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Motivation(1/2)

« Conventional Memory Architecture
— Designed for General Applications
* Not Optimized for Specific Application
— Long tg: (60~80ns)
« For Mass Production & Low Cost
» Bottleneck of the System Performance

— Only Read / Write operation

Need for Application Specific Memory
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Motivation(2/2)

« Application Specific Memory
— “Offer Unique Characteristics to Improve
Performance in Particular Application™
— Free Design
» Flexible Control

« Guaranteed Bandwidth
* Low Power Consumption
— Complex Design

« Both Memory and System Background

* IEEE Circuits & Devices, “High-Speed Memory Architectures for Multimedia Applications”, 1997
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Application Specific Memory

« Cache DRAM (CDRAM)*
— DRAM Density + SRAM Speed

+ Video RAM (VRAM)*
— Requirement for High-quality Display
* Media-Chip**
— Embedded Memory for PC 3D Graphics

« Content-Addressable-Memory (CAM)***
— High-speed Search Function

* IEEE Circuits & Devices, “High-Speed Memory Architectures for Multimedia Applications”, 1997
** Takao Watanabe, “A Modular Architecture for a 6.4Gbyte/s 8Mb DRAM-Integrated Media Chip”, 1997
~==a " |EEE Potentials, “/RAM versus CAM", 1997
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Thesis Work

 Memories for Mobile 3D Graphics
— Embedded in RamP-IV Processor
— Implemented using 0.16um DRAM Process

« Content-Addressable-Memory (CAM) for
Network Lookup Engine

— Ternary Cell Structure
— Simulation using 0.35um Logic Process

» Memory Architecture Contributes the System Performance
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Outline

5

 Memories for Mobile 3D Graphics
— Need for Special Memory
— Memory Specification
— Applied Architectures
— Simulation Results
— Chip Implementation
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RamP-1IV Processor*

*R. Woo, et. al., "A 210mW Graphics LS| Implementing Full 3D Pipeline with 264Mtexels/s

Texturing for Mobile Multimedia Applications®, ISSCC 2003

|
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3D Graphics in RamP-1IV

« Target Performance for High-Quality 3D Graphics

— Mobile Application
« 256 x 256 resolution @ 24bit color
» 16bit depth-comparison

— High Image Quality
» Double Frame Buffering Ej\
» Texture Mapping

— High Performance
* Double Pixel Processor
* 100Mpixel/sec Performance

Need for New Memories

Polygon Setup

J £
Z Compare m ™ j
J ;
Rendering P;[)?:)((at:srﬁ]g
J )
Color Porcessing
J

Alpha Blending
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to Supply the Performance

Memories in the Rendering Engine
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Memories for Target Performance

« Frame-Buffer
— 24bit 1/0 bus (for 24bit color processing)
— 3Mb capacity (256 x 256 x 24bit x double FB)
* Individual 768kb x 4 (for double pixel processing)

— Read-Modify-Write Operation
« Simplifies the Pile-line Stage of the Rendering Engine

— 20ns tg (for 100Mpixel/s performance)
 Conventional Memory has 60~80ns tzc Frame Bufer

Frame Buffer

3MI
Frame Buffer

Frame Buffer
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Memories for Target Performance

 Z-Buffer

— 16bit 1/0 bus (for 16bit depth comparison)
— 2Mb capacity (256 x 256 x 16bit depth x double FB)
* Individual 512kb x 4 (for double pixel processing)
— Read-Modify-Write Operation
« Simplifies the Pipe-line Stage of the Rendering Engine
— 20ns tg (for 100Mpisel/s performance)

Depth Buffer

Depth Buffer

2Mb
Depth Buffer

Depth Buffer
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Memories for Target Performance

 Texture Memory

— 24bit 1/0 bus (for 24bit color processing)
— 20ns tx. (for 200Mtexel/s performance)
— Read Oriented Operation

— 24Mb capacity = 6Mb x 4 (for bilinear interpolation)

_ 24Mb
o Vo’ i
&=
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Memory Specification

Frame-Buffer Z-Buffer Texture Memory
tec 20ns
Memory Size 768kb 512kb 6Mb
Read-Modify-Write (RMW) \F/{veri:
Function Auto Refresh
NOP Auto Refresh
NOP
CLK - Clock Input CLK
Control Pin RMW - RMW Command READ
MASK — Write Mask Signal WRITE
REF — Auto Refresh Command REF
Address Pin 15bit 24bit
owapn | tienr | men | s
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Design Restriction

« “Always Complete RMW within 20ns” for
Constant Performance of the Rendering Engine
— tgrc = 20ns

* “Precharge - Activation - CMD" within 20ns
— Burst Access function is useless.

« Page Access Mode enhances burst access latency.
 Partial Activation reduces power consumption.

CLOCK

— Conventional SDRAM interface scheme requires
high clock frequency for 20ns tz.

DQ CL=2

} 7 cycle for RMW = 350MHz Clock
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Architecture(1/5)

« Single Clock Operation

— Finish “Precharge-Activation-CMD” in one cycle
— SRAM-like Easy Control

— Simplifies the pipeline control of the rendering engine
— Low-Power Consumption due to Low Clock Frequency

0 1ns 10ns 15ns 20ns 40ns

Clock

MASK

Read Out R1 >< R2

wite NNNNNMONNNNNNO w2

Operation

/ PCG | Active & Read | Modify | Write Y PCG | Active & Read | Modify § Canceled

FB&ZB RMW Timing Diagram
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Architecture(2/5)

Partial Activation

— Consumes lower power than Page-Access-Mode

PXA[n]
sws0 swsi
sws[3:0] >
sws2 PXA sws3
SA_ctl_T—p -
Col. gate control_T ——p
Row Address decoded signal
SA_ctl_0 -
Col. gate control_0 —p}
i cell
Row Address decoded signal array
block
SA_ctl_1 —»| -
Col. gate control_1 —»|
. /o DBSA
I/O ctl signal —¥»| (4 &
Write Driver

DQR[23:0] DQW[23:0]
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Architecture(3/5)

« Speed-Optimized Cell Architecture
— Minimize Wire-Delay

11 11
SA | SA SA | SA Ty
; [SATSA]
192cell/SWL 128cell/SWL 384cell/SWL
SWD 0.0.0.0— SWD 9. 01010 — —
¢ 66— SWD ¢76 66| SWD ] %%%—
256ceII/BLi 256¢ell/BL 512cell/BL i
SA|SA SA | SA [SAJSA]
] 9. 0.0.0— | |
SWD $76%%Y— swo SWD $76%%Y swD eI
[SATSA]
SA|SA SA|SA T 11
TT TT TT TT

(a) Cell Array of the Frame-Buffer (b) Cell Array of the Z-Buffer (c) Cell Array of the Texture Memory
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Architecture(4/5)

 Non-Multiplexed Addressing Scheme

— Decodes both row and column address at a time
— Reduces address decoding time

Clock /

PCG

:

Address

Fetch

ATV

DBSA

Modify

Frame-Buffer & Z-Buffer

Write
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Architecture(5/5)

« Variable Clock Operation
— Support Long-Lasting Operation in the System Level

Ons 20ns 40ns 60ns 80ns 100ns

;4— 15ns—» : : : : ;

FAST Mode :
e L [N ) S gy

«4— Operation —p«— Operation—p»+«— Operation—p»:«—Operation—»«—Operation—!

] (] \J (] (] (]

Rendering Engine ! W (W (wh fwh < W)

Memory Timing { ATV \—{ W] ATV ATV —(W{ ATV ATV

NORMAL Mode

]
«¢—Operation—p! H—Operation—bi
[}

54— Operation —>: i i ;
; Write Latch }—( Write Latch }—’
; b — b\ y i
ATV W) LAV ) W) {_ATV

SLOW Mode . . .
r<—Operation —Pi : i id—Operation—Pi
e Write Latch }—:
| ATV : : \ﬂ/ : | ATV

Csa
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Implementation(1/2)

 Overall Structure

CMD—p CMD Unit Block Driver
Clock Block
I \ 4 Y Y \ 4 Y \ 4 Y Y

ctl SA —l\
Pulse )] Ctl Unit Unit Unit Unit Unit Unit Unit Unit

& Block Block Block Block Block Block Block Block
Gen.
WLD
. Write | 24b or 16b
e iyl in 4
P Driver
R 24 1
Read gjf b or 16b 4 \ 4 4 \ 4 4 \ 4 4 \ 4
Output Dri '
river
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Implementation(2/2)

 Unit Block Control

ADDR ‘
7
CMD
0—>
CLK

Block Block_ctl - .
Selector l Block
Power
‘ P —cccca-
Row . 1 I\L P
Decoder /\ ™\ :] \
/ > T FAA)
V4 VUV
WL_ATV \
Contr SAEN... gﬁ [ BLsA
Puls CDen 1 7
Generatpr
10_CTL...
> I
Column \'/ 3 D E E
Decoder

110
Ctl

Block_ctl

110 DBSA
Sub
| Ctl WDRV
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Simulation Results(1/2)

 Read-Modify-Write Waveform

Read 1 Write 0

L Sub Word Line
3.4 —
3.2 —
s
28 —
2.6 Clock Read Out |
2.4 — l/
22 —
] Cell
2 <
=3 E
- 1.8
= i
= 1.6 =
1.4 —
12 DB
v = —
Boom | DB#
GO0m
400m ]
200m
o _|
- fF— 77— ——
2 o 2n 4n & an 110 12n 14n 16nm 12n 20n
Bt Time {lin} (FIME)
Precharge Activation Read Modify Write
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Simulation Results(2/2)

« Operation Waveform

| N N N e N T T
GROUP Command ||J7 | |
Rt | i e B _I_I__I_!__l_l_l_l_ e
ext ref
ext rmw | |
ext mask
v (nop ) |
CGROOP Address Bue
EXT ADDRESE[14:0] 1 3818 0 3819 000 78} 9 4000 3819 0 3818
Int Count [14:0] IH TkEs [ 3807
address[14:0] i _3m18 |I i { 3a10 |0 7¢sF |0 3m07 [ anco T 7419 T 4000 I 319 T o |f 3s18
GROUP DATA Bus \ ( \ . S
ext dgwl23:01|[il £££000 ] EEf L[ zeec0 1 FEFFEF | 0 cOD3f "
readdatal23:0] JEEEEL 0 | FEFEEE 11 sefoon | ] £EfEEE [esksee (ecpoad [ To IJEEEfEi!i 3£c0 iE.I
CGROUP Control Puls ;—’
v [l [ e m q n f
vl st | W oy W 4y

viroel

\I I [ HEEEREEERERR

GROUP BL & Cell
v(netl9&3) K
v(netl953)
K I I [ |/ T
VT
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v {db_wr]

GROUP DE Line
v ({db&]
vidb#el

T
=
Q.
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\

fq
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GROUP GA
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RMW | RMW | NOP | NOP |RMW | RMW | REF | REF | RMW | RMW MAsK! MAsk! Mask! Mask! MAsk
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Chip Micrograph(1/3)

* Frame-Buffer

= = = = i ——

* 0.16um DRAM technology
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Chip Micrograph(2/3)

o Z-Buffer

e = —
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1.6mm
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Chip Micrograph(3/3)

 Texture Memory
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Measurement
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Performance Comparison

Frame-Buffer Texture Memory Memory1* Memory2**
Process 0.16um DRAM 0.16um DRAM 0.40um DRAM 0.25um DRAM
Memory Size 768kb 6Mb 2Mb 2.4M
Clock 50MHz 50MHz 100MHz 160MHz
Bandwidth 2.4Gb/s (RMW) 1.2Gb/s 12.8Gb/s Max. 3.8Gb/s
Latency 1 1 + Aciaton Period 1
Interface SRAM-like SRAM-like SDRAM-like SRAM-like
RMW 20mw
MASK ImW 155mW Max.
Power | pead 18mW 160mw 110mW Typ.
Write 27TmW
Chip Size < 1.5mm?Mb 0.6mm?/Mb 6.4mm?/Mb 2.4mm?/Mb
(2.0mmx0.56mm) (3.0mmx1.2mm) (2.95mmx4.37mm) (2.9mmx2.0mm)
Target Mobile 3D Graphics PC 3D Graphics Embedded DRAM

* Takao Watanabe, “A Modular Architecture for a 6.4-Gbyte/s, 8-Mb DRAM-Integrated Media Chip”, 1997

Low-Power & Optimized Operation for Mobile 3D Graphics

** Paul DeMone, “A 6.25ns Random Access 0.25um Embedded DRAM”, 2001

Gl D m—————e e e e o —————————————
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Outline

 Content-Addressable-Memory (CAM) for
Network Memory
— Lookup Engine in a Network Processor
— Problem of Conventional CAM
— Proposed CAM for Lookup Engine
— Simulation Results
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KAIST
Lookup Engine in a Network Processor

 Lookup Engine

— Searches Tag for incoming Packet

— Has Lookup Memory (Rule Memory)
— “Search” is main job

Lookup
Engine
Packet 1 \ ‘ / Tag B | Packet 1
Packet 2 | ———— P Packet ————Jpp| Tag C | Packet 2
Processor
—— / \

Tag A | Packet 3
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Implementing Lookup Engine

« Conventional Memory Architecture®
— Requires Frequent Memory Access

— Consumes Many Clock Cycle = Low Performance

« CAM Architecture

— Enables One-Cycle Search Operation
— Large Power & Area Consumption

CAM is preferred.

* Miguel A. Ruiz-Sanchez, “Survey and Taxonomy of IP Address Lookup Algorithms”, 2001
e m
A
»
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Conventional CAM
 Structure of Conventional CAM*
BL BL# BL BL#
WL WL
. e 1 . e 1

I

ML

Conventional NAND type

© Low Power Consumption
® Slow Match Line Propagation
® Cannot handle ‘Don’t Care’

ion Yi-Liang Hsiao, et. al., “Power Modeling and Low-Power Design of Content Addressable Memories”, ISCAS 2001
21

ML

3

Conventional NOR type

© Fast Match Line Propagation
® Large Power Consumption
® Cannot handle ‘Don’t Care’
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Conventional TCAM(1/3)

* Need for ‘Don’t Care’

Prefix Next hop
143.248.1.1 L2
Prefix Next hop

143.248.1.2 L2
L9

L2
143.248.*.* L2

143.248.255.255 L2
203.238.128.56 L5

203.238.128.56 L5
203.238.128.* L6

203.238.128.1 L6
203.%.*.* L1

203.238.128.2 L6

L6 . .
Routing Table using Don’t Care
203.238.128.255 L6

Routing Table without Don’t Care

‘Don’t Care’ reduces the size of routing table.
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Conventional TCAM(2/3)

 Handling Don’t Care

B/ B1# B2 \Qz#
e ™~

na n e T ne ql| g2
q1 q1' q2 q2' 0 O 1

ML

IR

2 BCAMs build 1 TCAM

Encode Don’t Care using Two CAM Cells*

* Sergio R. Ramirez-Chavez, “Encoding Don’t Cares in Static and Dynamic CAMs”, 1992
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Conventional TCAM(3/3)

 Dynamic TCAM*

— Use Gate Cap. as a storage

« DRAM CAM**
— 2 DRAM cells for one TCAM

* Multiple-Valued CAM***
— EEPROM technology

Refresh Operation

Core speed » Bottleneck
Technology

* JON P. WADE, “A Ternary Content Addressable Search Engine”, 1989
** Tadato Yamagata, “A 288kb Fully Parallel Content Addressable Memory Using a Stacked-Capacitor Cell Structure”, 1992
*** Takahiro Hanyu, “Design of a One-Transistor-Cell Multiple-Valued CAM”, 1996
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KAIST
Proposed CAM(1/3)
 Ternary CAM Cell Structure
DCL BL BL# DCL# DCL BL BL# DCL#
WL WL
Jig} % | Store | % m_fﬁ_.
1 1o0r0 1
.__l_\TI_\__. .__l_\_T_I_\__. L
0 ML ":"J
o '{§3 = Store g g
I " Bin or X i
Proposed NAND type Proposed NOR type
NAND type consumes less power.

Patent Pending 2002/11
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Proposed CAM(2/3)

 Match Line Repeater

N N © © 0 e o o8
3 g Sl S e L S8 SR
ol *1 ok 1 Ol i o= #*O
alm oR am oR alm @o[Q af a8
WLn
wL wL ol% wL wL 0l%
— — — — 80_ —| —o *— —o 80_
CAM CAM s CAM CAM s
ML ML ML ML
ML | | | |
Precharg

MLin MLout
MPCG#

MPCG

—4

\—
Enhance Match Line speed of NAND type Cell Structure
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Proposed CAM(3/3)

« 2-D Decoding Method
— By Long Aspect Ratio of the Proposed Cell

E— MLout

32bit TCAM Unit
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Simulation Results

. Match Line Propagatlon

Veltages (In)

Woltages (lInj

3

2

1.5 7

apeform of 16th match line

o

NEE
V

Proposed Scheme
Conventional Scheme

More than x3 Faster
than Conventional Scheme

T
DI I I 20n I I ll':l1
Time {lin) { TIKE}
Wapeform of 32th match line
5ns
+-—»>
#
i
UI 2l.lll'| 4'.':I1
Time {linj { TIME}
Unmatch Match
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ell Size

25% smaller than conventional TCAM
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Expected Performance

Proposed JSSC 1998* JSSC 2001**
Process 0.35um CMOS 0.35um 5M1P 0.35um Standard
Clock 100MHz 30MHz 70MHz
. 64k x 32bit 64k x 40bit 256 x 54bit
Memory Capacity . .
Ternary Binary Binary
Search Power 100~120fJ/Bit/Search 83fJ/Bit/Search 131fJ/Bit/Search
Dissipation
5ns 26ns 7.3ns
Search Speed
P for Search Evaluation for Search Out for Search Evaluation
Match Line Type NAND NAND NOR
, Separated Bit-Line and
Etc Store Don’t Care Search-Line pMOS NOR type

* Farhad Shafai, et al, “Fully Parallel 30-MHz, 2.5-Mb CAM”, JSSC November 1998

** Hisatada Miyatake, et al, “A Design for High-Speed Low-Power CMOS Fully Parallel
Content-Addressable Memory Macros”, JSSC June 2001
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Conclusion

« Application Specific Memory Architectures are
Proposed.

— Frame-Buffer, Z-Buffer and Texture Memory for Mobile 3D
Rendering Engine

— Ternary-CAM Structure for Network Lookup Engine

 Mobile 3D Graphic Memories are Implemented.
— 0.16um DRAM Technology.

— 20ns ty. with Read-Modify-Write Operation.

— Improve the performance of the 3D Graphics System.

New Ternary-CAM Structure is Proposed.
— 5ns Match Evaluation Time

— 25% Reduced Cell Size

iAo ChAT ANA

:



