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Roadmap

Overview

Simple PLD/CPLD: Structure, "Programming", Configuration

Indroduction into a description language (old: ABEL, new: Verilog)

2 practical exercises (GAL, CPLD)

FPGA-structure, simple and complex structures (from logic-cell to ARM-core)
FPGA-development-tools (Design-entry, simulation, synthesis, placement/routing)
Special design-related chapters

FPGA-design example using schematic entry (practical exercise))

VHDL as a hardware description language in detalil

Comparison VHDL, Verilog

FPGA-design using VHDL and special FPGA-structures

Simulation (Behavioural and Timing) , Synthesis ....

Practical exercise: VGA/HDMI-control using VHDL (different levels of difficulty)
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Books

Christian Siemers: Logikbausteine, ISBN 3-8023-1873-0,
Vogel Buchverlag Wirzburg

Frank Kesel, Ruben Bartholom&: Entwurf von digitalen Schaltungen mit HDLs und FPGASs, ISBN 978-3-486-58976-4,
Oldenburg Verlag, Miinchen

Peter. J. Ashenden: Digital Design — an Embedded Systems Approach Using VERILOG, ISBN: 978-0-12-369527-7,
Norgan Kaufman Pblishers, 2008

Seiichi Aritome: Nand Flash Memory Technologies, ISBN: 9781119132608 (Print)
Wiley Online Library: http://onlinelibrary.wiley.com/book/10.1002/9781119132639

Joe E. Brewer, Manzur Gill: Nonvolatile Memory Technologies With Emphasis On Flash, ISBN 978-0471-77002-2 (Print)
http://http://ieeexplore.ieee.org/xpl/bkabstractplus.jsp?reload=true&bkn=5201541

Eduardo Bezerra, Djones Lettnin: Synthesizable VHDL-Design for FPGAs, Springer, ISBN: 978-3-319-02546-9 (Print)
http://link.springer.com/book/10.1007%2F978-3-319-02547-6

Andreas Heppner: Das isp-Buch, ISBN 3-89567-119-2
Elektor-Verlag Aachen

Peter. J. Ashenden:, The Designer's Guide to VHDL (Third Edition), ISBN: 978-0-12-088785-9, Elsevier, 2008
http://www.sciencedirect.com/science/book/9780120887859

To understand structures and usage of FPGAs look for documentations, whitebooks etc. at www.xilinx.com, www.altera.com,
Www.microsemi.com, www.latticesemi.com
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Exam: A 20 minutes oral exam including the defense of the projects elaborated during the course

Questions to prepare for the Oral Exam PIS 2017
(It's always one of the first questions asked by student: What will be asked in exam??)

- Explain and compare structure and complexity of programmable logic ICs and ASICs!

- Explain how the structure of PLD maps the structure of a state machine.

- Explain the design flow for CPLD and FPGA!

- Compare FPGA, Gate arrays, Standard-Cell-ICs and Full-Custom-ICs relating to
structure, complexity and personalization/programming!

- Compare the cost factors for the development of ICs (from PLD to Custom-IC)!

- lllustrate the structure of a GAL (sketch)!

- Illustrate the structure of FPGA (Keywords: Functional blocks, LUT, wiring, connections, switch matrix, 1/0,
fabric, distributed and block-RAM, special blocks for signal processing ...)! You should be able to create and
discuss a sketch.

- What are the steps processed for an FPGA design from design entry to running design (Keywords: Design
entry, HDL, schematic, simulation, mapping, placement, routing, bitfile, download)?

- Name the different delay times in a synchronous digital system! How do they influence the maximum frequency
of a synchronous design?

- What is a clock skew? Why may it be a problem? Explain methods to minimize its impact on synchronous
designs in FPGA designs!

- What is the difference between asynchronous and synchronous reset?

- Explain the problems occuring when signals are sampled by a non-synchronized clock!

- Explain the use of Hardware Description Languages (HDL)! What are differences between HDLs and common
computer programming languages?

- What is Verilog? Explain what a Verilog description includes (global description, not details like individual
instructions etc.)!

- How can we implement a state machine (driven by a given clock) in verilog?

- How can we simulate a digital design (Keywords: logical/behavioural simulation, timing simulation, testbench,
testfixture, event driven simulation, vendor libraries)?

- What is a testbench? Explain it using a sketch (Keywords: UUT, DUT, instantiation, stimulus signals)!
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Exam: A 20 minutes oral exam including the defense of the projects elaborated during the course

VHDL-related questions

- How can a "finite state machine" (FSM) be specified in VHDL?

- Whatis a process in VHDL? Explain their representation in hardware!

- How can you perform a simulation of a circuits VHDL-model?

- Explain the different delay models in VHDL!

- Whatis an entity in VHDL? Write an example to explain it!

- What are the elements of a port declaration in a VHDL entity?

- Compare the entity declaration with the symbol in a schematic entry tool!

- What are generics? Give an example of their usage!

- Whatis an enumeration type in VHDL? Give examples!

- Explain the difference between integers and bit-vectors! Where in your VHDL code do you prefer the different types?
- Where do we need conversion functions in VHDL? Give an example!

- How are digital signals represented in VHDL? (Explain types in VHDL!)

- How can delays be included in VHDL-models?

- What are the differences between signals and variables in VHDL?

- How can an existing VHDL-model of a partial design can be used in a top design? (Hierarchical designs)

- How can we implement special blocks like drivers, memories, clock generators from a hardware library in VHDL?
- Explain the difference between behavioural and structural descriptions in VHDL!

- How do you perform a post layout simulation in a VHDL design environment?

- Which information do we need in addition to the VHDL-description fort design synthesis?

- How can synchronous and asynchronous resets be implemented in a clocked process?

- How can signal bundles (busses) be implemented in VHDL?

- Explain the idea of resolved signals and their use!

- What should you observe when you use the data type real?

- Explain the effects of the use of operators like '+', '-' et cetera for the VHDL synthesis and the synthesized design!
- Explain the terms top-down and bottom-up by means of a VHDL based design!

- What are packages in VHDL?

- Explain the use of functions and procedures in VHDL!

- What are attributes in VHDL? Give examples fort the usage of attributes for signals, arrays and types!

- Why should a case construct in a VHDL model for synthesis cover all possible choices of the selector?

- Give examples for VHDL code that is usable in simulation but not for synthesis!
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Abschluss: 20 min mdl. Prifung, einschliel3lich Diskussion der im Kurs erarbeiteten Projekte

Vorbereitungsfragen fiir die mindliche Priifung PIS 2017

Erlautern Sie Struktur, Komplexitat Programmierbare Logikbausteine und ASICs!
Erlautern Sie Moglichkeiten des rechnergestiitzten Entwurfs digitaler Logik mit PLD und FPGA!
Wie wird eine Zustandsmaschine auf ein CPLD abgebildet?
Stellen Sie FPGA, Gate Arrays, Standardzellen-IC, und Full Custom-IC bzgl. Struktur, Komplexitat und der
»Personalisierung“/Programmierung gegenuber!
Wie verhalten sich verschiedene Kostenfaktoren bei der Realisierung von Entwiirfen mit unterschiedlichen ASIC-Kategorien
zueinander
Skizieren Sie den Aufbau eines GAL-Schaltkreises.
Vergleichen Sie typische CPLD und FPGA.
Stellen Sie den Entwurfsablauf fir eine Logikrealisierung mit FPGA dar.
- Ausgehend von einem Schaltplanentwurf
- Ausgehend von Automatengraphen
Welche Schritte werden bei der Schaltungsimplementierung in FPGA durchlaufen? Was passiert in den einzelnen Teilschritten?
(Stichworte: Mapping, Placement ...)
Wie konnen FPGA "programmiert" werden?
Stellen Sie den Entwurfsablauf fur eine Logikrealisierung mit PLD dar.
Skizzieren Sie den Aufbau eines FPGA und benennen Sie die Komponenten.
Wie kdnnen FPGA und PLD programmiert werden (Aufbau und Programmierung der Zellen)?
Wie kann eine Zustandsmaschine in Verilog beschrieben werden?
Wie unterscheiden sich asynchrones und synchrones Reset?
Was ist zu beachten, wenn mit einem getakteten digitalen Schaltkreis Signale abgetastet werden, die nicht mit
dem Takt synchronisiert sind?
Welche Mdglichkeiten der Takterzeugung und Synchronisierung bieten FPGA?
Welche Formen der Beschreibung einer digitalen Schaltung bietet die Hardwarebeschreibungssprache
Verilog?
Was ist eine Testbench? Erlautern Sie ihre Funktion anhand einer Skizze (Stichworte: UUT, DUT, Instanz,
Stimuli, Ausgange).
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Abschluss: 20 min mdl. Prifung, einschliel3lich Diskussion der im Kurs erarbeiteten Projekte

VHDL-bezogene Fragen

Wie kann man in VHDL eine , Finite State Machine” beschreiben?

Was sind Prozesse in VHDL?

Wie fuhrt man eine Simulation eines VHDL-Modells einer Schaltung aus?

Erldutern Sie die unterschiedlichen Verzégerungsmodelle in VHDL.

Was ist eine ,,Entity” in VHDL? Wie wird sie beschrieben?

Was wird in der Port-Deklaration einer Entity beschrieben?

Vergleichen Sie die Entity-Deklaration mit dem Symbol eines grafischen Eingabetools.

Was sind Generics? Geben Sie Beispiele fir deren Verwendung.

Was ist ein ,Enumeration Type“? Geben Sie Beispiele an.

Wie kann man digitale Signale in VHDL darstellen (Typen in VHDL)?

Wie kdnnen Verzégerungszeiten in ein VHDL-Modell eingearbeitet werden?

Worin besteht der Unterschied zwischen Signalen und Variablen in VHDL?

Wie kann ein bereits vorhandenes VHDL-Modell einer Teilschaltung in eine VHDL-Beschreibung eingebunden werden?
Erldutern Sie den Unterschied zwischen Verhaltens- undStrukturbeschreibungen in VHDL.

Wie kann in einer VHDL-Entwurfsumgebung die Simulation nach der Synthese und nach dem Layout durchgefihrt werden?
Welche Daten werden fiir die Synthese einer Schaltung zusatzlich zur VHDL-Beschreibung benétigt?

Wie kann in einem Prozess das synchrone und asynchrone Reset dargestellt werden?

Wie werden Signalblindel (Busse) in VHDL dargestellt?

Erldutern Sie das Konzept der ,,Resolved Signals“.

Was ist bei der Verwendung des Datentyps ,,Real” in VHDL zu beachten?

Erldutern Sie die Verwendung der Operatoren "+, *-" usw. in VHDL-Beschreibungen fiir die Synthese.

Erldutern Sie , Top-Down-, und , Bottom-Up-, Entwurf anhand des Schaltungsentwurfs mit VHDL.

Was sind Packages in VHDL?

Erlautern Sie den Unterschied zwischen ,,Function“ und ,,Procedure” in VHDL.

Was sind “Attributes”in VHDL?

Geben Sie Beispiele fiir Attribute von Typen, Signalen und Arrays!

Warum soll eine CASE-Anweisung in einer synthetisierbaren VHDL-Beschreibung immer alle moglichen Werte des Selektors umfassen?
Geben Sie Beispiele fiir Anweisungen an, die nur in der Simulation, aber nicht in der Synthese wirksam werden.

3/18/2019 Universitat Rostock, IEF, Institut GS 7




ASIC (Application Specific Integrated Circuits)

ASIC

Semicustom Custom

Focus of this course

PLD CPLD FPGAI GATE ARRAY  Standard Cells  Full Custom IC

E

Increasing number of production steps at vendor (FAB/Foundry)
Decreasing configuration capabilities at user site
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PLD (Programmable Logic Devices)

Shipment of identical integrated circuits to all users (costumers).

No data flow from the user (customer) to the vendor required.

It's NOT a programme but
modification of structure

Implementation of the user (customer) design by PROGRAMMING
or better: "Personalisation”

Simple PLD: "Programming" is standard in development systems, often there is
simple software delivered with programmer hardware.
Examples: PAL, GAL, MACH etc.
Hardware and software in the range of 100 .... 10.000 €

Complex PLD: Some Hardware and Software from the vendor necessary.
Examples: CPLD from XILINX, Lattice, Altera, Actel.
Hardware and software in the range of 0 ... 20.000 €

Programming (Cells/Hardware): Fuses ("Blow Out" of connections)
EPROM and EEPROM-Cells / Flash
Antifuses ("Break Through " of isolators)
RAM-Cells with MOS-switches
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Programming vs. Personalization/Configuration

X1 / Data ;
Input A LOCIC BLOCK
X2 Output 5 Instruction memory 1
X3 — u |-Pointc\er/\ Read X1
s Read X2
N /\W E}wld f(X1,X2) Load to CPU
s\ Write Y1 = f(X1,X2) and executed 2009
CPU/Main Memory K. D71 \s/ sequentially )
; Read X3
. Build f(X2,X3)
m Write Y2 = f(X2,X3)
X1 Y1
m’\ Input/ Y1
F——\/ Output Y2 X2 Y2
L X3
Logic blocks work parallel
It is possible to parallelise some instructions ) d fi ) itch
by use of input/output vectors, ALUs of n bit width Connection and Configuration Switches
and multiple processors. . .
But in principle the flow is sequential. Program (lnStrUCt'on) Data Bits
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Gate Array

Offer of prefabricated chips/dies with given layout and placement of
core logic cells and 1/0O pads (Master) by the vendor.

Implementation of the user design by generation of WIRING PATTERNS.
Wires are manufactured at the vendor.
Only the wire layers (2 .. 4) are made user (customer) specific.

Placement of the cells (all layers of transistors) is identical for all customers
using the same master type.

The function of the cells can be established by the wiring layer. Different wiring
of transistors produce different logic cells.

Example: 4 MOS transistors can be combined as a NAND- or NOR-gate by different
wiring.

Vendor offers CELL- and MACRO LIBRARIES

Necessary: Development software including simulation
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Gate Array

PAD
FAD

"

Buffer

- jio}
[ws)
c
)
-

g5E 4

~ 58] -
~ {08} =

“{108
*-108]

Routing Area

Routing Area
Routing Area

Rl

Routing Area

P
o8-
ios
o8
108
E s
108
108
-

i

NEEREER

P.

=

Routing Area

=

EEEEERE

Routing Area

Routing Area

i AN

Prefabricated die : MASTER

FAD

See next slide!

Final masks with user routing (wires)
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Gate Array: Cell Configuration

User defined wires for cell interconnect and cell internal connections to build different functions

VDD

w

g-—o—o

n-well p H p H p
Area of p-channel FETs transistors parallel —C{ |j M21 |_1M22 9 I_l 23
. |_T o U,
Y u .
p-type e3 O Mg Y
X3
Area of n-channel FETs , , n
transistors serial  Ugo o Mo
X2
n
GND Ue’l %1 11

X1 X2 X3

Current flow when switching

3 n-channel and 3 p-channel FETs
unwired SOURCE and DRAIN areas

3 n-channel and 3 p-channel FETs
wired to build a 3-input NAND
n-Kanal-FETs serial

p-Kanal-FETs parallel

Larger structures to build complex gates and flip-flops

2
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FPGA (Field Programmable Gate Arrays)

Offer a prefabricated MASTER similar to GATE ARRAY.

Cells are stucked (number , placement).

Additional: Prefabricated connection structures (wire segments
and programmable interconnection points)

Shipment of identical integrated circuits to the customer. In difference to CPLD
more granular structure.

CPLD: Mostly AND-OR-field structure with flip-flops at the output.
Simple connection structure (crossbar).

coarse -> fine grained

FPGA: Distributed pattern (lattice/grid) of gates and flip-flops
Connection structure with high degree of freedom but
less variable than in gate arrays because of premanufactured
wire segments instead of free routable wire layer.

At the user site: Programming of the cells
Programming of connections

Development and simulation software necessary
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FPGA vs. Microcontroller and Custom-IC

Custom IC FPGA Microcontroller
Fixed, expensive development, Flexible, expensive, Flexible, cheap,

low cost per chip parallel processing, sequential processing,
parallel processing, very fast fast but hardware overhead slow

for configuration

Good for algorithms Good for algorithms
with parallel data with data dependent
at high data rates branches, forks

SoC: FPGA + Microcontroller(s)

Examples for FPGA Application Fields

ASIC-Prototyping
Aerospace -> Navigation, Position Stabilization, Motion Control, Communication)

Communication -> Data Encryption/Decryption

Military Applications

Medical Applications -> Image Processing (Endoscope, Ultrasound, X-ray)
Measurement Systems (Oscilloscopes, Spectrum Analyser, Mass Spectrometer ...)
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FPGA as a Prototype for Industrial Communication Circuit

OFDM (Orthogonal Frequency-Division Multiplexing
Controller for

higher levels Analog Frontend
(optional) (Cable driver, receiver)

Communication System with

Display and switches Prototype FPGA Maste-r and 32 Slave-nodes
replace local Modulation/ Demodulation
application MAC-Layer

That will be the final system
containing analog and
digital parts in asingle IC

i “u_&»\'»‘“““k"‘ R
? Communication on Cable
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FPGA Applications

INCREASED SYSTEM PERFORMANCE

(Up to 2x system performance)

= Increased system performance of Virtex-7
FPGAs allows greater situational awareness
and improved target engagement envelope

TOTAL POWER REDUCTION

(Up to 50% Power Reduction)

= 509% reduction in total power for
on-gimbal applications for Kintex-7

FPGAs over previous generations

On-gimbal

SENSOR

Targeting/IR/
Laser/Radar Processing

Processor

Control
Motor

ACCELERATED DESIGN PRODUCTIVITY & TTM
(Cut TTM by months)
= Off-the-shelf defense-grade products with ruggedized

BOM COST REDUCTION

(Up to 45%)

= Up to 2M logic cells for
highest levels of integration

packaging, full extended temp range testing and Anti-
Tamper security capabilities reduce TTM substantially

FPGA-Vendor XILINX shows use of FPGA in weapons (missiles, munitions)

Source: https://www.xilinx.com/applications/aerospace-and-defense/missiles-and-munitions.html

3/18/2019 Universitat Rostock, IEF, Institut GS 17




FPGA (Field Programmable Gate Arrays)

J 8 9 8 9 @ @

ULLE

The Buffers and other special
cells are spread across the die

/ area even though they are
shown in the corners here.
Routing Area
ios] =
~fioH] =
-: i8] =
First Xilinx FPGA in 1984 was
2-_@ the XC2064 with 64 Logic Cells
withl FF each, 38 I/O in an 48 Pin DIP.
@_l ‘ ' ‘ ’ :--
i8]
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GATE ARRAY vs. FPGA

LB
>

212 882 g
N e S T _‘Hiiiiii HEE )
= - FF| FF | FF | FF | FF | FF I - {IOBI~ c|_|3 c|_|3 c|_|3 CLBEHE 110B =
e Routing Area _@' @ I0B EH - IOB &
s PN Ps
FF | FF | FF | FF [ FF | FF _ﬂm IOB &5 CLBLCLBEEICLB CLB-E:‘ IOB &
o> Routing Area __m - OB H HH £ s OB |~
| o lipsmt PSI [PsM
o FF | FF | FF | FF | FF | FF ~[10B} = - {IOB 0B =
p—y ] | B CLB CLB CLB CLB EEH
=-—{ 108" Routing Area e o | TOB I Firy il o] e
= B it B
o FF | FF | FF | FF | FF | FF o e JIOB—HH "”“% £ I0B | ™
@»— Routing Area :‘ 10B | e o -m it CLB CLB ( LBECLB - 0B e
— | HEHEHH
STARTU E startup| | oo | E o o @ J;EL J;T:L %‘_‘DSC
2 2 = S 2 |8 e e
9 @ B B @ @ & \ —
@ ELJ 9 ( g © Q g E % @ @ @ é/l
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Standard Cell IC

Subject of other lessons (VLSI, Integrated Circuit Design)

Offer of cell libraries (core logic, 1/0), sometimes analog cells
Macrocells (memories)

Implementation by the user: Selection of cells (type, number)
Placement
Routing (wires)
According to the rules: Layout constraints
max. power consumption

Placement of transistors depends on user design.
All production masks are manufactured specifically for the customer.

High preparation costs.
Necessary: Development- and simulation software
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Standard Cell Design

Floorplan
Defining raws for logic cells,
Assign powere lines and rings

1 W -
[ i

o r
Floorplan - -

Size, Aspect ratio, core size
Pad cells (core/pad limited)
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Standard Cell IC
0.25um AMS-CMOS
Appr. 2.3 mm?
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3/18/2019
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Cells have identical height .
Cells are placed in raws.
Supply pads at top and bottom.
Every second raw flipped.
Horizontal power bars.

Well defined access points for
inputs and outputs.
Abstracts of cells used for routing.




Full Custom IC

Subiject of other course (Integrated Circuit Design)

The user gets technology data i. e. information how to construct transistors,
capacitors, resistors etc. with well-defined properties

Additional information is given for possible dimensions of transistors,
connections, distances etc. -> DESIGN RULES

The user is free in placement and in dimensioning the components
User must have contact to the vendor.

All production masks are manufactured specially for the customer.
Very high preparation and prototype costs.

It is necessary to simulate at transistor level.
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Custom IC Example: CMOS-Process — 4 Layers of wire metal

900 nm, 40 mQ/o 600 nm, 70 mQ/o
For power only

1000 nm
PROT1 FV[apA 1000 nm
| VIA3 1000 nm
IMD3 MET3 MET3 CMP f
or
VIA2 L
IMD2 MET2 1000 nm planarization
VIA1
IMD1 MET1 MET1 1000 nm .
Chemical
650 nm Mechanical
Polishing

300 nm

~300 nm /8 Q/o

™~
7nm/15nm

p-substrate 0.75 mm 3.4 um

All dimensions similar to an existing 0.35um CMOS —process with 4 metal layers

w (Vs — Vin)?
Transistor: Ip = T KP, - >

3/18/2019 Universitat Rostock, IEF, Institut GS 25




CMOS-Process — Implementation of resistors and capacitors

PRO METC
PROT1
—— m/ 80/n
25 nm MIM_CAP
IMD2 1.25 fF/um?

Poly1/2-(
0.9 fF/u

Poly1:300 nm /8 Q/o 40nm,€=3.9 Poly2200nm /50 Q/c

P> 10%%¢m=3

p L L NDIF-Resistor n+ 80 Q/o
R=Zw=Fw PDIF-Resistor [ p+1500/0 |

Used in 1/0O cells
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Cell Layout in Full Custom IC

MET1-rail for vdd! Sy - ND_C n-Well-Metall VIA
must enclose vdd!-pi UERE R
: IRERREN n-Well extended for vdd connection
pmos-Transistor . . .
in n-well (folded) MET1 » and merging with adjacent cells
: oo o - -0.5:10 ->6.5:20.5

Remember usage in (flipped) raws

\ Transistors n-Well

(S POLY1 = P1_CPolyl-Metall VIA

PIN in MET1

Hight: 20 um, Width: 6um

Cell hight of ams digital standard cells 13 pm
Simple Inverter 30 pm?

Frashngs
R

o
= s e
®§N§\\§\\§\\

S

5 h R “\

fum

iy
i

=
|
P 25

7
7

v,

PD_C p-Substrat-Metall VIA

,,7
Y
2

F

o

MET1-rail for gnd!

must enclose gnd!-pin

s

F
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Programmable Logic Devices

Objective: Implementation of combinationial and sequential designs
Reduction of size, wires, power consumption
Improvement of reliability
Implementation of design security

. o POS
Every combinational circuit can be represented as a KANE

(Canonical or Standard) Sum Of Products (SSOP) form:
(German: Kanonische Disjunktive NormalForm (KDNF) \

With n inputs and m outputs we can write: Alternative

Y,=vP  jel0.2"}
j Minterm (SOP/DNF)

ke{0..m} Maxterm (POS/ANF)
Product
— Sum
pj = A Xi X| i’ | = { O(n _1)} Prime Implicant (reduced)
i, |

Essential Prime Implicant
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Combinatorial circuit in (NOT)-AND-OR structure
or SOP (Sum Of Products)

Products

/

K

AND or =Y
Yo -+ ¥m

l|><|

<

NOT

I><

PROM-Implementation: Canonical form -> All minterms are implemented
(one address = one minterm) -> Lookup-table
Number of inputs/outputs limited

Capacity : m-2"
Large PROMS are slow (>5...100 ns)
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Finite State Machines (FSM)

Transition Function Output Function

G(2)

1<

qx

Moore

if y = G(z) =z -> Medvedev-Machine

Transition Function
Output Function

X<

G(2)

q

Mealy

Difficult to implement if z has more than one component (runtimes may determinate sequence of states)
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Finite State Machines (FSM) with Registers

Transition Function Output Function

G(2) p—p>
X
CLOCK Moore
Transition Function
Output Function
V'
X CX2) |
CLOCK Mealy
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Implementation of State Machines with PLD

Output Function

OR

State Registers

F(X.2)

Transition Function

FEEDBACK

Outputs

————
/ X

State Variable

=)
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FPLA

PAL

PROM

Simple PLD Types

Field Programmable Logic Aray
Programmable AND and OR Fields
(Productterm Sharing possible) « 1 =% v x3X3 v xs
Y2 = XqX2 V X7X4 V XgX7Xg
Programmable Logic Array emskoravo
Programmable AND-Field, Fixed OR-Field
(Fixed Number of Products connected to OR gates)

Programmable Read Only Memory
Fixed AND-Field, Programmable OR-Field
(All Minterms are implemented)

3/18/2019
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vee ©

=
-

fusible link

-
L)

KIS

' AND-field

:
[

—
T
—
—

A 4

~ i Products

/

1k

\

— ]
p—
—_—
L. -

VvCC

OR-field

Ym
0 0

VvCC

e

b—d\ﬂ—ﬁp—y\ﬂ—ﬁp

m Outputs

L=

FPLA with both programmable AND- and OR-fields

I: Y1
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¥ [ fusible link

AND-field '

K1 ~\\\\K7 N Ki-a// ’K’i_
— - - - \ . / . o - S —
VCC o o -
}'_ }_‘ i Products Y1
—e— : >L:>
vee © m Outputs
PAL with programmable AND- and fixed OR-fields }'ﬁ El ; i
:l:
Ym
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vee ©

X1 ‘:
0y 1

—

Programmable Read Only Memory

-

2" Products

OR-field

n Inputs |
X
nDDO 1 1 ;2 * *
voe * ?
Y o i
we "
PROM ?

L=

i i

—

' AND-field : :

-

-1
>

- -
- — -
e —

e

_ fusible link

I

m Outputs
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* Example: PAL 16

PAL

L8...

L Max. number of outputs
Output cell type (H, L, V, Z ...)

Link Array \

1 6 cells

|

[l [ =] o] »] & o ol ]

!

10 inputs fixed
2 outputs fixed

—» 6 pins variable

— /O

\/Q Feedback

Max. number of inputs

— 2 cells
1

Link Array \

Output

(=] (ol =] & & &[] @] & &]

No Feedback

_—» max. 16 inputs
~ max, 8 outputs
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AND-Field in PLD

—

x0x0 x1x1 xn xn yi yi i 0 i i
4 1 i ;&»—* ;\H;J\/‘i—*
X0 DD il I ‘
x0—| X0 20 e B e faa
@ X0 i | AND-field [ ‘
EW TR 30an 30 HUMY 30 20
® x1 e ==
A o> o — 20l £ 20 INNE. 20 | 20l
x1 [[F=soedls Bl B s
yi O _
yi @ yl
Feedback
@ XN
XN —_
@ XN
\ & K1=0
) & K2 =not x0 and x1
& K3 = not x1

2048 Programmable Interconnection Points (PAL 16L8)
16 Inputs x 2 (Signal + inverted Signal) x (7 + 1) Products x 8 Outputs
« ®

Logic Tristate
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LOGIC DIAGRAM

PAL 16L8

DIP and 20-Pin PLCC (28-Pin PLCC) Pinouts

1618 {-4)
1o G} Bl vee
@) 34 78 1112 IS16 192 2324 728 M =
o ™)
mERS
; =
1 E-E e
(25 8 = = g2
vo;
(20}
15
12 GHE <}
@8 1 o fllowe
=g
_ 7] ¥0g
8
2
I3 I <}
(27 o4 — _;‘“DT]GND
6] 105
" (e
1 B 4 {Jano
(28] g2 3 = (15
Yee[T] —ﬁ‘:4 o,
i 8 a4
I — {Jawo
& ag [} = (13
4] 105
a7 2
1. [E T o
13 48 - {H
i3] ve,
- {19
7 21—
) 58 » £DGND
1]
9
53 L]
g <} it
™
o 34 78 1112 1506 1920 22424 728 81
GHD E:]j
@ =
1649288
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LOGIC DIAGRAM
DIP and 20-Pin PLCC (26-Pin PLCC) Pinouts
Tons -]
SLK Voo
@4 C 34 7oA 1112 1516 1920 22 27 3 @
o ™
iz o
7 {22}
4 EHE <]
@5 g - _EE)GND
—falwoy
20
15
1 EF < anp
%) 18 = (19
%
. {18}
B
13 [T %] r{Jene
B =
Cs
L (16}
a1
1w EHPE %] rljane
= G}
oo Bl o
e {1 E (14}
39
15 B 11— GND
@ g =
B,
L, (12
@
M3 %1 {Jene
3 s = (1)
T vop
{10}
55
17 B ¥ 31— {Jon
T = s
fiz] vo,
a @
I8 ) <} L e
A &)
U 34 7 A M2 1516 1920 2024 2728 81
GND
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Physical Programming — Programmable Connections

OTP (One Time Programmable) Reprogrammable
e Fuses ¢« EEPROM
» Antifuses * Flash
* RAM
Fuses

Unprogrammed
ew | up to 50 um

Fuse intact

Both sides must be disconnected
forever, even at different
temperatures, mechanical stress

3..5um

Programmed (Fuse blown)

Scanning electron microscope photos from:

Inefficient for large structures where . .
'c! 9 LCTUTES W AMD (Advanced Micro Devices) PAL-Databook

up to 98% of the fuses must become blown.
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Antifuses

ViaLink antifuse (metal-metal) -> QuickLogic antifuse

QL 1st 25k array

Top view

Thin TiN (Titanium Nitride Ti, N, )-Layers are inserted

some 100 nm to improve reliabilty

amorphous silicon 10 nm

1pum 527\)

Lot# 777 Wafer# 13

substrate /transistors

compose of metal and silicon

E1 um £27\)

substrate / transistors

Pictures from: QuickLogic White Paper:
Reliabilty of Amorphous Silicon Antifuse, 2008

15 mA, resistance when blown about 20 .. 100 Q
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Antifuses

PLICE (programmable low-impedance circuit element) -> ACTEL antifuse

Oxide-Si;N,-Oxide
ONO: Oxide-Nitride-Oxide

.\ONO: Oxide-Nitride-Oxide n++

/|
substrate
n+
epitaxial "bump" from n++ (20 nm)
Top view \ Poly M)
=
Met2 ne+
substrate

18 V, 5 mA, resistance blown 300 .. 1000 Q
Up to some million antifuses, only some % blown)
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Antifuse Programming

Program Voltage
Driver

High voltage transistors

\

Logic cell inputs and
outputs mustn't be
affected by programming
voltage

Program Voltage
Driver

Logic outputs mustn't
have any spikes (could
burn antifuses)
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MOSFET: Control Equation

Vis
GND Vbs
Depletion region

Q') = Cox(Ves — V() — Vgso)
— Charge of gate capacitor per area Ay - W

! I n* 1 1
p = = 7

e-n-u QW)

—_— H
p-substrate / de
Charge in volume Ay - W - d,

p 1

TTL T QW
1 dy
dR =
Q') | W
/

o

Ip P
W e

Ip-dy =W -y - Cox(Vgs = V() = Ver)dV(y)

O — .€ox _
Un - Cox = Hn dox —|KPn

dy Ip-dy=W-KB,+(Ves = V() —Ven)dV(y)
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MOSFET: Control Equation, non pinched off

Ip-dy =W -KPy - (Vgs = V() = V) - dV(y)

Vps

I j dy =W - KP, j (VGS Vi — V(y)) v ()
0

Vis
—KP|*|(Vgs = Ven)Vps — —— (VGS — Ven)Vps — —

GND

|

Tl+

p-substrate

L e

3/18/2019

Universitat Rostock, IEF, Institut GS

45




MOSFET: Control Equation, pinched off

w Vis
ID = T . Kpn : (VGS - Vth)UVDS o 2
Pinch off when: Ves = Vin < Vps
p
= E * (VGS - Vth)z Charge in this area

has no influence on
current flow

p-substrate

|

Vis
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EEPROM and FLASH-cells
erased

° ° 0 °
about 10 nm
Substrate p- Substrate p-
Ip "
margin
positive positive (20 V)
i FN programming e measured
oV ov oV s phi(5i) -> 3.2y CuTent values Tney
° (000 0¢ | ? 9 | © & 00 | 0 /
SR [ Substrate p- p(Vth) ‘r . VGS
probability
ov
erase
0 (000 0¢ | 0 ? (&6 6o ? min max Vg, MmN max " Vi
applied
Substrate p- Substrate p- « Thin oxide, floating gate is conductor (Poly-Si)
5 S » Electrons on the floating gate increase the threshold voltage
positive positive * FLOTOX cell (FLOating gate Thin OXide)
* Fowler-Nordheim tunnelling: FN, programmming voltage about 20 V, slow (ms)
/- Alternative Programming by hot electrons: Channel Hot Electrons : CHE,
. positive (10 V) + Fast (us), needs a current through channel to generate hot electrons at the end
CHE programming i
ov Control Gate > Phi (Si) >32V

? Floating Gate @ ?

Challenge: Single Event Upset (SEU) -

Substrate p- "Softerrors" provoked by high energy particles
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FLASH-cells with 2 and 3 bits

@,
Control Gate

HCE

Substrate p-

Ip T
MLC
Ipes / /
/ / /f//// >
PWVen) 4 1 10 i lo1 i oo| Vgs

Vs1 Vsa Vs3 Vin

SONOS Cell (Silicon-Oxide-Nitride-Oxide-Silicon)

positive (10 V)
O

ov Control Gate (Poly-Si)
> Phi (Si) (>3.2V) oV

® @© Nitride @ @ ?

=

///

/${strate p-

Hot Electron Areas

> Phi (Si) (>3.2V)

O
Control Gate

HCE

Substrate p-

Common naming scheme:

A
Ip | TLC
1 /] /4 /
Ref / 7 ‘
JISS I
p(vth) ‘r VGS
Vs Vs 7 Vin
O
[ov] svos
VSD - ov
* ? © O Nitri¢ @ @ ? .

/Substrate p-

Charge at the drain side has

Channel built by the source
marginal influence

side charge

Different amount of charge results in different threshold voltages.

MLC- 2 bits (4 voltage levels)
TLC- 33 Bits (8 voltage levels)

Confusion:
TLC: "Three Level" means 3
bits but uses 8 voltage levels

MLC (Multi-..) used for 2 bit
cells today

Gate is insolator with local charge traps
Material Siz N, can hold electrons/holes

in crystal defects

charges do not move on the gate

Source side has main influence for
channel building

Alternate use in forward and reverse mode
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2 bit at each side
Sides selcted by swapping
Source/drain

FLASH-cells with 2 floating gates

Control Gate (Poly-Si)

low
@ @ Nitride . . ; high

? : 9

%

Hot Electron Areas

Erased

Lower trap gate programmed (hot electrons by
low voltage)

Ip

Silicon)

>

Dual SONOS Cell (Silicon-Oxide-Nitride-Oxide-

2 gates offer 4 different threshold voltages per side (2 bits)
Using forward and reverse operation offers 4 bits.

h
I Ref
7
Nitride 1 Nitride O . . . i i
— PWVer) 5 Vs
Upper trap gate effective (high voltage followed '
BOth. trap gates programmed (hot electrons by hot hole insertion -> neutralization with 1 1 1 O : O 1 OO
by high voltage) . '
inverse voltage) '
Nitride 06 e e
Nitride 0 .69 nie ] ©SC®
e®e®e >
VSense_l VSense_Z VSense_3 Vth
3/18/2019
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Nanotube RAM

Carbon Nanotubes: Diameter <1 nm to some 10 nm

Nanomechanical memory

2 stable states:

1. Elastic stability holds the nanotubes over the trench/gap
— no connection to base electrode

2. Van der Waals force holds the nanotubes at the base electrode
— stable connection to base electrode

Switching by electrostatic forces involved
by base electrode voltage

RD/WR/Erase X1 X1 Xo Xp

el

i % Lookup Table (LUT) representing 2 bit truth table
= 01 using the CNT-RAM and CNT-trransistors
_
— 10
11 Problems:
Nanotube production not integrated in Si-process
CNT-transistors addressing the,LUT-memory cells Must be "placed" — printing, electrostatic manipulator ?

? i i\i i J l@nory'CRTs reliability problems

Base Electrode
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Solid Electrolyte Nanoswitches

Presented about 2005*

Solid electrolyte
(Cu,S)

«— lop electrode _ _ _
(Ti/Pt/Au) Cu-ions in copper sulfide are reduced to copper

Insulator forming a conducting bridge by applying a voltage

SIS _ Bottom Reverse voltage can dissolve the copper (with current over R,,,)
_ electrode
Si0,| (Cu) Ron: downto 500

Programming time 0.1 .. 10 ms
Small (2A x 2A) where A is half of minimal structure

- > must not be reached in normal operation
Short retention times with bias voltage

Cut+e — Cu Cu—=Cur+e

|
I
|
I
|
I
: Problems:  Small voltage of 0.2 V for both directions of configuration
]
]
]
:
|
I

Source: dto. *

Later articles describe more reliable implementations using other materials in the sandwich
Usage in real FPGAs ?

* Shunichi Kaeriyama, et al. A Nonvolatile Programmable Solid-Electrolyte
Nanometer Switch, IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 40, NO. 1, JANUARY 2005, pp168 ff.
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RAM Cell with Transistor Switch as Programmable Interconnect Point

Transistor on-resistance 500...1000 Q, C: 10..20 fF
(value from legacy XC3000-series, um-technology)

Wordselect
VDD
1

T

H Ly

5-Transistor-RAM-Cell

:

Q

Bitvalue
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GAL

Generic Array Logic
Name given by Lattice Semiconductor Corporation

Logic Array with PAL-Structure (fixed OR-Field)
Variable Output Cells
Combinatorial <-> Sequential
Low active <-> High active
Programmable Output Enable
Some Devices with Product term sharing
Buried logic cells
Input registers
One Clock
EEPROM Programming

Because of their limitations (size, power) GALs do not play any role in practical design today, but they are stiil
a good example to introduce programmable logic
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GAL Macrocell

CLK OE To cell n+1
GAL-Macrocell ACO0,AC1(n)
®
(Output Logic Macrocell - OLMC) MUX XOR as a programmable
11 Inverter
MUX 10 | xoR) | in | out |
ACO&ACA(n) l— o . S——
— VCC— o 0 1 1
= MUX 1 0 1
| 0 ‘ 1/O(n) 1 1 0
E 1 0 I\
rom
AND- - ‘ 1 \)"‘@
Array & C}
|7 o —ACO&ACI(n

Example: X, X, X,

11-
Feedback

0-1
0-0 __I_

ACO,AC1(n),AC1(n-1))

From Cell n-1
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GAL OLMC Combinatorial

Combinatorial Output
ACO,AC1(n)=11
Cells with Feedback VCG
ACO&AC1(n)= 1
- — L ACO&/ACI(N) =0 /O(n)
rom
AND = I)—‘—E
Array |—
XOR(n)
Z} ACO,AC1(n) =11
Feedback
Combinatioral Output ACO,AC1(n)= 11
Cells without Feedback vCC
ACO&AC1(n)=1
1 ACO0&/AC1(n)=0 1/0(n)
From %\
AND =1 I V E
Array |_

XOR(n)
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GAL OLMC Combinatorial with OE

Combinatorial with

programmable Output Enable
ACO0,AC1(n)=11

; ACO0&/AC1(n)=0 1/O(n)
From
From = —
Array

XOR(n)

Feedback to ACOACT(n) =11
AND-Array

ACO,AC1(n) =10
_L_

Pin as Input

ACO,AC1(n)= 11

110(n)

Feedback (Input)
to AND-Array
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GAL, OLMC with Flip-Flop and OE

OE
CLK
Cell withD-FF S
Clock and common OE
ACO0,AC1(n)=10
n - for n-th cell
ACO0&AC1(n)=0
e _I_ 1 ACO&/AC1(n)=1 1/0(n)
From
AND- =1
Array D ?‘
|_ o Q

Feedback to
AND-Array ACO0,AC1(n) =10
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GAL Programming 1 (classical)

Advanced Devices: isp (in system programmable) -> separate Pins for JTAG programming

EEPROM-cells are addressed as raws

Example GAL 16V8

1 —connection
0 —no connection

Raw 0 ...31 64 Bits Logic each (AND-Field)
16 Inputs x 2 (inverted/not inverted) x 8 Products x 8 Outputs
Raw 32 64 Bits signature (User information like version etc.)
Raws 33 ... 59 not used
Raw 60 Architecture Control Word (ACW)
64 Bits product term enable (Reduction of power consumtion)
8 Bits XOR(n) -> programmble output inverter
8 Bits AC1(n)
1 Bit SYN
1 Bit ACO
-> 82 Bits !
Raw 61 Safety bit (if set no read of programmed structure possible,
but reprogramming is still possible)
-> Design security
Raw 62 not used
Raw 63 Bulk Erase (Erase all information)
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GAL: Programming and Cell-Preload

3 modes of operation: - normal/user mode
- programming mode
- test pattern read/write mode

Conventional method, newer devices: JTAG

Preload Flip-Flops

Program
User Mode
/ \

DCLK | 1/CLK +5V +5V +5V
RA 1 I3 /O 14 PROG/VERIFY
RA 2 14 yo1a RAO
Shift Register
RA 3 IS5 /O 14 SCLK/DCLK
SDIN -> SDOUT
| 6 /0O 19
| 7 /0O 18
RA 4 | 8 /O 17
STROBE
RA S5 19 /0 16 Programming Pulse
About 10 ms
SCLK | 10 /O 15 SDOUT SDOUT
SDIN SDIN | 11

GND GND GND

| 13/0E STROBE
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Structural description

Design Flow for PLD, CPLD

\
EDIF Schematic ABEL Vool Verilog
v Il v
v
Compile l
—,| Functional _
Equations/Test vectors Simulation Synthe5|ze
l v
Optimize
Reduced equations i
Fit
Jedec-File
l \ 4 l
imi Timing
Timing Program .
Simulation J Analysis

State chart

Behavioral Description *

3/18/2019

Universitat Rostock, IEF, Institut GS

63




Jedec File 1

JEDEC (Joint Electron Devices Engeneering Council) since 1958 ->
Standardization Body of EIA (Electronic Industries Alliance)

Standardization started 1924 with Radio Manufacturers Association (RMA)
Electronic vacuum tubes

JESD3-C  "Standard Data Transfer Format Between Data Preparation System and
Programmable Logic Device Programmer" 1994

Quantity of Fuses

ASCII Code 02h "Start Of Text” Quantity of (Test-}Vectors

<STX>
Start of Formal Text \ Commenit
*
antity of Pins
Quantity o PINS - — Spogr QF2194* QV32*
o FO* X0*
Default Value for Fuses \
Default Test Condition
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Jedec File 2

et I . Value of the last link (here: 63
Comment -> here: Pin Assignment Value of the first link (here: 32) ( )

Number of the first following
Link/Fuse

Checksum of all link info (not only the values sent): 8 Bit sets added modulo 65.535 (16 Bit)

Number of luses/links after "L" can vary from 1 to all fuses of the device.
A sigle link list is closed by *
If alink is not mentioned it gets the value from the F-field

S Starting vector for signature analysis
G Security Fuse (1- enabled) R Remainder for signature analysis
A Access time for test vector s in ns T Test cycles
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Jedec File 3

Test Vectors (Number according to QV-field)

Input default level
(Don't care)

Drive input low _
Preload vector for output registers
Preload
Not used (Power ..)
Output test values
Vector Number\ /
*

V0001 POXXXXXXXNO0X0000000
V0002 CIXXXXXXXNOXLHHLLLLN*

_ V0003 CIXXXXXXXNOXHHLHHLHN*
Clock (low,high,low sequence)

*
V0032 CIXXXXXXXNOXLLLLLLLN Test output high

ASCII Code 03h "End of Text" __ _grys Test output low
6BE6
File Check Sum (may be 0000) Pin 1 Pin 20
_ ) (Pin order can be changed by a P-field)
B Buried Register Preload -> see standard P1234567891011121314151617181920*

F Float input or output
K Clock (high,low,high sequence)
T Observer Registers -> see standard

Z Input or test high impedance 2..9 Drive input to super voltage 0..9
(before : QE3 10500* super voltage 3 is 10.5 volts)

3/18/2019 Universitat Rostock, IEF, Institut GS 66




Jedec Example

<STX

QP20* QF2194* QV32* FO*

XO*

NOTE Die implemented in GAL20V8*

NOTE PINS clk:1run:2 a:13 b:14 ¢c:15d:16 e:17 f:18 g:19 oe: 11*
L0000 01101110111011101101110111101111*

L0032 11011110110111011110110111011111*

L0064 11011101111011101101110111101111*

L0096 10011101111111011101111011011111*

L0128 11011101111011011101111011011111*

L0160 11011110111011011101110111011211* GAL16VS8 Programming File

L1600 10011101111111011101111011011111*
L1632 11011101111011011101111011011111*
L1664 01011101111011101101110111101111*
L1696 10011110111011011101110111011111*
L2048 11111110*

L2128 111111111111111112111121111111111211111111111211121112111212111211211*
L2193 1*

V0001 POXXXXXXXNOXO000000N*

V0002 CIXXXXXXXNOXLHHLLLLN*

V0003 CIXXXXXXXNOXHHLHHLHN*

V0004 COXXXXXXXNOXHHLHHLHN*

V0030 CIXXXXXXXNOXLLLLLLLN*

V0031 POXXXXXXXNOX0100000N*

V0032 CIXXXXXXXNOXLLLLLLLN*

Cr741B*

<ETX>

6BE6
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CPLD — Complex Programmable Logic Devices

Some vendors of PLD, CPLD and FPGA circuits

Max Il CPLD
Cyclone (SRAM)
Aria (SRAM)
Stratix .. (SRAM)

INTEL
(ALTERA up to 2015)

MICROCHIP

(ATMEL up to 2016)

ATF15xx-CPLD

IR PLD
AT40 FPGA (SRAM) coolRunner C

Spartan ..6(SRAM) 45 nm
Virtex ...6 (SRAM)

Microsem I) Virtex/Kintex/Artix 7 (28 nm)
. (incl. analog frontend)
(ACTEL e 2010) IEif),,L\\/IS>I(&:e(>I(:,I;:\thc)elerator(Ant|fuse) Spartan 7
PolarEire Kintex/Virtex UltraScale + (20/16 nm)

SmartFusion

(FPGA+ARM+progr. analog) No longer active in CPLD (2012)

Ultra37000 CPLD
SPLD

MachXO-CPLD(SRAM+Flash)
Lattice ECP3 (SRAM)

Lattice XP (Flash)

SPLD
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CPLD-Example: Lattice MACH 110

|/ooEj/O1s :261
19 18 I/O and clocks can be
o assigned to cells
= = using the connection matrix
164 ’—/—
GAL-like blocks connected _— 2
by a switch matrix k
OE

44 %70
AND Logic Array
and
Logic Allocator

A
Y

4470
AND Logic Array 2
and v d
Logic Allocator
OE
Macrocells < g’ YV J
16 18
o 110
Cells 2r
16,
16 i
1/016 — 1/031 CLKi/ls,
CLKo/l2
Source of Schematic: Lattice Semiconductor MACH 110-Data Sheet
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CPLD-Example: Lattice MACH 110

XN
yaumg

ke

AND-Field

Output Enable
Clock

v

IJ;J ‘IJ_iJ Macrocell
5 ¢ ¢ o o o ol l/O<Cel

= 5 5 = = =

Source of Schematic: Lattice Semiconductor MACH 110-Data Sheet
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/00 — 1fO7 (Block A)

0

CPLD-Example: Lattice MACH 230

1Og - /015 (Block B)

0

/016 — /023 (Block C)

0

1/024 — 11031 (Block D)

¢

2, 15

3, 8, 8, 8y
[d [ [d L4
/0 Cells |-' g 10 Cells |-' g 1/0 Cells I‘- g 10 Cells |- g
4 i ] Vi V4
sl | 4 B sl | 7 8 sl | 4 8 sy L4 8
/] l+ /] |+ /] |+ Fy |+
p I p I I . I I e I p I I . pa
| Macrocells Macrocells Macrocells Macrocells L Macrocells % Macrocells Macrocells s= Macrocells [ ‘\
[ ]
| QE OE ] QE | QE 2//
52 x 68 52 x 68 52 x 68 52 x 68 |
AND Logic Array AND Logic Array AND Logic Array AND Logic Array
and Logic Allocator and Logic Allocator and Logic Allocator and Logic Allocator
26} 26} 26} 26} - Y
Local (pairs g - g
oca = = =
HNH D ' = Switch Matrix Global 5 =
siblings) o
23{ [ 23{ [Y ] 26{ [¥ ] 25{ [} A
52 x 68 52 x 68 52 x 68 52 x 68
AND Logic Array AND Logic Array _ AND Logic Array AND Logic Array L
and Logic Allocator and Logic Allocator and Logic Allocator and Logic Allocator
Y 4
T o [ — 1 Joe L — 1 Joe L T Joe T /
r I [ 4 K ‘ (3
| Macrocells 4: : Macrocells 4‘ : Macrocells <:= : Macrocells # : Macrocells <j : Macrocells 4: : Macrocells 4‘ : Macrocells q“ ,4’ \(_)
sk o 8l Lo 8y Lo 8l e
'r 8, 8 /“ 8, 8 /‘ 8, 8 /‘ 8, 8
7 7 7 7
O Cells - IO Cells - VO Cells - VO Cells__J—
8, 8y 8, 8, !
7 7 7 7

0

11056 — 11063 (Block H)

1/048 — /055 (Block G)

1/040 - /047 (Block F)

Source of Schematic: Lattice Semiconductor MACH 230-Data Sheet

1f031 — 1039 (Block E}

CLKo/lo, CLK1/11
CLK2/13, CLK3/14

See preceeding slide with
simple MACH 110!
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Example: XILINX Coolrunner IlI-Family

1.8V core, 1.5V ... 3.3 V IO, Dual edge clocking reduces clock frequency

XC2C32A XC2C64A Xc2C128 XC2C256 XC2C384 XC2C512
1/0 Standards LVTTLLVCMOS LVTTLLVCMOS LVTTLLVCMOS LVTTLLVCMOS LVTTLLVCMOS LVTTL LVCMOS
15,18,25,33 15,18,25,33 15,18,25,33 15,18,25,33 15,18,25,33 15,18,25,33
SSTLZ-1, 55TL3-1 SSTL2-1, 55TL3-1 SSTL2-1, 55TL3-1 SSTL2-1, 55TL3-1
HSTL-1 HSTL-1 HSTL-1 HSTL-1
Max 1/0 33 64 100 184 240 270
Top(ns) 3.8 4.6 5.7 5.7 7.1 7.1
1/0 Banks 2 2 2 2 4 4
DualEDGE Registers Yes Yes Yes Yes Yes Yes
Input Hysteresis Yes Yes Yes Yes Yes Yes
DataGATE & Clock divide — — Yes Yes Yes Yes
Packages QFG32
vQ44 V044
PC44 PC44
QFG48
CP56 CP56
VQ100 V100 VQ100
CP132 CP132
TQ144 TQ144 TQ144
PQ208 PQ208 PQ208
FT256 FT256 FT256
FG324 FG324

Source: XILINX Coolrunner Il, Product Brief

3/18/2019

Universitat Rostock, IEF, Institut GS

72




Coolrunner Il Architecture

BSC Path

Clock and Control Signals

Function
Block 1
110 Pin E3— MC1
VO Pin 34— MC2
. 16 FB
e ——i
L
.
< .
. 3 16 . PLA
L ] m a
* Q . ——
a
L
L]
[ ]
.
10 Pin € 34— MC16
\ ? 16 f Direct Inputs
= -]
JTAG 33— BSC and ISP =i

AIM

Function
Block n
MC1
MC?2
16 FB L
i e
| ]
»
»
PLA » 16
. I
40
— i »
»
| ]
»
.
»
MC16
Direct Inputsf 16

1/O Blocks

—E] /0 Pin
—EZ ] 110 Pin

—E = /0 Pin

ot

Advanced Interconnection Matrix

Figure 1: CoolRunner-ll CPLD Architecture

DS090_07_121201

Source: XILINX, Coolrunner-Il CPLD Family, Data Sheet, Sept 2008
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Coolrunner Il Logic

From AlM
40
49 P-terms C of

[, To PTA, PTB, PTC o

] B other macrocells

4 P-terms Direct Input
R from Feedback
# CTC, CTR, 1/0 Block to AlM

|/ CTS. CTE oc i i
[ \PTA -
-/ PTA

N\ PTB - CTS
|/ v GSR

cc GND
PTC
GND S To I/0 Block
D+ T
PLA OR Term PTC —{ce UFIF
OLatch
GCK1 R

GCK2

CcTC
PTA
PTC CTR
GSR
GND

CoolRunner-Il CPLD Macrocell
Source: XILINX, Coolrunner-lIl CPLD Family, Data Sheet, Sept 2008
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Coolrunner Il Input/Output

Available on 128 Macrocell Devices and Larger

—_—— e ———————

To AIM | |
_ | <« +—VREF | | Global termination
To Macrocell Hysteresis | N | | Pullup/Bus-Hold
Direct Input -—’C |L _________________ J ‘
<7\| r o
10-Cell Enabled
CTE —
o o PTB — Veclo
utput enable GTS[0:3] 4
CGND —
Open Drain From Macrocell
Disabled DS090_04 121201
I/O Standards supported
IOSTANDARD Board Termination Voltage
Attribute Veeio Input Vgeg (Vo) Schmitt-trigger Support
LVTTL 3.3 N/A N/A Optional
LVCMOS33 3.3 N/A N/A Optional
LVCMOS25 25 N/A N/A Optional
LVCMOS18 1.8 N/A N/A Optional
LVCMOS15 1.5 N/A N/A Not optional
HSTL_1 1.5 0.75 0.75 Not optional
SSTL2_1 2.5 1.25 1.25 Not optional
SSTL3_1 3.3 1.5 1.5 Not optional
Low voltage TTL / CMOS

High speed transceiver logic

Stub series terminated logic (DRAM, DDR,PCI Express)

Source: XILINX, Coolrunner-1l CPLD Family, Data Sheet, Sept 2008
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Coolrunner Il Clock Management

— DT Q

PTC — CE OFIF
OLatch

ck ®DualEDGE

GCKO —
GCK1 —

oTC I~ GCK2
PTC —

%

Synch Rst

Synch Reset

GCK2 |:|—I>~—- Clock 8
In :—10 -

Clock Divider and Dual-Edge-FlipFlop

Source: XILINX, Coolrunner-11 CPLD Family, Data Sheet, Sept 2008
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Device for 2nd lab: Lattice ispMACH 4256ZE

EEPROM-Technologie

Supply Voltage 1,8V

Propagation Delay < 5,8 ns

Frgx = 200 MHz

User I/0: max. 108, depends on package
32 Bit signature

Security bit

Output slew rate control

Boundary scan testable (IEEE 1149.1)
JTAG programming (ISP) (IEEE1532)

On-chip-oscillator : 5 MHz (+30%) , divider 27,219 or 22° (39 KHz,5 KHz,5 Hz)
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CPLD-Example: Lattice MACH 4000ZE

Power guard
(Input disable)

o =33 2L .o 3n
Bz 55%5 00 87 5252 8z
b D000 68 =0 FEFF 50 .
__________ . Output Routing Pool
0o ! aood oad oo oood, 00 ! (Outputs OE signals)
| |
| | | ! !
| ) | !
| ; !
i i <: } i __,——"—————————’—————‘—————E’
1l Y Y i .
o || B B S /0 banks may use different I/0 standards
| | Block <::OF{P <: Generic :t/,\ /\J: Generic _— | Block i LVTTL
! 16 i | I i 16
l : e | 3 oy \ﬁ | ——> LvCMOS 1.5,1.8,2.5,3.3
| |
| | o | |
=4 : E \ £l 3.3V PCI
£ i | 3 3 \\Lé (Inputs 5V-tolerant)
m s . m
ol i . % . i s grge Toge
! ; > ! | diaa AN
, C
: i < T i Clock
: : {} {} } : Generatar
| | \
Lo | ! o | Sk e o -
! 16 16 ‘ ' i B
| |Block | ,, Generic :> <: Generic | Block i o — HRE
| ORP 16 Logm (I I Logm 16 ORP | Y T i
! —D— : = eTor
! : Block [\—38 36 1 Block | ) = i R - B RO
: : | l e el =t
| | | | —D— — e S
b e @ 5 | —H e m 3 >
£ 8 ' i Tl [1+0E o
= 5 3 {9{377"0" cc
Bus-keeper latch EgL | 2 s s ¢
P 36 Inputs gg% 2 {%{}1;9 10e b
/ from GRP e = =0 £ N
v & i T+0E
e i |
o - o | e .
[o:);l %\ T i,_u_L: ‘|+OE
— | Ll 1
;Pull -up and = *“J“T | et
pull-down S o
reSiStorS ‘PW®ETHW
* Output Enable

Source of Schematics: Lattice Semiconductor MACH 4000ZE-Data Sheet

Sharing
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From ORP -

GOED —\
GOE 1 —]

GOEZ —
GOE 3 —

VEG —
r/
")

Lattice Mach Z4000ZE Input/Output Cell

1'Cr Bus Maintananca
VCCO

> -~

From ORP L

Powar Guard

1Tu Macrocall *
To GRP

No acti

ivity in the internal

structure when BIE disabled

Block Input Enabla (BIE)
(Fram Block PT)

Power Guard:

D

o2 %

30..150 pA

§
T~

1.8V Veco

Powar Guard Disabla Fusa (PGDF)

Better:
V(I)-diagram

Typical VO Output Current (mA)

Disable change of internal logic levels 0 | NI

when feedback not used

| |
0 0.5 1.0 15 2.0
Vg Output Voltage (V)

Source of Schematics and 10-characteristic: Lattice Semiconductor MACH 4000ZE-Data Sheet
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Shared PT Initialization
PT Initialization (optional)

PT Initialization/CE (optional)

From Logic Allocator

Tr~

—
e I
Single PT

PT-Product Term

Ds

Lattice Mach 4000ZE Logic Cell

Powear-up

Initialization
Z4000 ZE-Logic-Cell
iy —--.\

i ':l Dalay ] From 1/C Cell

T
““ul ROP —» To ORP
DTL Q-

Block CLKO—
Block CLK1 —
Block CLKZ2—
Block CLKS —

PT Clock (optional) —

L~ L% To GRP
~ . D-FF
CE T-FF
v\ Latch
\ CLK-edge
CEon

ﬁ
/

active CLK-edge
for DIT
»

Shared PT Clock —

GRP-Global Routing Pool
ORP-Output Routing Pool

Billl .______.\h

" ;
3 ek [ IS LKL
x CE {
CLK-edge
L CE off

Source of Schematics: Lattice Semiconductor MACH 4000ZE-Data Sheet
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| 1 4/33%’12;11%“ e Lattice MachXO

N | I O
I v
I 0

DDDDDDDDDD Programmable
trrrrerrt Functional Units More a FPGA structure than typical CLPD
sysMEM Embedded HEREEEEEEE | vrrvers

Block RAM (EBR) ..........
HENEEEEEEEE
.... ..... Programmable

0 0~ gt
N i

78
N p—
CHEALIE e

Configuration held in RAM-cells,
additional non-volatile memory for
configuation boot on-chip

- I Slice
scroox-t= I I I
‘ [ I Al > I7e) l » F1
81 £ » .-» Fast Connection
From D1 LUT4& | > I tol/O Gell*
Routing CARRY |[SUM —» FF !
—p —» Latch P Qi
cl ™ -
From l A R° "
T et o Rt St o Pty St & o SR Routing ME) hd quting
i T > I —» OFX0
. : ; ; ’ ’ y gen .-» Fast Connection
LUT4 & LUT4 & LUT4 & LUT4 & LUT4 & LUT4 & A0 %6} 8 < I tol/OCell*
FCIN — CARRY CARRY CARRY CARRY CARRY CARRY CARRY CARRY Fco Bo Ly £y
i | i <0 LUT4 & L a
' - 9 F L A
i ) i ) i ) ! ) D0 - > CARRY somt| oFx0 ]
Slice 0 slice 1 Slice 2 ! Slice 3 o> e |
i > < ®P Latch 80
' 1 % (3
1 1
1 1
D D D D D D i D D /ﬁ‘
FF/ FF/ FF/ FF/ FF/ FF/ FF/ FF/ ! !
Latch Latch Latch Latch Latch Latch Latch Latch ! Control Signals CE
! 1 H i tsele(;tte: and CLK
B o e o Nl o 1 —g=- 1 g ———— — Inverted per
; ; * ; * * * vy vy vy Slice in routing LS

To From Adjacent Slice/PFU
i Notes:
Rou“ng Some inter-Slice signals are not shown.
*Only PFUs at the edges have fast connections to the IO cell.
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Lattice Mach XO Logic Cell

To Adjacent Slice/PFU

Slice
® p OFX1
Al p CO il
B i
81 —3 H_LF .-» Fast Connection
) I I LUT4 & ik D e ; to 1/0 Cell*
CARRY —» :
— —» Latch —p Q1
>l ks To
From it l A Routing
Routing MO °® ! ®
T - __» OFX0
proalon - Fast Connection
AO > cO e ! to 1/0 Cell*
Bo > :
88 _: LUT4 & |F gl
® p| CARRY SUM| OFXo »D
'-;: o> FF > QO
Cl &P Laich
L 2 4
Control Signals CE ®
selected and CLK
inverted per
Slice in routing LER e
From Adjacent Slice/PFU Logic Cell in MachXO

Notes:
Some inter-Slice signals are not shown.
*Only PFUs at the edges have fast connections to the I/O cell.

Source of Schematic: Lattice Semiconductor MachXO-Data Sheet
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Field Programmable Logic Array - FPGA

CLB - Configurable Logic Block
IOB — Input/Output Block
PSM — Programmable Switch Matrix

RLLLUTE

Routing Area

9 8 & & & & 0 ©

Fabric / Core

lﬂmmﬂ
NI

EEEEEERE
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Chipview in FPGA-Editor

| Programmable Interconnect Points, PIPs (WeiB)
Switch |
Matrix

Direct

Interconnect
(Griin)

CLB
(Rot)

Long Lines
(Purpur)

W long line

M pinvires

View of (an older) XILINX FPGA in FPGA-Editor, showing the routing area with available interconnections
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Field Programmable Logic Array - FPGA

CLB — Configurable Logic Block
IOB — Input/Output Block
PSM — Programmable Switch Matrix

BRAM- Block RAM
DCM - Digital Clock Manager (PLL)

AENEREN

L RRERREN

Buffer

(=)
ES

E

Routing Areda

{6 =

B
o
o
o
1

:ti—t

‘»
<1108 |
{108
108 |

Buffer

L1

986858 88 8 ¢

oo I
= [

<PAD>|

<D

N—u B BB

<PAD
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Field Programmable Logic Array - FPGA

9 B 8 @ 9 @ €

i

{108 -=
{08} =

mmﬁ

{108 =

Buffer

Routing Area
CLB - Configurable Logic Block
|OB - Input/Output Block :-_
PSM - Programmable Switch Matrix l :-_
BRAM - Block RAM
DCM - Digital Clock Manager (PLL) @-ﬁ 2-
DSP - Digital Signal Processing Blocks —-f. ‘ , ' Z-—@
Delay: Memory .‘_—, 2-—@
= ({8 fios ]
Example: Finite Impulse Response (FIR) - Filter ‘ :
x[n] 7 7! . g
L r r (]
VAV VIRV B 9 ¥ B e 9 @ 8
Microcontroller using Softcore:
Y AR yn] MicroBlaze made from CLBs (700..2000) in fabric
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Field Programmable Logic Array - FPGA

-> SoC System on Chip . “ “ ‘
>

Routing Area

(PAD>
(PAD>

L

Ethermnet MAC

J

CLB - Configurable Logic Block
IOB — Input/Output Block
PSM — Programmable Switch Matrix

J

J

BRAM- Block RAM

DCM - Digital Clock Manager (PLL)
DSP-Digital Signal Processing Blocks
MCU-MicroController Unit (or PC-core)

;

4

Examples:
XILINX Virtex 5 FXT with 32 Bit
RISC-core (PowerPC 440)

EEREREEREK

:

Zyng-7000 with 2 Cortex-A9 Cores
+ NEON SIMD (Fixed and Floating Point)

Other solution: Softcore
MicroBlaze made from CLBs (700..2000) in fabric

NI
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Field Programmable Logic Array - FPGA

g

CLB - Configurable Logic Block
IOB — Input/Output Block
PSM — Programmable Switch Matrix

6

8

@

b

BRAM- Block RAM

DCM - Digital Clock Manager (PLL)
DSP-Digital Signal Processing Blocks
MCU-MicroController Unit (or PC-core)

.
EEEREEREK

X

\

Example:
Atmel SmartFusion
Fabric+ARM+Analog Frontend
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FPGA Examples for Size, Featues ...

SRR bep Block FAM Blocks Transceivers
Device Logic Max Shoast) MMCMsi®) | Bloeks for Ehem Tolg Il:E_] ﬂ‘fﬁiﬁ
Sticesf! | Distributed 18 Kbi¥)| 36 kb | M PCl Exprass aTx | gru |Banks= |10

MCEVLXTET | 74,406 ( 11,840 1,045 288 32 | 156 | 5616 i 1 4 12 0 g 360
MCEVLHA20T | 128,000 ( 20,000 1,740 480 528 | 264 | 9,504 10 2 4 20 0 15 a00
MCEVLXA95T | 198,620 ( 34,200 3,040 G40 683 | M4 (12,384 10 2 4 20 0 15 a00
MCEVLH240T | 244,152 | 37,680 2,850 TEa 832 | HeE (14978 12 2 4 24 0 18 T20
MCEVLXAE5T | 364,032 [ 56,880 4130 a7E 832 | HeE (14978 12 2 4 24 0 18 T20
MCEVLXER0T | 540,828 ( 85,020 6,200 264 1264 | g32 T8 18 2 4 26 0 30 1200
XCEVLXTED | 758784 | 118560 | 8,280 264 1,440 | 720 [25,920 18 0 0 0 0 30 1200
XCEVSKA1ET | 314,800 | 40200 5,090 1344 (1,400 | 704 |2534 12 2 4 24 0 14 720
XCEVSKATET | 476,160 | 74,400 7,640 2Me [ 2128 [ 1,064 | 28,304 18 2 4 36 0 2 840
XCEVHX250T| 251,904 | 30,360 3,040 576 1,008 | 504 (18,144 12 4 4 48 0 a 320
XCEVHX255T| 252,440 ( 30,800 8,050 ave 1,022 | 516 | 18,576 12 2 2 24 24 12 480
XCEVHX3R0T| 382 464 50,760 4,570 264 1,536 | TGB | 27,648 18 4 4 43 24 18 T20
XCEVHXSGT | 566,724 ( 88,560 6,370 264 1,824 | M2 | 3283 18 4 4 43 24 18 T20

XILINX Virtex 6 features
One slice contains 4 LUTs and 8 FF

Source table: Xilinx Document DS150
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System on Chip - Device

i |

Processing System

Flash Controller
NOR, NAND, SRAM, Quad SPI

Multiport DRAM Controller
DDR3, DDR3L, DDR2

AMBA® Interconnect AMBA Interconnect

2x

. SPI I
2x

I 12C .
2X

I CAN I
2x

. UART .
GPID

. 2x SDI0 .

NEON™DSPFPU Engine | NEONDSPFPU Engine

Cortex™- A9 MPCore Cortex- A9 MPCore
32/32 KB I/D Caches 32/32 KB 1/D Caches

>
=
=
(=
=
—
=3
A
w
@
o
o
b
a

with DMA
2xUSB
. with DMA I
2x GigE
with [IJ%M
| T
General Purpose ACP  High Performance
AXI Ports AXI Ports
2x ADC, Mux, Programmable Logic [ Ole e
WILCEDS  (System Gates, DSP, RAM)

Multi-Standard 1/0s (3.3V & High-Speed 1.8V) Multi-Gigabit Transceivers

4
12 Bit — ADC with Multiplexers

Zyng-7000

80 ...4501/0
Processor I/O + Logic I/0O

28k .. 444k Logic Cells

/

17600 LUT
35200 FF

277400 LUT
554800 FF

240kB .. 3 MB Block RAM
80 .. 2020 DSP Blocks

Source: http://lwww.xilinx.com/products/silicon-devices/soc/zyng-7000/index.htm
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Crossconnection Matrix with 10 Connection Points

Programmable Switch Matrix ( PSM)

0 l89
] .

| ’

@
O
; N
R
ol ¢ \ 0
0 3\\ 8 9

\
N
Connection point using 6 transistors, \'\\
controlled by RAM-Cells. ™.
{
Wordselect
VDD

e
|>

+ v

Bitvalue

%- 300 Transistors
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Configurable Logic Block

DI
L
Lookup Table: Gl ﬂocljr&“mbde
Programming: writable RAM to store content —— a0 [AS AZATAD OOT 5 Y
0000 1 = D —
Q00 1
Logic mode: ROM address is input vector G2 o019} /
data is output /" Jo100 1
2190 b|or o —
11 our
RAM mode: Used as normal RAM G3 S oon o —— CE
"distributed” (in the CLBs) RAM) “ ool o SR
1011 1 —
G4 1100 0O
— 4 (1101 0O 3 Input v
LI Lookup Table —
A2ATAD OUT
1 HAE
Buttr !-.....! Buter H1 I’ 010 |1
011 |0
o — | i s | X
i‘@ﬂﬁﬁﬁl Al iREAL
N . D000 O i e
“"I:'“* e - g
- b F2 0011 0 o XQ
$‘llllm; e T -
CLB CL CLB CLB 0101 1
= {08 ~fica] = 0110 1|00 —@&
o EEE B [fesd )
w .- B o
1011 ]
5““""* ), [iE40 8 “
e 1110 O e
1111 0o L ¢
CKL
CLK_ENABLE
SET/RESET s
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LOOKUP TABLE

Implementation of Logic as Truth Table in Memory (ROM)

Address Data
| Inputs Outputs
A19 A18..... A2 A1 A0 | D7 ... DO
In1 X11....... En WR Z | O ... Strobe Evrz
o6 o0 ..o 0o O[O0 ... 1
1{lo o 0 0 ||| 0 ]
2{lo o .0 1 ol 0 . 1
allo o 01 1 e ]
1048575((1 1 ... 1 1 0|l 0 e, 0
1048576/ 11 1 ... 11 T e 1
by A J
X11
In1

PROM 1Mx8
AD DO
Al D1
A2 D2
A3 D3
A4 D4
AD D5
Ab D6
A7 D7
A8
AQ
Al7
A8
A9
/CE
/OE

Strobe

YO

PROM for implementation of boolean function as lookup table

-- For greater numiber of inputs large PROMs are necessary. No benefit by
minimization.

-- Bipalar PROMS consume much power (fast)
-- EPROMS/EEPROMS slower than “glue logic”

-- In FPGA: Static RAM (written during configuration only -= used as PROM)
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LOOKUP-Table with Transmission Gates

truth table
0 0 0
0 0 0
0 0 1
0 0 1
0 1 0
0 1 0
0 1 1
0 1 1
1 0 0
1 0 0
1 0 1
1 0 1
1 1 0
1 1 0
1 1 1
1 1 1

DO
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14

D15

In0:1 In1:0 In2:0 In3:1
? T ? ?

]

v V|V

IFLﬂ%—ﬂFLﬂFMQ
)
i

#Hﬁ#_wﬁﬁlwﬁﬁﬁw %#Mﬁ%#Hﬁ%ﬁwﬁﬁ

LUT made by RAM-cells and
transmission gate multiplexer

o
Write Strobe

]
ﬁ'
- B [
LT
-
By Do 25 o
7 A4 =
= L2
o LT
LT
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FPGA T Double Data Rate
T = J D Q /
I/O-Cell s |
. _ I/O-Block in XILINX Spartan 3
SR REV . P
I simplified ;-)
TCE =
T2 > J D Q
TFF2 .
A Different I/O
K
SR_REV standards
T Three-state Path
|
) | CFF1
01— D a
—1CE
OTCLET =— CHK ~ Esoll
SR REV T
O e ] % Electro Static Discharge
OCE > J ’_’_‘) P Pul% l:ﬁ: pull-up, puII-down resistors
020 I e = Sutost Dawn} T 1 .. 50 kOhm: f(Type,Vcc)
oTeLK2 cK o i ( + serial resistors)
SR REW - Heeper Voo
! . == | = Keep bus value
R when tristate - ﬁ
1< ngE,ZTa;"able _~| LvCMOS, LVTTL, PC 1/O-Pino
_ < &1l
Le R R — Programmable
D=l S'ngle-er_':led Standards
IDDRINT = - 11 —L:l] D o K=ina VREF b Keeper-Cell
IDDRINZ ==+ - 14 - [ IFF1 — <R "O-banks"
ICLKT == CK
1CE SR_REV Differ=ntial Standards
I | O Fin
102 < J :;;;cer't
Set or Reset - “e>  Adjust data and = _ _
individually selectable by _ . _ y clock arrival time Differential I/O using
Attribute SRHIGH/SRLOW - V'er rev fixed or dynamic adjacent pins
and SYNC/ASYNC=—> = ' | IBUF_DELAY_VALUE
Reverse/opposite to SR E input Path Source of original schematic: Xilinx Document UG331
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Other (simple) Resources in FPGA

Tristate Buffer  Implementation of Busses

Clock Drivers Implementation of Clocks with minimal Skew

Global Reset Logic

Boundary Scan Cells and Access Logic
Oscillators

Wide Decoders

Programmierbare
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Other (complex) Hardware Resources in FPGA

DCM: Clock Synchronization, Clock Divider/Multiplier
Phase Shifter

Block RAM : Configurable as DPM, FIFO

/O : Multiple standards including fast serial 10 up to some Gb/s

Multiplier / DSP48 : 18x18 Multiplier and 48 Bit ADD/SUB for DSP

Processor Cores

Ethernet MACs

Programmierbare

3/18/2019 Universitat Rostock, IEF, Institut GS Intergrierte Schaltungen 97




Special Block for Digital Signal Processing

CARRYCASCOUT®

e T Y ——
| BcouT | AcouTs . - MULTSIGNOUT r IF'._.-D._IT |
I 7 |

18 |
| a0 ALUMODE J
| . 4 P 48 l
|B [ 18 |
| _ B I B |- X Add |
[ || g — |
! M P # "l
| & 30, [ o I CARRYOUT |
, -

A A
| I o n |
[ [ 1 b .‘“‘-\‘\ P 4B , ! .
I =7 - P i
I Multiplie I |
:: . 0 — . | PATTERNDETECT |
- C — >
I . 17-Bit Shift z = PATTERMEDETECT |
| — I
| 17-Bit Shift 4 CREGIC Bypass|Mask |
| : '
MULTSIGNIN

I CARRYIN T - :
l 18 OFMODE - - CARRYCASCIN® |
| CARRYINSEL I
I z |
| SCINT ACINT PCINT |

"These signals are dedicated routing paths internal to the DEPLEE column. They are not accessible via fabric routing resoUrces.
Storage (RAM LUT-FF/Distributed RAM/BRAM ?)
Xilinx Virtex 5 DSP 48 x[n] W P S e E— . 7 Problem of parallel access

Source: Xilinx Document UG193 I\/Iultiply\"/;, \%} Yﬁ v}
Add@_'@ .......... ,@_,, n

FIR-Filter structure (from: http://en.wikipedia.org/wiki/Finite_impulse_response)
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Designmodules (Cores)

Special Hardware <->Implementation in Fabric

Precompiled <->HDL-description

Free Cores <->Licensed IP

Special architecture dependend blocks (ROM, RAM, DPRAM, FIFO, DCM, DSP48..)

Comparators, Shiftregisters,Counters
Simple Arithmetic
Busstructures

Arithmetic (Floating, Complex, SQRT ..)
Transformation (Fourier, Wavelet ...)
Filters

Prozessors (Microblaze ...)

Bus-Interface (PCI ..)
Peripherals (UART, CAN, Ethernet, USB ...)

Cores available as HDL-blocks, Schematic-symbols, DSP-blocks (Matlab)
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Core Generator (FIFO)

mgi(j.?jfp\i" Fifo Generator

¥3.3

—FRead Mod

% Standard FIFO
DIMD:0] DOUTE:D]

TR = First-whord Fall-Through

WR_EN OBITERR
= —Drata Part P. b
WR_CLK o
Wite Width I 1 VI
FULL
RO_EN ALMOST_FULL Wwirite: Depth | 1024 |
RD_CLK

PROG_FULL Fead Width I 1 'l
R _ACK
- Read Depth |1D24

CLK O%ERF LD

AR DAL EOUH S Built-in FIFO Option

Fead Clack Frequency [MHz] I‘IDD
306G_BPTY_THRESHE:0] BMRTY
I'IDD

‘winite Clock Frequency [MHz)
[~ Enable ECC

PROG_FULL_THRESH[2:0] Range: 1..1000

Fange: 1..1000
ALMOST_BPTY

ILL_THRESH_A55ERTS:0] PROG_BWPTY

JLL_THRESH_MEGATE[:0] WALID
T¥_THRESH_A55ERT[R:0] UNDERF LOW

T¥_THRESH_NEGATE[3:0] RO_DATA_COUN

DATA_COUNT[

.
w
o

SRET

d | »
IP Symbal I

Wiew Data Sheetl Page 2 of B < Back Hest »

LCancel
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Core Generator (Counter)

.

(: Binary Counter EE@

IP Symbol &5 x

mng:Pl Binary cou nter xilinx.com:ip:c_counter_binary:11.0
Component Name |count665
Implement using |Fabric -
Output Width 11 Range: 1..256
Increment Value 1 Range: 1..7FF (Hex)
["] Loadable
Restrict Count Final Count Value 299 Range: 1..7FE (Hex)
Count Mode upP -
["] Sync Threshold Qutput Threshold Value |1 Range: 0..7FF (Hex)
qr0:0] Control
e ["] Clock Enable (CE)
gE [] Synchronous Clear (SCLR)

Synchronous Set (SSET)

Synchronous Init (SINIT) Range: 0..7FF (Hex)

Init Value 0
Synchronous Set and Clear(Reset) Priority Reset Overrides ! ~

Synchronous Controls and Clock Enable(CE) Priority |Sync Overrides C ~

Power-on Reset Init Value 0 Range: 0..7FF (Hex)
Latency Settings
Latency Configuration Latency 1 Range: 1..32
Feedback Latency Configuration Feedback Latency 0 Range: 0..4

Load Sense Active High ~

lGenerate] l Cancel ] l Help ]

% IP Symbol | ¥ Information

3/18/2019

Universitat Rostock, IEF, Institut GS

101




Core Generator (Comparator)

rComparator @
*J Parameters | 4 cors Ovewiewl g Cnntactl 4 Wieh Links
LQQICQ'RE Comparator
I I Component Mame: |Cmp599
— — Operation — Layout
] A=B A = A=
v Create RPM
CA<B % A==H CA=B
— Input Options — Qutput Options
{" Signed Data ¥ Unsigned Data " Mon Registered _
Input Vidth: Iﬁ— Valid Range: 1..256 " Registered Register Opt [ ClockEnante
¥ Port B Constant: |25? {¥ Both CE Overrides
’7(‘ CE overrides Sync Controls & Sync Controls override CE

— Asynchronous Settings

Generate ] l Dismiss ] [ Data Sheet... l [ Yarsion Info... l
@ Mone  Set ¢ Clear ¢ Setand Clear

Power On Reset Value 0" or"1°): |0

— Synchronous Settings

@ None { Set " Clear {” Setand Clear

Set/Clear Priority

’7(3“ Clear overrides Set " Set overrides Clear

OK | Cancel |
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Core Generator (Clocking Wizard)

DCM - Digital Clock Module

DFS - Digital Frequency Synthesizer

.

E{f Xilinx Clocking Wizard - General Setup @

Input Clock Frequency Phase Shift
)) MHz () ns Type: | NONE -]
CLKIN Source Feedback Source
(@) Extemal () Intemal () Extemnal (@) Intemal ) None
(@) Single
(7) Differential Differential
Divide By Value Feedback Value
@nx O
Use Duty Cycle Correction
’ More Info l { Advanced < Back Next > ] I Cancel

I+ Xilinx Clocking Wizard - Clock Frequency Synthesizer X
Valid Ranges for Speed Grade -4
DFS Mode Fin (MHz) Fout (MHz)
Low 1.000 - 280.000 18.000 - 210.000
High 1.000 - 280.000 210.000 - 280.000

Inputs for Jitter Calculations
Input Clock Frequency: 100 MHz
(@) Use output frequency
@ MHz (()ns
:. Use Multiply (M) and Divide (D) values
M D

Generated Output

M D OQutput Period Jitter Period Jitter
Freq (MHz) (unit interval) (pk-to-pk ns)

27 25 108 on 1.00

| <Back “ Next > ] I Cancel

There s another setup page avaitabie to sefect buffers
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Design Entry

DSP-Tools
Matlab-Simulink
Synplify
Designmodules
(Cores) System-C
Handel-C State Charts
Schematic \
v /
Hardware
Description
/ Language

Gate Level Netlist«l :
‘ Constraints
mm (T|m|ng, PinoutJO_
Standards)
@\ Post-Layout Geometry (ASIC)

Netlist Configuration-File
Timing Data (sdf) (FPGA)
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Design
Manager Flow

FPGA

Implementation

Constraints

Report Browser

Lagic-Lewvel
Timing Report

L B

*

Post-Layout
Timing Report

Design Manager

MNetlists

Flow Engine

Timing Analyzer

EPIC Design Editor

Place and Route

Configure

Funetional
Simulalion Data

Timing Simulation

Data

Source : XILINX (§&&Document Number X7923)

I Simulator
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Synthesis: Synchronous Constraint Example

 OFFSET defines the delay of a signal external to the chip, relative to a
clock. Internal clock delays are determined by Software

Determined by Determined by

Tarrival Software 40ns Software Tstable
/ 14ns N N N N 12ns AN

aopo N> )—Fr—_ ) )—== abpo_out

[ N

\/

NET “CLK” PERIOD = 40;
NET “ADDO_IN" OFFSET = IN 14 AFTER CLK;
NET “ADDO_OUT” OFFSET = OUT 12 BEFORE CLK;

Source : XILINX University Workshops

3/18/2019 Universitat Rostock, IEF, Institut GS 106




“FROM-TO” Constraint Example

* Consider the example shown below with TIMESPEC:
TIMESPEC TS0l = FROM PADS TO PADS 21;

 TSO1 is applied to both Y- OUT1 and Z - OUT2.

21 ns

. - . SN
ouT1
cLk > > 1 Level of Logic
2 Levels of Logi
v > evels of Logic OUT?2
z<o:31>+

21 ns

Source : XILINX University Workshops
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Mapping in FPGA

Original netlist is made of gates, flip-flops, multiplexers etc.
FPGA comprises CLBs with look-ahead tables and flip-flops

Mapping converts the netlist of gates and flip-flops to a new netlist of CLBs

Groups of gates are merged into lookup tables.

Mapping tries to find appropriate resources for special items in the input netlist. Examples: special 1/0-cells, buffers etc.

May use Block-RAMs for Logic, may duplicate registers, respects clock regions

Typical error messages: "No sufficient resources.”, "No adequate resources available."

CLB

CLB

E— - CLB|
_ﬁ 1
— / D Q —_— [
| ANDZ % N
ANDZ2B1 ° C L B
B FD o
— or AND2B1 i T :$
AND3 c E CLB _I

The hardware represented by the schematic above
fits in one typical CLB (4-input-lookup-table + 2 FFs)

Observe that some nets (connections between gates) may disappeatr.
You will not find them anymore in postlayout simulation.
(red marked in the schematic)
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Control of FPGA Implementation

Any process may be influenced by setting its properties (Pull-down menu, command line options)

Setting options for Mapping using pull down

Switch Name

-timing

-ol

-Xe

-t

-logic_opt
-register_duplication
X

-ntd

-u

-cm
-detail

-ir

-pr

-C

-bp
-power
-activityfile

Command line:

Property Name

i Perform Timing-Driven Packing and PIacement|Z|

Map Effort Level

Extra Effort

Starting Placer Cost Table (1-100)
Combinatorial Logic Optimization
Register Duplication

lgnare User Timing Constraints
Timing Mode

Trim Unconnected Signals

-ignore_keep_hierarchy | Allow Logic Optimization Across Hierarchy

Optimization Strategy (Cover Mode)
Generate Detailed MAP Report

Use RLOC Constraints

Pack I/O Regqisters/Latches into |OBs

CLB Pack Factor Percentage

Map Slice Logic into Unused Block RAMs
Power Reduction

Power Activity File

Other Map Command Line Options

» will activate the greyed options
H g-l

None

1

Off

[

Mon Timing Driven

[]
Ar

e or "Speed" or "Power"

Yes
Off
100

]

switching activity data from simulator

map -intstyle ise -p xc6sIx9-ftg256-3 -w —timing on -logic_opt off —ol high -t 1 -xt O -register_duplication off -r 4
-global_opt off -mt off -ir off -pr off -Ic off -power off -0 vga_map.ncd vga.ngd vga.pcf
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Placement and Routing in FPGA

No totally free placement in FPGA: CLBs are placed in a fixed grid
Placement is more a mapping of the CLBs in the netlist to the available CLBs in the grid

LLIALLL

Routing Area

.;nnmn;;

‘TIM!I

Find the best location/placement for the CLBs.

Different methods: Force Direct, Neural Networks, Simulated Annealing tgﬁiggltma
) ] - weight for the net i

Define cost function: Example: Y w;[["* — min l ; Iength of net-wire |

Initial placement, Set T ("temperature ") to a high value , _ exponent for different strategies

Evaluate cost

Change placement by swapping

CLB
- ] H o

B CLB
o[ m) =

— CLB
CLB [’ W

—1

[
!

M@Mis@
| 8] ]

| T
I
LJ

No guarantee to
reach global
minimum

»

Evaluate new cost and compare with old value _Acost

Use new placement if cost are less or with a probability p even if cost are worse P=¢ T

Decrease Temperature by a factor (Starting T and decrease factor have great influence on the results)
Repeat steps 4 to 7 as long as a minimal temperature or cost equilibrium is reached

ONoGhRLNE

Different runs give different results. Time-consuming algorithms. May take hours. Parallel runs possible.

»

steps|
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Routing in FPGA:

Placement and Routing in FPGA

Use of predefined wires (short, long), programmable connection points and switch matrices
Difference to Custom-IC with free areas that can be used for wires with any shapes

Different algorithms available.
Two steps: Global and Local routing

After placement and routing the delay times can be extracted.
FPGA-vendor libraries contain data for wire delays and driver delays dependent on load (wires, inputs).

Driver

N

Delayt,,

Delayt,,

Load
'I[:i)rili% térlrrfj ;:iignb,e backannotated for
Load
—

Lumped Model (extracted delay times)

3/18/2019
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Data Stream for FPGA Configuration

Configuration of the bitfile has many options (encryption, compression, configuration speed, exact timing)

Configuration file sequence (.bit-file)

Synchronization

Register packets (CMD, frame length, options, clock rate) - one 32-
bit-word

Data packets up to 1 meg 32-bit-words transmitted in frames of
frame_length words

CRC-register-packets

BRAM-data transmitted in separate frames (may be omitted if not used -> faster configuration)

Configuration bitstream my be compressed (usefull if FPGA partially unused)

Configuration bitstream may be encrypted.
Special key loading and storing mechanisms available (Battery backup RAM, eFuses)
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FPGA-Configuration 1

Serial Modes optional
_______ < Additional Slaves
Config. Mode Config. Mode
Serial (EE)PROM MO M1 M2 MO M1 M2
SCLK [+ CCLK »CCLK DOUT
SDAT » DIN DOUT »DIN
»RESET
PROG PROG
May be used to indicate a running
FPGA -> Enable user hardware DONE FPGA DONE FPGA
»RESET »RESET
Master Slave
RESET
Master Serial Mode: Slave Serial Mode:
FPGA creates a clock FPGA receives clock and serial
reads data from a serial memory cofiguration data

3/18/2019 Universitat Rostock, IEF, Institut GS 113




FPGA-Configuration 2

Serial Modes Config. Mode
MO M1 M2
CCLK
DIN
Adapter PROG
|:| < DONE
RS232 RESET EPGA
Parallel
USB

Slave Serial Mode: FPGA receives clock and serial
cofiguration data
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Parallel Mode :

(EE)PROM
Al15..A0 D7..D0

FPGA-Configuration 3

Config. Mode

v 4 3

OE
|:: CS

MO M1 M2

D7..D0 DONE

FPGA
RESET e
PROG Al5..A0

CCLK

RESET

PROG

CCLK

RESET
PROG

Memory may hold configuration and user design data,

FPGA reads parallel PROM by 1/8 CCLK (internal distribution by CCLK)

(EE)PROM

Al6

A15..A0 D7..D0

OE

CS

Config. Mode

v ¥

MO M1 M2

D7..D0 DONE

FPGA

CCLK LDC
RESET

PROG Al5..A0

here switched beetween two memory halves

using the DONE-Signal and MSB-address of memory
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Serial FPGA-Configuration with "Platform Flash Memory"

veeal
go8s 40
Voo Vooo Voot ';;f. f;i: g ) ]
Select configuration mode
YoCINT Do DM MCOE PIMS
Voo —
Voo™ .-.-D::: .OPTIONAL
Platform Flash Xilinx FPGA pone | e FRGAS
PROM Master Serial NIT R writh igentical
- configurations
PROG_B
Up to 32 Mbit gy i
CE =& COME —
(2016) TEO - Bout om | ..OPTIONAL
OEAESET =& IMIT _E coLk | Daisy-chained
TOI | Tol o PROG_B COME | Slave FRGAS
THS | & TS IMT_B | with different
TCK | £ TCK r———— PROG_B | configurations
TR | 2H -
oo T
GhD =
J: TCK DO
GHD
Starting Config. by
a)Power-On
b)PROG_B
c)JTAG
Source: XILINX: ,Platform Flash In-System Programmable Configuration PROMS*
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FPGA-Configuration JTAG-Interface

Config. Mode
MO M1 M2
TCK
TDI
Adapter TDM
H « TDO
RS232 FPGA
Parallel
USB

Configuration by JTAG Interface
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|IC with Boundary Scan (JTAG Interface)

Joint European Test Action Group

Data Register

Instruction Register Boundary Register

HHHE

N

TCK  TDI

H.

T
i B

-

Internal Circuit

R A
Bypass TMS;DO"‘ |

IC architecture according to IEEE 1149.1

Standard IEEE1149.1 since 1990
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Extest

TMST‘
T™S

TDO

With EXTEST external connections (and/or) logic are tested
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from
previous

Internal Logic

Boundary Scan Cell

Capture_DR
Update_DR

to

next

Update_DR

Output

PAD

EXTEST

Internal Circuit
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JTAG TAP-Controller %
TRST=1

) estLogic N\, TMS=1
After 5 consecutive clocks with
v TMS=1"Test Logic Reset" is reached
TMS=0 C Run Test/Idle )1ms=1 Data Instruction

Select-DR

M= Select-IR

TCLK and TMS control the
State machine

Data Path or Instruction Path is
executed

Shift = Exit2 is a loop for filling the
Registers

When "Update" is reached the instruction
Is executed
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JTAG- Instructions 1149.1 and IEEE 1532

T ISC_ENABLE
ISC_DISABLE

SAMPLE ISC_PROGRAM

PRELOAD ISC_NOOP

EXTEST =
ISC_ERASE
ISC_READ
ISC_PROGRAM_USERCODE
ISC_PROGRAM_SECURITY

e ISC_READ_INFO

ISC_DISCHARGE

ISC_ERASE_DONE
ISC_PROGRAM_DONE
ISC_SETUP

ISC ADDRESS SHIFT  ADDITIONAL REGISTERS

ISC_DATA_SHIFT
ISC_INCREMENT

@Scan Description Language

ISC_ADDRESS
ISC_DATA
etc.

Detailed Information for Devices in BSDL Files (one per device)
special VHDL-Files
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JTAG Chain

Bypass
/

/ I
| FPGA t FPGA

FPGA under configuration

Bypass /,,l pnC

<> TAP

|
Bypass J[I (C)PLD

Configuration/Programming of multiple Devices in a JTAG Chain
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Estimating the maximum Clock Frequency

td_wire < td_wire
ta Fr Logic La_Fr
> td wi > i >
tsetup D OQ d_wire td wire Esetup D Q
C td_logic C

Clock

© tSkeW td_logic

1
fmax =
maXltsetup + td_FF + Z td_wire + td_logic + tskew] D
o—C IQ
Toggle-Frequency:

max. frequency of a FF

with simple feedback
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Clock Tree Problems

2 problematic situations:

td1 tskew > taz + Lppy
trr1 ¢ tskew T+ ta1 + tprz > clock period Reduced cycle time
FF2
> D >
Q taz DQ Clock y
¢ < L. =
*
tskew
"Run through" problem
Construct clock nets for minimal clock skew Synchronous Design:
At a certain clock edge new date values are calculated
1. Limit number of clock inputs per net and will be valid at the inputs at the next clock edge
2. Minimize difference of clock delay (skew)
Clock Source/ from clock root to clock inputs of FF (leaves)
Clock Root 3. Inserts new buffers -> needs place
4. Solved in FPGA by precast clock domains

200 4

[41]
(=}
ya

— Inserted buffers

(additional hardware!)

100 4

Clock delay [ps]

50
Clock Source

100

1 LE

100

=

40

C ’, X -

Clock leafs (D-Flip-Flops) eyl 0 o die x (]
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Clock Tree Problems

Clock Source/ In cu.stom.and standard cell IC developer has .
Clock Root to build this network himself (by help of supporting software)

—— Inserted buffers ——
(additional hardware!)

a (@ g
Il

( X

Clock leafs (D-Flip-Flops)

In FPGA groups of Flip-Flops are furnished with such networks. BUFG
signal from new clock
If the developer uses special clock buffers there is inserted fabric
not only a single buffer but a complete clock tree. The group builds
a clock region. There may be only one or up to 20 or more of such regions. IBUEG
All the Flip-Flops using one clock will be mapped and placed so that they external clock
are connected to a usable clock tree (into one clock region). from PIN > internal clock
Combining of regions possible-> Multi region clocking. (clock capable

PINs only)

There are more special clock drivers BUFH, BUFR, BUFMR, BUFIO ...
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Avoiding Glitches

Logic delays cause glitches, hazards

—L
—C_Q OBUF
. Comb out
‘—C—Q_ Logic — ’ PIN
©
TFa BUFG
cLk O—1c_ .
new internal'clock
OFD OBUF
OFD — Flip-Flop in the FF out
output cell PIN
o— Attention:
XILINX symbol OFD includes OBUF
| J
minimal delay, identical for 10-blocks
ED BUFG .
D FE out new internal clock
FD — Logic block Flip-Flop Q
in the fabric C
v v v v v
ST I T T R I N
Comb out Cﬂ ("J—U
) A
FF out ¥ v v

3 rising edges (clocks)
instead of 1 desired clock
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Injput Synchronisation (Sampling) 1

State memory

AsyncDat T1
> D Qr—*—
Asynchronous: We have no knowledge
when there will be events at the inputs C
related to the clock edges
Logic T2
D Q—o——
o IC
Clock
>< Problem, if there is a difference beetween
AsyncDat T1 and T2 one FF may sample the old value
= other FF the new one: FSM not consistent
>
Clock
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Input Synchronisation (Sampling) 2

AsyncDat

Async: We have no knowledge when

SyncDat %

there will be events at the inputs
related to the clock edges

Clock

Logic

State memory

D Q—%—
C
D Q+—
C

Use a FF (without any logic) for sampled inputs.
Distribute the sampled signals.

Full clock period available for the synchronized inputs
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Synchronisation of different IC's

Datal Data2
— 5 >
,Data supplier” IC under ,Data consumer=
development
/

//

/ [/

{
X

Datal

Data2

R

X
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Metastability 1

A specter is haunting digital design — the specter of metastability
from: XILINX Databook

& 2 U(2)
stable
L Three potentially stable staes with: U(1) = U(2)
not stable (metastable)
From metastable state the machine
changes to one of the stable states tabl
by minimal changes of voltage (noise). stable

U(L)

Time for the change to stable state
Is dependent of the circuit properties
(loop gain).
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Metastability 2

In circuits metastable states can be reached when the setup times are violated (Change of clock
and data level at the same time).
There is a time window dependend on the circuit properties (internal delays, gain).

Time window for Metastability (Capture window, T_w)

' Hold Time
Setup Time - ]
Clock
Input
T recovery : Duration ??
K
Output >—4<

Impacts: ,lllegal” Value for a certain time
Delay of output signal
Short pulses of inverted value
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2v/div

1V/div

. PAL16R8B

|

1

|

J

“ OUTPUT —&>
i

|

|

L -

f"”&:;.‘ L g
=

10ns/div

Metastability 3

F Nt e syt st e,

|
1 /
| /
| : !
| o
E f
Lo o R
\
2v/div {
| e
DAT K /
r//
iy, sy /l
\—-w"’
1V/div
£ % ;
f R 45 f \\ ;
7474

Plots of Metastability Effects at PAL 16R8 and 7474

10ns/div
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Metastability 4

Mean time between two occurences of metastable events of a certain

duration is a function of:
Frequency of the signal to be sampled
Frequency of the sample clock
Circuit properties (Capture window, gain)

XILINX Virtex Il : f_clk=300 MHz, f_dat = 50 MHz

MTBF(T,, )=

1

e CZ 'tre covery

-C

Xilinx Virtex 1l (1.5V): C2 =25

ck ~ 'dat 1

Log MTB"F [s] Every 0.1 ns additional recovery time
CLB@1.65V CLB@1.35V increases MTBF by 12 times

13 / 108@16sv |/ oB@1asv
ﬁ / Cirepresents the capture window width
10 1000 years /% /

9 /

3 1 year / The basic phenomenon is unavoidable

/ as death and taxes

6 / 7

: / //

: /

1lh

3 /

2 / /

1 >

77
Trecovery [ns]
0.5 1.0 1.5 2.0 2.5 3.0
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AsyncDat

SyncDat %

Metastability 5

State memory

Clock

Logic

D Q—9¢—

C

D QF¢+—
e 1C

With metastability the SyncDat is not save, and neither is the function state machine

SyncDat *
may be
AsyncDat metastable SyncDat
Q
T T
Clock l/ r
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