' EECS 151/251A
P Spring 2023

Digital Design and Integrated
=@k Circuits

~ Instructor:




FPGAs are in widespread use

Far more different designs are
implemented in FPGAs than in
custom chips.

FPGAs Power ﬁet{entnc
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Automotive Innovators
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Using Intel® Arria 10 FPGAs offer the
FPGAs, ZTE enhanced flexibility, performance,
performance 10x to and scalability needed
achieve a record-setting for ffective 56
thousand images per solutions.

second in facial

recognition with

“theoretical high
accuracy.”
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High-performance
computing with FPGAs
leads to reduced
latency in software
algorithms to deliver
real-time analysis of
collected data.

Intel® Stratix 10
FPGAS' hard and
floating point digital
processing with Intel”
Xeon processors offer
higher-performance,
lower-latency
implementation than
centralized and

network-based storage.

FPGA
e

J\ Azure

Microsoft

And in the
Data-Center
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EECS151 FPGA Lab Board
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FPGA: Xilinx Virtex-§ XCSVLX110T

Virtex-5 enhanced die photo
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FPGA Overview

Q Basic structure: two-dimensional array of logic blocks and flip-flops with
a means for the user to configure (program):

1. the interconnection between the logic blocks,
2. the function of each block.
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Why are FPGAs Interesting?

d Technical viewpoint:

» For hardware/system-designers, like ASICs -
only better: “Tape-out” new design every few
minutes/hours.

= “reconfigurability” or “reprogrammability” may
offer other advantages over fixed logic?

— In-field reprogramming? Dynamic reconfiguration?
Self-modifying hardware, evolvable hardware?

Of course, the higher flexibility comes at the
expense of larger die area, slower circuits, and more
energy per operation.




Why are FPGAs Interesting?

Q Staggering logic capacity

growth (10000x):
Year Introduced |Device Logic Cells “logic gate
equivalents”
1985 XC2064 128 1024
2011 XC7Vv2000T 1,954,560 15,636,480
A
= FPGAs have tracked
Moore’s Law better g
than any other _g_ —~_ 950K Average Cell-based
. 5o 600K Design Sta
programmable device. 3 5 oK
¢ 200¥ $10 FPGA
sk
2003

—
1995 1996 1997 1998 1999 2001



Why are FPGAs Interesting?

= Logic capacity now only part of the story: on-chip
RAM, high-speed 1/Os, “hard” function blocks, ...

» Modern FPGAs are “reconfigurable systems on

a chip”
Xilinx ZYNQ - embedded ARM cores

Xilinx Virtex-5 LX110T

Processing System ‘
1OGBPS Serdes Static Memory Controller lynamic Memory Controller Programmable
Quad-SPI, NAND, NOR DDR3, DDR2, LPDDR2 .
Logic:
System Gates,
Ethernet MACs
PCI express Phy

Engine
rtex™-ASMPCore™ |  Cortex™-A9 MPCore™
'32KB I/D Caches 32/32 KB I/D Caches
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Energy Efficiency of CPU versus
ASIC versus FPGA

Rehan Hameed, Wajahat Qadeer, Megan Wachs, Omid Azizi,
Alex Solomatnikov, Benjamin C. Lee, Stephen Richardson,

Christos Kozyrakis, and Mark Horowitz. Understanding sources 500x

of inefficiency in general-purpose chips. SIGARCH Comput.

Archit. News, 38:37—47, June 2010. —
ASIC CPU

/X

lan Kuon and Jonathan Rose. Measuring the gap between
fpgas and asics. In Proceedings of the 2006 ACM/SIGDA 14th

international symposium on Field programmable gate arrays, e
FPGA '06, pages 21-30, New York, NY, USA, 2006. ACM FPGA ASIC

. FPGA : CPU = 70x

Similar story for performance efficiency

.}







Background for upcoming technical details

select ——
X 2

Review: mux or multiplexor is a

. . . . . in0 —
combinational logic circuit that chooses oo
between 2N inputs under the control of N in2 o [ out
control signals. in3 —3

load

1
A latch is a 1-bit memory (similar to a but d—
“level sensitive” not edge-triggered, closer to

an SRAM storage cell).

q



FPGA Programmability

* FPGA programmability allows users to:
1.define function of configurable logic

Programmable Cross-points

blocks (CLBS), e Latch-based (Xilinx, Intel /Altera, ...)
2.establish interconnection paths
between CLBs latch

3.set other options, such as clock,

reset connections, and 1/0O. X
[ X X @ o000
« Most FPGAs have “SRAM based”
programmability. :
+ reconfigurable MOSFET used
_ as a “switch”
T - volatile
CLB CLB CLB - relatively large.

configuration

Cross-point
connection




User Programmability

Q Latches store the
configuration. Column Load Control

bitstream

4 Configuration bitstream is
loaded under user control. = " | |

Q “partial reconfiguration”: a v  lad _&] | _{J_-]
selective part of the array >FF q \nt::ct;nhﬁ:rt‘ion
can be reprogrammed | | points and
without disturbing the other ' [ —HJ —HJ o logicblods
parts. _ _

4 Dynamic / runtime v ] —{ﬁ —{J_‘l
reconfiguration: .
reprogramming during a
computation. l

d Most commonly the entire FF
device is programmed

when the system is booted. | ii | ii | ii 14



Simplified FPGA Logic Block

————————————————————————————————————————————

LogicBlock . L T

\ _________________________ " | Function defined by
4-input "look up table" configuration bit-stream

Q Look up table (LUT)

» implements any combinational logic function
A Register (Flip-flop)
= optionally stores output of LUT

15



4-LUT Implementation

d  LUTs size named by number of inputs

LUT Q n-bit LUT is implemented as a 21 x 1
INPUTS memory:
= inputs choose one of 2» memory
@7 locations.
= memory locations (latches) are
latch loaded with values from user’s
LUT configuration bit stream.
16 @— 16x1 » OUTPUT ™= [nputs to mux control are the LUT
MUX inputs.
d Result is a general purpose “logic
gate”.
= n-LUT can implement any
function of n inputs!

latch Latches programmed as part
~— _—  of configuration bit-stream




LUT as general logic gate

A An n-LUT is a direct implementation of a

function truth-table.

Q Each latch location holds the value of
the function corresponding to one input
combination.

Example: 2-input functions
AND OR

INPUTS

00
01
10
1

A 2-lut Implements any function of 2

inputs.

How many of these are there?

How many functions of n inputs?

0 O
0 1
0 1
1 1

Example: 4-lut

INPUTS

0000
0001
0010
0011
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

F(0,0,0,0) =— storein 1st latch
F(0,0,0,1) =— storein 2nd latch
F(0,0,1,0) =—
F(0,0,1,1) =

17



FPGA Generic Design Flow

Specifications

» Design Entry: l Not Ok
» HDL (hardware description languages: Design Entry
Ver”og, VH DL) HDL Behavioral
Simulation
» Design Implementation: e
Logi hesis (in f using HDL
» Logic synthesis (in case of using HD Synthesis
entry) fOIIowed by7 r*Modify Design
NGC file
» Partition, place,- and route to create *Chsigs Desigs Translabe
COﬂﬁgUrathn blt'Stream ﬁle > Modify settings (NGD-BUlld)
for previous Timing
. L . steps NGD file SDoRtE
» Design verification: o
F 1 s S I
: . . ti Static T
» Optionally use simulator to check function — Siurfllﬁl;?oan Mapped NGO 1§al;;nismg
: ? o Place and
» Load design onto FPGA device (cable p,-occcdl:) o Route
connects PC to development board), steps —
optional “logic scope” on FPGA BITGEN
» check operation at full speed in real e
environment. Deyice
Programming

l

FPGA DEVICE

https://digitalsystemdesign.in/fpga-implementation-step-by-step/

Lecture 05, FPGAs 18 EECSI51/251A, UC Berkeley Spring 23



Example Partition, Placement, and Route

e Simplified FPGA structure: 4 Example Circuit:

= collection of gates and flip-flops

IN
$09—

—e— OUT

Circuit combinational logic must be “covered” by 4-input 1-output LUTSs.

Flip-flops from circuit must map to FPGA flip-flops.
(Best to preserve “closeness” to CL to minimize wiring.)

Best placement in general attempts to minimize wiring.
Vdd, GND, clock, and global resets are all “prewired”.




Example Partition, Placement, and Route

ouT IN Q Example Circuit:
= collection of gates and flip-flops
HH
l ' } ouT
Y
A B ——
— é_

Two patrtitions. Each has single output, no more than 4 inputs, and
no more than 1 flip-flop. In this case, inverter goes in both partitions.

Note: (with 4-LUTs) the partition can be arbitrarily large as long as it has not more
than 4 inputs and 1 output, and no more than 1 flip-flop.
20




Configurable Interconnect

‘i—- o ‘1—° - ¥ Global routing lines
X =3 ; X : + Double length lines
b\\’lt(..'ll : : let(:ll : : bwuc'.h }Local routing resources
Matrix " " Matrix " " Matrix
X_E_*_, - X_E_‘_, o }Qna(l length routing lines
% < tccedobdecccead obe % < sccedebdececed obe % T(<
e 1 #‘ : M 5 Rt : ] E B _L
; - Complex : - Complex : ; .
H _l : Logi H ; Looi H ... Programmable
T : L0gic : : L0g1C ; ™ . tea
: yum Block i '*a Block f -6’__5_ Interconnects
& % ' . '
ESASR masunasanANRER masusAsAbal N R
- H ------ i ------ Configurable pass-
- ®- : ¢ transistor switches
X - ) v ‘o
Switch 22 : Switch : . s ;
H H H H RS
Matrix Matrix P
Y — ) & /e * —
I | N E— -} (TN W 1 —— -} K\
2 Des1gn Challenges (tOpOlOgy)I switch matrix could be more

richly populated
» traversing long wires incurs delay and energy

“connection block”

» switches (transistors) add significant delay

» Mapping time

Lecture 05 FPGAs 21 EECSI151/251A, UC Berkeley Spring 23



Xilinx FPGAs (interconnect detail)

QUAD

DOUBLE

LONG

}F EEDBACK

:;(‘J-;: DIRECT
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c3

F2C2062

LONG

o

—HHHT
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. N
¥
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Embedded Hard Blocks

» Many important

functions are not
efficient when
implemented in
the reconfigurable
fabric:

» multiplication,
large memory,

Dedicated blocks
take relatively little
area and therefore
could go unused.

Lecture 05 FPGAs

Logic Block(LB)

Logic\TiIe\ R

Soft
Logic

| Soft
Loglc

Soft

Logic

Logic

I/0 Block (IOB)

28

Dedicated Hard Block

Soft
Logic
b -
£ 8
=@
Soft |
Logic
Soft
Logic
~
g%
§ @
Soft
Logic

Mult. =

Muilt.

s -

Routing Channel

Switch Block (SB)  Connection Block (CB)

EECSI51/251A, UC Berkeley Spring ‘23



Colors represent
different types of
resources:

Logic

DSP (ALUs)
Clocking

/0O
Serial 1/0 + PCI

A routing fabric
runs throughout
the chip to wire
everything
together.
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State-of-the-Art - Xilinx FPGAs

45nm 28nm 20nm 16nm
SPARTANV VIRTEX” VIRTEX VIRTEX
7 - -
MINTEX KINTEX KINTEX
ARTIX?
SPARTAN”
Virtex Ultra-scale
Device Name VU3P VUSP vu7pP vU9P VU11P vU13P VU27pP VU29P VU31pP VU33p VU35P vU37P
System Logic Cells (K) 862 1,314 1,724 2,586 2,835 3,780 2,835 3,780 962 962 1,907 2,852
CLB Flip-Flops (K) 788 1,201 1,576 2,364 2,592 3,456 2,592 3,456 879 879 1,743 2,607
CLBLUTs(K) 394 601 788 1,182 1,296 1,728 1,296 1,728 440 440 872 1,304
Max. Dist. RAM (Mb) 120 183 241 36.1 36.2 483 36.2 483 125 12.5 24.6 36.7
Total Block RAM (Mb) 253 36.0 50.6 759 709 945 70.9 94.5 236 23.6 473 70.9
UltraRAM (Mb) 90.0 132.2 180.0 270.0 270.0 360.0 270.0 360.0 90.0 90.0 180.0 270.0
HBM DRAM (GB) = = = = — — — — 4 8 8 8
HBM AXI Interfaces - - - - - - - - 32 32 32 32
Clock Mgmt Tiles (CMTs) 10 20 20 30 12 16 16 16 4 4 8 12
DSP Slices 2,280 3,474 4,560 6,840 9,216 12,288 9,216 12,288 2,880 2,880 5,952 9,024
Peak INT8 DSP (TOP/s) 7.1 10.8 14.2 213 28.7 383 28.7 383 8.9 8.9 186 281
PCle® Gen3 x16 2 4 4 6 3 4 1 1 0 0 1 2
PCle Gen3 x16/Gend x8 / cCIX™ - - - - - - - - 4 4 4 4
150G Interlaken 3 4 6 9 6 8 6 8 0 0 2 4
100G Ethernet w/ KR4 RS-FEC 3 4 6 9 9 12 11 15 2 2 5 8
Max. Single-Ended HP 1/Os 520 832 832 832 624 832 520 676 208 208 416 624
GTY 32.75Gb/s Transceivers 40 80 80 120 96 128 32 32 32 32 64 96
GTM 58Gb/s PAM4 Transceivers 32 48
100G / 50G KP4 FEC 16 /32 24/48
Extended? -1-2-2L-3 -1-2-2L-3 -1-2-2L-3 -1-2-2L-3 -1-2-2L-3 -1-2-2L-3|-1-2-2L-3 -1-2-2L-3|-1-2-2L-3 -1-2-2L-3 -1-2-2L-3 -1-2-2L-3
Industrial -1-2 -1-2 -1-2 -1-2 -1-2 -1-2 -1-2 -1-2 - - - -




Atoms: S-input Look Up Tables (LUTs)

—{ A3 Computes any 5-
LUTS D
input logic function.

|
2

Al6:2] | D
00000 1 .
00001 O Timing is
00010 1 independent
0 of function.
11101 0 Latches
11110 O set during
11111 1

configuration.

26




Virtex 6-LUTs: Composition of 5-LUTs

May be used
— o wms as one
A1 1 : .
p2 > Az i 6-input LUT
Ha—— . s o ; (D6 out) ...
A5 > A5 !
As [ > AG !
; J—‘—D oe ... or as two
; "~ | 5-input LUTS
| A4 LUTS D i —>os (D6 and D5)
| A5 |
: A :
e Blook Degram otavinens St 0T
Combinational
logic
(post configuration)



Configurable Logic Blocks (CLBs)

Slices define regular connections to the switching
fabric, and to slices in
CLBs above and below it on the die.

couT couTt

[}
ek | }' k

ZN

- et B B

Switch
Matrix

f




The simplest view of a slice

T Four 6-LUTs

:’ ————— LUT (01; )
| 06 0Q) | .
oo o1 ’ °l_:“‘ Four Flip-Flops
: i . ]
E . o) Switching fabric may se ;
[ o8 (cay | . . iStere
TEE L5 T combinational and reg
| o outputs.
E LUT ‘B’E )
i T Lot

A g | . - . n
HLCU TN | | Virtex slice adds ma Zil
u | An actua this S|mp|lf|€
| = ol Il features to "
| - o SMa show them one by
- 3“1 diagram. We phat
A | ats:1) :
| :
I (CLK) |
|

29




Two 7-LUTs per slice ...

o wr |

| o i

5(013:111 ol Al6:1) F7BMUX :

i '] {CMUX) i

l LuT - |

E - . ol | Extra
s g | > | multiplexers(F7AMUX,
; F7BMUX)
I | .

| Lt | Extra inputs
oen | ; (AX and CX)
"—*" d F7AMUX :

i el i S

i 06 ‘ D Q ﬂIr

& e N P " i

' |

i () :




Or one 8-LUTs per slice ...

:_______-____anE
: TR
! e " -E
—1—‘9"| Al6:1) F7BM '
' ) 4 |
: ]" :
! LuT . |
I ’ '
:<c|s;,,, Lo 06 i
i ) : .
- mﬁ;x : Third
| (Cl61 g ' .
E - | e multiplexer(FEMUX
T 9 |
E Al6:1) F7AMUX :E i Th |
: ] ]— | ird input
I ’ '
I (AlB:1) ” : (BX)
_l._é..: AlB:1] :
I (AX) :
- :
. :
|
|
|




Extra muxes to chose LUT option ...
el o - From eight 5-LUTs

i S ... to one 8-LUT.
:D [ is REV
Y . Combinational
e \ o cMux ol
°5 rad|pF- or registered outs.
x> FEMUX ) ge e
ﬂ SIR REV .
oS g N Flip-flops unused by
- SN LUTs can be used
" B ST standalone.
;AMUX l
sntd Bl ) o s
05 )
_\I OFFJLATQ—DAQ
o C

(DX} USIIE 4 2e onos




Virtex Vertical Logic
COUT W e o) We can map

0 Camry Chain Slock

___________ remre ripple-carry addition

owee  The carry-chain block
- also useful for speeding
L sa-om up other adder
e - structures and
counters.

[ co3 .
I . . o DMUX/DQ" t h b I k
06 Frem LUTD > ,lsa : onto Carry cnaln OCK.
I Q oa!
DMUX
05 From LUTD | o D | =
DX : | D Qo Da
! :
|
I
|
: : c02 : > cMuxico A ._IA
06 Frem LUTC : % I /MUxcyY\ I Be = oS
I - oz !
b CMUX .
05 Frem LUTC | D2 [ t )D : o Ci A Al
x> | ' —pa > ca
|
! :
|
B . £O1 ! > BMUXBQ"
. | St
06 From LUTB > | /ruxcy\ : Co
| [_.i o1
' BMUX
05 From LUTB C>— ! DIt [ ) | =
Bx | o a}-se
I
I
1
I
I
I
L
|
I
I
I

CIN (From Previcus Siice) ) 33




Putting it all together ... a SLICEL.

cour Resat Type

] N s The previous

Fd\ ] £ onux - =
oo S slides explain all
A= NI N = " SLICEL features
oa a3 o5 . B% S‘N‘}?*Q—Doo "
oe Co—{az D ocwmo
oA CE CSAHIGH
ox > /D~ Mcxcs“s:zwnev
PRI i
' —\ . o cnux
=g D?D [ [ o
0 ROM i . & =e Ab 50 / f h
§§§ & T - . out o of the
Cr oA — p-+4CE g?ﬁ?&?&ﬂ are SLICELSI
|~ v | cK OSALOW
X o —D \ SJRREV
I . |
—{—\ — 4 o BMux
D 4
:g: bt D? I?;/ . 8
84 O [As oe T e B UATCH
B O A oS AX cmm | af—s0
et = — [ 112 oo
e Qa2
P t ’ -
= o1 ~ =« The other slices
e o ST [ SLICEM
= L ce S AT e I are S,
H=a o ] LI, R oo and have extra
AT A CFS p -+ CE gssgrg‘:; f
+4CK
e : N | 8 v eatures.
CED> U'l}

X > é_oD ) 34
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Recall: 5-LUT architecture ...

A2
A3
A4 LUTS D
A5
AB

A[6:2] | D

00000 1

00001 O

00010 1
]

11101 O

11110 0]

11111 1

Spring 2013

A[6:2]

32 Latches.
Configured to 1 or 0.

Some parts of a logic
design need many
state elements.

SLICEMSs replace normal
5-LUTs with circuits that
can act like 5-LUTs, but
can alternatively use the
32 latches as RAM,
ROM, shift registers.

35




Virtex DSP48E Slice CARRYCASCOUT-

| fscour facour e s muLrsiGNouT § § '15055?_ !
| o - > : |
! Yo L ALUMODE J } !
4
: B ™~ 18 ™ // p P 1 |
7 B | B e Y '
| D b 0 — X |
|~ P P o
A | 30 I~ ”s M I I > CARRYOUT :
' : A A |
! -~ 171} 0— + !
I |~ P— Y \/ =] 49’ 3 >
| D - > Pl
| I |
c 0 —] PATTERNDETECT
: 48/ = C & - s P :|l
| |, b 17-Bit Shift PATTERNBDETECT |
! A30 . z I
| 17-Bit Shift As CREG/C Bypass/Mask |
|
: CARRYIN | N MULTSIGNIN® |
1 > l
| s OPMODE L - CARRYCASCIN® |
I CARRYINSEL :
| 8 i
I _|BCIN | ACIN e L JPCIN" _ 1

*These signals are dedicated routing paths internal to the DSP48E column. They are not accessible via fabric routlng resources.
UG183_c1_01_032808

Efficient implementation of multiply, add, bit-wise logical.




To be continued ...

at different FPGA
features in-depth.

Block RAM
DSP48 (ALUs)
Clocking

Serial /O + PCI
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