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UART (Universal Asynchronous Receiver/Transmitter)
i\&‘
A
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)T ILREIZESZEEIEE m_uart_rx

o VRATLYBvYY 100MHz, IMbaud #EE ¥ 525 [E11K.
« RELBEYLDT—%% r_dout [CHAL, TEDIEZEAS-OIZ r_en #1I2T 5.

module m_uart_rx (

code202.v input wire w_clk, // 100MHz clock signal
input wire w_rxd, // UART rx, data line from PC to FPGA
output wire [7:0] w_char, // 8-bit data received
output reg r_en = @ // data enable
)s

reg [2:0] r_detect_cnt = @; /* to detect the start bit */
always @(posedge w_clk) r_detect _cnt <= (w_rxd) ? @ : r_detect_cnt + 1;
wire w_detected = (r_detect_cnt>2);

reg r_busy = @; // r_busy is set while receiving 9-bits data

reg [3:0] r_bit 0; // the number of received bits

reg [7:0] r_cnt = ©@; // wait count for 1Mbaud

always@(posedge w_clk) r_cnt <= (r_busy==0) ? 1 : (r_cnt=="UART_CNT) ? 1 : r_cnt + 1;

reg [8:0] r_data = 0;
always@(posedge w_clk) begin
if (r_busy==0) begin
{r_data, r_bit, r_en} <= 0;
if (w_detected) r_busy <= 1;
end
else if (r_cnt>= “UART_CNT) begin
r_bit <= r_bit + 1;
r_data <= {w_rxd, r_data[8:1]};
if (r_bit==8) begin r_en <= 1; r_busy <= 0; end
end
end
assign w_char = r_data[7:0];
endmodule
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DRAM (dynamic random access memory)
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EAH

* MIG ZfE>T DRAM AEVZEEINZS (1)
* https://www.acri.c.titech.ac.jp/wordpress/archives/6048
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Transistor

\
o FIUDRAK. ERGAY A ITEEET DRAVTFERASHT X
EMTES,

On / off On / off

base l base

collector I | emitter collector I | emitter
nMOS pMOS

— _

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 7




Transistor and Gate
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Processor-Memory(DRAM) Performance Gap

\

The “Memory Wall” Processor
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The Memory System's Fact and Goal X
\

Fact:
Large memories are slow, and
fast memories are small

How do we create a memory that gives the illusion
of being large, fast, and cheap ?

With hierarchy ([&/E)
With parallelism (iifi 5174 )

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 10




W97 TT—T Il (Lookup Table, LUT)

\
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W97 TT—T Il (Lookup Table, LUT)
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W97 TT—T Il (Lookup Table, LUT)

]
LUT1 . s F;rgt'omﬁ% tput LUT
- . ol a-input £-outpu
r1[_Hp ; SANPUT :
[} LuT The only output
r2 1 2 - of the 6-input 1-output LUT
13 L
2 e 14 —=  2nd Second output
r3 2 i —d 15 »| 5-INPUT | of
L 1 = LUT 5-input 2-output LUT
r4 1
| Fig. 3. Choice between l-output 6-input LUT and 2-output 5-input LUT in
C b a Xilinx FPGA devices.
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A Typical Memory Hierarchy

By taking advantage of the principle of locality (BFT%)

Present much memory in the cheapest technology

at the speed of fastest technology i
On-ChIp COmponents ---------------------- ; -:-;-:-;-‘-'; --------
Control _’_f-"
= Second Secondary
B Level Memory
Datapath [ & Cache (Disk)
G 9 (SRAM)
Speed (%cycles): '2’s 1's 10’s 100’s 1,000’s
Size (bytes): 100’s K's 10K’s M’s GstoT’s
Cost: highest lowest

ﬁ’ TLB: Translation Lookaside Buffer
CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 14



Cache

 Cache memory consists of a small, fast memory that acts
as a buffer for the large memory.

« The nontechnical definition of cache is a safe place for
hiding things.

Intel Core 2 Duo

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH
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Intel Sandy Bridge, January 2011
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Characteristics of the Memory Hierarchy

Increasing
distance from
the processor
in access
time

Processor

|

4-8 bytes (word)
*
8

Main gllemory

‘ 1,024+ bytes (disk secto
Secondary Memory

\

Inclusive (&§E) -
what is in L13 is a
subset of what is in
L2%.

L29% is a subset of
what is in MM.

MM is a subset of
is in SM.
rs = page)

A
v

(Relative) size of the memory at each level
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Memory Hierarchy Technologies X
\

= Caches use SRAM (static random o
access memory) for speed and Address —/»

TR E Chip select —, 16
technology compatibility SRAM
Output enable —_, oM x 16 VAN

= Low density (6 transistor cells), Write enable ___,| Dout[15-0]
high power, expensive, fast Din[15-0] —L»
= Static: content will last “forever” 16

(until power turned off)

= Main Memory uses DRAM for size (density)
= High density (1 transistor cells), low power, cheap, slow
= Dynamic: needs to be “refreshed” regularly (~ every 8 ms)
= 1% to 2% of the active cycles of the DRAM

= Addresses divided into 2 halves (row and column)
= RAS or Row Access Strobe triggering row decoder
ﬁ“ = CAS or Column Access Strobe triggering column selector
C

SC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 18



Classical RAM Organization (~Square)

%

RAM Cel
Array

~ 00000 DU SOX

Fow W Column Selector &

1/0 Circuits

address

] One memory row holds a block of

bit (data) lines

Each intersection
represents a

6-T SRAM cell or a
1-T DRAM cell

P word (row) line

column
address

data, so the column address selects
data bit or word the requested bit or word from that

eﬁ’ block
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Classical RAM Organization (~Square Planes)

— bit (data) lines
R . :
o Each intersection
W represents a
1-T DRAM cell
D
e
c :
o word (row) line
d
e
r
column
~ address
M Column Selector &
row I/O Circuits The column address

. data bit selects the requested

ta I}it . @ bit from the row in each plane
. o)
‘ﬁj data bit koW ”
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Asynchronous (FERIHEATN) SRAMAEY)

”
)

=4 CYPRESS

Switching Waveforms
Figure 3. Read Cycle No. 1173 4]

trc

_—

CY7C1049DV33

P I

X

ADDRESS X
el

DATA VALID

- Lan
— lops ——™
DATA OUT PREVIOUS DATA VALID
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Classical DRAM Operation

\
Column X
* DRAM OI"gGHiZGTiOhZ Address

|<— N cols —-|
* N rows x N column x M-bit /
* Read or Write M-bit at a time I DRAM
 Each M-bit access requires s | 4 Row
a RAS (Row Address Strobe) / = * ndcress
CAS (Column Address Strobe) l /
cycle | /1
/| M bit planes
Cycle Time R M-bit Output
1stM-bit Access ond M-bit Access
I < >l I “ <
RAS ) R 1
| I | I
cAS | \ o \ !
:X Row:AddressX Col Address X | XRow:AddressX Col Address X | X )_
T T | |
< 22
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Page Mode DRAM Operation

Column Address  |—— N cols > i\%

* Page Mode DRAM

« N x M SRAM to save a row 1 /
. . DRAM Row
- After arow is r'%ad into the ¢ | 7| Address
SRAM "register = 4
* Only CAS is needed to access other l 1
M-bit words on that row 1 r/
« RAS remains asserted while CAS is N x M SRAM / _
M bit planes
toggled R Va
Cycle Time M-bit Output
1st M-bit Access 2nd M-bit 3rd M-bit 4th M-bit
Ras : : : !
[ L L L I
CAS ! \ /,' \ /.'l \ /.'I \ /ul
I

D>

—_ : | |
_ é RowAddressX Col Address X Col Address X Col Address Col Address L
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Synchronous DRAM (SDRAM) Operation

Column Address +1 i\%
— i| |<— N cols —-|

After a row is read into the SRAM /
register

Inputs CAS as the starting “burst”
address along with a burst length

Ro

L — “7| Addreds

l 0/

N x M SRAM

Transfers a burst of data from a series of
sequential addresses within that row

«— N rows —
2 3

/I M bit plane
Cycle Time M-bit Output

1st M-bit Access 2 M-bit 3 M-bit 4th M-bit

[ —p] ] —p] 4—;
I I I

RAS \|\ | | | |

I I I I 1

cAs | \ ! | | /
i i

@&Row Address X_Col Address i X Row Add
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Other DRAM Architectures

\
« Double Data Rate SDRAMs — DDR-SDRAMs (and
DDR-SRAMs)

« Double data rate because they transfer data on both
the rising and falling edge of the clock

* Are the most widely used form of SDRAMs

- DDR2-SDRAMs
« DDR3-SDRAMs 1 1

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 25



DRAM Memory Latency & Bandwidth Milestones

DRAM Page FastPage FastPage Synch

DRAM DRAM DRAM DRAM SDRAM
Module Width 16b 16b 32b 64b 64b 64b
Year 1980 1983 1986 1993 1997 2000
Mb/chip 0.06 0.25 1 16 64 256
Die size (mm?) 35 45 70 130 170 204
Pins/chip 16 16 18 20 54 66
BWidth (MB/s) 13 40 160 267 640 1600
Latency (nsec) 225 170 125 75 62 52

Patterson, CACM Vol 47, #10, 2004

In the time that the memory to processor bandwidth doubles the

memory latency improves by a factor of only 1.2 t0 1.4

To deliver such high bandwidth, the internal DRAM has to be

™

X =

~

P CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH
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DDR4 SDRAM

* IFFE :DDR4 TR v TH EWEER : 1.2v JEDECEHLR (XMP2.03EEEH)
* EE : PC4-25600 3200Mhz CL{E : 22-22-22-52 / BE © 32GBx2fT (564Gl
o FHEFw T o Intel 0 Z590/H570/B560/H510/Z2490 + AMD :

——— EZFa—)N | AEVZOVDT NA20O0YYD | &HEHRER  JEDEC
g (MHz) (MHz) (GB/#) | 88

DDR4-800 | PC4-6400 |50 400 6.4
DDR4-1066 | PC4-8528 |66 533 8.5
DDR4-1333 | PC4-10664 | 83 666 10.6
DDR4-1600 | PC4-12800 | 100 800 12.8 O
DDR4-1866 | PC4-14900 | 116 933 14.9 O
DDR4-2133 | PC4-17000 | 133 1066 17.0 O
DDR4-2400 | PC4-19200 | 150 1200 19.2 O
DDR4-2666 | PC4-21333 | 166 1333 21.3 O
DDR4-2800 | PC4-22400 | 175 1400 22.4
DDR4-2933 | PC4-23466 | 183 1466 23.4 O
DDR4-3000 | PC4-24000 | 188 1500 24.0
DDR4-3200 | PC4-25600 | 200 1600 25.6 O
DDR4-3300 | PC4-26400 | 206 1650 26.4

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH
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Xilinx 7 Series FPGA Configuration Logic Block (CLB)
\

7 Series FPGAs
Configurable Logic Block

User Guide Slices = SLICEL + SLICEM
Distributed RAM (bit) = SLICEM * 256

UGH74 (v1.8) September 27, 2016 Table 1-2: Artix-7 FPGA CLB Resources
6-input  Distributed RAM Shift
Device Slices'" SLICEL SLICEM Register  Flip-Flops
LUTs (Kb)
(Kb)
7A12T 2,000 1,316 684 8,000 171 86 16,000
JALST . 3,?‘:['?«':""I . 1,500 . 8O0 10,400 200 100 20,800
7A25T 3,650 2,400 1,250 14,600 313 156 29,200
7A35T 5,20012 3,600 1,600 20,800 400 200 41,600
7A50T 8,150 5,750 2,400 32,600 600 300 65,200
7A7ST | 11,8000 | 8232 | 3568 47,200 892 46 | 94400
7A100T 15,850 11,100 4,750 63,400 1,188 594 126,800

FA200T 33,650 22,100 11,550 134,600 2,588 1444 269,200

% CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



Xilinx 7 Series Configuration Logic Block (CLB)

ey,

SLICEM
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Figure 2-3: Diagram of SLICEM

-
—

UGATA_c2 02110810
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SLICEL

I aEe
]
cour alNIT1 O Reset Type
CK

? —{CE ammo
— SR 0 Syncidsync
R L
o A DMUX
i1 ABA1 T_]D —l
o T
1 00
A
—ce G
¢k _sm
— T
e N > oMux
cet AB:A1 B T_]D
08 |
o5 1 1 ca
I_In asa,
]
ax :[‘ = st Efil'St_OUlpt; T
Al 5 INPUT S-input 2-output LU
Be:1 ng:A1 10 _ = 06 or
" LUT The only output
o ] of the B-input 1-output LUT
12 5
13 . =
14 = 2nd A Second output
15 L— 5-INPUT — = 05 of
LUT 5-input 2-output LUT
o :D-'_ i
AB1 AB:A 11
o Fig. 3. Choice between l-output 6-input LUT and 2-output 5-input LUT in
Xilinx FPGA devices.
—_D_Lr_x =
- o On Area-Efficient Implementation of Data Delays
P —4 . . e
= - in 7 Series Xilinx FPGAs
D Marck Parfieniuk Sang Yoon Park
cN Department of Digital Media and Computer Graphics. Department of Electronic Engincering and MPEES-ARC
Bialystok University of Technology Myongji University

Wicjska 454, 15351 Bialystok, Poland
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Distributed RAM
T ——— —_— .y, — o

P RAMSAX1S _ _ ___ Table 2-3: Distributed RAM Configuration
I
| I RAM Description Primitive Number of LUTs
! 0 SPRAM6G4 |
D : CN Pw 06 2 Output 32x1S Single port RAM32X1S 1
| I L ) [ I
I DI6:1 |, Registered 32x1D Dual port RAM32X1D 2
Al5:0) — 2 (01 ])6-— Al6:1] : D Q= output p
| WA(6:1] : s _ 32x20Q Quad port RAM32M 4
WOLK —— wgég CLK | (Optional) 32 x 65DP Simple dual port RAM32M 4
WE L WE | :
| [ 64 x 1S Single port RAM64X1S 1
: | 64 x 1D Dual port RAM64X1D 2
e e e —— - UG4T4_c2_07_101210 64 x1Q Quad port RAM64M -+
Figure 2-8: 64 X 1 Single Port Distributed RAM (RAM64X1S) | 64x3SDP |  Simple dual port RAM6M 4
128 x 1S Single port RAM128X1S 2
128 x 1D ‘ Dual port RAMI128X1D -+
mO(.jUIe m_RAM64X1S ( 256 x 1S Single port RAM256X1S 1
input wire clk,
input wire [5:0] a,
input wire d, * Single port
input wire we,
output wire dout ¢ Common address port for synchronous writes and asynchronous reads
) - Read and write addresses share the same address bus
reg [0:0] mem [0:63];
assign dout = mem[a];
always @(posedge clk) if(we) mem[a] <= d;
endmodule
LUTRAM =1

CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



Distributed RAM

S

RAM32M
;' ____________________ T
| o) 0 DPRAM32 :
DID[1] —+ 06
(] | (AX/BX/CX/DX) o I DOD(0]
oiofo] —! b1 5|02 |
ADDRD[4:0] —| —2m Al 1] |
I WA[6:1] |
WCLK —4 (?::) CLK 05 : DOD[1]
wep —4 WE) lwe |
: |
| |
: |
| 0 DPRAM32 |
|
I DIt 06 [ DOCI0]
| I b |
ADDRCI[4:0] —! : : AlB:1] |
: WA[6:1] |
[
| CLK 05 |—1—= poci1]
| WE |
: |
| [
|
| 0 DPRAM32 |
: DI 06 |—+— DOB[g]
[
| - DI2
ADDRB[4:0) — B(5:1] : A[B:1] :
I Sl wars:) |
: CLK 05 |——+—= DoB1]
| WE :
: |
| |
| 0 DPRAM32 :
: DIt 06— DOAI0]
Di2 |
I A[5:1
ADDRA[4:0] — A5 ag:1) :
| o] WAB:1] |
| CLK 05 F——T1— DOA[1]
: WE |
| [

UGA474_c2 06_070014

Figure 2-6: 32 X 2 Quad Port Distributed RAM (RAM32M)

* One port for synchronous writes and asynchronous reads

¢ Three ports for asynchronous reads

CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH
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Table 2-3: Distributed RAM Configuration

RAM Description Primitive Number of LUTs
32x1S Single port RAM32X1S 1
32x1D Dual port RAM32X1D 2
32x20Q Quad port RAM32M 4
32 x 6SDP Simple dual port RAM32M 4
64 x 1S Single port RAM64X1S 1
64 x 1D Dual port RAM64X1D 2
64 x10Q Quad port RAM64M 4
64 x 3SDP Simple dual port RAM64M 4
128 x 1S Single port RAM128X1S 2
128 x 1D Dual port RAM128X1D 4
256 x 1S Single port RAM256X1S 1

*  Quad port



Distributed RAM

DID[1]
DID[O]
ADDRDI[4:0]

WCLK
WED

ADDRC[4:0]

ADDRB[4:0]

ADDRA[4:0]

RAM32M
l'_____________________l
: o) 0 DPRAM32 :
i 06
1 (AX/BX/CX/DX) __ g; : DOD(0]
- |
: Di5 ]§} Al6:1] I
: I
| WAB:1
t {?;:) CLK 05 : DOD[1]
1 . WE) | we |
: I
| I
| I
| 0 DPRAM32 I
I
: on 06 ———= DOCI0]
DI2
1].5 I
1 Cl5 lg» Al6:1] |
: WA[B:1] I
I
I CLK 05 —= DOC[1]
: - - WE |
| I
| I
I 0 DPRAM32 :
: DIt 06 +—= DOB[0]
I
I DI2
B5:1
t 15 ]Z Al6:1] :
| WA[6:1] |
: : | cLK 05 |—+—= DOB[1]
I WE :
: I
| I
I 0 DPRAM32 :
: = DI 06 —1—* DOA[0]
DI2 I
| A[5:1
" 5 ]: Al6:1] :
I 2ef WAS:1] ,
I =| CLK 05 — DOA[1]
: L lwE I
| I
e I
UG4T4 6

module m_RAM32M Q (
wire clk,

wire [4:0] al,
wire [4:0] a2,
wire [4:0] a3,
wire [4:0] a4,
wire [1:0] d,
wire we,

input
input
input
input
input
input
input
output
output
output
output

)5

reg [1:

assign
assign
assign
assign
always
endmodul

wire
wire
wire
wire

doutl
dout2
dout3
dout4

@(posedge clk) if(we) mem[al] <= d;

e

[1:0] doutl,
[1:0] dout2,
[1:0] dout3,
[1:0] dout4

0] mem [0:31];

mem[al];
mem[a2];
mem[a3];
= mem[ad];
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