle:

— SRAM memory inside the FPGA saves the configuration
* Advantages:

— Can be programmed an unlimited number of times

— Space for a lot of logic

— Can easily change the functionality of the system

— Does not need a special programmer or process

* Disadvantages:
— Takes a lot of space (SRAM-cell with 5 transistors)
— Volatile memory (configuration has to be saved externally)

— Relatively high power usage

*  We use SRAM-based FPGAs from Xilinx, which has SRAM-based FPGAs with
the Artix, Kintex, Virtex and Zyng families. Intel (Altera) has similar FPGAs in
their FPGA families.
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Antifuse

Unprogrammed
antifuses

a 5 L ; ; ; ; <«— Pull-up resistors
NOT ._: &)—Q y=1(NIA)

b S AND

Logic 1

Programmed
antifuses

NOT
a l

Logic 1

; ; ; ; <«— Pull-up resistors

NOT

&)—Qy:!a&b

NOT
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Antifuse

Amorphous silicon column

v

Polysilicon via

v

‘ Me';al — ‘
[ <4— Oxide —» | N |
— Metal
<«— Substrate —»
(a) Before programming (b) After programming
Programmed Logic 1
antifuses
a l — ; ; ; ; <«— Pull-up resistors
V7
1IN —
NOT & y=la&b
0 V7
NOT
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Circuit technologies and FPGA configuration 8



UiO ¢ Department of Informatics
University of Oslo

Antifuse

*  Working principle:

— Configuration is saved in the FPGA by making shorts using high voltage
* Advantages

— Low impedance when fuse is “on” (small delay)

— Low power usage

— Compact technology (low space requirements)

— Extra robust technology (high radiation resistance)

* Disadvantages
— Has to be programmed with dedicated programmer
— High programming voltage and power
— Permanent programming (one-time programming)
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Logic block complexity in FPGA

* Fine grained: - - =
— The blocks can be fully = ¢
utilized in the design, T Poganmasl
but requires large ot L : I
routing resources . e logic blocks
* Coarse grained:

— A Dblock can implement
any arbitrary function (LUT),
but the resources can often

not be fully exploited
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Coarse grained logic block

* The complexity of the coarse grained logic block
Increases with technological progress

* Example of a traditional coarse grained logic block:

— Four 4-input LUT for combinatorial logic

— Four multiplexers

— 4 D-flip flops

— Carry logic for efficient arithmetic (+ and -)
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Example implementation in coarse

grained logic block
* Implementation of the functiony = (a AND b) OR c

MUX-based

JL

JL

L

a
b
c

AND

DX
DE

y=(@&b)|c

7

IN3160

(¢} = O o X = 9 T O

MUX
! —I_O MUX

0 JMUX !
1
0 1 MUX

LUT-based
Required function Truth table
AND abec |y
a7 & OR 000|0O
-y

b — 001|121
; | )Y % | 010]0
011]|1

y=(@&b)|c 100(0
1011

1101

1111
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Typical LUT implementation

5 Transmission gate
(active low)

<] Transmission gate
(active high)

SRAM
cells
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Typical LUT implementation cont.

54 Transmission gate
(active low)

Transmission gate
~ (active high)

SRAM

cells y=1

c=0 Db=0 a=1
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Different uses of LUTs

16-bit SR

16 x 1 RAM

vV V. VY

IN3160

4-input LUT
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FPGA LUTs
Normal FPGA LUT in Shift
LUT Register Mode
58 [0 =
—C g 911 oiph
0 F(A’B'C) § Addrz_\ss
o || 1 =
2z [0
18 |[1
S Mo A BC
(Shift Register
Length)
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Xilinx terminology

pa—
, Configurable logic block (CLB)
QQ;.% Alu Slice Slice
ﬁi CLB #im CLB Logic cell Logic cell
Logic cell Logic cell
f Slice Slice
ﬁi CLB #jm CLB Logic cell Logic cell
T i N Logic cell Logic cell a
\ o
N
N
Cc
d
e
clock
clock enable
set/reset
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Additional functions iIn modern FPGASs

* Clock management and distribution
* Carry chains for fast arithmetic (+ and -)

* RAM blocks (in addition to distributed RAM with LUTs or
through external memory interfaces)

* Function blocks (multipliers, DSP functions like multiply &
accumulate, Ethernet MAC, PCI-E, etc.)

* Processor cores (ARM, RISC-V, MicroBlaze or other types)
* High speed serial transceivers

* This is in addition to LUTs and registers which should be
utilized as efficiently as possible!
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RAM blocks (Block RAM | BRAM)

Columns of embedded
RAM blocks

Arrays of

programmable
[ logic blocks

/

IN3160
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Function blocks

—— RAM blocks

Multipliers

lf Logic blocks

\\
. \
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Multiply-and-accumulate (MAC)

Multiplier
Adder

Accumulator
¥y
A[n:0] —

B[n:0] —— ) — Y[(2n - 1):0]

N

N

MAC
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DSPs (DSP48E1)

* Contains functionality for different arithmetic functions:
25*18 two’s-complement multiplier

IN3160

48-bit accumulator
25-bit pre-adder
Dual 24-bit add/
subtract/accumulate
Pattern detector
Pipelining and
cascading buses

m

\

£

104

Pre-adder

25x18
Multiplier

-

48-Bit Accumulator/Logic Unit

Pattern Detector
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Processor cores

* Processor cores can be integrated with the FPGA logic

* Many designs require a processor, and adding it to the FPGA can
remove the need for an external CPU

* Two different types

— Soft core

* Programmable logic is used in the FPGA to implement a simple microprocessor
that interacts directly with the rest of the FPGA

* Examples are Xilinx MicroBlaze, Intel (Altera) Nios Il and RISC-V

— Hard core
* The processor is implemented on the silicon with the FPGA chip at production
* High speed interfaces are used between the CPU and the FPGA fabric
* Xilinx Zynq 7000 family have a dual core ARM Cortex-A9 (up to 1.0 GHz)

* Xilinx Zync Ultrascale+ family have a quad core ARM Cortex-A53 (up to 1.5GHz),
dual core ARM Cortex-R5 (up to 600MHz) and a Mali-400 MP2 graphic processor
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Clock generation and distribution

* Global clock trees distribute clock signals to

synchronous elements across the device
— Ensures that the edges of the clock signal arrives at almost

the same time across the device (setup/hold time)

* Aglobal clock is often generated externally, and an
Internal clock manager generates a number of

derived clocks

Clock signal from
outside world

JU UL Clock
/:. Manager
Special clock
pin and pad

»
»

»
»

»
»
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Daughter clocks
used to drive
internal clock trees
or output pins
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Configuration of the FPGA
I ﬂ I ﬂ I
- - o

‘v\\ Programmable
FII 33 33:/ interconnect

~___ Programmable
—— | _— logic blocks

/,flﬁ

A /TF /Flé

dL

gL
it
it

*0400010111010110001010010011
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What do you need to configure?

a —o—»

b ——> 4-input

c ——» LUT y
MuX

d ——> flip-flop

Inputs

Type of edge triggering,

16 bit function e
Initial value etc.
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Xilinx Vivado example with two input LUT

Cell Properties

(i.e. LUT2)

Flow Naigator »
QA % =
+ Project Manager
&3 Project settinge
o Add Sources
& Language Templates
£ IP Catalog

IP Integrator
# Create Block Design

Simulation
3 simulation Settings
@ Run Simulation

RTL Analysis
& Elaporarion Settings
(¥ Open Elaborated Design

Synthesis

@ Symhesis Settings

P Run Synthesis
+ [E synihesized Design
onstrains wizard

¥ Se1 Up Debug
(& Repo

. Repo:

¥ Repon Clock Interaction

" Regort Methodology
@ Report DRC

¥ repon Noise

T Rrepo:
€0 Repont Power

ilization

| Schematic

+ Implementation
3 Implementation Settings
[» Run Implementation

4 Program and Debug
3 sitsiream Settings
%] Generate Bitstream

ja* Open Hardware Manager

IN3160

Elle Edit Flow Tools Mincow Layout Yiew
2 A 2] LAk 1

it Timing Constraints

ing Summar,
Clock Networks

Lo

Synthesized Design
Metlist

result| 10)i_
resuli{10].i.
() result[10].i.
| resun[10].i_

) resto i.
i) resul[10].i_

& Sources 5 Nelist

Cell Propenties

« >l

1 resulf10] 117
Qs

tm FILENAME
INIT
5_BLACKBOX
5 DEBUGGABLE
5_ORIG_CELL
5_PRIMITVE
5 BSEQUENTIAL

A ¥

cell

15 Default Layout

XC72020cIg984 -1 (active)

A
12 MAME

result[10]_i_
CLASS cell
FILE_M.AME

A_l

[5_ORIG_CELL

[5_PEIMITIWE W

[ _SEQUEMTIAL
LIME_MUMEER.

result[10]_i_

Ceneral Properties FPower Bets Cell Pins Truth Tahle
[ 3

Cell Froperties

=
Ll result[10].i 17

Jhome/roarskfINF3430/INF2430_Eksamen_HZ015_opp

a'he

1] o| o=moell+lo&ll |
o 0

[ =

> LINE_HUMBER
B e resun({10].i.17 1 8]
General Properties Power Neis Cell Pins Truth Table 1 1
Tel Console
2 = Design is defaulting ta symth run part: xc7z020c]gdB4-1
o TNFD: [Net i5T 28-17) Analyzing 44 Unisin elenents for replacenen
= T 29-28) Unisin Transfornation completed in O CPU s
11 Het)isT was created with Vivado 2016.1
Preparing netli Togic optimization
# ing o Fie L/mne/mausk/lnmm/ 30_Eksanen_H2015_uiva
3 d Parsing XDC File [/hone/roarsk/ 3430_Eksanen_H
it Ot 31-138] Pushed O inverter(s) to O load pin(s)

il
Ho \JI“ sin elements were transforned.

Project 1-111] Unisin Transformation Summary:

[# Ta Consale

Messages | & Log | [B Rapons

3 Design Runs

Edit LUT Equation...

General Properties Power Rets Cell Ping  Truth Table
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Xilinx Vivado example with four input LUT
(l.e. LUT4) =r=e eees

il result[1o]_i_15

Flow Tools Window Layowt
a3

File Edit

R

1 & Q@ %| T @1 oefaun Layout - l;_'\-\ CLASS cell

e = s FILE_MAME Jhomefroarsk/INF2 42 0/INF2 42 0_Eksamen_H2015 _oppaé.vhd
h [ord 151 (5]
4 Project Manager e resuN[I0].LT (U2 (5] IMIT | 16'hEEEE
oject Settings resu[1017i.4 = I5_BLACKBOX
Ald Sources — IFsuI:\}g T6) =
N e s [ restzo I5_DEBUGGABLE W
ik IP Catalog il result[10]..8
i resanl10 o= |S_ORIG_CELL

9
10 (LUTE)
11 (LU

Ltz [5_PRIMITIVE W

.

IP Integrator 4

% Create Block Design resur[10

D resatior 1s (172 o IS_SEQUENTIAL | Call Properties
il resul{101.i 16 (LUT2) W

17 (LUT2)
18 (LUT4)
i}

N

Simulation -
3 simulation Sentings
il Run Simulation

)
| LINE_MUMBER  gm
= MAME

L result[10]_i_1=2

4 RTL Anahgis -
 eporation Setings Leneral Properties | 3|3 |i1|10] 0=10&11+10812&I13+(1&12813 |
3 Elaborated Desi 3
[£¥ Open Elaborated Design 54 ne;;__ 0 0 0 0 O
4 Synthesis ) Sé 0 0 0 1 0
i
@ synthesis Settings resull[10].1.29 (LUTE) = 57
& Run Syntnesis & sources 5 Netlist 6 0 0 1 ] u}
Synthesized Desian Cell Properties G = N %g £ 0 0 1 1 1
&y Constraints Wizard + = [R[k] 3 i 0 1 0 0 0
Timing Constraints | | L result{10]_I_19 %g
¥ 56t Up Debug a, o coll = 34 o 1 o 1 0
(% Repon Timing Summary o] FILE_MAME ,ihulme;ruerskj\.\lF3430,/INF343G_Eksamen_HZD},S_DDDEE_\MU %g 0 1 1 0 0
I, Report Clock Nemworks JHT [15neess ] 7
Sy 5_BLACKEOX 3 38 0 1 1 1 1
y Report Clock Interaction 5. DEBUGCABLE 7 S
 Repon Methodology 4 5.ORICCELL . 40 1 0 4] 0] 0
& Repont DRC - .PRIMITVE v e
¥ Report Naise 5 S.SEQUENTIAL b 1 0 0o 1 @
et UME_MUMBER 39 44
Report Lilizati A
= qz :r Pm‘; 20 Z NAME resuft(10].i.18 = 45 1 o 1 o 0
< Report Pow 4R
& 1P
-] Schematic GCeneral Properties Power Neis Cell Pins Truth Table I T 1 0 1 1 l
2 Implementation Td console 1 1 o 0 o
e ! i besign 15 defaulting to symth run part: xc7z020c]p484-1
3 Implementation Settings - INFD: [Net)ist 28-17) Analyzing 44 Unisin elenents for replacenent 1 1 0 1 l
ol " INFO: [Net 26-28) Unisin Transfornation completed in 0 CPU seconds
I Euninnkmeidion 11} INFO: [Proje -479] Netlist was created with Vivado 2016.1 1 1 1 0] 1
F - INFD: [Project 1-570] Preparing netlist for logic optimzation
B11 Parsing XDC File [fhone/roarsk/INF3430,/THF3430_Eksanen_H2015_wivadosproject_Laproject_tsresee 1 1 1 1 1
4 Program and Debug | Finished Parsing XDC File [/home/roarsk/INF3430/INF3430_Eksanen _H2015_vivado/project.l/project,
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%] Generate Bitstraam Ho Unisin elenents were Transtorned. R R
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Configuration methods

* Configuration methods
— Serial load with FPGA as master
— Serial load with FPGA as slave
— Parallel load with FPGA as master
— Parallel load with FPGA as slave

* JTAG can also be used

IN3160 Circuit technologies and FPGA configuration
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Serial dow

Configuration data in —»D—L
Configuration data out 4]

] = 1/O pin/pad
| = SRAM cell

IN3160

nload

1 Oy I

i
D00 0000000000

f

3 E3 E3 B3 ES
3 E3 E3 B3 ES
3 EJ EJ E3 ES
3 EJ E3 E3 ES
£33 EJ EJ E3 ES
£33 EJ E3 E3 ES
£33 EJ EJ E3 ES
3 EJ E3 E3 ES
3 EJ EJ E3 ES
3 EJ EJ E3 ES

EEENNENEE 00O

[ Y o I R
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Serial download with FPGA as master

Reset +
clock
from
FPFA

Control

FPGA

Configuration data in
» Cdata In

Cdata Out
v

Configuration
data out
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Daisy chaining FPGAs

Control

FPGA FPGA

Cdata In — Cdata In

Cdata Out

Cdata Out
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Parallel download with FPGA as master

Control
>N
o .g Address
>
£ 3
s QO Configuration data [7:0]
Cdata In[7:0]
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Parallel download with FPGA as slave

> ® o

5 O S T

£ 'S o

= [T

a (a8

|-
@] Control j E
(7)) 4
g \
(&) » Address
< f FPGA
o N\
(@) Data
bt e
o q D Cdata In[7:0]
=
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Download using the JTAG port

JTAG data out <—|

JTAG data in

logic

From internal |

logic
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From previous
JTAG filp-flop

|~ Input pad

Input pin from

Toi I I 7
o interna 4_@ A

™~

outside world

JTAG flip-flops

Output pin to

N

To next
JTAG filp-flop

outside world

e Output pad
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Case: Mars Rover

WASHINGTON — The Curiosity rover now gearing up to explore a
96-mile-wide crater on Mars is by far the most complex machine
ever to explore the surface of another planet. One big reason is the
rover’s avionics, which control everything from its 10 scientific
instruments to communications, navigation, cameras and power
management — which is where Curiosity’s “dream mode” enters the
picture.

Dream mode “is sort of the reptile brain for the rover,” explained Jim
Donaldson, the Mars Science Laboratory avionics chief engineer.
Implemented in FPGAs, the rover’s dream mode function monitors
vital rover systems while its redundant main computers are in
“sleep mode” to save power.

Donaldson said the biggest challenge engineers at NASA's Jet
Propulsion Laboratory (JPL) faced in developing rover avionics was
development and implementation of the FPGAs that have provided
Curiosity with a quantum leap in functionality as it explores the Red
Planet. From an engineering standpoint, Donaldson said the
biggest challenge was scaling JPL's FPGA design practices to
achieve the higher levels of complexity needed to put a largely
autonomous rover inside Gale Crater, which is believed to harbor
the conditions needed for microbial life.

JPL and its contractors eventually came up with a system of
redundant avionics hardware implemented on about 1.2 million
logic gates. That allows the rover’s avionics to interface with all
major scientific instruments, sensors and comms links along with
the rover’s drive train while also managing power in wake, sleep
and dream modes.

Among NASA's Curiosity avionics contractors are Wind River (VxWorks
real-time operating system) and Microsemi Semiconductor (RTAX-S
and RTSX-SU FPGAs, high- and low-voltage

power supplies, high reliability diodes and signal and power transistors).
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