Memories: a practical primer

+ The good news: huge selection of technologies
- Small & faster vs. large & slower
- Every year capacities go up and prices go down

- New kid on the block: high density, fast flash memories
* Non-volatile, read/write, no moving parts! (robust, efficient)

+ The bad news: perennial system bottleneck
- Latencies (access time) haven't kept pace with cycle times

- Separate technology from logic, so must communicate
between silicon, so physical limitations (# of pins, R's and
C's and L's) limit bandwidths

- New hopes: capacitive interconnect, 3D IC's

- Likely the limiting factor in cost & performance of many
digital systems: designers spend a lot of time figuring out
how to keep memories running at peak bandwidth

- "It's the memory, stupid”
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Memories in Verilog

e reg bit; // a single register
e reg [31:0] word; // a 32-bit register
e reg [31:0] array[15:0]; // 16 32-bit regs

 wire [31:0] read data,write_data;
wire [3:0] 1ndex;

// combinational (asynch) read
assign read data = array|index];

// clocked (synchronous) write

always @ (posedge clock)
array[index] <= write data;
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Multi-port Memories (aka regfiles)
reg [31:0] regfile[30:0]; // 31 32-bit words

// Beta register file: 2 read ports, 1 write
wire [4:0] ral,ra2,wa;
wire [31:0] rdl,rd2,wd;

assign ral inst[20:16];
assign ra2 raz2zsel ? Inst[25:21] : iInst[15:11];
assign wa = wasel ? 5°d30 : Inst[25:21];

// read ports
assign rdl = (ral == 31) ? 0 : regfile|[ral];
assign rd2 = (ra2 == 31) ? 0 : regfile|[ra2];
// write port
always @ (posedge clk)

i1IT (werf) regfile[wa] <= wd;

assign z = ~| rdil; // used 1n BEQ/BNE Instructions
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FIFOS din VLDTLFL 7W£T>Hdout

wr —» FIFO «—d
full «— > empty
1<<LOGSIZE —— overflow
reset —» locations
clk —

// a simple synchronous FIFO (first-in first-out) buffer
// Parameters:

// LOGSIZE (parameter) FIFO has 1<<LOGSIZE elements
// WIDTH (parameter) each element has WIDTH bits

// Ports:

// clk (input) all actions triggered on rising edge

// reset (input) synchronously empties fTifo

// din (input, WIDTH bits) data to be stored

// wr (input) when asserted, store new data

// full (output) asserted when FIFO 1s full

// dout (output, WIDTH bits) data read from FIFO

// rd (input) when asserted, removes first element

// empty (output) asserted when fifo 1s empty

// overflow (output) asserted when WR but no room, cleared on next RD

module fifo(clk,reset,din,wr,full,dout,rd,empty,overfliow);
parameter LOGSIZE = 2; // default size 1s 4 elements
parameter WIDTH = 4; // default width i1s 4 bits
endmodule
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FIFO.V
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FIFOs in action

// make a fifo with 8 8-bit locations

fifo f8x8(clk,reset,din,wr,full,dout,rd,empty,overflow);
defparam f8x8.LOGSIZE = 3;

defparam f8x8.WIDTH = 8;

«| 10 x|
File TestBench
I %= b =
T ala 1l
End Time:
10000 ns 100 ns 700 ns 1300 ns 1900 ns 2500 ns 3100 ns 3700 ns 4300 ns 4900 ns
T S T T I O e I I T e e e e e e e e e e e e e e
Al cik 0 [
N rd 1 T LT 1 |
A reset 0 |
Al wr 0 | |
B din[7:0] 200 {0¥128145) 29 )234115)1161168( 63 ¥102200} 29 4130131} 95 ) 200
Ul empty_DIFF 9 :
W full_DIFF 0[] | |
W oveflow DIFF 0 [x]
T{ dout DIFF[7-.. 115 (BhXX ¥ 145 234 ¥ 115 ¥ 116 (168 63 ¥102%200% 29 %130 115
4 | | AEARE DR [ +
Ready I_I_ o
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FPGA memory implementation

Regular registers in logic blocks
- Piggy use of resources, but convenient & fast if small

[Xilinx Vertex II] use the LUTs:

- Single port: 16x(1,2,4,8), 32x(1,2,4,8), 64x(1,2), 128x1

- Dual port (1 R/W, 1R): 16x1, 32x1, 64x1

- Can fake extra read ports by cloning memory: all clones
are written with the same addr/data, but each clone can
have a different read address

[Xilinx Vertex II] use block ram:

- 18K bits: 16Kx1, 8Kx2, 4Kx4
with parity: 2Kx(8+1), 1Kx(16+2), 512x(32+4)

- Single or dual port

- Pipelined (clocked) operations
- Labkit XCV2V6000: 144 BRAMs, 2952K bits total
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Slice Distributed RAM Diagram

L}JT-based RAMs

2
|
|
|

5 6 T
| | |
| | |
| | |

—| —Tas ! I I I I I
aor X2 TXEXI 3 X2 XI5 I@q:
s L\ ] : | N
DATA_IN ! 1 )(! x| )(! 0 )(! 1 )(! 0 )(! X ')(!
WE s | o : : : N | Tio| |
| | | | | | |
D our ==l l=TeHipte || I I Y G
(XY Cutput) | 1| 1EM£F]| X o : p K : o : )(MEMI-:EJ
: WRITE : READ : WRITE : WRITE : WRITE : READ :
Slice Distributed RAM Timing Diagram
CLB Distributed RAM Switching Characteristics
Speed Grade
Description Symhbol -6 -5 -4 Units
Sequential Delays
Clock CLE to XY outputs (WE active) in 16 x 1 maode Tanckois 1.63 1.79 2.05 ns, Max
Clock GLK to XY cutputs (WE activa) in 32 x 1 mods TaHokaaz 1.7 2.17 2.40 ns, Max
Clock CLK to F5 output TeHokors 177 1.94 2.23 ns, Max
Setup and Held Times Before/After Clock CLK
BX/BY data inputs (DIN) TeeToH 052008 | 058010 | 067011 | ns, Min
F/G address inputs TasTan 0.40/000 | 044/000 | 050/0.00 | ns, Min
SR input (WS) TwesTwen | 042001 | 046001 | 055001 | ns, Min
Clock CLK
Minimurn Pulse Width, High TweH 057 n.&3 n72 ns, Min
Minimurn Pulse Width, Low TwreL 057 0.63 072 ne, Min
Minimurn clock period to meet addrass writs cycle ime Twec 1.14 1.25 1.44 ns, Min
Combinatorial Delays
Ainput function: FIG inputs to XY outputs Tio 0.35 | 0.30 | 044 [ s, Max
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RAMyX1S

LUT-based RAM Modules

Single-Port and Dual-Port Distributed SelectRAM

O —
WE —
WCLK —

Al#0] =~

RAMyX1D

D —

'|"h|'E —
WCLK —I>
R/W Port
A#:0] -

DPRA[#(0] ==
Read Port

— SPO

— DPO

Single-Port and Dual-Port
Distributed SelectRAM Primitive

Primitive RAM Size Type Address Inputs

RAMIGX1S 16 bits single-port AZ A2 AL AD

RAM32X15 32 bits single-port Ad, A3 A2 AL AD

RAMBAX1S bd bits single-port A5, A4 A3 A2 Al AD

RAMI125X15 128 bits single-port Ab, A5, Ad A3 A2 Al AD

RAMI16X1D 16 bits dual-port A3, A2, Al AD

RAM3ZX1D 32 bits dual-port Ad A3 A2 Al AD

RAMB4X1D 04 bits dual-port A5, A4 A3 A2 AL AD

Wider Library Primitives

Primitive | RAM Size | Data Inputs Address Inputs Data Qutputs
FAM16x25 | 16 x2-bit | D1, D0 A3 A2 Al AD 01, OO0
RAM32X25 | 32x2-bit | D1, D0 Ad A3 A2 AlLAD 01, OO0
FAMAAX2S | 6dx2-bit | D1, D0 Ab, A4 A3, AZ Al AD | O1,00
FAMI16X45 |lox4-bit |D3,D2 D1, D0 | A3, A2, Al, AD 03,02,01,00
RAM32X45 | 32x4-bit | D3,D2, D1, D0 | A4 A3, A2, Al, AD 03, 02,01, 00
FAMI16XES |16 x3bit | D <70 A3 A2 Al AD O <7:0=
FAM3ZXES |32 x8-bit | D <70 Ad A3 A2 AL AD O <70=

// instantiate a LUT-based RAM module
RAM16X1S mymem(.D(din), .0(dout), .-WE(we), .WCLK(clock 27mhz),

_A0(a[0])., -Al(a[1]), -A2(a[2])., -A3(a[3])):

defparam mymem.INIT = 167b01101111001101011100;
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// msb First
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Tools will often build these for you...

From Lab 2:

reg [7:0] segments;

always @ (switch[3:0]) begin
case (switch[3:0])
4*h0: segments[6:0] = 7"b0111111;
4*hl: segments[6:0] = 7°b0000110;
4*h2: segments[6:0] = 7°b1011011;
4*h3: segments[6:0] = 7"b1001111;
4*h4: segments[6:0] = 7"b1100110;
4*h5: segments[6:0] = 7"b1101101;
4*h6: segments[6:0] = 7"b1111101;
4*h7: segments[6:0] = 7"b0000111;
4*h8: segments[6:0] = 7"b1111111;
4*h9: segments[6:0] = 7"b1100111;
4*hA: segments[6:0] = 7"b1110111;
4*hB: segments[6:0] = 7"b1111100;
4*hC: segments[6:0] = 7"b1011000;
4*hD: segments[6:0] = 7"b1011110;
4"hE: segments[6:0] = 7"b1111001;
4*hF: segments[6:0] = 7"b1110001;
default: segments[6:0] = 7"b00000000;
endcase
segments[7] = 1°b0; // decimal point

end

6.111 Fall 2006

* HDL Synthesis *

Synthesizing Unit <lab2_2>.

Related source file is "../1ab2 2.v".

ﬁaund 16x7-bit ROM for signal

Summary:
inferred 1 ROM(s).-

Unit <lab2_2> synthesized.

Timing constraint: Default path analysis
Total number of paths / destination ports: 28

Delay: 7.244ns (Levels of Logic
Source: switch<3> (PAD)
Destination: userl<0> (PAD)

Data Path: switch<3> to userl<0>

<$n0000>.

Gate Net
Cell:in->out fanout Delay Delay Logical Name
IBUF:1->0 7 0.825 1.102 switch_3_IBUF
LUT4:10->0 1 0.439 0.517 Mrom__n000O0 i
OBUF:1->0 4_.361 userl 0_OBUF
Total

nst_lut4 01

7.244ns (5.625ns logic, 1.619ns route)

(77.7% logic, 22.3% route)
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Block Memories (BRAMs)

RAMBE{6_S# S#

DI A[#:0]
DIPA[#:0]
ADDRA[£:0]
WEA

EMNA
S5RA

L LKA

1

DIB[#:0]
DIPB[#:0]
ADDRB[£:0]
WEB

ENE

SSRE

> CLKE

DOA[#:0]
DOPA[#:0]

L

DOB[#:0]
DOPE[#:0]

Dual-Port Block RAM Primitive

(Wonrn + Wo o )*(LOCATIONS) = 18K bits
DATA PARITY y\/\

} ‘\ 1,24

16K,8K,4K,2K,1K,512

1 RAME16_S#
2 — DI[#:0]
4 — DIP[#:0]
8 —— ADDR[#:0]
—WE
16 —— EN DOf#:0]
32 —D;-SEEK DOP[#:0]

Single-Port Block RAM Primitive

6.111 Fall 2006

Dual-Port Block RAM Primlitives

Primitive Port A Width Port B Width
RAMB16_51_51 1
RAMB16_51_52 2
RAMB16_51_54 1 4
RAMB16_51_59 (B+1)
RAMB16 51_518 i16+2)
RAMB16 S51_536 (32+4)
RAMB16 52 582 2
RAMB16_52_54 4
RAMB16_52_ 59 2 iB+1)
RAMB16 52518 i16+2)
RAMB16_52_536 (32+4)
RAMB16_54 54 4
RAMB16_54 50 (B+1)
RAMB16 54 518 . i16+2)
RAMB16 54 536 (32+4)
RAMB16_59_59 i8+1)
RAMB16_59_518 (8+1) (16+2)
RAMB16_59_ 536 (32+4)
RAMB16_518 S18 i (16+2)

: : (16+2) -
RAMB16_518 S34 (32+4)
RAMB16 536 S34 (32+4) (32+4)

Single-Port Block RAM Primitives
Primitive Port Width
" RAMBI16_51 1
RAMB16 S2 2
RAMB16_S4 4
RAMB16_S9 (8+1)
RAMB16_S18 i16+2)
RAMB16 S36 (32+4)
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BRAM Operation

Data_in -, Data_out
Address — .BRAM
Single-port
WE = config.
CLK —}

CLK N\_/_\_/_\_

WE
Data_in oo X 111~ X 222~ X XXX
| |
Address X aa [ X

~
| .

X N 1111

X'x.. MEM{2a) X'u- MEM(dd)

Data_out 0000

ENABLE _/

DISABLED

READ WRITE

MEM{bb)=1111

WRITE
MEM(cc)=2222

READ

I
I
|
I
-. X!}I:- i I'I X CC I
I
|
|
|

Source: Xilinx App Note 463

6.111 Fall 2006 Lecture 9, Slide 12



6.111 Fall 2006

BRAM t

1 | 2 | 3 4 5
~ TePwH_ -~ | —~ TRPWL - '
| |
ak A N N N N
- ~TBack ' | ' | |
ADDR . 00 )4 oF ). 4 7E b4 &F ¥ 20
- ~TBDCK | |
DI * DDDD ). 4 CCCC b4 BEEE » ABAA »  oooo
= BCKO | | |
Do b AT . 4 cccor D MEMTE) M 01017
~ _ —TBECK : : i
N _ | i N
[ | TBRCK- b= [
SSR | | yd N
TBWCK- | : |
1
WE / I \ L |
Disabled Read | Write | Read Reset | Disabled
* Write Mode = "WRITE_FIRST"
** SAVAL = 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/Tacka 0.29/ 0.00 0.32/ 0.00 0.36/ 0.00 ns, Min
DIN inputs Tepek/Teeko 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 TBHCK-"TBCKH 1.31/-0.71 1.44/-0.78 1.65/-0.90 ns, Min
WEN input Tewck/ 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 TePwWH 117 1.29 1.48 ns, Min
Minimum Pulse Width, Low Tepw 1.17 1.29 1.48 ns, Min
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Using BRAMs (eg, a 64Kx8 ram)

* From menus: Project —» New Source...

Newsowrce x|

Select "“"IP” BMM File
\ B Embedded Processar Fi" in name

Implemertation Constraints File
File M : |
J%\F {CoreGen & Architecture Wizard) 1= eme —
MEM Fils ImmEi;-r.E
@ Schematic
@ State Diagram Location:
Test Bench Wavefom IC:"-.D-:u:uments and Settingscit | ...

EI User Document
Verlog Madule
Werlog Test Fodure
[y vHDL Library

[V} VHDL Module

@ WHDOL Package
8] VHDL Test Bench

¥ &ddto project

< Back Mext = Cancel | Help |

Click "Next” when done...
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BRAM Example

Select Core Type x|

/,EH:I Mermories & Storage Elements :l
. -] CAMs:
Click open folders —_ | wGrm
—» -1 RéMs & ROMs

----- T Digtributed kemary Generator 1.1

b 3 Digtributed Mermany +7.1
. -4 Dual Port Block Mermory vB.2

Se|eC'|' “S|ng|e POf"l' ’/v’i% Single Paort Block Memany vE.2
BIOCk Memory" / &1 Standard Bus Interfaces

[4]

< Back Mext = Cancel | Help

Click "Next” and then “"Finish” on next window
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Fill in name
(again?!)

Select RAM

-
vs ROM (I RFD

Fill in width e

& depth
Usually "Read

what you want

6.111 Fall 2006

BRAM Example

o . .
™ F'arameter5| ] Core Ovemewl i Cnntactl 4 Wieb Lmkal

lo,giﬁ.m Single Port Block Memory

Component Name |r:3|w34x8

— Port Configuration

| & Read And Write

" Read Only

— Memary Size

—WE RO
EN - 3
- J'.“.fldth |
Depth ||3553|3

Yalid Range 1..256
Yalid Range: 2.524238

— Write Mode

/’F Read After Write {~ Read Befare Write ™ Mo Read On Write

After Write” is

=Hank | /;alextb

Fage 1ofd

Generate | Dismiss | Data Sheet... | Mmm... |

[~ Display Core Footprint

Click "Next” ...
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BRAM Example

Single Port Block Memory 1[

q Parameters' “J Core Ovewiew' g Cnntactl 4 Web Links'

[@!CQRE Single Port Block Memory

— Primitive Selection

& Optimize For Area " Select Primitive |1Ek}<1 Vl

;;Jesign Options

Optional Pins: " Enable Pin:

[~ Handshaking Pins

Register Cptions: [" Register Inputs

Can add extra
control pins, but
usually not

Cutput Register Options

Additicnal Output Pipe Stages ID ‘Vl

[~ SIMNIT pin (sync. reset of cutput registers)

InitValue (Hex) |0

=Back | [ ext= | FPage Z of 4

Generate | Dismiss | Data Sheet. .. | vew.. | [ Display Core Footprint

Click "Next"” ...
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Select polarity
of control pins;
active high
default is

usually just fine

6.111 Fall 2006

BRAM Example

Single Port Block Memory

=
g Parameters' ] Core Ouewiew| 9 Cnntactl ] e Linksl

WC:RE Single Port Block Memory
.«,'.

— Implementation Gptions

[ Limit Data Pitch |1 a- l

— Pin Polarity

Active Clock Edge (% Rising Edge Triggered

Enable Pin % Active High
Write Enahle + Active High
Imitralization Bin {= Active High

™ Falling Edge Triggered

" Active Low
"~ Active Low
) Active Laow

=Back |

Page 3 of 4

el
rsi |

Generate | Dismiss | Data Sheet... | VEM [~ Display Core Footprint

Click "Next” ...
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BRAM Example

£y . ,
! Parametersl ] Core Ovemewl g Cnntactl 4 Wieh Lmksl

Single Port Block Memory

Click to name a
.coe file that
specifies initial
contents (eg,

— Simulation Model Opticns

Warnings

¥ Disable Warning Messages

— Initial Contents

Global Init Value:

|n
[T Load Init File

v
Load File... |

Showv Coefficients...

— Information Fanel

Address Width
Blocks Used

Read Pipeline Latency:

16
32
1

Page 4 of 4

g e |

for a ROM)

Generate

Dismiss |

Data Sheet. . |

Wersion Info.. |

[" Display Core Footprint

*

Click “"Generate” to complete

6.111 Fall 2006
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.coe file format

memory_initialization _radix=2;
memory_initialization_vector=

00000000,
00111110,
01100011,
00000011,
00000011,
00011110,
00000011,
00000011,
01100011,
00111110,
00000000,
00000000,

Memory contents with location O first,
then location 1, etc. You can specify
input radix, in this example we're using
binary. MSB is on the left, LSB on
the right. Unspecified locations (if
memory has more locations than given
in .coe file) are set to O.
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Using result in your Verilog

+ Look at generated Verilog for module def'n:

module ram64x8 (addr,clk,din,dout,we);
input [15 : O] addr;
input clk;
input [7 - 0] din;
output [7 :- 0] dout;
Input we;

endmodule

- Use to instantiate instances in your code:

rame4x8 foo(addr,clk,din,dout,we);
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