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Outline

COOverview of Memory
*Application, history, trend
*Different memory type
*Overall architecture

CORegisters as Storage Element
‘Reqister File
*FIFO

OXilinx Storage Elements
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Memory is Everywhere
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Memory Wafer Shipments Forecast

Overall Memory wafer shipments forecast (12" eq. wspy)
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Faster-Than-Moore?
Bits shipped routinely doubles-to-triples year-over-year
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Bandwidth

SerDes Data Rate Extending the Bandwidth

w
o

N
o

90nm
130nm 6.4G

1-4.25G

l 200 200 200 200 201 201 201 201 >

—_
o

SerDes Data rate (Gbps)

. @
@

5 Lund University / EITF35/ Liang Liu 2013



Bandwidth (cont’d.)
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Memories, on chip

CPower and Bandwidth becomes bottleneck

ClEverything is pointing to more and more “local” memory/storage
at the device level

Nvidia Tegra 2
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N Shared L3 Cache**

= §= Memory Controller I/0

Intel Haswell
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Memories, on chip
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Memories, History

ClFirst Storage?

ClEarly Memory

*Drum memory: magnetic data
storage device.

*Gustav Tauschek (1932)

*Widely used in the 1950s and
into the 1960s as computer
memory
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Memory, current state

ClYesterday:
*RAM memories are historically driven by computing applications

*NOR/NAND Flash is used in most of consumer devices (cell-phone, digital
camera, USB stick ...)

ClToday:
*New generation memories
COPRAM, FeRAM, MRAM..

*“Solid State” memory is the killer application for NAND Flash in volume:
[0SSDs to replace HDD (hard disk magnetic drives)

‘RAM (SRAM / DRAM)
CODDR3/ DDR4 DRAM

Data Storage Region

B Applied : :
8 Electric Field

Moves
Phase Ch Heater
4 Center Atom - Materi
Resistive
Electrode
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Memory, leading the semiconductor tech.
NAND Memory Product Roadmap
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Source: SanDisk

First 32nm NAND Flash memory, 2009, Toshiba
First 32nm CPU released, 2010, Intel Core i3

11 Lund University / EITF35/ Liang Liu 2013



Memory, leading the semiconductor tech.

12

£-Beam| Det { S
10.0kV| TLD-S | 120 kX| 12.7 ym

First 22-nm SRAMs using Tri-Gate transistors, in Sept.2009
First 22-nm Tri-Gate microprocessor (lvy Bridge), released in 2013
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Al top metal

4 layers of memory
cells + tungsten
interconnect

2 levels of tungsten
routing

LV + HV CMOS logic

Memory

Memory

Memory

Memory

Si Interposer

Logic

PCB

Example of 3-D integrated construction (Image courtesy of DuPont Electronics)
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Memory Classification

ead-Write Memory Read-Write ead-Only Memory

Memory

Random Non-Random
EPROM Mask-Programmed

AcCCess AcCCcess ,
— E°PROM | programmable (PROM]

SRAM FIFO FLASH

Shift Register

CAM
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Memory Classification

L
=
A5
& % Mask-programmed ROM Ideal memory
2. =
Life of OTP ROM
produc_t_
Tens of EPROM | EEPROM FLASH
years | L] ® °
Banery' T Nomnvolatile N";RAM
Life (10l
years)
In-system .
programmable SRAM/DRAM
= .
Near :
Zero —> Write
| | l | | | ahi]ill
During External External External External _
S e i i i i . _ In-system. fast
fabrication programumer. progranuner. programmer — programimei writes
only one time only 1,000s  OR m-system. OR in-system, unlimit;e d
of cycles 1.000s block-oriented eycles

of cycles writes, 1.000s
of cycles

Picture from Embedded Systems Design: A Unified Hardware/Software Introduction

14 Lund University / EITF35/ Liang Liu 2013



Memory Hierarchy

Speed (ns): .A’s 1’s 10’s
Size (bytes): 100’s K’s 10K’s
Cost: highest
On-Chip Components
Control
Second
Level
Datapath Cache
. (SRAM)

100’s
M’s

Main
Memory
(DRAM)
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Hierarchy, Heterogeneous
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Memory Basic Concept

] Stores large number of bits

m x n: m words of n hits each
k = Log,(m) address input signals
or m = 2k words

e.g., 4096 x 8 memory:
[ 32,768 bits
[0 12 address input signals
[0 8 input/output data signals

0 Memory access

r/w: selects read or write

enable: read or write only when asserted
Address

Data-port

We stay at higher-level, gate-level view of
memory will be taught at Digital IC Design

m words

riw

enable

Ao

Ak-l

A

m X n memory

—— write memory

Y
n bits per word

memory external view

2k X n read and
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Memory Architecture

. o storage
2-* Bit Line (RAM) cell
_4| —I
AR i _." ——__..--""//
=42 ] - 2
©
U :

{

Sense Amplifiers / Drivers

Ap L} ‘
Column Decoder
A1 3\ amplifies bit

line swing

Input-Output )
Mbits)  selects appropriate word

from memory row
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Outline

O

CDRegisters as Storage Element
‘Reqister File
*FIFO

O
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Storage Examples 1 7

CORegister File
« Used as fast temporary storage
* Registers arranged as array
- Each register is identified with an address
* Normally has 1 write port (with write enable signal)

« Can has multiple read ports

# P
Butterfly Butterfly
Unit Unit
—> X ——> —i1 —>
15 stage : log," stage E
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Register File

0 Example: 4-word register file with 1 write port and two read ports

CORegister array: oA e
*4*16bit registers o
*Each register has an $—{d g
1 en
enable signal —adkk N
OWrite decoding circuif: decoder 1t
0000 if wr_enis 0 e mux r_datad
1 bit asserted according P
tow addrifwr enis 1 T g
CRead circuit: clkt ~ ux : dotat
rese:
*A mux for each read port
r_addn) I
r_addr |
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VHDL: a parameterized 2W-by-B register file

library ieee;

use ieee.std_logic_1164. all;

entity reg_file is

port(

clk, reset: im std_logic,;
wr_en: in std_logic;
w_addr: in std_logic_vector (1 downto 0);
w_data: imn std_logic_vector (15 downto 0);
r_addr0, r_addrl: in std_logic_vector (1l downto 0),;
r_data0, r_datal: out std_logic_vector (15 downto 0)
);

end reg_file;

architecture no_loop_arch of reg_file is

constant W: natural :=2; — number of bits in address

constant B: natural :=16; — number of bits in data

tvpe reg_file_type is arrayv (2**W-1 downto 0) of
std_logic_vector (B-1 downto 0);

signal array_reg: reg_file_type,;

signal array_next: reg_file_type;

signal en: std_logic_vector (2**W-1 downto 0);

A user-defined array-of-array data type is introduced
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VHDL: a parameterized 2W-by-B register file

I PR proces
—en begin
> if
e
—en
>
I a— els
—en
>
— q_
—|= end
> end pr

s(clk, reset)

(reset='1") then

array_reg(3) <= (others=>’0");
array_reg(2) <= (others=>’'0"),;
array_reg(1l) <= (others=>’0");
array_reg(0) <= (others=>’07),;
if (clk’event and clk=’1’) then

array_regd(3)| <= array_next(3);

array_reg(2)| <= array_next(2);

array_reg(1)| <= array_next(1);

array_regd(0)| <= array_next (0),;
if;

ocess ;

[l Index to access an element in the array

* s(i) to access the ith row of the array s
« S(i)()) to access the jth element of ith row in the array
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VHDL: a parameterized 2W-by-B register file

process (array_reg, en, w_data)
Enable logic for register begin
array_next(3) <= array_reg(3);
array_next(2) <= array_reg(2);

w_data —ld q array_next(1l) <= array_reg(l);
? array_next(0) <= array_reg(0);
if en(3)="1" then
—d o array_next (3) <= w_data;
ok - end if;
wr_en————deCOder S | if en(2)=’1" then
on array_next(2) <= w_data;
P end if;
if en(1)=’1’ then
& E:TJ array_next (1) <= w_data;
—— P> end if;

if en(0)='1" then
array_next (0) <= w_data;
end if;
end process;
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VHDL: a parameterized 2W-by-B register file

Enable logic for register

(Cont.)
 dale *_;__J process (wr_en ,w_addr)
en begin
> if (wr_en='0") then
en <= (others=>'0"):
'_:n 4 else
w_addr > case w_addr is
decoder when "00" => en <= "0001";
e 4 4 when "01" => en <= "Q010";
;‘ when "10" => en <= "0100";
when others => en <= "1000";
4 q end case;
ck en end 1if;
reset —— = end process;
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VHDL: a parameterized 2W-by-B register file

Read Multiplexing

—d q
—en
>
Ti 4—
—en
>
—
. r_dataO
44 g mux
—1en
>
—d qg—e
T1en r_datal
> X =
r_addrO
r_addrl

26

with r_addr0 select
r_data0 <= array_reg (0)
array_reg (1)
array_reg (2)
array_reg (3)

with r_addri select
r_datal <= array_reg(0)
array_reg (1)
array_reg (2)
array_reg (3)

end no_loop_arch;
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when
when
when
when

when
when
when
when
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ll01N,
n 10" 5
others;
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" 10" G
others ;



27

Storage Examples 2

O FIFO (first in first out) Buffer
« “Elastic” storage between two subsystems

Writing System

Clock 9 kﬁ

..
I
I
I
I
I
I
I
I
I
I
I
I

d

FIFO

Reading System

r-------- L& & L J

FULL EMPTY

p1 WRCLK RDCLK

r___________
|

-
I
I
I
I
I
I
I
I
I
I
I

I T

FIFO buffer

A
1

\
\
l‘l
\
1
!

S

A

data written
into FIFO

data read
from FIFO
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Circular FIFO

COHow to Implement a FIFO?
 Circular queue implementation
- Use two pointers and a “generic storage”

CIWrite pointer: point to the empty slot before the head of the
queue

0 Read pointer: point to the tail of the queue

Head (extract)

O
U
.
E
g
)
=t

"First in? First out!"

28
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Circular FIFO rdptr

- 1d ptr

oN

(c). 4more writes

Wr ptr
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FIFO Implementation

» fifo data out

fifo data in p W data r _datal
_ —G_D_ w-en
1 Overall Architecture — »lw addr r addrd
-Storage Elements register file
OReq. file >
*FIFO Controller
CORead and write
pointers: 2 counters w addr r addr
CIStatus circuit: wr )| olwr rd
full, empt
Pty full - . ful empty
ok — > : FIFO
resel — controller
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FIFO Implementation: Controller

0 Augmented binary counter:
* Increase the counter by 1 bits
» Use LSBs for as register address
* Use MSB to distinguish full or empty

Write pointer Read pointer Operation Status

0 000 0 000 mitialization  empty
0111 0 000 after 7 writes

1 000 0 000 after | write  full

1 000 0100 after 4 reads

1 100 0100 after 4 writes  full

1 100 1011 after 7 reads

1 100 1 100 after 1 read empty
0011 1 100 after 7 writes

0100 1 100 after 1 wnite  full

0 100 0 100 after 8 reads  empty
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FIFO Implementation: VHDL

process (clk, reset)
begin
if (reset='1"') then
W_ptr_reg <= (others=>’0");

library ieee; r_ptr_reg <= (others=>'07);
use ieee.std_logic_1164. all; elsif (clk’event and clk=’1’) then
use ieee.numeric_std. all; W_ptr_reg <= w_ptr_next;
r_ptr_reg <= r_ptr_next;
entity fifo_sync_ctrld is end if;
port ( end process; Controller Registers

clk, reset: Iimn std_logic;

wr, rd: in std_logic;

full, empty: out std_logic;

w_addr, r_addr: out std_logic_vector (1 downto 0)
)i

end fifo_sync_ctrld,;

architecture enlarged_bin_arch of fifo_sync_ctrld is
constant N: natural :=2;
signal w_ptr_reg, w_ptr_next: unsigned(N downto 0);
signal r_ptr_reg, r_ptr_next: unsigned(N downto 0);
signal full_flag, empty_flag: std_logic;

begin
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FIFO Implementation: VHDL

Controller

— Wwrite pointer next—state logic
W_ptr_next <= Comb
w_ptr_reg + 1 when wr='1" and full_flag='0"' else
w_ptr_reg;
full_flag <=
1’ when r_ptr_reg(N) /=w_ptr_reg(N) and
r_ptr_reg(N-1 downto 0O)=w_ptr_reg(N-1 downto 0)
else
:G:;
— Wrife port output
w_addr <= sgtd_logic_vector(w_ptr_reg(lN-1 downto 0));
full <= full_flag;
— read pointer next—state logic
r_ptr_next <=
r_ptr_reg + 1 when rd=’1' and empty_flag='0" else
r_ptr_reg;
empty_flag <= 1’ when r_ptr_reg=w_ptr_reg else
07
— read port output
r_addr <= std_logic_vector(r_ptr_reg(N-1 downto 0));
enpty <= enmpty_flag;
end enlarged_bin_arch;
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Outline

OXilinx Storage Elements
O
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Storage Components in a Spartan-3 Device

I Distributed RAM

+ Fast, localized

- 1deal for small data buffers, FIFOs, or register files
0 Block RAM

- For applications requiring large, on-chip memories

() 8 K o A
Block SelectRAM™ —SEE]HEENJEE EREjNERRjRRE
resource EEE{(EDDEYEE DEjiRREEYIREE

EEE{(EEEEYEE DEjiREEEYIREE

EEElEDEENEE DElEEEENREE
EEEjEEEEEE EEjEEREjIRRE
ERE{(EDEEYEE DEjiREEEYIRRE
EREE{(EEEEYEE DEjiEEEEYIREE
EEElEDEENEE DElEEEEiREE
EEEEjEE DEjEEEEjREE

ENEHEEEENEE SEEEEEYIEEE
ENENEEEENEE EENRENELEIS _
lllllllllll Illllllnlll Configurable

=] | B | EEEE] (] e ——
SOB||REOA) A8 BO) Pece) RS Logic Bloc

ENENEEEENEE HENEEEEEEE (CLBs)
I 6 ) O
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Spartan-3 Distributed Memory

— Configurable Logic Block (CLB)

T == I |
| I | .
| |LUT | |Reg : I |LuT | | Reg : 16-bit SR
| [
| I |
LT | | Reg ! | [LuT | | Reg | 16 x 1 RAM
Xt
| ¥ } 16 x 1 ROM
| |LUT | | Reg I | |LUT| |Reg | | (Iogic) —>
| | |
| || | >
: LUT | | Reg : I |LUT | | Reg :

| >
' X0Y0 I :
20T __ R

—>
SLICEM SLICEL
Logic/ROM Logic/ROM only
Distributed RAMS il source Mentor Graphics Corp
Shift Register ource:Xilinx o 0t 500

0 One CLB has four slices: SLICEM & SLICEL
0 Each LUT in SLICEM has RAM16X 1S
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Spartan-3 Distributed Memory

RAM16X1S

D
WE

> WOLK
AD o
A
A2
A3

dUses aLUT in a slice as
memory

*An LUT equals 16x1 RAM
*Cascade LUTs to increase RAM size RAMA2X1S

wr p—

L1411

0 Two LUTs can make
*32 x 1 single-port RAM »
16 x 2 single-port RAM T M
*16 x 1 dual-port RAM A wr o or RAM16X2S
0 Synchronous write -+ > — e

0 Asynchronous read
*Accompanying flip-flops can be
used to create synchronous read W or

0 RAM and ROM are initialized T
during configuration _/

«Data can be written to RAM after
configuration

RAM16X1D

I
|
2
g
I

:
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Spartan-3 Distributed Memory

O Timing
*Synchronous write
*Asynchronous read

WCLK

WRITE_EN 7(

twrite
- -

[ tread

X

Previous
Data

Mew
Data
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Spartan-3 Block Memory

—

Block RAM Columns

—

XC354000/L
XC335000

XC3S50
XC3S100E

o o o e e o
OO0O000O00000000CO0C0 00 O0OOoOoocd

1 | | |

DOoO0O00000000000000000000
OOOO0O0O0O00O0O000000000000000
o o | |
DOO00000000ODO00000000000
DOO00000000ODO00000000000
OOOO0OO0O0O0O0O0OC0 0000000000000
o o o o
o o e e e e e e e e
DOoO0O0000000000000000000
DOoO0O00000000000000000000
o o o i e o
o o
OOOOOO0O0O0O0O0O0O0C0O0OO000O000O000O00
DOoO0O00000000000000000000
o o o o
i o o

[ I[ ] I[ I[ ] 7

OOOOOoOO0O0000000000000000
OOOO0O0CO0O0000000000000000

2CLBs

T~

\

E— i | L wl
WWWWWEEOO
NIS32VORd
DN e ) n DD
RREBLLLEH

X483 02 _D10205

2CLBs

Embedded Multipliers

18 kbits = 18,432 bits per block (16 k without parity bits)

] Builds both single and true dual-port RAMs

Dedicated blocks of memory

0 Most efficient memory implementation
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Block RAM Configuration (port aspect ratios)

> 2

v

8k x 2 4k x 4

4,095

16k x1  gig

8+1

16,383
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Block RAM Ports

WEA RAM16_Ws Wg
ENA
SSRA DOPA 1:0
CLEKA S [Pa—1:0]
ADDRA(r,—1:0] DOA[W—1:0]
——
DIA[w—1:0]
DIPA[3:0]
-
WEB
ENB
SSRB | DOPB[pg—1:0]
CLK® > DOB[wg—1:0]
ADDRB([rg—1:0] -
DIB[wg—1:0]
DIPB[3:0]
-
(a) Dual-Port

Table 4: Block RAM Interface Signals

Dual Port
Signal Description Single Port Port A PortB Direction

Data Input Bus Dl DIA DIB Input
Parity Data Input Bus (available only for DIP DIPA DIPB Input
byte-wide and wider organizations)

Data Output Bus DO DOA DOB Qutput
Parity Data Output (available only for DOP DOPA DOPB Qutput
byte-wide and wider organizations)

Address Bus ADDR ADDRA | ADDRB Input
Write Enable WE WEA WEB Input
Clock Enable EN ENA ENB Input
Synchronous Set/Reset SSR SSRA SSRB Input
Clock CLK CLKA CLKB Input

Clwae: the data path width at ports A,B.

Cp.s: the number of data path lines serving as parity bits.

Clrae: the address bus width at ports A, B

CThe control signals CLK, WE, EN, and SSR on both ports have t

option of inverted polarity.

41

Lund University / EITF35/ Liang Liu 2013




Block RAM: Operation Modes

Effect on Opposite Port

Write Mode Effect on Same Port (dual-port mode only, same address)
WRITE_FIRST Data on DI, DIP inputs written into specified Invalidates data on DO, DOP outputs.
Read After Write RAM location and simultaneously appears on
(Default) DO, DOP outputs.
READ_FIRST Data from specified RAM location appears on Data from specified RAM location appears on
Read Before Write DO, DOP outputs. DO, DOP outputs.
(Recommended) Data on DI, DIP inputs written into specified

location.

NO_CHANGE Data on DO, DOP outputs remains unchanged. | Invalidates data on DO, DOP outputs.

No Read on Write

Data on DI, DIP inputs written into specified
location.
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Block RAM: WRITE_FIRST

Data_in e—t i Data out

WE —
EN —
CLK ——

Address —T RAM Location

WRITE_MODE = WRITE_FIRST X463_11_062503

CLK |
WE / \
Data_in HHXK X 1111 = X 2222~ X HIHHK
' |
II .I
Address X aa, X o | X e | X dd

!
X N 2272

Data_out 0000 XL- MEM(aa) X 1111 X'n- MEM(dd)
ENABLE _/
DISABLED READ WRITE WRITE READ
MEM(bb)=1111 MEM(cc)=2222

| |
| |
| |
| |
I I
I I
| |
/ | I |
I I
| |
| |
| |
| |
| |

*483_12_020503

43 Lund University / EITF35/ Liang Liu 2013



Block RAM: NO CHANGE

Data_in == \ Data_out
WE —=

EN —

CLK —=
Address

RAM Location

!

WRITE_MODE = NO_CHANGE ¥453_15_062503

CLK | | | |
e — N
Data_in e any.aar= .4 KK
| | | |
Address X : a_, X : bb b4 : ce X : dd_,
| / | | | /
Data_out oon | M e MEME) | ! % MEM(da)
ENABLE _/ | | | |
DISABLED : READ : - mg o : . n:TEZEz . : READ
| | | | X4E3_16_I20503
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Block RAM: READ FIRST (Recomm.)

Data_in
WE

EN

CLK
Address

=V

RAM Location

—- Data_out

WRITE_MODE READ_FIRST

¥453_13_DE2503

CLK | | | |
WE l /| | N
Data_in i HHHK X i 1111 X i 2222 X i KK
| | | |
Address X ! . X ! bb X ! e —, X ! dd—,
| / | / | | /
Data_out o000 | W -wmEMEa) | Moo MEMED) old MEM(ccll I \o-MEM(da)
| i i |
ENABLE ! ! ! !
/ | | | |
DISABLED | READ | WRITE | WRITE | READ
| | memmo1111 | mEMco=2222 |
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Reading Advice

CORTL Hardware Design Using VHDL: P276-P292

COXAPP463 Using Block RAM in Spartan-3 Generation FPGAs (Google
search: XAPP463)

0 XAPP464 Using Look-Up Tables as Distributed RAM in Spartan-3
Generation FPGAs (Google search: XAPP464)

O XST User Guide, Section: RAMs and ROMs HDL Coding Techniques
(Google search: XST User Guide (PDF))

[0 ISE In-Depth Tutorial, Section: Creating a CORE Generator Software
Module (Google search: ISE In-Depth Tutorial)
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OWhy two DFFs?
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Crossing clock domain

CIMultiple clock is needed in case:
*Inherent system requirement
CDifferent clocks for sampling and processing
*Chip size limitation
CIClock skew increases with the # FFs in a system
CICurrent technology can support up to 10*4 FFs

*Low power design
OClock gating
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Multiple Clocks: Problems

COWe have been setting very strict rules to make our digital
circuits safe: using a forbidden zone in both voltage and time

dimensions

Digital Values: distinguishing Digital Time: setup and hold time

voltages representing “1” from “0” rules
t: .
>
D !
| |
Clk
Q
>
teo
t
PD
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Metastability

COWith asynchronous inputs, we have to break the rules: we
cannot guarantee that setup and hold time requirements are met

at the inputs!
COWhat happens after timing violation?

Tsetup +Thuld

clk D Clk
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Mechanical Metastability

ClLaunch a golf up ahill, 3
possible outcomes:

*Hit lightly: Rolls back
*Hit hard: Goes over
*Or: Stalls at the apex

CThat last outcome is not
stable;

A gust of wind
*Brownian motion

*Can you tell the eventual
state?

State A State B
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Metastability in Digital Logic

CIOur hill is related to the VTC (Voltage Transfer Curve).

CThe higher the gain thru the transition region, the steeper the
peak of the hill, the harder to get into a metastable state.

COWe can decrease the probability of getting into the metastable
state, but we can’t eliminate it...

oug\

D 1 Master latch i 1 Slave latch i Q

| |

— +— : ; :

l | l |

CLK2 1 |

CLK1

1
CLK2 CLK1 —

,,,,,,,,,,,,,,,,,,

52 Lund University / EITF35/ Liang Liu 2013



Metastability in Digital Logic
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Metastability in Digital Logic

CIFixed clock edge
C0Change the edge of
inputs

COThe input edge is moved
in steps of 100ps and 1ps
~ OThe behavior of outputs
*‘Three’ possible states
*Will exit metastability

INPUTS

How long it
= takes to exit
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Exit Metastability

CIDefine a fixed-point voltage, Vy, (always have) such that Viy = Vum
implies Vout = Vwm
CJAssume the device is sampling at some voltage Vo near Vi

CIThe time to settle to a stable value depends on (Vo -Vy); its
theoretically infinite for Vo = Vu

\"

ouL
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Exit Metastability

CThe time to exit metastability depends logarithmically on (Vo -Vw)
OThe probability of remaining metastable at time Tis g -1/t

Voltage P

Log(V-Vy)

Time (ns)
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MTBF: The probability of being metastable at time S?

COTwo conditions have to be met concurrently
*An FF enters the metastable state
An FF cannot resolve the metastable condition within S

OThe rate of failure p(failure)= p(enter MS)x p(time to exit > S)

-5
Rate( failures) =T, F F, xe %

*T,y: time window around sampling edge incurring metastability

*F.: clock rate (assuming data change is uniformly distributed)

*F,: input change rate (input may not change every cycle)
COIMean time between failures (MTBF)

S
o
Iy oIy,

MTBF =
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MTBF (Mean Time Between Failure)

ClLet’s calculate an ASIC for 28nm CMOS process
*1: 10ps (different FFs have different 1)
*T\w=20ps, F-=1GHz
-Data changes every ten clock cycles
Allow 1 clock cycle to resolve metastability, S=T-

MTBF=4x10%° year !

[For comparison:
Age of oldest hominid fossil: 5x10°years
Age of earth: 5x10°years]
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The Two-Flip-Flop Synchronizer

Asynchronous input

/ FF1 FF2

Da O D Q D Q—ODS ?

CLK

\ Synchronized signal

Global low-skew clock

S=T¢

l > >
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The Two-Flip-Flop Synchronizer

CdPossible Outcomes

ASYNCHRONOUS
NPUT —»|01 Qf—|p2 @}

FF1 FF2

CLOCK

clock [\ _[@\ _[3®\__ D\_[@\__[®
D1__ [

Q1 |f /

Q2
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The Two-Flip-Flop Synchronizer

CdPossible Outcomes

ASYNCHRONOUS

INPUT —»|D1 Qlf—®D2 Q>
FF1 FF2
A A
CLOCK
_[D\_[@\_/[3\ (@ 3

Open Question: What is the limitation?
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Reading Advice

“Metastability and Synchronizers: A Tutorial”’, Ran Ginosar,
VLSI Systems Research Center, Israel Institute of Technology
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39 23/9 DFT 1, Assign. 3 ALU
24/9 no lecture
25/9
27/9
40 30/9 DFT 2, Assign. 4 Display ALU+Memory
1/10 Low-Power
2/10
4/10
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