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Field Programmable Gate Arrays

d Configuration |
Memory L

dProgrammable

Logic Blocks
(PLBSs) T~

dProgrammable
Input/Output
Cells

d Programmabl%

Interconnect
Typical Complexity = 5M - 1B transistors
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Basic FPGA Operation

Write Configuration Memory

 Defines system function
Input/Output Cells
Logic in PLBs

Connections between
PLBs & I/O cells

Changing configuration
memory data => changes
system function

 Can change at anytime

Even while system
function is in operation

Run-time
reconfiguration (RTR)
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History

dProgrammable Logic Arrays ~ 1970

Can implement any set of sum-of-products logic
equations

Incorporated in VLSI devices
JdProgrammable Logic Devices ~ 1980

MMI Programmable Array Logic (PAL)
v'16L8 — combinational logic only
v'16R8 — sequential logic only

AMD 22V10 and Lattice 16V8

Complex PLDs — arrays of PLDs with routing network
dField Programmable Gate Arrays ~ 1985

Xilinx Logic Cell Array (LCA)

JCPLD & FPGA architectures became similar ~
2000

C. Stroud 9/07 FPGAs




Programming Technologies

JPLAs were mask programmable
JPALSs used fuses for programming

dEarly PLDs & CPLDs used floating gate
technology

Erasable Programmable Read Only Memory
(EPROM)

v' Ultra-violet erasable (UVEPROM)

v Electrically erasable (EEPROM)

v Flash memory came later and was used for CPLDs

JFPGAs used RAM for programming

JdLater trends

Fuses were replaced with anti-fuses
v Better reliability

Large CPLDs went to RAM-based programming
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Programming Technologies

JdRAM
Volatile — must configure after power-up
In-System Re-programmable (ISR)
Run-Time Reconfiguration (RTR)
v dynamic reconfiguration while system is operating
 Floating gate technologies

Non-volatile but re-usable
v'UV EPROM, EEPROM, and flash memory

In-System Programmable (ISP)
v EEPROM and flash memory

In-System Re-programmable (ISR)
v'Flash memory
J Fuse/anti-fuse
Non-volatile but not re-usable
One Time Programmable (OTP)
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Basic PLB Architecture

dLook-up Table (LUT) implements truth table

dMemory elements:
Flip-flop/latch

Some FPGAs - LUTs can also implement small
RAMSs

dCarry & control logic implements fast
adders/subtractors

Tcarry out
LUT/ R
Input[1:4]74L> RAM » Carry & ‘ gmpft t
outpu
Control Flip-flop/ [~ CP
Control » Logic Latch
7 >
clock, enable, set/reset |_
3 carry in
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A Simple CLB

C

d Two 3-input LUTSs

<+ Can implement

onfig Bits

LUT S (S.-Sy)

LUT € (C-Cy) | XNOR (01101001)

Configuration #1 Configuration #2 Configuration #3

XOR (10010110)

XOR (10010110)

XOR (10010110)

XNOR (01101001)

XNOR (01101001)

any 4-input CB,-CB. 000010 111110 000001
e ndividual FC | 149/174 = 85.6% | 149/174 = 85.6% | 108/174 = 62.1%
comblnatlc_)nal Cumulative EC 85.6% 97.7% 100%
logic function  — ———
- c llc.llc e llclic,|lc|lc
D 1 ﬂ|p'ﬂ0p 7 6 5 4 3 2 1 o
%111 T10 10T 100 011 010 001 000
< Programmable: : - | - /
v Active levels T C°U§
8x1
v D2-0 Smux
Clock edge L SOMUX
v Set/reset 73 TS o Sout
d 22 configuration . 8x1 L
SRmux
memory bits = >
5
< 8 per LUT Clock Enable , CB, 1 B,
FF
v CO-7 Set/Reset ,
v S0-7 Clock
<
“* 6 controls ’ CB| = Configuration
v CBO0-5 CcB,| [cB,] [CB, Memory Bit
C. Stroud 9/07 FPGAs 8




Combinational Logic Fucntions
JGates are combined to
create complex circuits s

dMultiplexer example

«fS=0,Z2=A B
\/ — —_—
“htS=1,2=B Truth table
<+Very common digital SECLE | gic symbol
circuit 1 A
. . 0 —-R |z
<*Heavily used in FPGAs 1 B |, 70—
v'S input controlled by 182 (1) S0
configuration memory bit 11/0||l0
1122

v'We'll see it again
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Look-up Tables

d Recall multiplexer

Multiplexer

example !
d Configuration 0
memory holds .
tputs for truth
outp 1 Truth table
table 0 7 SAB|Z
- 000 (O
dinternal signals 0 Y 001 |0
connect to control 17 ‘ 010 |1
' E"_ ' 011 |1
signals of el
multiplexers to 0 101 |1
select value of . 110710
truth table for any .
given input value S

C. Stroud 9/07 FPGAs 10



Look-up Table Based RAMS

ANormal LUT mode  patain—j

performs read
operations

JAddress decoder |,
with write enable
generates clock In
signals to latches
for write operations

ckO

e

ckl

ck2

ck3

ck4

Address Decoder

ck5

ck6

dSmall RAMS but e

7/

ck7

can be combined Enable
for larger RAMSs
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Input/Output Cells

dBi-directional buffers
<*Programmable for input or output
<*Tri-state control for bi-directional operation
“*Flip-flops/latches for improved timing

Tr| state Control

v'Set-up and hold times
v'Clock-to-output delay to/from z i

internal Lﬂput

<*Pull-up/down resistors routing<

resources Pad

JRouting resources pumata
. \
<+*Connections to core of array 1 ﬂ

dProgrammable 1/O voltage & current levels

C. Stroud 9/07 FPGAs 12



Interconnect Network
dWire segments of varying length

XN = N PLBs in length
vl 2, 4, and 6 are most common

XH = half the array in length
XL = length of full array
dProgrammable Interconnect Points (PIPS)
v'Also known as Configurable Interconnect Points (CIPs)
Transmission gate connects to 2 wire segments

Controlled by configuration memory bit
v'0 = wires disconnected config |
v'1 = wires connected DIt

Wire A

Wire B
C. Stroud 9/07 FPGAS 13




Programmable Interconnect Points

d Break-point PIP
Connect or isolate 2 wire segments

dCross-point PIP
2 nets straight through
1 net turns corner and/or fans out

[ Compound cross-point PIP \O\C

Collection of 6 break-point PIPs
v' Can route to two isolated signal nets

Significant resource in 4000 series

d Multiplexer PIP

Directional and buffered
Main routing resource in Virtex FPGAS

Select 1-of-N inputs for output
v'Decoded MUX PIP — N configuration bits select from 2N inputs

c Stroua/9|hl)c/)n_deCOded MQX F_’IP —F’ngg\)snﬁguration bit per input
Largest N=37 in Virtex-4

S5o
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\
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Spartan 3 Routing Resources
L L —

switch matrix Il
over 2,400 PIPs
mostly MUX PIPs

| W&

PLB consists
of 4 slices

X6 wire
segments

X2 wire
segments

XxH & XL wire
segments

over 450 :

total wire .

segments SE
in PLB

I 1
I 1
15

GAs

T
gl | || Il
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FPGA Architectures

J4000/Spartan

< NxN array of unit cells

v Unit cell = CLB + routing
» Special routing along center axes

< 1/O cells around perimeter

dVirtex/Spartan-2

< MxN array of unit cells
<+ Added block 4K RAMs at edges

dVirtex-2/Spartan-3

< Block 18K RAMs in array
<+ Added 18x18 multipliers with each RAM
<» Added PowerPCs in Virtex-2 Pro

A Virtex-4/Virtex-5
<» Added 48-bit DSP cores w/multipliers

< 1/0O cells along columns for BGA
C. Stroud 9/07 FPGAS
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Ranges of Resources

FPGA Resource Small FPGA Large FPGA

25,920
It UHIS 1 8
Wire segments per PLB 45 406
PIPs per PLB 139 3,462
BilS per memory co 128 36,864
Memonry: cores per ERGA 16 576
DSP cores 0 512
InpuUt/eutput cells 62 1,200
Configuiration memory: Bits 42.104 79,704,832

Logiic

Routing

C. Stroud 9/07 FPGAs 17



Programmable RAMs

118 Kbit dual-port RAM

d Each port independently configurable as

512 words X 36 bits
v 32 data bits + 4 parity bits

1K words x 18 bits
v 16 data bits + 2 parity bits

2K words x 9 bits
v’ 8 data bits + 1 parity bit

4K words X 4 bits (no parity)
8K words x 2 bits (no parity)
16K words X 1 bit (no parity)

d Each port has independently programmable

clock edge

active levels for write enable, RAM enable, reset
C. Stroud 9/07 FPGASs 18



Configuration Interfaces

d Master — FPGA retrieves its own configuration from

ROM after power-up
Serial or Parallel options

clock|e

PROM with
Configuration
Data

data out

|

CCLK

FPGA in
Master
Mode

» Din Dout

|

CCLK

FPGA in
Slave
Mode

»| Din Dout

CCLK

FPGA in
Slave
Mode

»| Din Dout

d Slave — FPGA configured by external source (i.e., a uP)

Serial or Parallel options

Used for dynamic reconfiguration
Can also read configuration memory contents

 Boundary Scan Interface

4-wire |IEEE standard serial interface for testing
Write and read access to configuration memory

v Not available in all FPGAs

v Used for dynamic partial reconfiguration

Interfaces to FPGA core
v Not available in all FPGAs

v Connections between Boundary Scan Interface and internal routing
network and PLBs (Xilinx provides 2-4 of these ports)

A Other configuration interfaces in some FPGAsS

C. Stroud 9/07

FPGAs
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Boundary Scan Interface

User registers can include:
a) configuration memory
b) access to FPGA core

I/O Pins
BSC BSC BSC BSC
) o
v | BSC BSC| ©
7 Core a
BSC N Y BSC
1
* Bypass Register
* User-defined Registers
Instruction Decoder
TDI —e Instruction Register
TCK T
™S TAP Controller
TDO

C. Stroud 9/07

TAP controller state diagram

™

Run Test Idle |, Test Logic
/@[ ) Reset ;D
}1 11
,—| SelectDR Select IR
10 10
Capture DR Capture IR
1 10 10
Shift DR Shift IR 0D
11 11
Exit-1 DR Exit-1 IR
1 10 10
Pause DR Pause IR [0)
0 11 11
Exit-2 DR Exit-2 IR
11 11
Update DR Update IR
~_ 11 0 1 0
~
FPGAs 20



Configuration Techniques

dFull configuration & readback
Simple configuration interface
v'Internal automatic calculation of frame address
Long download time for large FPGASs

dPartial reconfiguration & readback

Only change portions of configuration memory with
respect to reference design

v'"Reduces download time for reconfiguration
Requires more complicated interface

v'Command Register (CMR)

v'Frame Length Register (FLR)

v'Frame Address Register (FAR)

v'Frame Data Register
Input (FDRI) — for download

Output (FDRO) — for readback (note separate access)
C. Stroud 9/07 FPGAS 21



Configuration Techniques

dCompressed configuration
Requires multiple frame write capability

v"Write identical frames of config data to multiple frame addresses
Extension of partial reconfiguration interface
capabilities

v'Frame address is much smaller than frame of configuration data
Reduces download time for initial configuration
depending on

v Regularity of system function design

v % utilization of array
Unused portions written with default configuration data

C. Stroud 9/07 FPGAs 22
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Full Configuration Example

Dummy Word OxFFFFFFFF

Synchronize Word 0xAA995566

CMD Write 0x30008001
Reset CRC 0x00000007

FLR Write 0x30016001
FLR = 0x00000024

Frame length = 37 words
v 1,184 bits + 32 bits/word

COR Write 0x30012001
COR Write 0OXO0003FES5
IDCODE Write 0x3001C001

Device ID = 0x0140D093 (3S50)

MASK Write 0x3000C001
MASK = 0x00000000

CMD Write 0x30008001
Switch CCLK 0x00000009

FAR Write 0x30002001

FAR = 0x00000000 (full config)

CMD Write 0x30008001
Write CFG 0x00000001

FDRI Write 0x30004000

# words to write 0x50003555

Stroud 9/07

FPGAs

Xilinx ASCII Bitstream

Created by Bitstream 1.32

Design name: s3mod7.ncd
Architecture: spartan3

Part: 3s50tql44

Date: Tue Sep 04 15:50:09 2007
Bits: 439264
11111121211111222211122221111712221111
10101010100110010101010101100110
00110000000000001000000000000001
00000000000000000000000000000111
00110000000000010110000000000001
00000000000000000000000000100100
00110000000000010010000000000001
01000000000000000011111111100101
00110000000000011100000000000001
00000001010000001101000010010011
00110000000000001100000000000001
00000000000000000000000000000000
00110000000000001000000000000001
00000000000000000000000000001001
00110000000000000010000000000001
00000000000000000000000000000000
00110000000000001000000000000001
00000000000000000000000000000001
00110000000000000100000000000000
01010000000000000011010101010101
start of actual configuration data
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Partial Reconfiguration Example

Dummy Word OXxFFFFFFFF Bits: 26656
11111111111111111111111111111111

O
J Synchronization Word OXAA995566 10101010100110010101010101100110
J CMD Write 0x30008001 00110000000000001000000000000001
“ Reset CRC 0x00000007 00000000000000000000000000000111
0 IDCODE Write 0x3001C001 00110000000000011100000000000001
< Device ID = 0x0140D093 (3S50) 00000001010000001101000010010011
d COR Write 0x30012001 00110000000000010010000000000001
2 COR Write Packet Data Ox00003EE5  01000000000000000011111111100101
O CMD Write 0x30008001 00110000000000001000000000000001
% Shutdown Ox0000000B 00000000000000000000000000001011
: 00110000000000000000000000000001
- CB(ZC\é\glt_eOOx30000001 00000000000000000010110011101001
X = 0x00002CE9
. ... 4 NOOPs 0x20000000
- C',V'D Write 0x30008001 00110000000000001000000000000001
“* AGhigh 0x00000008 00000000000000000000000000001000
Q CMD Write 0x30008001 00110000000000001000000000000001
< WCFG 0x00000001 00000000000000000000000000000001
O FAR Write 0x30002001 00110000000000000010000000000001
% FAR = 0x00080000 (partial config) 00000000000010000000000000000000
O Part Reconfig Reg Write 0x3001E001  00110000000000011110000000000001
2 Null 0x00000000 00000000000000000000000000000000
0 FDRI Write 0x300042E4 .- 16 NOOPs 0x20000000
; 0011000000000000010

0’0

C. Stroud 9/07 FPGAs
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FPGA Configuration Memories
JPLB addressable

<+*Good for partial reconfiguration Atmel uses PLE

addressable memory

< X-Y coordinates of PLB location to be

written |

. _ - _ H EEEEEEEEEE
v'“Z" coordinate identifies which I---- -------I

resources will be configured EEmapsammmmm
dFrame addressable I:::: :::::::I
] ] EEEEEEEEEEEN
<*Vertical or horizontal frame

EENEN EEEEENREN
v'Vertical frames most common

<*Access to all PLBs in frame Xilinx 4000, Spartan,

_ . . Virtex, Spartan-2,
v Only portion of logic and routing Virt'éxe_; &pé‘;jﬂan_g

resources accessible in a given frame FPGAs all use frame

v'"Many frames to configure PLBs addressable memory

» Major address for column, minor address for frame
C. Stroud 9/07 FPGAs 25



Number of 32-bit words per frame

Frame Length

Very large frame lengths
for large devices
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Virtex-4 Archiatectures

#Rows V4LX
1564
2596
40128
60128 O =T/0 cells
801160
100192
160192
200192

<
N
o
4

EJEIEd

155128

-~
.
e
L4
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part
30
50
85
110
220
330

35
50
95

C. Stroud 9/07

Virtex-5 Architectures
J Similar architecture, frame structure and order

<+ 1/O cells not along outside column on right side

< “Center” column (Xs) not in center of array
v"More columns to right side of “center” column
< Similar top/bottom and config row format

41 words (32-bit) per frame
v"Hamming bits in middle word of frame

#rows LX & LXT Legend
80 X #=#CLBcols
120 X D=DSPs
120 X C | R=RAMSs |
160 X C O=1/0 cells
160 X 4|T[c] [X=10&DCM
240 X 4|T|c] [T/C=T only
X
80 ol4[R[2]D X 4]o[4[T]C
120 ol4|R|2|D X 4|0[4|T|C
ol4]R[2]D[2]D[2|R[2[D[2 X 2|D[2]D[2|R]4]0l4[T]C
160

29



FPGA Editor

d Viewing &

edltlng low- T A e e e e T VL e B (= [l ) i A v R [Bm
' = e & BED]| [
level designs g ==
Mame Filter clear
' j 3 ] || [
Provides |
detailed e =
4 o> [F30 108 # [Fecoer ] | yellow | hilte
control of e =
. ] ZSLICE,va SUCEL_ 11 [ oo | a;';;:;
design e [l
J Access via: e
ISE tool suite
menu
Command . e
line prompt
J Excellent for
architectural

Information

Logic |

Routing
C. Stroud 9/07 FPGAS 30



View Architecture |n FPGA Editor

JOpen FPGA Editor
dSelect “File"—>"New”

AClick “Select Part”
<In “Part Selector”

Phuzical Conztraints File

C h O O S e : IE:'\dem-::s'xN SA2007exercize. pof

Part

v'Spartan3 from “Family” § s

v’ XC3S50 from “Device” [ | beire stk e
<+Click “OK”
dType “Design File” pype—
name as ‘exercise’ ==

Package: |CP132

DC“Ck “O K” Speed Grade: |-4

C. Stroud 9/07 FPGAs 31




e;. Xilinx FPGA Editor - S3mod7.ncd
File Edit View Tools Window Help

D@Wgl & @5 B8||E|wl A K& m| o] £ |
o
attrib

e - SHOW/HIGE: =
|=‘ , fouting & logie ;EE outed/unrouted o
. ditblock

[ESoUrces 4 SIgNAINETS , ., — v

| < Sel “tcomponents ||[*.™
S or forviewing ||| e

E_ 4 autopral

Select a particular |

component or net
for viewing/editing —

highlighted in red
below and to left

i
(v
7
5 =3
o
¥y
=
>

¢

For Help, press F1 xC3250-5t0144 Read Write




e;. Xilinx FPGA Editor - S3mod7.ncd
File Edit View Tools Window Help

nslala & B[] mElEnE] o se o mo] L)) Rz INstantiate component
. (selected in left screen) gl

attnb

delete component gl || e

e = | S i_ __;___i_ _,_ S . [ - c:I_el,_a.r.
1 B ] (selected in left screen) ([
” . - : ] —— editblack

I yellow = | hilte

BiEn _|| BRI RS BB EBD BB i::o
= = - = == == o = == == == — = ——SE = 4 probes
- - S ' =1 | =
B B B _|| E E ™ ™ ™ B B B B B B ro ute net | roure -r-anou[ ]
. = = — = — ce = —— L il rrs 7] S [ R B |
|| (selected in left screen) | moe

Ly T e et et e s s i ey L unroute net
i T e S S (selected in left screen)

I
= = = —r—i1 = — = — = ) — = = —
[
-
= = = —_— = —_— = —_— -_— — -_— — —_— = L
I & World1
i e = Tt = et et e © g - et s o =L
”
:
[
= = — — = = o — s = = e = =t
i

Amayl List1 Waord1

Loading =peed info. .. A

For Help, press F1 xC3250-5t0144 Read Write




Adding Component IN FPGA Editor

dSelect component . | | . |
D& & BE ¥ e 8= =8| & m oL
dClick “Add” button in
right column

Or right click component
and select “Add”

QSelect “type” from menu
if applicable

dAssign instantiation
name
Or take default

A Click OK
A Now block can be edited

C. Stroud 9/07 FPGAs 34




& Fle Edit View Tools W Help

=] oEBEE o aa/ams(Le | (p e faela] =slin) - | m m | m [T

apply edits property buttons and
(runs DRC) windows to view/edit

configuration options

g — - .

edit
coniig
optiens

et

add

attrib

autaraute

delay

editblock

editmode

find

ila

info

probes

autoprobe

route fanout

Twap

........... boute -

s B HHET
selectable
configuration
options
éName [RaCcts1
Cortig |B><MU><:B><_B¢KIN\-’:D DicMU:0 FRACHFF
5 |
Ayl | Lt ]| wordd Block 1

écomp "R8Cl=1". =ite "CLB RABC1 51", twpe = SLICE -
»

For Help, press F1 xc2515-50cs 144 Read Wirite




Viewing Configuration Options
ASelect component e . _

DeEg | |E)8|* BEEE5 X&R & &
dClick properties button

e O r ri g ht Cl iC k General [Carfigiration | Physical Consirairts |
CompOnent and SeIeCt a Ni_lﬂ EMBRIL:EMB PORTA_ATTR:
‘“ prope rties of selected e

LewEs WEBMUSWER

alue
CLEAMUE:D CLEBMUE:0 ENAMLUEE

. t 1 IMIT_00 Qooooo0onooooo0o00000000000000
I el I l 00000a00000002000a000a002a00a0

dClick “Configuration”
tab

<*Current configuration
options displayed
v'Cannot edit in this
window

C. Stroud 9/07 FPGAs 36



E Xilinx - ISE - C:\research\NSA\v4bist\DSPACBstuffimod7\mod7 .ise - [Design Summary]

oynt Overyview
10pen 1SE S s

Sources for: | Synthesis/Implementation w @De
'-_Lﬂ mod?
= ] xc3s50-5tq144 .
[ra)ef;mod7 - RTL fmod7.vhd) [ Timing Conm,ms Target Device: xe3s50-5q144 + Wamings: 2 Wamings
A Pinout Report o @ I “Fﬂ-é‘"- I5§é| t HN V\ypdlg t\lh Sep 10 16:53:07 2007
[ Clock Report ‘ n Wmenu eC e rOJeC
@ Emors and Wamings MOD7 Partition Summary

Dortesstos  ff S@{mpr@jeet name to ‘mod?7’
lick Next e

Place and Route Messages

) Logc Likilzation Used Available Lkilization Note(s)
Timing Messages / e L 1] 1%
[ Bitgen Messages I riu DEFVI P p t W d g I t .
All Currert Messages umber=i et K 5te ro e r I es I n OW e e C 1
@Detailed Reports L°$Di by it I
Synthesiz Report Murfioer offaccCAl B .,l y S p artan 3 2 768 1%
Translation Report be: ligzs cortajing only relate 2 2 100%
2 o o e DEVIEE, ZXE3s50 ; : o
Flace and Route Report T - - - . 3 1536 1%
EN$ Sources [ Snapshots @ Libraries Static Timing Report ﬁnﬁaéﬁa ¢
— - [ Bitg Murfioer offaan e Tq 144 g 7 &
roc:ess:es & Seconclar).r Reports NU; FOfC[jp’K e 1 8 L
rocesses: Mplorer Report cl:ﬂ le
[ Add BEdsting Source O *

[ Create New § P P drﬁN g\atle\?urg 10 Bs = d 288 I . k
T ‘u"le-aa\'tTJe::n Eiouunr'::li:an.r m]e: IF;ZTJT:;_nhanced Design SL% 0 u rce WI n OW C IC N eXt

+ ‘y Diesign [tilities O Enable Message Fittering

[ Digplay Incremental Messsav I “Ardd E t S 3
: y User Constraits Enhanced Design Summary Contents nnd XI S I[r] O u Ce Pinout Data: Finout Repor
C}Oswrthes'ze *ST All Sidfis Completely Routed

B Show Partition Data Clock Report

) “ 1
o, — 0 srowtrn me@liek “Add:Seurce
Er;c R;run al O Show Failing Constraints

b 01 Srow Cloc epot > Got to, directory and select “modz vhd”
Qpen Without Updating Q@I Ck NeeXt Tue Sep 411:20:10 2007 | 0 1nfo

Bf Properties... Translation Feport Tue Sep 411:20:222007 |0 0 0
; ; v C1 ICK_Einish g . e
e X Desgn Summay » Click OK in next window about addlng source
e s s s <*In Processes Window right click “Implement
Design” and select “Run”

v"When synthesis is complete, “Design Summary”
should look like background ,

[E] Console @ Ermors A\ Wamings @ Tel Console [ Find in Files

v"NCD file has been created




