Memory

Overview of Memories
Memories on the FPGA
*Memories in Verilog
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Administrative S

e Week 04 Due tomorrow

LECTURES: Lectures and recordings appear here.

L We e k O 5 ( :O I I l e S O l It 0 I l WEEKLY ASSIGNMENTS: All the work in the class is found here.
I h rS d a ° SYLLABUS: Course information
u y. PIAZZA: Help and Announcements

HELP QUEUE: Help Queue for Office Hours (in-person only)

[ ] U Si n g B RAM S to m a ke DOCUMENTATION AND INFRASTRUCTURE: Sett:i.ng‘Th:i.ngs up

YOUR PROGRESS: Completion of Assignments in the Class

NAL PROJECT PAGE: Information on Final Projects, Assignments, Due Dates, Etc...

i m a ge S p rite S :iNAL PROJECT ARCHIVE: Projects from Yesteryear
* Video/Camera pipeline

* Working with Camera to
track objects

* Final Project Dates and Schedule Will be Released by end of
week. Archive on site now (may be missing some 2025
projects)

e Start Teaming! We will want to have teams by end of next

week so we can either form teams or have you start
formulating projects.
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Memory

Overview of Memories
Memories on the FPGA
*Memories in Verilog
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Memories: The general state...

* The good news: Rapidly Advancing Field

* Tons of Cool developments in memory

* The bad news: perennial system bottleneck
* Latencies (access time) haven’t kept pace with cycle times

* Often a separate technology from logic, so must
communicate between silicon, so physical limitations (# of
pins, R’s and C’s and L’s) limit bandwidths

* Memory very often seems to be the limiting factor in a lot of
designs:
* Don’t have enough

 Can’taccess it fast enough
 Can’t access it flexibly enough
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Memory Iin Hardware vs.
Memory “Iin” Software

* There is a huge disconnect in software,
particularly in higher level languages, to
memory...in fact one of the reasons high-level
languages exist is to facilitate that disconnect

* Python at first glance makes it seem like you can
Instantaneously access

for i in range(1000):
print(yl[il)

* This is absolutely 100% not the case!
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In reality...

* Memory is often stored in very tightly packed,
difficult to access arrays.

* Doing things with the data in that memory
(reads/writes) inherently takes time (maybe many
clock cycles)... “instant” access is often not easy

* In HW, “instant” access is actually instant. There’s
no Python interpreter there to lie to you and add
cushy pillows around you. If you want something
Instantly, Verilog/Vivado will try to give it to you and
It may be impossible...or very expensive to do.
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How do we Electrically Remember Things?

* We can convey/transfer information with
voltages that change over time

* How can we store information in an electrically
accessible manner?

e Store in either:
* Electric Field
* Magnetic Field
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Write-once...read forever

Early attempts:

This is a Read-Only-Memory
e Punched Cards have aka
: ROM
existed as
electromechanical
program storage since
~1800s

 Switches would sense
holes in card and
interpret as voltage 1’s
and 0’s

* We’re mostly concerned

with rewritable storage |
mechanisms today Computer program in punched card format

(cards were true ROMs)

https://en.wikipedia.org/wiki/Computer_programming_in_the_punched_card_era
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ROM (Read-Only-Memory)

* Very little modern memory is true ROM where it
can only be read.

* Most memory can be rewritten many times now.

* CAVEAT: Some memory whichisonlyreadin a
particular design may be referred to as a ’JROM”
however since you don’t write to it.
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It’d be nice to read-and-write

* |t would be nice to have an electrical scratch pad
to store data and refer back to it...how to do
that?

* Need a way to store electrically and recover
electrically...
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INPUT QUARTZ CRYSTAL OUTPUT

. musroms ~ TRANSDUCER \ ~ mmsmmea
Delay Line Memory 367 sup=su T3 €

Schematic diagram of circuit connections to the acoustic delay line used in

* Early form of memory

* Generate a wave pattern —Il| ) lI——
which exists for a few
milliseconds in mercury [ [raee] [

TECT! > AND AND
AMPUIFIER DETECTOR RETIMING DRIVER

e Recover on the other end —r m—r
. . Block diagram of the mercury memory system.
and either modify/reload

) R e q u i re S (13 ref re S h » med\um(méercury) Compression Pulse(S?und Wave

circuitry A @@

* “Volatile” (info lost soon PP PP
after power cut)

o
o
o
o
o

Data Output

https://matsuuratomoya.com/en/works/post-past_sotsuten/
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Mechanical Delay
Line Memory

e Store about 8,000 bits in
the form of clockwise or
counter-clockwise
torsional rotations

applled to avery long Soviet Delay Line Memory
piece of wire

* Required repeatedly reading them out and writing
them back in like the Mercury delay line

* Turn off power and twists disappear after about 100
ms (volatile)
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William’s Tube

* Take advantage of non-negligible decay
time of phosphors on CRT to store data
discussed in lecture 7/

* Project data “image”

* Little bit later (~60 milliseconds) recover
it. Using a camera.

* Either use it or re-project it for later use

* Volatile (info lost soon after power cut)
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Juggling Memory

* The memory formats on the previous pages all
Involved juggling the bits.

* You would

temporarily store Ordered Storage
some bits Medium

 And then you Would ] { Pond ]

HAVE to recover Wiite

lnterface /ni'el’face

them soon after

* But they’d be store ‘)
while “in-the-air” Computation

10/6/26 https://fpga.mit.edu/6205/F26 14



FIFO memory r—>omo1oa\

e Due to the nature [ ]
Write { Read J

of these . Interface Interface
mechanisms,

access to these
memories was {

Computation

constrained in
terms of ordering.

* Could not randomly get to any bit in any order.
Had to wait for its turn to show up
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Spoilerz

* A lot of modern memory isn’t actually much better
than the juggling memory we talked about

* With DRAM, you

write stuff to
memory Storage Med/um \

* And then you HAVE
to recover them Write ] { Read }

soon after Interface Interface

* But they’d be store
while “in-the-air”
’ Computation

* And you’re
constantly
repeating this
process...
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|

Core Memory

* Store 1’s and O’s in the
magnetic field of small
torroids (magnetic
cores)

* Where the term “core
dump” comes from.

* Used up until mid 70’s
* Non-volatile!

| {{

=\
&\
N
X
=

e—
o
-

%

. This is a Random Access Memory
* Could Read-and-Write! aka
 Could “randomly” RAM
access bits of memory You got this functionality via

memory array architecture

https://en.wikipedia.org/wiki/Magnetic-core_memory#/media/File:KL_Kernspeicher_Makro_1.jpg

10/6/26 https://fpga.mit.edu/6205/F26 17



Memory Array’s (Inspiration in Switches)

* If you have 16 switches,
you can convey that
using 16 independent
wires (one-hot

encoding)

* Alternatively if you 5
assemblein an
array/ matrlx, you can With correct interfacing you can
do with 8 wires (if you still think of this as a 16X1 array of

y

add some interfacing switches!!! Even though it isn’t
circuitry)

* Same situation in most memory architectures
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Memory Array Architecture Bitof interest

* |n order to achieve super ” /

high memory densities and -

get *mostly* random o |2

access to those bits, g

almost all modern memory & |28

architectures adopt an {

array format 2—2>—2>-2>-> SRR
* Drastically reduces the |_Sense Amps/Drivers

total number of interface

connections...but.... \Column Decoder

P
Col Addr
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Memory Array Architecture

Bit of interest
* Limits ability to do ” /
simultaneous accesses to -
more than a few spots o |2
$ .0
* Bits can often only be zZ |9
accessed with their =~ g
neighbors. AN
SEEEREN
Sense ps/Drivers
* Limitations like this
hugely influence lots of ' v v b vvv v
other ”things” we do in \Column Decoder/
digital design I

Col Addr
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Also...3D Memory

 Last decade has seen
proliferation of 3D memory
architectures.

* Same rough accessing idea
as prev page, but instead of
planes, go to cubes of
memory.

* Much higher densities.

* Still can only access a few
spots at one time

https://sst.semiconductor-digest.com/2017/07/overcoming-challenges-in-3d-nand-volume-manufacturing/
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Modern Memory

* Most modern memory uses some form of
transistor-based structure to maintain data in
either a long or short term

e How is it done?

e How does how it iIs done constrain how we can
use and how much of it we have to use?

10/6/26 https://fpga.mit.edu/6205/F26
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Memory Limitations

* No memory does LARGE
everything we want. Fast

* Different types excel /?g%
In different ways.

* Part of Digital
Engineering is Cheap
dealing with that.
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On our FPGA Board!

Inside
the <
FPGA
Outside
the
/1/0% o FPGA <
Ne % f/;e/
Qe 0z e@’e
‘9/276 2 O'@V/be 7
b@ /C/OGS ef@
%
10/6/26

7~ Regular registers in logic blocks

* Operates at system clock speed, expensive (CLB utilization)
* Configuration set by Verilog design (eg FIFO, single/dual port,
etc)

FPGA Distributed memory (small SRAM)

* Operates at system clock speed

* Uses LUTs (64 bits) forimplementation, expensive (CLB
utilization)

* Requires significant routing for implementatiogs
* Configured using IP
* Theoretical maximum: ~1Mbit

FPGA Block RAM (larger SRAM):
* 2,760K bits total (in 76/150 chunks)

DDR3 SDRAM
* 1GiB
* Requires MIG (Memory Interface Generator)

Flash memory NAND storage
* 16MiB
* Slow read access, even slower write access time!

microSD port larger NAND storage
» Different SD Card sizes (multi GB)

24
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Same Issue with 6.191 Processor Design

e The more accessible

and quick-to-

access, the more

expensive and

physically large and
rare a memory will

be!

10/6/26

large size

large size
very large capacit

small size

very large capacity/
y /

Computer Memory Hierarchy

small size
small capacity

small size

small capacity
medium size
medium capacity

processor registers
very fast, very expensive

power on

immediate term
processor cache
very fast, very expensive
random access memory
fast, affordable

power on
very short term

power off flash / USB memory
large capacity short term slower, cheap
power off hard drives
mid term slow, very cheap
power off tape backup
long term very slow, affordable
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Good Coverage of Modern Types

* The memory types on our FPGA board provide a
good coverage of most modern forms of digital
memory, so we’ll go through them now.
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Memory IN the FPGA
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FPGA Memory: Two Types

* The FPGA has two dedicated sets of resources
(other than Flipflops) for storing information.

* All are comprised of SRAM (Static Random-
Access Memory)
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Hold on...Aren’t FlipFloppies Memory?

* Yes, they are memory and you can use them like
thiS°

D—»D Q\ %/ > dout
enable ——»

This *might* synthesize using flip flops

clk

logic [7:0] storage;
logic [7:0] din;
logic enable;
logic [7:0] dout;
assign dout = storage;
always_ff @(posedge clk_in)begin
if (enable)begin
storage <= din;
end
end
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Flip Flops

* Flip flops are distributed
all over the board in the
logic cells

* Nearby for convenience

* Are meant for holding
smaller temporary chunks
of data

* Flip flops are not meant for
bulk storage... (animage, -
for example) 0

-7

&

LUTs Fastcarrychain  FF/Latches

Used to synthesize all For mult-slice logic Route through these
combinational stuff (addition, etc) for registers. Else
bypass for purely

combinational
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Flip Flops W
* Think of nearby flipflops as L&
the registers you seein a T
processor =
* Quick and relatively small o
memory access units N
* Nearby so easy to route to ii
* Immediately accessible C i S =] N
(not living in dense piles in T =T e
whichonly one entrycan = °f b
be read at a time) &
 But what about more LUTs Fastcarrychain  FF/Latches
iz For mult-slice logic Route through th
mMemao ry? UCS oe ,(,jq E:ﬁ;gg? S;Z?fu O;;:jditign?ztg)g ’ ?or reegig?efs. Else: ’
bypass for purely

combinational
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FPGA Internal Memory: Two Types

* The FPGA has two dedicated sets of resources
for storing information in larger quantities

* Block RAM
* Distributed RAM

* Both are comprised of SRAM (Static Random-
Access Memory)
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Static RAM (SRAM) Cell (The 6-T Cell)

—_— -—
Vbp
— —
M, M,
Ms 1 :I I: __M6
* TT L 2 ! ® T Q w 1
A4 B

—— M1 M3 BL . —

BL d L Write: Set BL, BL to (0,Vpp ) or (Vpp,0)
J=- then enable WL (= Vpp)

Read: Disconnect drivers from BL and BL,
then enable WL (=Vpp). Sense a small change
‘inBLorBL

= State held by cross-coupled inverters (M1-M4)

= Retains state as long as power supply turned on
= Feedback must be overdriven to write into the memory
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6T Cell is Memory-Array

COmpatl ble Bit of interest
P /

* The Read/write interfaceis  5_| 2
very compatible with a - §
memory array architecture, &7 a
so these 6T cells can be K
jammed into large arrays N TTT i1 1
with relatively few interface S| ———

wires

\Column Decoder/
Pt

Col Addr
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FPGA Memory: Two Types

* The SRAM in our FPGA (Xilinx 7S50T) is organized
Into two types (meant for using as memory
explicitly):

- Block RAM (BRAM):

* Large continuous chunks of SRAM
* 36 kbits a piece
e 75 of these on our particular FPGA

* Distributed RAM:

e Ofthe ~32,000 LUTs on the FPGA, about 9,600 have
64 bits of SRAM in them that is usable

* Can use this spread-out RAM as well (to squeeze
another ~614.4 Kbits out of chip...but this takes away
resources from your logic so you should use as last
resort!
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Block Memories (BRAMs)

CASCADEOUTA

T 36-Kbit Block RAM T

=2, {piA
4+ .piPA
16 .| ADDRA  PortA
—4— WEA

— | ENA

— | RSTREGA

There’s 75 of these 36Kx1 bit
SRAM arrays on our FPGA

CASCADEOUTB

* Our FPGA has 75
dual-port SRAM
modules

e Can write-to and

—| RSTRAWA on (-2 lookup values using

 JReecen| e | o these two ports as
i needed

32 32 .

A o o8 » Used these as audio

ORI el storage in week 3, will

—~|ENB_ PortB use for video frame

—— | RSTREGB .

———+{ RSTRAMB buffer in week 4 and

— > CLKB

— +-['REGCEB beyond.

CASCI\DEINA CASCADEINB

10/6/26
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The BRAM is a True Memory Array

. Bit of interest
* Each BRAM block is ‘
designed to be {
reconfigurable into o |2
different dimensions: S
. 32K x 1 bit a7l a
* 16K x 2 bit <;
8k x4 bit NN
e 4k x 9 bit Sense Amps/Drivers
» 2k x 18 bit BEEBRREE
- 1kx36bit N Golumnpecoser/
* 512x 72 bit 1T
Col Addr
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BRAM Timin

1 | 2 | 3 4 5
-/ TePwH_ : —~ TepwL - :
~TBACK | | .
N l l l
ADDR 3 00 P 4 oOF ) 4 7E ) 4 SF D 4 20 a BlOCk RAM Wlu never
—  ~TBDCK | | | . d h d
DI * DDDD D 4 cCCC D 4 BEBE D 4 ARAA oo proviae asyncnronous reads.
~ __ 1BCKO | | | A b
Do X memeo X ccee XX memge X oo t best, you can get
~__ ~TBECK | j | ]
en | | ; N synchronous reads with a
I I BRCK- - I
ss | | N one-clock cycle delay
TBwCk~ __— : |
WE / | ) N ,
Disabled Read I Wirite | Read Reset | Disabled
* Write Mode = "WRITE_FIRST"
** SRVAL = 0101
Block SelectRAM Timing Diagram
Block SelectRAM Switching Characteristics
Speed Grade
Description Symbol -6 | -5 | -4 Units
Sequential Delays
Clock CLK to DOUT output Tacko 2.10 | 2.31 | 265 ns, Max
Setup and Hold Times Before Clock CLK
ADDR inputs Teack/TecKa 0.29/0.00 0.32/ 0.00 0.36/ 0.00 ns, Min
DIN inputs TBDCK/TBCKD 0.29/0.00 0.32/ 0.00 0.36/ 0.00 ns, Min
EN input Teeck/Tecke 0.95/-0.46 1.04/-0.50 1.20/-0.58 ns, Min
RST input TBRCK/TBCKR 1.31/-0.71 1.44/-0.78 1.65/-0.90 ns, Min
WEN input Tewek/Teckw 0.57/-0.19 0.63/-0.21 0.72/-0.25 ns, Min
Clock CLK
CLKA to CLKB setup time for different ports Teces 1.0 1.0 1.0 ns, min
Minimum Pulse Width, High TepwH 117 1.29 1.48 ns, Min
Minimum Pulse Width, Low Tepwi 117 1.29 1.48 ns, Min
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BRAM Operation
DI -4~ > DO

ADDR =~  graM

EN — Single-port
WE — Config.

CLK —'|>

CLKM
/ AN

I
WE :
]| XXXX X 1111 X : 2222 X XXXX
I
bb.\ X cC —~ X dd ~

|
| |
i | f
! |
| | |
[ | |
t t i f
ADDR X | 7 X | | /
| | | |
! Xk MEM(aa) [ >é>old MEM(bb)! >é>old MEM(cc)[ XL>MEM(dd)
1 1 1
| | | |
| | | |

DO 0000
|
EN
Disabled I Read I Write ! Write Read

MEM(bb)=1111 MEM\(cc)=2222

UG473_c1_03_052610

Figure 1-3: READ_FIRST Mode Waveforms



Xilinx BRAMs are Notoriously “Late”

al L L <IN e B O R A
en ‘ \
slow T_co slack
addr 1 no Al | ~ | s 7
DOUT (DO_REG=0) &1 0o | oo | 2 | 3 P77

Figure 4 - Xilinx BRAM read without the output register (DO_REG=0): the array access happens
after the clock edge, so DOUT settles late in the cycle and leaves little slack before the

DI -~
ADDR —/~

EN —

CLK —-|>

BRAM
Single-port
Config.

10/6/26

next edge.
Combinational > .
/ > Lafe Register
DO
/I\
CLK
Very tough constraints on how thick

this logic can be

https://fpga.mit.edu/6205/F26
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Solution:

* Run the BRAM with an extra internal register
activated

* Values do show up one cycle later...but much
easier to fit timing downstream

clk |

L]

l

en ‘ \
sssss
addr A m Ao A2 | s P77
DOUT (DO_REG=0) % o | oo [ o2 | s |7
DOUT (DO_REG=1) w%: o0 | oo | o2 | 3 V7

Figure 5 - With the output register enabled (DO_REG=1), DOUT appears just after the clock
edge, leaving nearly the full cycle for downstream logic at the cost of one extra cycle of

10/6/26

latency.
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Also

BRAMs are Dual Port

CASCADEOUTA

T 36-Kbit Block RAM T

CASCADEOUTB

e There are two

2o separate access
wrem L ports on each block
—>—| ADDRA  PortA
4;» WEA RAM o
— | ENA .
— - RSTREGA , e Simultaneous
— | RSTRAMA 9) =
— > CLKA D[(D)Pﬁ 4 acceSS!
—— | REGCEA

Memory * They ALSO can be run

Arrey at separate clocks!!!
%f-’—» DIB DOB |2 .
~7 | owe por * This means BRAMs
—~—{ ADDRB .
4 Jwes can provide
N convenient means of
S sharing data across
— > CLKB .
— I'mecces clock domains!

CASCI\DEINA CASCADEINB

10/6/26
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FPGA Memory: Two Types

* The SRAM in our FPGA (Xilinx 7S50T) is organized
Into two types (meant for using as memory
explicitly):

* Block RAM (BRAM):

* Large continuous chunks of SRAM
* 36 kbits a piece
* 75 of these on our particular FPGA

 Distributed RAM:

e Ofthe ~32,000 LUTs on the FPGA, about 9,600 have
64 bits of SRAM in them that is usable for general
memory.

 Can use this spread-out RAM as well (to squeeze
another ~614.4 Kbits out of chip...but this takes away

resources from your logic so you should use as last
resort!
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Distributed RAM: Each Logic Cell is
made of Four Six-Input Lookup Tables
with inputs that can be set

63

* These LUTs are programmed to \
give us our logic functions and .
that program is set in .
SRAM...they can therefore Out
synthesize any six-input lookup- 1
table/function/Karnaugh Map

°

* |n some logic cells, you can —TT
alternatively use this SRAM for I, f
regular generic memory! 1,
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liceL vs. Slice M

COU; Reset Type
? DX [ T
D2
X O DMUX D6:1 D~ AB:AT
+-{we:wi
D6:1 [O——(AB:A1 E > 06
Do 05
06
1 3} OFFLAT —
05 T OX| OINT1 - @f—{DDa Tl
D RINTO WEN MC31 b 2300
—lce HsaH
ek SR [t
SR
SR
jl W x> T
D2 L
ce:1 O~ A:A1 1
+-{We:wi
06
05
ck DIt
WEN MC31 |——
>
BX [ 1
D2 I_
B6:1 [ AG:AT 1
+-{We:wi
06
05
ck DIt
WEN MC31
B
X T :l
D2
AB:1 DD AB:AT 11
Hwewi
06
05

CIN UG48 202 110810

VG474 209101210

SlicelL SliceM
LUTs programmed when bitfile written Memory used in LUT
programming broken out and
available
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Distributed RAM is Distributed

 Each 64 bits of LUT specification is broken out...so
each Slice (with Four LUT6’s) has 256 bits of RAM

RAM32M
————————————————————— o
: %6 0 DPRAM32 !
DID[1) —+— - ~{on 06 [———= DOD[0) . . .
DIDI0] —L (AX/BX/CX/DX) )
O o 1 i SliceM’s are distributed all over the
:0) —| :
! + (CLK;S— WA[6:1) :
WCLK — 11T CLK 05 = DOD[1] G N
ot — we) _|S ! FPGA: FPGA
: I
! | |
I
: 0 DPRAM32 | | L
1 ~{on | ||
I 06 —= DOCI0] |
I N |
ADDRC[4:0] —1 “La8e A6:1) | [ ] .
: S| WAS:1] I
I | CLK 05 L~ bocrt .
P AL — : {1 - - -
: I
I
I | |
I © DPRAM32 |
SRR o1 06 f—+—= posio) L
| +———~|pI2 | ||
ADDRB(4:0] —+ BISAL.5.| agen) :
! 2 WAlB:1) | . [ |
| - \%LEK 05 : * DOB(1) [ ]
| . |
I
: | - |
I
|
I
| 0 DPRAM32 |
I
: - o1 06 —= DOA[0] - .
- DI2 I | |
I
ADDRA([4:0] — A5 | a1 : =
| Se| WaS:1) | |
! = CLK 05 T DOA[1] ]
: | we I -
I
I
______________________ ! - - -
- |

Four of these per slice
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Distributed RAM vs. Block RAM

* Distributed RAM:

* More flexible:
* Smaller unit size (256 bits)
* read multiple (>2) values at once
* Easy Single-cycle reads/writes (for small memory sizes)

* Block RAM:

* Less flexible:
* Bigger unit size (18kbits or 36 kbits)
* Dual-port ONLY (<=2)...can avoid using one if you want
* Risky single-cycle reads/writes
* No single-cycle bulk reset

10/6/26 https://fpga.mit.edu/6205/F26
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Verilog Memory Patterns!!!

* The following slides are very important because
what you express in Verilog gets matched to very
different hardware primitives underneath!!!
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Small Memory in Verilog
* 8X256 memory:

* Synchronous write
 Asynchronous aka combinational read

module mem_one( input wire clk,
input wire [7:0] w_idx, //write address
input wire [7:0] din, //write value
input wire we, //write enable
input wire [7:0] r_idx, //read address
output logic [7:0] dout); //read value

logic [7:0] memory [0:255];
always_ff @(posedge clk)begin
if (we)begin
memory [w_idx] <= din;

endmodu le

end
end
assign dout = memory[r_idx];
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Small Memory in Verilog
* 8X256 memory:

* Synchronous write
 Asynchronous aka combinational read

0% N e A A A A R A O R
5 | | em| M P77

a
addr AO
t_pd t_pd (no clock edge)

dout #: o | o Jorios| 04 7

Figure 6 - Distributed (LUT) RAM read: the read is combinational, so dout follows addr after
a short propagation delay t_pd, in the same cycle and even when addr changes between clock
edges.
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Result of Design:

 Because of what was asked, Vivado “inferred”
the usage of Distributed RAM

* Why is this using 32 LUTs??7?

2. Slice Logic Distribution

Site Type Used | Fixed | Prohibited | Available | Util%

Slice 0 8150 0.10
SLICEL
SLICEM

LUT as Logic

LUT as Memory

I
I
I
I
| 32600
I

| LUT as Distributed RAM

I

I

I

I

I

I

I

I

9600

ww
o000

w
HFOOOOONONNOOSO ®

using 05 output only
using 06 output only
using 05 and 06
LUT as Shift Register
Slice Registers
Register driven from within the Slice
Register driven from outside the Slice
Unique Control Sets

65200 0.00

8150 0.01

f———— e —— — y — ¢
—— ey — ¢
f———  —  — ¢

From post_place_util.rpt
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Small Memory

* 8X256 memory:

* Synchronous write

 Synchronous read—

€en

module mem_one( input wire clk,

input wire [7:0] w_idx, //write address
input wire [7:0] din, //write value
input wire we, //write enable

input wire [7:0] r_idx, //read address
output logic [7:0] val); //read value

logic [7:0] memory [0:255];
always_ff @(posedge clk)begin

if (we)begin

memory [w_idx] <= din;

end

dout <= memory[r_idx]; //moved
end
dmodule

10/6/26

https://fpga.mit.edu/6205/F26

52



Small Memory

* 8X256 memory:

* Synchronous write
» Synchronous read

0% [ S A T I S SO R SR B
never sampled

addr 4 m~ || w IENEEZ

T_co

dout e o | o | o3 | o P

Figure 7 - Synchronous-read RAM: the address is sampled on the clock edge and dout updates
just after the next edge, one cycle of latency. Address changes between edges (A2) are never
seen.
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Result of Design

* No Longer Building with Distributed RAM, Instead Vivado
Chose a Block RAM (because it has a tendency to choose
BRAM when provided the option)

2. Slice Logic Distribution

Prohibited | Available | Util%

c
n
[0}
o
-
H-
X
o
o

Site Type

I I I

| Slice | 0 | 8150 | 0.00

|  SLICEL | |

|  SLICEM | |

| LUT as Logic | | 32600
| LUT as Memory | 0 | 9600
| LUT as Distributed RAM | |

| LUT as Shift Register | |

| Slice Registers | |

| Register driven from within the Slice | |

| Register driven from outside the Slice | |

I I I

Unique Control Sets

[ SIS I B IS T

65200

[SIN- RIS IS IS IS I I S

8150

f—_ — — 4
p——— - — —  — ¢
1)

S
(]
p———— - — —+ — +

Site Type i Prohibited | Available

Block RAM Tile . 0 75
RAMB36/FIF0x* 0 75
0

RAMB18 150 . .
RAMB18E1 only From post_place_util.rpt
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Small Memory
* 8X256 memory:

* Synchronous write
 Synchronous read
* Bulk Resettable

Only new thing compared to
before is we can erase
memory in one clock cycle

module mem_three( input wire clk,
input wire rst,
input wire [7:0] w_idx,
input wire [7:0] din,
input wire we,
input wire [7:0] r_idx,
output logic [7:0] dout);

logic [7:0] memory [0:255];
always_ff @(posedge clk)begin
if (rst)begin
for (int i=0; i<256; i=i+1)begin
memory[i] <=0;
end
end else if (we)begin
memory [w_idx] <= din;
end
dout <= memory[r_idx];
end
endmodule
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Re S u ltS .o Being able to reset everything instantly is not
possible with almost any denser memory

 UJh oh... technology easily. This design achieves this
“performance” using the actual flip flops at
massive expense of resources

2. Slice Logic Distribution

Used Prohibited Utils

| Site Type | | Fixed | | Available |

| Slice | 1043 | 0| 0| 8150 | 12.80

|  SLICEL | 718 | 0| | |

|  SLICEM | 325 | 0| | | [
| LUT as Logic | 841 | 0 | 0 | 32600 | 2.58 |
| using 05 output only | 0 | | | | |
| using 06 output only | 802 | | | | |
| using 05 and 06 | 39 | | | | |
| LUT as Memory | 0 | 0 | 0 | 9600 | 0.00 |
| LUT as Distributed RAM | 0 | 0 | | | |
| LUT as Shift Register | 0 | 0 | | | |
| Slice Registers | 2056 | 0 | 0 | 65200 | 3.15 |
| Register driven from within the Slice | 8 | | | | |
| Register driven from outside the Slice | 2048 | | | | |
| LUT in front of the register is unused | 1697 | | | | |
| LUT in front of the register is used | 351 | | | | |
| Unique Control Sets | 257 | | 0 | 8150 | 3.15 |
3. Memory

| Site Type | Used | Fixed | Prohibited | Available | Util% |

| Block RAM Tile | 0 | 0| 0 | 75 | 0.00 |

|  RAMB36/FIFOx | 0 | 0 | 0 | 75 | 0.00 |

| RAMB18 0 | 0| 0 | 150 | 0.00 |

From post_place_util.rpt

3
T
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Distributed RAM vs. Block RAM

 Distributed RAM:

* Trading logic for memory

* Occupies a logic cell whenever you use it (more you use,
the fewer logic cells you have for logic)

* For large data structures/memories, needs to use lots of
memory units (can be hard to route)

* Too much usage can make it hard to place and route (long
builds!)

* Block RAM:

Meant to be memory and nothing else
* Relatively dense!

* Useitorloseit. Itis there...if you don’t use it, you don’t get
free logic instead so you should use it.

* For large things, will outperform distributed RAM in
speed/latency

* Generally won’t constrain place and route like distributed
RAM usage will!
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FFs vs. Distributed RAM vs. Block RAM

e Conclusions:

* Flip Flops (avoid for “memory” at all costs):
* Very smallthings...local variables (state, math, etc...)

* Distributed RAM:

 Small things (16 bit shift register), small memories of
a few hundred bytes, few entries,

* Design actually needs async/quick reads™
e etc...

* These are all best implemented with Distributed RAM:
* Block RAM:

* Large things (images, large audio files, etc), large
buffers, all best implemented with Block RAMs

*for good reasons...not because you are lazy and don’t feel like dealing with issues. Seriously, you
will lose points on final projects if you make poor or lazy memory choices.

10/6/26 https://fpga.mit.edu/6205/F26 58



How do We Specify Which to Use?

* We do it with how we write Verilog.

* These “wants” will lead to the following inferences:

* Async/quick reads?—->Distributed RAM
* Bulk resets? 2 FF’s

* Already showed some examples

* In reality memory of any medium-large size has delays
with associated with it and we need to learn to expect
that and build it into our designs

* Must have structural Verilog properly reflect that!
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Building a Block RAM

* Use Verilog in a very particular way, Vivado can
confidently “infer” block RAM usage

* Use pre-provided Verilog modules:

* These are guaranteed to simulate properly (right
amount of delay and other issues)

module xilinx_single_port_ram_read_first #(

parameter RAM_WIDTH = 18, // Specify RAM data width

parameter RAM_DEPTH = 1024, // Specify RAM depth (number of entries)

parameter RAM_PERFORMANCE = "HIGH_PERFORMANCE", // Select "HIGH_PERFORMANCE" or "LOW_LATENCY"
parameter INIT_FILE = "" // Specify name/location of RAM initialization file if using one (leave blank if not)
) |

input [clogb2(RAM_DEPTH-1)-1:0] addra, // Address bus, width determined from RAM_DEPTH

input [RAM_WIDTH-1:0] dina, // RAM input data

input clka, // Clock

input wea, // Write enable

input ena, // RAM Enable, for additional power savings, disable port when not in use

input rsta, // Output reset (does not affect memory contents)

input regcea, // Output register enable

output [RAM_WIDTH-1:0] douta // RAM output data

)3

reg [RAM_WIDTH-1:0] BRAM [RAM_DEPTH-1:01;
reg [RAM_WIDTH-1:0] ram_data = {RAM_WIDTH{1'b@}};
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Building a Block RAM

* If we use our Verilog in a very particular way,
Vivado can confidently “infer” block RAM usage

xilinx_single_port_ram_read_first #(
.RAM_WIDTH(8), // Specify RAM data width
.RAM_DEPTH(WIDTH*HEIGHT*2), // Specify RAM depth (number of entries)
.RAM_PERFORMANCE (""HIGH_PERFORMANCE"), // Select "HIGH_PERFORMANCE" or "LOW_LATENCY"
.INIT_FILE( FPATH(image2.mem)) // Specify name/location of RAM initialization)
image_brom (
.addra(image_addr), // Address bus, width determined from RAM_DEPTH
.dina(@), // RAM input data, width determined from RAM_WIDTH
.clka(pixel_clk_in), // Clock
.wea(0), // Write enable
.ena(l), // RAM Enable, for additional power savings, disable port when not in use
.rsta(rst_in), // Output reset (does not affect memory contents)
.regcea(1l), // Output register enable
.douta(palette_lookup) // RAM output data, width determined from RAM_WIDTH

);
/ 8. yyyyuy

[\ e t————— t——————— Fm— e ——— Fm————————— ——————— +
| yyyy yyyy | yyyy | yyyyy | yyyyyuyyyy | yyyyyyyuy | yyyy? |
. . e t————— t——————— Fm— e ——— Fm————————— ——————— +
This (week 05) leads to thisusage: | |, wy ww 18881 51 . P
| yyyyB8/yyyyx | 88 | 8 | 8 | 88 | 88.88 |

| yyyyB8yB yyyy | 88 | | | |
| yyyyss | 8 | 8 | 8 | 888 | 8.88 |

| yyyysBys yyyy | 8 | | | |
e t————— t——————— Fm— e ——— Fm————————— ——————— +
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Using a Block RAM

* |f we use our Verilog in a very particular way,
Vivado can confidently “infer” block RAM usage

xilinx_single_port_ram_read_first #(
.RAM_WIDTH(8),

.RAM_DEPTH(WIDTH*HEIGHT),
-RAM_PERFORMANCE ("HIGH_PERFORMANCE"), // "HIGH_PERFORMANCE" or "LOW_LATENCY"

.INIT_FILE( FPATH(image2.mem))
N ™~
Width (bits)
“High Performance”
o means more latency (one

Prfeload it with files more clock cycle boohoo)

(either ROM or But this also means it is

initial values of much easier to build this

RAM) design (fitting it into
timing)

vDepth (# of entries)
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In 6.205, always use our
Block RAMS with HIGH
PERFORMANCE

: » i
o You wantiitito be one,way.
‘ ey s
N3 But'it’s the other,way.

* Yes there is an extra cycle of delay on output, but it
makes timing much, much easier to achieve.

al L | « S S I R N S R S S
en4l \

slwTco | | gack
addr Qw0 | mmie wm | w V7

DOUT (DO_REG=0) 2 77777%%: " [0 | o | m [ w7 %,
DOUT (00_REG=1) 22 7 %, o | o | w [ w7

Figure 5 - With the output register enabled (DO_REG=1), DOUT appears just after the clock
edge, leaving nearly the full cycle for downstream logic at the cost of one extra cycle of
latency.
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Memory

* We’re not making BRAM like this in 6.205:

module mem_one( input wire clk,
input wire [7:0] w_idx, //write address
input wire [7:0] din, //write value
input wire we, //write enable
input wire [7:0] r_idx, //read address
output logic [7:0] val); //read value

logic [7:0] memory [0:32767]1; //NO WRONG DO NOT DO
always_ff @(posedge clk)begin
if (we)begin
memory [w_idx] <= din;

end i & .
dout <= memory[r_idx]; //moved ¥ 7 Jznlwgfgﬁgq0997?vvay
end \a_But it’s the other,way.
endmodule

* Do it this way instead:

xilinx_single_port_ram_read_first #(
.RAM_WIDTH(8),
.RAM_DEPTH(32768),
.RAM_PERFORMANCE (""HIGH_PERFORMANCE"), // 2 cycle delay on read
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Block RAM Uses

* Store Images (Week 5) :using as a ROM in that
case

* Store Video (Week 5...second half): Frame buffer
* Store Audio (Week 3)
* Clock Domain Crossing (Week 5, 6, 7):

* With dual-port RAM, you can write with one clock and
read with another (can specify some settings to
prevent race conditions, though no 100% guarantee)

* Store anything you want! (rest of life)
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SRAM Summary

* Block RAM (and less so Distributed RAM) should
be your first choice in storing information

* Quick and reliable:

* Want measurement? Ask for it and get it:

* One cycle later (some Distributed RAM configs)
* Two cycles later from BRAM (one with instructor permission)

* Limited amounts of it on FPGA (0.5 Mbyte of
BRAM, ~amount of Dist RAM)
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Memory OFF the FPGA
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Off-FPGA Memories

SD card (NAND Flash) DDR3

Dynamic Memory

EEPROM

;
o em eSS
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Two-ish Major Off-FPGA Options

* Flash/EEPROM:

* Many different form factors, very slow to read/write,

but non-volatile, meaning it will last beyond power
cycles

* Dynamic Random Access Memory (DRAM):

* Potentially very high read-write rates
* Needs to be constantly refreshed (dynamic)
* Volatile...~100 ms after power-off, memory lost

10/6/26
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EPROM Families

* Includes EPROM, EEPROM,
Flash memory, (and SSDs)

* Utilize Floating Gates
e Different from SRAM!

* Instead of ~6 transistors per
DIit, you can do about 1 or so!

* Acts sorta like SRAM from
outside but Non-Volatile and
writes are much slower than
reads

An early EPROM.

You’d program electrically

dth hine UV '
) Invented by DOV FrOhman zfaste i?.io:’fuseigézg °

while at Intel ~1970ish anymore
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Quick Review on MOSFETs

In sub-threshold mode:

Vp Vg
ips = K ((VG - VT)VD —7>

?
Ve ._l I: liDS Above Threshold (saturation)

Ips = K(VG - VT)Z

¢y, =0V

* Basically:
* If Vg is > V;you conduct (are "on”)
* If Vg is <V;you do not conduct (are "off”)

* Traditionally V; is a function of doping,
transistor dimensions, etc...
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Floating GATE

Floating Gate MOSFETs oATE

50 nm

v White stuffis
b all oxide
insulator
Ve o—l ‘ lins
Vs

Drain T0nmFlash Gate o\ e

Presence or absence of charge carriers on floating gate affects the
threshold voltage of MOSFET
* Default (“binary 17)...Threshold voltage is lower Vy;
* (no electrons trapped in gate)
* Programmed bit (binary 0”)...threshold voltage is higher V;,

* (electrons trapped in gate)

https://www.electronicsweekly.com/news/research-news/device-rd/iedm-hybrid-floating-gate-scales-flash-to-10nm-2012-12/
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Hot Carrier Injection/Tunneling to
Program/Reprogram

* To add or remove electrons to the floating gate you use a
quantum tunneling phenomenon

* High voltage (~12V over 100’s of Angstroms) is used to
force electrons to tunnel into floating gate... the term
“hot” refers to high energies on electrons.

* Asimilar processis used in reverse to tunnel them out
again

* High voltage is a potentially destructive process and will
eventually ruin the device. Flash traditionally therefore
has limits of ~ several 100,000’s of program/erase cycles

* Mitigate issues by wear-leveling (try to spread out usage
across all of device...like rotating tires on a car)
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To Programa O

GATE

50 nm /

Floating GATE

)

Threshold voltage is now Higher

Source
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To Program a 1 aka erase

GATE

50 nm /
| Floating GATE

Threshold voltage is now Lower

Q)

Source
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1 on the select bits means voltage:

N O R F la S h greater than Vy_ (low threshold from no trapped carriers)

* lessthan V¢4 (high threshold from trapped carriers)

® Bit Line

—IH% °-IH% '-Hq °-IH%

since when all bits
EECEEECE
low if any input is

turned high...hence

o o called
1 0 0 0 0if Bo==1, 1if Bo==0 NOR Elash
0 1 0 0 0if B4==1, 1if B4==0
0 0 1 0 0if B,==1, 1if B,==0
0 0 0 1 0if Bs==1, 1if B3==0

10/6/26 https://fpga.mit.edu/6205/F26 76



NAND Flash

® BitLine

10/6/26

Like a NAND gate since
when all bits are 1, bit line
goes low if tested input is
also 1...hence called
NAND Flash

>V

Vi <V<Vry

>V

>V1y

>Vry

>V

>Vry

Vi <V<Vq

H

>Viy

>Vry

>Vry >Vry

>V1y >V1y 0if Bo==1, 1 if B==0

>V1y >V1y 0if B;==1, 1if B;==
Vi <V<Vry >Viy 0if B,==1, 1if B,==

>V1y Vi <V<Viy 0if Bs==1, 1 if B3==0

Turn word_select HI to enable whole word

https://fpga.mit.edu/6205/F26
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NAND vs. NOR Flash?

 Have Pros cons related to r/w time, size, etc.

lable 1: Major Differences between NUK and NAND

DiskOnChip NOR NAND
(NAND-Based)
Capacity 8MB-1024MB 1MB-16MB 8MB-128MB
XIP XIP boot block Yes None
capabilities
(code
execution)
Performance | Fast erase (3msec) VERY SLOW erase (5 sec) | Fast erase (3msec)
Fast write Slow write Fast write
Fast read Fast read Fast read
Reliability Extremely high: Standard: Low:

Built-in EDC/ECC
solves bit-flipping.

Bit-flipping issues reported
Less than 10% the life

Requires at least one bit
for error management

Bad block span of NAND. (bit-flipping issue).
management supplied Bad block management
by TrueFFS. required.

Erase Cycles

100,000 - 1,000,000

10,000 - 100,000

100,000 - 1,000,000

Life Span At least as high as Less than 10% the life Over 10 times more than
NAND. Usually much span of NAND. NOR
better thanks to
TrueFFS.
Interface SRAM-like Full memory interface I/O only, Requires
toggling both CLE and
ALE signals.
Access Random on code area, | Random Sequential

91-SR-012-04-8L

https://www.semanticscholar.org/paper/\White-Paper-Two-Flash-Technologies-Compared-%3A-NOR-
Tal/52f7d974a7be1911b33cb64c26badd7f5b337d9e/figure/0
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https://www.semanticscholar.org/paper/White-Paper-Two-Flash-Technologies-Compared-%3A-NOR-Tal/52f7d974a7be1911b33cb64c26ba4d7f5b337d9e/figure/0
https://www.semanticscholar.org/paper/White-Paper-Two-Flash-Technologies-Compared-%3A-NOR-Tal/52f7d974a7be1911b33cb64c26ba4d7f5b337d9e/figure/0
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https://www.semanticscholar.org/paper/White-Paper-Two-Flash-Technologies-Compared-%3A-NOR-Tal/52f7d974a7be1911b33cb64c26ba4d7f5b337d9e/figure/0

Using Flash with FPGA Board

* You can use the 16MBits of Quad-SPI Flash to
permanently “program” the board (the —f
flag)...use wisely.

* About 80% is unused with full binary so you
could use this for permanent storage (| never
have, but it is doable...can also really mess stuff

up)

* Can also interface directly to multi-GB. SD card
(which is itself Flash just in a different format)
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Floating Gates

* Some neat recent work using floating gates and their
adjustable threshold capabilities

* Result is ability to adjust/teach a single transistor when
to fire based on input signal
SCIENTIFIC REPQRTS

s
RESEARCH ARTICLE __SYSTEMS
m

Floating Gate Transistor-Based Accurate Digital In-Memory
Computing for Deep Neural Networks

Runze Han, Peng Huang,* Yachen Xiang, Hong Hu, Sheng Lin, Peiyan Dong,
Wensheng Shen, Yanzhi Wang, Xiaoyan Liu, and Jinfeng Kang*

have shown exponential growth,” which
To |mpmeth computlg speed and energy efficiency of deep neural network b g higher requi rmnf r the capabil-
(DNN) ap y ing with latile memory (NVM) of c omp ing devices. To acce]erale
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Two-ish Major Off-FPGA Options

* Flash/EEPROM:

* Many different form factors, very slow to read/write,
but non-volatile, meaning it will last beyond power
cycles

* Dynamic Random Access Memory (DRAM):

* Potentially very high read-write rates
* Needs to be constantly refreshed (dynamic)
* Volatile...~100 ms after power-off, memory lost
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DRAM

* Dynamic Random Access Memory!

e Single transistor and capacitor per bit (capacitor does the
storage)

* Can be made extremely dense and therefore economical

* Are quite fast:

« SRAM will have access time of down to 10ns or less (consistent)
* DRAM will have access time from 50-250ns (variable)
« EEPROM/Flash way slower (esp for writes)

* Capacitors decay rather quickly (especially since DRAM
capacitors are about 10 femtoFarads) so need to be
refreshed every 64 milliseconds.
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Juggling Memory

* DRAM is a juggling memory...even when powered, it
will decay due to parasitics within 200 ms

* You’re only

temporarily storing o Med/um
bits

* So you HAVE to ] { ]
Write Read

recover them soon e
after you write

them ‘)
* But they’d be store Computation

while “in-the-air”

Interface

10/6/26 https://fpga.mit.edu/6205/F26 83



Dynamic RAM (DRAM) Cell

WL BL Write "1" Read "1"
‘ WLJ\_/_\_ DRAM uses
=3 Special
—I—Ml Capacitor
C X '
6 GND | Structures
| I
— BL Voo | p
— /T |
Von/2 « > Vpp/2 ! "
CBL:: sensing CellPlate S| ¢~ |
L [Rabaey03] i ' '
1 Capacitor Insulator Refilling Poly

To Write: set Bit Line (BL) to 0 or Vpp
& enable Word Line (WL) (i.e., setto Vpp)

Storage Node P

’S| Substrate

2nd Field OX|de
To Read: set Bit Line (BL) to Vpp /2

& enable Word Line (i.e., setitto Vpp)

= DRAM relies on charge stored in a capacitor to hold state
= Found in all high density memories (one bit/transistor)

= Must be “refreshed” or state will be lost - high overhead
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DRAM is inherently one-port

SDRAM * DRAM is always a
one-port entity.

» CLK

»| RAS  Have to read and

» CAS write over same port
» EN

» WE

ADDRESS

RN
()]
\ 4

DIO

)
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DRAM Memory and Controller

s+ *Readingis destructive!
5 m% m% | T * Data stored on small capacitor
B | e I AR G . -
A b e To reaq It we must bleed the
3 &) I L) 1L capacitor off
e T 1L
g Tt  Therefore need to refresh
s | L] L| L| I
- %%%% * Need to refresh even when not
L1 I T reading (every ~64 ms)
RAS—1o/ '1msw=?? lﬂsmﬁo.f.n od. .1\?2‘FJ,§T)
D_..js ol St g, REQ— . RAS CLK _[1I 1[I LrrLs
il % [ crr, [ MUX REQ S —
CAS-qu ' LATCH | CLK—> —CAS RAS \‘ /
| #8a, [ E)_ATA SEE_ECTOR (tt_ TO 1 ML_X)I MUX f |
TRI STE;T?E PATAGHT CAS |

BUS

10/6/26 https://fpga.mit.edu/6205/F26 86



Asynchronous DRAM

sttt 1
CLK _[JLJ L/ LI LrLr c o 1r 1Lr .r —.
REQ |/ Sl T T T T
il . K&E % % % el
>.<.
MUX | | | % T T T T
.' — =) = = = =
CAS — I IR A A A
2 L T . L
3 L1 L L] L
Column lines start charged to _mr T T T 1
mid-voltage (RAS=1) 1 1 1 L
i1 L1 L1 <
RAS o/\1 0\ _0.(\1 o\ ?ﬂgé—)
. Y Y Y V| e
: X e
) LR
_ !
CAS j.l% LATCH |
3 ¥ t t t
Aor ] DATA SELECTOR (4 TO 1 MUX)|

D.O. (DATA OUT)
TRI STATE

BUS
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Asynchronous DRAM

CLK JLIuU Lo

REQ T\

RAS | [
MUX _ | | |-
CAS I

Select Row and feed output of
each column into feedback
amplifiers to sense/regenerate
1s and Os

10/6/26

COL.

ADDR.
LATCH

s— 1 1 1
A N e e R
5 1 L] L) L
—tg?:b_'”, T T T 1
' 1 1 .. L
= 1l 1| L] I
T 1T I 11
I rararar—
z 11 I L1 1
in pan nen pam !
~ L L LI L
L1 L1 L] 1
RAS—10/,1 _OfJ _ oII..1 f..1 MLFJ%(T)
el RN I
: x e
) SRR
) }
CAS jﬂ LATCH |
¥ t ¥ ¥

o | DATA SELECTOR (4 TO 1 MUX)|

D.O. (DATA OUT)

TRISTATE
BUS
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Asynchronous DRAM

= 1 T T 1
CLK _[LJ LIS A raraOr Y
REQ [\ sl T LT F] T
RAS \ T ~—a0—ET % T L
< sinl slia
g — = 3 T Tl T| T
A | Dﬂ_ = = = =
CAS | . -
S M A A
S| T T| T| T
Sl | =| =| = =
Read/Write by adjusting some L L 1 1
input/output selector ~ L A L L
: : : 2 1Ll 1] 1
(associated with nal) = = = -
MUX

RAS—Mofut  ofst  olyi  of. (4P2T)

D- | SENSE
i 7 ) Z ‘ 7 y 7 AMPLIFIER
({COMPARATOR)
r SELECTS
x INPUT ON
A

AIN

DAT.

L

RISING EDGE
OF CAS

CAST | LATCH |

COL. *_ ?- ?_ ?_
foo8, | DATA SELECTOR (4 TO 1 MUX)]

D.O. (DATA OUT)
TRI STATE

BUS
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Asynchronous DRAM

‘ s T T T 1
CLK c 1 L[ LI L
REQ  /\ s T T| T| T
RAS | /_ —o—E T T [
2 b= =+ e
MUX L % T T T T
CA o - - - B
S I T T 1T
2 ararar—a
2 1 L L L
Select which Column to route _Ir T T T 1
out ~ L L LI L
Ll Ll L] I
AAS 9‘ “1RAS o =(o)f ] !ms HI =10|,01 0{ o] ?ﬁLFJ%(T)
- i % e
13 x seLects
\
) !
CAS j.l% LATCH |

N - f‘ f' f_ ?_
poDR. :l DATA SELECTOR (4 TO 1 MUX)|

D.O. (DATA OUT)
TRISTATE

BUS
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Asynchronous DRAM

CLK L]

REQ [\

RAS | B
MUX f I
CAS I

Route out desired bits

ALSO

Redirect read out columns back
up to recharge appropriate
columns

-
L L L L
A1 T T T T
==l B P e
2N =N =N =N it
2| Lf £ f| ¢
1T [L [T [
=18 alinl plinll alinl pliul
-1 I
Ny B BN B i
Y ﬁ I‘j— _'_1
o T T| T
RAS O 1RAs Lo=([3j\ll°~sH|=10'Z\I1 O'{ \I.I MLFJ%(T)
D.lj3 v vl vl v e
§ J<.| | | SELECTS
cAS T jatcn[ | il
e R (4 TO 1 MUX)]
D.O. (DATA OUT)
TRI SFATE
BUS
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Asynchronous DRAM

CLK (L]

REQ [\

RAS | .
MUX f .
CAS I

Recharge capacitors
fully

Then you’re back to
beginning

10/6/26

COL.

ADDR.
LATCH

o | DATA SELECTOR (4 TO 1 MUX)|

-
L L L L
2l T T T T
==l B P e
< L o o
2| L) L] | ¢
N ry ey
o arirs
2 T T T T
Ny Fon Py Py !
Y Ii I‘j— _'_1
| T| T| T
RAS—to\1 o\t o\ o\t fapsy
D.I v i vV V| |8
: X s
\ me one
! }
CAS j_,q LATCH |
SR = <

D.O. (DATA OUT)

TRISTATE
BUS
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Asynchronous DRAM

CLK _[LILILfurgurs
REQ [\

RAS | .
MUX [ -
CAS |

Then you’re back to
beginning

10/6/26

COL.

ADDR.
LATCH

o | DATA SELECTOR (4 TO 1 MUX)|

https://fpga.mit.edu/6205/F26

-
L L L L
2l T T T T
e E e
YN olinl gli= plinN glist
-1 I e Dl
e
=/ pliull plinl pliw il ol
| T T T T
T
AY ﬁ I‘j— _'_1
T T 7| T
RAS o0\ _0' 1 _ O'A1 01“1 MLFJ’?T)
D.I v i vV V| |8
g % kg
\ el oo
! i
CAS j_,q LATCH |
SR = <

D.O. (DATA OUT)

TRISTATE
BUS
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DRAM Cells are Staggered

Physically b b N .

* The sense amplifiers use [T L ik . 13 e
two parallel bit lines (one =l T T= -
active and one for A
reference) to detect the B s L
slight perturbation when 11 . ik N ik N
you discharge the 2| | P -
capacitor (kinda like an e e

: I R
experimentalcontrol) | [~ [ [ e "
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Many Flavors of DRAM

* DRAM (Asynchronous)
« SDRAM (Synchronous DRAM)

* (one clock cycle per operation)

* Single Data Rate SDRAM (SDR SDRAM):
* One R/W per clock Cycle

* Double-Data Rate SDRAM (DDR SDRAM)
* Two R/W per clock cycle (called double pumping)

* Faster Double-Data Rate SDRAM (DDR2 SDRAM)

* And DDR3 and DDR4 (lower voltages, higher clocks)
* LDDR3 and LDDR4 (low power variants)

« DDR5...just faster in general %...just keeps going...
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DRAM

* DRAM is extremely dense.

* That tiny chip holds 1 billion
yes/no decisions

* Inavast 2D array

* Thatis constantly bleeding
out due to thermodynamics

* Requiring the entire thing to ﬁﬁﬁﬁ:ﬁﬁﬁmﬁhﬁ;ﬁmﬁ

be rewritten every 64 ms EEEEEEES

o )
[
- Y
; 15 (ol

—
ad)
—,
—3)
—_—
—
—
et
e
e
.
—
—
—

e Row then column must be
specified
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DRAM

* The constant need for refreshing means getting info
Into and out of the DRAM is not an easy task...

* Even more complicated in modern devices because
they’ll have different banks/channels/buffers

* Requires something to handle all the needs for
refreshes and balancing them with requests for
reads/writes, etc...

* This is the job of a Memory Interface/Controller
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Using DDR3 on Urbana Board

e Urbana board has ~128MB of DDR3

* We’ll use a Memory Controller to take care of the
hard part of controlling the DDR3, though
working with the memory controller is not super
simple either.

* We’ll start using it in Week 7 (last lab week)
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Using DDR3 on Urbana Board

* DRAM is *FAST*, BUT:

* Alot of delay from a read request to the data out

* Response time can be variable since DRAM will be
taken offline periodically to internally refresh its
values...

* if you’re trying to access something thatis in a bank
getting refreshed, your readout (or write) will be

AlAl Avia Al

Waveform - hw_ila_1
Q + = 2 > » B B @@ Q 2 o 4 M = 2r 4 ol

ILA Status: Idle

Name

Dashboard Options

4 mem_rstrobe

4 mem_wstrobe

1% mem_tra...omplete
4 mem_ready

e rst_n

Readout is variable Data appears (~230 ns later)

Read request
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Often need to surround SDRAM
with other memory

* There will be input and output buffers

* And you’ll have to wait for transactions to go
through to get what you want.

* There’s no way around that.
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FIFO (First-In-First-Out)

* Basically a Queue like you see in Python or
something, but we can’t dynamically allocate
storage space ahead of time at our low level!

f FIFO DOUT
DIN — SRAM >

HHHH[D

* Data is not randomly accessed, but instead is
accessed in the order it was provided

* Can generate either using Dist RAM or BRAM
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FIFO Implemented with BRAM:

e Remember structure of
BRAM: TSG-Kbit Block RAM T

—— DIA

* Dual Port allows us to T oA
simultaneously read —r
and write to different e oy e e e
SRAM cells

* Add some logic around :E oo [-£—
it to store and e pons

— | RSTREGB
——{ RSTRAMB

autoincrement the
memory addresses and
you’ve got a FIFO

CLKB
— | REGCEB

CASCADEINA CASCADEINB

10/6/26 https://fpga.mit.edu/6205/F26 102



Where to Use FIFOs?

* Anytime you have two modules sharing data (one
providing data to another) and they may be
producing/consuming in differing patterns

DIN
Other
FPGA
logic DOUT

10/6/26

4 BRAM FIFO )
SRAM

f BRAM FIFO
SRAM

\HHHH[DJ

DIN
—_—

DOUT
<

r

https://fpga.mit.edu/6205/F26

Memory

controller

—> Actual
DRAM
« chip

103



Using DDR3 on Urbana Board

* SDRAM is good for:
e LOTs of data needed in random access at medium data
rates
* (~100 MBytes/s average R/W)

* LOTS and LOTs of data needed in short high speed bursts
 ~1.2 GBytes/s in small bursts

I
ck | | I [ [ [ I L
| | | | L’“‘l
app_cmd | I 4 READ X I I
| T | T | T T
app_addr l I )l@ddr o)I(Addr 1)|< I I
| 1 I I
app_en ! : X | N : :
1 T ]
app_rdy | | | | | | |
B it i B ISNETIRE RSN SR APPSR R [ | . .
| l 1 | | | | | I
| app_rd_data | I | | | X_R0O X _R1 X |
| | I | | | I
| app_rd_data_valid | [ | | | A | N :
| | I | | | I I I
______________ B L L D D D

UG586_c1_50_111810

Figure 1-82: 2:1 Mode Ul Interface Read Timing Diagram (Memory Burst Type = BL4 or BL8)
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And remember the disconnect!

* You cannot write your Verilog HDL with the same
disconnect as you would with Python or C when
It comes to memory.

* Aside from timing, working with memory is one
of the hardest parts of digital design because
we’re staring face-to-face with actual hardware
and its weird needs/wants.
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