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Preface

The Direct Rambus™ memory technology is an extensio\S @ result, an example Direct Rambus PC main memory
of Rambus’s high-throughput memory interface technol- System is shown below. It can achieve three times the
ogy that is shipping today in PC, workstation and con- effective bandwidth over an SDRAM-100 memory sys-
sumer multimedia products. Intended for use in next ~ tem at comparable cost and lower power.

generation system memory systems, the Direct RambusThjs documenintroduces the Direct Rambus technology
technology is ideal for a broad range of systems from conyng the devices that implement it. These topics are pre-
sumer digital video products to desktop computers to  sented in a series of sections. Each section describes
supercomputers. related aspects of Direct Rambus technology and its

The Direct Rambus program goals were set to meet sevapplications.

eral challenges faced by memory system designers:  The|ntroductiondescribes the basic technical problem

1. To help close the processor-memory performance gaghat Rambus Inc. set out to solve and summarizes the
DRAMs need to provide ten times improvement in  resulting solution. ThAdvantages of Rambus Technology
bandwidth per pin. andApplying the Advantages of Rambus Technopogy

2. To be affordable in mainstream markets, the DRAM Vide summary features and benefits of the technology for

costs in die size and package must be kept comparabf¥pical applicationsThe Physical LayeandThe Logical
to commodity DRAMs. Layerdefine, respectively, the electrical interface and the

protocol used between devices on a Direct Rambus Chan-
nel.Inside a Direct Rambus DRAd&scribes the internals
) ) ) of a DRAM constructed using Direct Rambus technology.
4. To provide a stable interface to OEMs, the interface  The Rambus Memory Controllés digital logic within a

must be able to span multiple DRAM and process gengambus controller used to drive the Rambus protocol.

3. Apply to a broad range of market segments including
consumer, computer, and communications.

erations. The RambusSystem Packagingses industry form factor
As part of meeting these goals, the following extensions memory modules and connectors.
were made to the existing Rambus interface: Technical specifications, user guides, data sheets and

» Wider interface: two-byte wide data path application notes are also available from Rambus Inc.

« Higher clock frequency: 800MHz transfer rate These provide further information about Rambus technol-

ogy, how to implement systems that use it and individual

« More efficient protocol: 95% efficiency i ’
Rambus-compatible devices.

Figure 1: An Example Direct Rambus Memory Subsystem
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Introduction GBytes per second at a moderate cost, the Direct Rambus

Channel is ideal for high performance/low cost systems.

During the last two decades, DRAM technology has pro- ) o
gressed dramatically. Device densities have increased The Rambus solution eliminates the need for buffers and

from 1 Kbit per chip to 64 Mbits per chip, a factor of decoders while assuring a modular and scalable system

64,000. DRAM performance has not kept pace with thesg©!ution Each Direct Rambus DRAM, called a Direct
density changes, since access times have decreased by RDRAMU, transfers data at up to 800 MHz across a two

about a factor of 5. Over the same 20 year period, microPYt€-wide Channel. Multiple Channels can be used in par-

processor performance has jumped by several orders of&/l€l 10 achieve even higher throughput.

magnitude. This growing disparity between the speed of The Direct Rambus Channel is implemented using stan-
microprocessors and that of DRAMs has forced system dard PC board layout and manufacturing techniques.
designers to create a variety of complicated and expensiVBevices connecting to the Direct Channel contain dedi-
hierarchical memory techniques, such as SRAM caches cated circuitry, the Rambus Interface, that can be pro-
and parallel arrays of DRAMs. In addition, now that usersjuced on standard sub-micron CMOS processes.
demand high performance graphics, systems often rely on ) .
expensive frame buffers to provide the necessary band- E lectrically, the Rambug Channel rell'es.on gontrolled
width. And due to the density increases in DRAMs, this impedance single terminated transmission lines. These

need for bandwidth is required from fewer total chips. lines carry Iovy-voltage-swm_g S|gnals. C.IOCk a”d.d"?‘ta
always travel in the same direction to virtually eliminate

To address this processor to memory performance gap, clock to data skew.
Rambus Inc. has developed a revolutionary chip-to-chip
bus, the Direct Rambilk Channel, that operates up to 10
times faster than conventional DRAMs. The Direct Ram-
bus Channel connects memories to devices such as micF - oS . . g
processors, digital signal processors, graphics processo f DRAMSs is simplified since the signals comprising the

and ASICs. The Channel uses a small number of very hannel will not change from generation to generation.

high speed signals to carry all address, data, and controfo‘nd’ the P'pe"’??d hature of the Direct Technology cou-
information. Because it is able to transfer data at 1.6 pled with its ability to handle 16-byte and larger transfers
efficiently, Direct Rambus Technology can be applied to a

wide variety of applications.

Rambus Inc. has assured device independence now and in
the future by defining a high-level protocol that allows
@xible core configurations. Designing new generations

Conventional DRAM Wide Bus Systems Rambus DRAM Narrow Bus Systems

-l HEEN
LU

RDRAMS RDRAMS
Four Channels (64-bit data path): 6.4 GB/sec

LI
Controller |:| |:| |:| |:|

RDRAMS
Two Channels (32-bit data path): 3.2 GB/sec

UL

RDRAMS
Single Channel (16-bit data path): 1.6 GB/sec

Memory
Controller

DRAMS

Memory
Controller

64-bit data path (8 bytes @ 66 MHz) 533 MB/sec

Figure 2: High Bandwidth Memory Solutions
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The Advantages of Direct
Rambus™ Technology

Direct Rambus memory systems offer a number of sigshorter time to market, lower power consumption and

nificant advantages including high performance,

improved expandability. These points are summar

reduced system size and complexity, lower cost and in the table below.

ized

High
Performance

1.6 GBytes per second of bandwidth per Direct Rambus™ Channel

Multiple Channels can be used for even higher performance and bandwidth
An individual Direct RDRAMP offers over ten times higher bandwidth than 66M
x16 SDRAM device

A 64MByte Direct Rambus system has three times the effective bandwidth ove
64Mbyte 64-bit wide 100MHz SDRAM system

Cost Effective

Uses conventional DRAM core; The 64Mb Direct RDRAM is comparable in die
to a x16 64M SDRAM

Low cost industry standard memory modules and connectors

Uses industry standard FR-4 printed circuit board technology

Finer granularity allows lower cost memory upgrades

size

Direct RDRAMs include low power modes that reduce overall power consump

ion

ower

Low Power Rambus devices inherently use less energy per byte transferred
Configurations support 6 times bandwidth of EDO DRAMSs at comparable low [
32Mb, 64Mb, 128Mb, 256Mb, 512Mb, 1Gb generations of RDRAMs are functi

E dable / ally and electrically compatible

G)r(ggﬂlaarl € Memory can be incremented by a single RDRAM

A single Channel supports 32 RDRAMSs; Expansion buffers allow support of ag
tional 32 RDRAMSs; A controller can support multiple Channels

di-

Reduced Risk;
Quick Time
to Market

Fully engineered design, operates at the full rated speed

Proven technology that is shipping in high volume in PCs and consumer produ
Support by the leading 13 DRAM suppliers assures OEMs of an ample supply|
Direct RDRAMs

Multiple sources for Rambus compatible connectors, modules, clock chips, tes
tems

A cookbook solution is provided to the system designer

cts
of

t sys-

Industry Standard
Interface

All Rambus-based ICs are compatible
Rambus-compatible modules, connectors, clock chips meet Rambus engineer
test specifications

ng and

Intel® is developing chip sets for mainstream PCs to ship starting in 1999
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Applying the Advantages of Rambus

Technology

Direct Rambus technology represents a superior menifhe adoption of Rambus technology offers the poten-
ory solution for a broad range of applications. These tial to dramatically simplify computer architectures,
applications cover computer, consumer and communisince hardware traditionally used to increase the speed
cation markets. Specific applications include desktop of the processor to memory interface will not be neces-
and mobile computers, workstations and servers, sary. In addition, the use by Rambus of standard
graphics/multimedia subsystems and consumer digitaCMOS processes, low cost IC packaging and standard

video products.

PC board technologies will reduce the expense of
building systems based on Rambus technology. T

hese

factors will result in faster machines that consume less

power, cost less and occupy less physical space.

Desktop Computer
Main

Delivers three times the effective bandwidth of a 64-bit 100MHz SDRAM system

With RIMM modules and connectors fits within the space, cost, power and the
envelope of a 100MHz SDRAM system

rmal

Frame Buffers

Additional RDRAMs can be added easily for greater resolution and more color
Two Channels per graphics controller for 3.2 gigabytes per second of bandwid
Provides ample bandwidth to merge the video and graphics frame buffers

Memory Easily expandable to support multi-gigabyte configurations for high end servers and
workstations
Makes workstation-quality graphics accessible at mass market cost
. . A single 32Mb RDRAM supports a 1280 x 1024x 24 bits per pixel display with
Multimedia / workstation-level 3D graphics performance
Graphics

[72)

th

Built-in power management modes reduce current consumption

Portable Has the lowest power per byte transferred of any DRAM alternative

Computers Can drive internal LCD displays and an external, high resolution monitor
Granularity allows memory expansion in increments of 4 Mbytes
Workstations
Communications and networking systems

Other Embedded control

Applications . .
Digital television
Large computers
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The Rambus Solution: the Rambus lower density devices such as 32Mbit to very dense 1Ghit

Channel, the RDRAM and the density parts will be available over time. RDRAMs are
available in both x16 and x18 configurations. The defini-

Memory Controller tion and use of the ninth bit per byte is left to the system

The Rambus solution replaces costly memory subsysten%es'gner' The Direct RDRAMS use chip scale packaging

and interconnect with a single standard high performanCt‘é"hICh is horizontally mounted.

chip-to-chip bus and revolutionary DRAMSs. This solution A single RDRAM provides 1.6GBytes per second peak
has three main elements: the Rambus Interface, the Rarbandwidth. That is over ten times the bandwidth available
bus Channel, and the RDRAM. The Rambus Interface isfrom a 66MHz x16 SDRAM used in today’s PCs. To
implemented on both the memory controller and RDRAMapproach the performance of a single Direct RDRAM, an
devices on the Channel. SDRAM memory system requires a wide, complex, inter-

The Rambus Channel leaved bus using a large number of SDRAMS.

The Direct Rambus Channel incorporates a system IeveIRl:)R'A"vIS only respond to requests and therefore require

specification. Systems using Rambus Channel(s) can 2 oW level of intelligence. As a result, the memory die
operate at full rated speed. This is not the case with sys-s"Ze qverhead is minimized to keep them highly cost
tems using conventional DRAMs. Component specifica- effective.

tions vary for set-up times, hold times, etc. for DRAMs, The Memory Controller

ASICs, and buffers. These variations and signal integrity
issues combine to slow down cycle times. Also, when
DRAM control signals are generated from a master clock
the timing of these signals is often degraded by uneven
time of flight, further slowing the system. While the data
path is only two bytes wide, the Direct Rambus Channel
is capable of transferring data at rates up to 800 MHz. Each memory controller has its own Rambus Interface.

The Rambus Channel has a well defined mechanical inte-lr--he interface cell is available in a wide number of ASIC

face. Memory controller and RDRAMS connect to the processes from several vendors. This Interface converts
printed circuit board with an interface that has only 30 from the low-swing voltage levels used by the Rambus

high-speed signals. Each Direct Rambus Channel can 22?2n6| to ordinary CMOS logic levels internal to the

contain up to 32 RDRAMs. Modular memory expansion '

is available using RIMM™ modules, in form factors All critical, high speed system design issues which arise

familiar to conventional DRAM implementations. while designing memory controllers, RDRAMs and the

The Direct Rambus DRAM Rambus Channel have b_een resolved for the designer by
Rambus. Designers can implement a Rambus system by

The Direct RDRAM is a CMOS DRAM incorporates the using the Company's step-by-step Channel layout docu-

Rambus interface circuitry. The Direct Rambus DRAMS mentation.

are initially available in the 64Mbit generation, although

The memory controller contains intelligence and is the
only device that generates requests. The Rambus Channel
interface can be implemented on conventional micropro-
cessors, peripheral chips, ASIC devices, memory control-
lers, or graphics chips.

Rambus Interface

A@ H | s \\\\ s HJs Vref
Memory = H — ——- o
Controller é — % (}) % — % ——m Termination
20|z A\ [
A\
Bus Clock
Rambus Channel 400MHz

Figure 3: Primary Elements of a Rambus-Based System
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The Physical Layer from the wire, using an open-drain NMOS transistor
structure. Each device on the Rambus Channel adjusts its
The high-speed signaling used on the Rambus Channel {sutput current drive automatically to keep the signal
called RSL (Rambus Signaling Levels). The Rambus  swing nominal. Current mode signaling provides the addi-
Channel achieves its high-speed operation through a coffignal advantage of having a high-impedance so that sig-
bination of techniques. These include: dense packaging.nals reflected from the memory controller do not reflect

high quality transmission lines, low-voltage signaling,  pack as they travel back past the driver.
channel topology, even/odd input samplers, pseudo-dif-

ferential inputs, differential clocks, current mode drivers,
active current control and precise clocking. By employing
these techniques on conventional CMOS IC and printed
circuit board processes, Rambus technology achieves
high performance at low cost. All high-speed signals on the Rambus Channel use low
Dense packaging is essential. RDRAMs use a surface VOltage swings of 800 mV. Figure 5 shows the nominal
mount chip scale package. This package allows RDRAMY0Itages of Very, the DC reference, i, and the logic 1

to be spaced closely, densely packing the memory sub- [€Vel: VoL Figure 4 shows that % may be generated
system while keeping the underlying wires short. with a resistive divider.

Power is dissipated on the Rambus Channel only when a
device drives a logic “1” (low-voltage) on the pin. For
typical data patterns, a mixture of ones and zeros on the
bus reduces the total power consumption.

This package has a number of electrical advantages. The Logic 0 Ve 1.8V

packages allow a minimal signal stub length. High signal ferm =

quality is maintained through the reduced stub inductance  gjgna| T / \ Viet 1.4V

and low input capacitance low. S(\Svig%

Signaling . VoL 1.0V
Logic 1

A Rambus Channel contains 30 high speed, controlled

. L . Figure 5: High-Speed Signals Use Low Voltage
impedance, matched transmission lines: 9 gh-=p g g

Swings About Vref
» ClockToMaster (and its complement ClockToMas-
terN); V ef Sets the logic threshold for the high-speed low-swing
» ClockFromMaster (and its complement ClockFrom- Signals. This provides immunity from common mode
MasterN); noise on the Channel. As shown in Figure 4; ¥onnects
« Data bus: DQA[8:0], DQB[8:0]; to each device. All devices receive the low-swing signals
- Address and Control bus: ROW[2:0], COL[4:0]. with dual odd/even differential input circuits and usgV

to set the logic threshold.
These high-speed signals are terminated at their charac-

teristic impedance at the RDRAM end of the Channel. Asl his differential sensing allows the Channel to use a low
shown in Figure 4, the Rambus Channel has a bus topolyoltag_e swing. Each of the inputs cqnsists of a _pa_lir of dif-
ogy with the memory controller at one end, terminators af€rential clock samplers, one operating on the rising edge
the other end, and the RDRAMs in between. of clock and the other on the falling edge. The negative
input of the input samplers is connected tg\LLow-volt-

The terminators pull the signals up to the system-suppliedge-swing signals minimize dv/dt and thus di/dt to pro-
Vierm Voltage, which corresponds to logic 0. A memory yjde the following advantages:

controller or RDRAM asserts a logic 1 by sinking current

Controller RDRAM 1 RDRAM n Vierm
Sin I sout I I
DQA[8:0], DQBI[8:0] ] ] ]
ROW/[2:0], COL[4:0]
ClkFromMaster(x2) |
ClkToMaster(x2) 1
Vref
Gnd, GndA
Vdd, VddA 400MHz
Figure 4: The Memory Controller and RDRAMs Connect to
Terminated Transmission Lines
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R

* Reduced ground bounce; The two clock edges provide a natural way to label inter-
* Reduced power consumption; vals as even and odd (Figure 6). Even intervals occur dur-
» Reduced electromagnetic interference; ing clock falling edges and odd intervals during rising

« Compatibility with low Vdd devices. edges, with each clock edge at the midpoint of data. Con-

) ) trol and data packets begin on even intervals.
The Channel topology contributes to the high-speed capa-

bilities by ensuring that all signals on the Rambus Chan-Direct Rambus Technology allows the Channel to support
nel have the same propagation characteristics and travemultiple clock domains, allowing the length of the Chan-

across a uniform, parallel layout. This includes the clockd1el to be up to four clock periods, as measured from the
ClockToMaster and ClockFromMaster on the last

RDRAM on the Channel. The memory expansion mod-
The Rambus Channel is synchronous, meaning that all ules take advantage of the multiple clock domains.

commands and data are referenced to clock edges. At . . ,
! : ..In order to allow full interleaving across even the first and
Rambus frequencies, special care must be taken to mini-
. . ) last RDRAMSs on the Channel, the protocol allows each
mize clock to data skew. At the physical level, datais only, . .
device to be programmed with a read delay. The control-

transferred across the DQA and DQB lines, and all con- ) .
. L . ler views the effective read delay as the same from all
trol information is sent across the ROW and COL pins. devices

Clocking

Figure 4 shows the clock distribution. The clock source .
. Also due to the topology of the Channel, write data can be
can be a separate clock generator as shown or can be inte- . .
. . sent down the Channel in the next clock cycle following a
grated in the memory controller. The clock loop begins

atR .
L ead transaction. As soon as the Read data reaches the
the termination end of the Channel and propagates to the

X controller, it can issue the Write data without any delay.
controller end as ClockToMaster, where it loops back as y y
ClockFromMaster to the RDRAMSs and terminates. However, a write followed by a read transaction must wait

Clock and data travel in parallel to minimize skew. So, ana short delay, equal to the round-trip length of the Chan-

RDRAM sends data to the memory controller synchro- nel. For short Channels, this is only one Rambus clock

; cycle, 2.5ns. For the longest Channels, the delay could be
nously with ClockToMaster, and the controller sends datqour clock cycles, or 10ns
to the RDRAMSs synchronously with ClockFromMaster. ’ '
Because the transmission lines are matched, the clock afiébnventional DRAMs require that one device stop driv-
data signals remain synchronized as they continue to theing the bus before another device starts, effectively caus-
destination. ing a one clock cycle delay for bus turnaround. In
100MHz SDRAM systems, this change in Read/Write
direction causes a 10ns clock cycle of delay. In contrast, a
Data transfers occur only between the memory controllebne-clock delay in the Rambus system is only 2.5ns.
and the RDRAMSs, and never directly between RDRAMS. _.
Thus signals are terminated at one end of the Channel Signals
(Figure 4). Data driven by the controller propagates pastIn each device, the Rambus Interface has 35 active pins.

Data Transfers

all RDRAMs with the desired voltage swing. So, all » 30 High-speed RSL signals (DQA, DQB, ROW, COL
RDRAMs correctly sense data driven by the controller. and the clocks);
The matched terminator eliminates any reflections. « 4 CMOS signals used for device initialization;

Data driven by an RDRAM moves in both directions at ~ * Vref, a static high-impedance, low current input
one-half the desired voltage swing. At the controller end, « Vdd, Vterm and Ground pins are DC power pins
the half-swing pulse reflects off the open end of the wire,
doubling in amplitude. Superposition of waveforms and
matched termination at the RDRAM mean that RDRAM- ., _I L; J r
to-controller data transfers take place at full speed and full
amplitude. Data is effectively transferred on bothnedgesof Data [0 [1[2[3[4[5]6[7[8]9]
a 400MHz clock resulting in a 800 Mbits per second per
wire transfer rate. Each data transfer uses a 1.25 nanosec-
ond interval, with two of these intervals per clock period.

odd even

L Data Packet Begins on an Even Interval

Figure 6: Data Cycle Definitions &
Their Relationship to Clock
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ROW [2:0] |

Il !
Memory COLUMN [4:0] |
Controller | | | | | ‘
DATA [15:0] J
| Bank 0 I:' Page 0 | Bank 0 I:' Page 0
| | I I | | I I
| Bank 1 I:' Page 1 . e . | Bank 1 I:' Page 1
[ Bank 15 [—JPage 15— | [ Bank 15 | —|Page 15— |
Direct RDRAM 0 Direct RDRAM n
Figure 7: Example System Using the 64M Direct RDRAM
The Logical Layer Precharge commands can be sent with an explicit (device,

_ ~ bank) address across the ROW pins. The protocol allows
On the Rambus Channel, data and control bits move in great controller design flexibility by allowing two other

packets. Each packet type is four clock cycles in length, forms of Precharge operations on the COL pins.
or 10ns at 800MHz. The Direct Rambus Protocol has
been simplified over previous generations of Rambus 1€ Column (COL) Packets

DRAMs, and the control information is no longer multi- Column packets are sent across the five COL pins of the
plexed on the data bus. A totally independent control andontrol and address bus. The COL packets are split into
address bus is split into two groups of pins, one for row two fields. The first field specifies the primary operation,
commands and the other for column commands. Only  such as a Read or Write. The second field can be either
data is transferred across the two-byte wide data bus. masks, for Writes, or can be an extended operation (XOP)
gommand. In mask operations, a bit for each byte (a byte
may be either 8 or 9 bits) is transferred per 16-byte data
packet, totaling 16 mask bits.

To ensure proper synchronization of all devices connecte
to the Rambus Channel, all packets begin during even
intervals (falling clock edge). However, packets may
begin on any falling clock edge, and may be spaced anySeveral XOP commands can be used in lieu of the mask
number of clock cycles apart. field. The most common XOP is an explicit Precharge

r (PREX). The primary operation of the COL packet can

allowing a row command, column command and data to also encode an auto-precharge command along with the

be transferred at the same time to different banks of an €ad or Write, allowing an implicit precharge to occur as
RDRAM or to different RDRAMSs soon as the requested column operation is completed.

Each of the buses operate independently of each othe

The ROW Packets Although. the QOL packgt is composed of the two non-

symmetrical fields described above, a COL packet is actu-
Row packets are sent across the three ROW pins of the gjly sent split, with the intended command sent first, and
control and address bus. Row packets include two typesthe Mask/XOP sent eight clocks (packet size) later. The
of commands: Activate (ACT which is like the falling  four-clock delay reduces the amount of intermediate

edge of RAS on an EDO DRAM), or Precharge (PRER ofjatches necessary to hold the information if it was sent
the rising edge of RAS). An Activate command can be  jth the COL packet initially.

sent to any RDRAM bank whose sense-amplifiers have

been previously Precharged. The Data Packets
deach data packet contains 16 bytes of data. The Direct
RDRAMs use a 128-bit wide internal data path, allowing

16 bytes of data to be transferred for each column access.

Other commands can be sent across the row pins, inclu
ing refresh and power state control.
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Row access can be skipped
y/ if page is open

ROW Row

\\‘ o
Column ' Column
CQLUMN Address Address
[4:0]
\\‘\
DATA Read Read
[15:0] 16 bytes Data Data
- 10nS (=

Row
Access 40ns

Column
_>{ Access 20ns ‘4_

Figure 8: Read Transaction

On the two-byte wide Channel, two bytes are transferredread delay is set according to the RDRAM'’s clock
on each rising and falling clock edge, so 16 bytes are  domain.
transferred in four clock cycles, or 10 ns. In this way, data\Nrite Operation - Data Transfer Matches Read
packets have the same length as row and column packeB.
. . “Data Transfer
Of course, Writes can be masked to allow as little as a sin-
gle byte to be written at a time. Write transaction timing is very much like Read transac-
. . tions. The control packets are sent in the same way as the
Since the column bus has as much bandwidth as the data b I . y
ead command. However, one significant difference

2:2’(1235_}_5.222]&213 cs).rn:Julr.st ?r:gi; 'O(Eo(::]?r?:;gg Anl\jt between a Direct RDRAM and a conventional DRAM is
- N b implify g that Write data is delayed to match the timing of a Read

relative to conventional DRAMs. The controller simply o
. : . . transaction’s data transfer.
issues multiple COL Read or Write commands in what-
ever order to any RDRAM, and to any open page. The delay for the Write data was chosen to maximize the
usable bandwidth on the data pins. On a conventional
SDRAM, when a Read command follows a Write com-
A Read operation is shown above in Figure 8. Generally, aand, there is a gap on the data bus from the Write data to
completely random access is accomplished by the asserthe Read data. This gap is equal to the Read latency of the
tion of the ACT command across the ROW pins followeddevice. If a 100MHz SDRAM has a Read latency of three
by a Read command sent across the COL pins. After thecycles, then a 30 ns gap is required after the Write before
data is read, a Precharge command (in one of its three the Read. The Direct RDRAM avoids this gap by sending
forms) is executed to prepare that bank for another com-the data later in time, and then actually performing the
pletely random Read. Some controller designs may leav&Vrite subsequent to the data transfer.
activated pages open, ant|C|pat|_ng a return to the OPEN * A Write command on the COL bus tells the RDRAM that
page. In that case, the access time is decreased to just the, =~ - : o
latency of the Read command on the COL pins. ata will be written to the dewge in an exact number of_
clock cycles later. Normally, this data would then be writ-
Data is always returned in a fixed, but user selectable ten to the core as soon as the data is received.
number of clock cycles from the end of the Read com-
mand. This flexibility in varying the read delay is to
accommodate long Channels, where multiple clock
domains may be present. In this case, RDRAMSs located
near to the controller are programmed with the longest
latency, and those farthest away are programmed with th
shortest latency. This is done during initialization when
the position of each RDRAM on the Channel is enumer-
ated. Along with the Device ID (for address selection), th

Read Operation

There is an option to delay this Write and allow a Read
command to the same device to “go around” the Write,
effectively shortening the read delay, which is usually
critically needed. Most Write data on the other hand is
usually buffered and is not latency sensitive. If a control-
&r chooses to implement this feature, a check of a single
address is all that is needed to make sure that the subse-
guent Read was not for pending Write data. In that case,
%he Read can be delayed to its normal time or the data can
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Conventional DRAM . e
Write Data timing Write Data timing

Figure 9: Write Transaction

be returned to the requestor internal to the controller, |nside a Direct Rambus DRAM
avoiding the bandwidth of such a trivial transaction on the(Dil’eCt RDRAM)
Channel.
The following features of the Direct RDRAM allow
extremely high peak and effective bandwidth:
» Two-byte wide data bus at 800MHz, yielding a peak
1.6GB/sec data transfer rate;
The ACT commands can completely absorb the ROW  « Separate control and address bus, further subdivided

Pipelined Operation

Each of the commands on the control bus may be pipe-
lined, allowing much higher throughput.

pins, allowing for very fine grain 16-byte random trans- into ROW and COL buses that work simultaneously
fers to occur. At the transfer size per Activate increases, and independently;
the frequency of Activate commands is reduced. « Delayed Write mechanism;

In order to completely fill the data bus, column command * Minimal component and system latency;
would be continuously sent on the COL pins. Except for + Reduced bank-to-bank interference.

small gf;aps of 1 t.o 3 clocks rjq?"red f;r bus turn-gro]?rllld These features allow the Direct Rambus protocol to
going from aWrite to a Read, these busses can be fully ,qpjeye greater than 95% efficiency for 32-byte random
utilized. transfers.

Two Reads are followed by two Writes to the same deviceDR AM Core Options

yields over 86% efficiency. An example of reads and ) _ ) _
writes to multiple RDRAMSs can achieve 95% efficiency Internally, Direct RDRAMSs are designed to permit a wide
as shown in the figure below. variation in core implementations. The design space

allows up to 1Gb DRAM densities, up to 32 RDRAMs
per Channel, and enough flexibility in the bank, row and
column bits to allow all possible configurations in these
densities.

ROW
[2:0]

COLUMN
[4:0]

DATA
[15:0]

+10ns-= 16 bytes

Figure 10: Simultaneous Pipelined Transaction
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The Direct RDRAM’s internal cores use a 128-/144-bit For low power applications these cores also support self-
wide data path operating at 100MHz, which is 1/8th the refresh, permitting the RDRAM to go into a very low
frequency of the Channel. Thus, every 10 ns, 16-bytes camower state, and yet retaining all the information in the
be transferred to or from the core. The protocol supports aore during these times.

wide variation in core row and column timing parametersDirect RDRAM Interface

The 64/72Mbit Direct RDRAMSs support either 8 inde-
pendent or 16 “doubled” banks. The Direct RDRAM core
introduces the concept of doubled banks, reducing the
necessary sense amplifiers nearly in half while keeping
the total number of banks relatively high compared to
other DRAM alternatives. The large number of banks
helps to prevent interference between memory requests.

Direct RDRAMSs have separate data and control buses.
The data bus permits data transfer rates up to 800MHz,
yielding 1.6GB/s on either a x16 or x18 bus configuration.
The wider x18 interface is general purpose in nature,
allowing system designers the flexibility to use the 9th bit
per byte as an error correction mechanism, wider data
path or overlay in graphics.

The number of banks accessible to the controller is the
accumulative number of banks across all the RDRAMs o
the Channel. 64Mbyte memory systems implemented

The control bus adds another 800Mb/s of control informa-
r%ion to the RDRAM. That is over three times the control

. . . information encoded on the control pins of a 100MHz
W_Ith el_gh'F 64Mbit RDRAMSs or SDRAMS have a wide SDRAM or 100MHz DDR SDRAM. P
disparity in the number of banks available to the control-
ler. The RDRAM system has a total of 64 or 128 banks The control bus is further separated into ROW and COL
available for access. The 64-bit wide SDRAM system, orpins, allowing concurrent row and column operations
the other hand, would have only four banks available if x8~hile data is being transferred from a previous command.

SDRAMs are used. The power supply voltage of all Direct RDRAMSs has

In an independent bank core, each bank has its own senbeen reduced to 2.5V, further reducing power consump-
amplifiers. In a doubled bank core, sense amplifiers tions and allowing compatibility with future lower voltage
between adjacent banks are shared. The result is that devices. The physical layer limits the logic levels of RSL
nearly half the sense amplifiers are eliminated, increasintp 1.8V, allowing these RDRAMs to interface directly to
the silicon area efficiency, reducing power consumption ASICs that have very low)4. The combination of a low
and keeping the number of banks high. The restriction Vggand low \{g, allow the Rambus interface to scale to
imposed by doubled banks is that adjacent banks cannotower voltage processes, providing greater longevity for
be activated. Once a bank is activated, that bank must béhe interface.

precharged in order for the adjacent bank to be activated.

For greater flexibility, three precharge mechanisms, one Power Management

on the row pins, and two on the column pins allow the
designer great flexibility in determining which RDRAM
pages to open or close.

In order to allow lower power system operation, the
RDRAM has several operating modes; Active, Standby,
Nap, and PowerDown. The four modes are distinguished
In a doubled bank design, precharging a particular bank by two factors, their power consumption, and the time that
will also precharge the adjacent two banks if activated. it takes the RDRAM to execute a transaction from that
The hardware state machines in the controller that track mode.

h f the RDRAM h heck th . . . .

the sta_te of the array do not to have to_c eck t a]tn Active mode, the RDRAM is ready to immediately ser-

the adjacent banks are activated. Only the desired bank . ] > . .
vice a transaction. Power consumption is also higher in

needs to be precharged before being activated (opened).ACﬁVe mode than in the other three modes

Although the cores used in Direct RDRAMSs are high- . .
. ... Unlike conventional DRAM memory systems, where
bandwidth they also have low latency, comparable with L ;
each device in an entire bank of memory must consume

he f DRAM i . RDRAM . .
the fastest S s used in memory systems SRead/erte power through an entire access, Rambus

use the same core DRAM technology used to make other .
. o ) memory systems use only one device to perform the Read
types of DRAMSs, leveraging significant investments

. .. or Write transfer, while all others revert to a lower power
made by the semiconductor manufacturers to minimize
. . . state.
the cost of storing data on a piece of silicon.

Netlist EX2026Page 13
Samsung v Netlist
IPR2023-00455



An RDRAM automatically transitions to Standby mode atRambus Memory Controller

the end of a transaction. Once the device address in the

Request packet has been decoded, all of the RDRAMs The Rambus Memory Controller (‘RMC”) is a block of
return to Standby mode with the exception of the one  digital logic residing on a Rambus-based controller to
responding to the Request. That device returns to Standislfive and manage the memory transactions of a Rambus
mode once the Read or Write operation is complete. ~ memory system. The interface to the RMC is a simple
two-wire handshake. The RMC directly connects to the

Rambus ASIC Cell (RAC) as an Input/Output Cell. The
RAC provides the basic multiplexing/ demultiplexing
functions for converting from a byte-serial bus operating
at the Channel frequency—up to 800MHz—to the con-
troller’s eight-byte wide bus with an up to 200 MHz sig-
Power consumption can be reduced by placing one or naling rate. The RAC manages the electrical and physical
more RDRAMs into Nap mode. Nap mode uses less  interface to the Rambus subsystem.

power the\_n standby mode, but takes less time to transitio?he RMC provides the protocol for performing Read and
to the Aciive made, than PowerDown mode. Systems CfE‘QVrite transactions to the Rambus DRAMSs. The RMC is

ZCh'evec? Iarﬁe powertﬁ aving by It<eepf|ng t.h € RDRRAZAS Ir]orovided as synthesizeable Verilog or VHDL source code
ap mode whenever they are not performing a Read o\ ich can be incorporated in the controller design pro-

Write transaction. cess. The RMC code and companion Guide serve as a ref-
Power consumption can be further reduced by placing onerence design for system customers.
or more RDRAM s into PowerDown mode.

Alternatively, an RDRAM may be forced to make a
standby to active transition. This alternative permits
power savings since only the addressed RDRAM moves
to the active mode, while the other RDRAMS remain in
Standby mode.

Features of the Rambus Memory Controller

An example of Wher.e th.ese modes can be Use-d i-S in a pors Complete Direct Rambus protocol support. The Ram-
table computer application. Here, sleep mode is imple- bus Memory Controller translates address, data and

mented by placing a majority of the RDRAMSs in command into the Rambus protocol. It presents a
PowerDown, while the RDRAM that contains the frame simplified, high level 128/144-bit data path to the

buffer is placed in Nap mode. This permits screen refresh  controller designer.

to occur without powering up the entire memory system. Complete memory control support. The RMC sup-

ports all control functions including protocol, refresh,
memory and interleaving support.

Read/Write + Simple two-wire handshake interface.
Transaction « Fully simulated and verified.

» Compatibility. The RMC works with all Rambus
DRAM and RAC-based controller devices.

@ * Implemented in Verilog or VHDL. Easy to use in any
i controller design process to be used with ASIC

Suspend design or COT design programs.

» The RMC synthesizes to no more than 14K gates.
@ Can be configured for multiple Rambus Channels.
The Rambus Memory Controller consists of synthesize-
able Verilog or VHDL source code to support Rambus
memory transactions. It is a gate-level description of the
@ RMC. Only low level library functions, such as can be
built from AND and OR functions, are needed to support
the RMC. It accepts Read and Write transactions from the
Figure 8: Power Transitions in the Direct RDRAM controller and manages the operation of the RAC and
RDRAMs in an optimal manner; no Channel bandwidth is

wasted and the RMC adds minimal latency to Read trans-
actions. The RMC also supports interleaved transactions,
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Figure 9: Direct Rambus Memory Controller

permitting a RAS access to be started in one RDRAM scale package is about the same size as the RDRAM die,
while a CAS access is performed to another. The RMC uses a minimum of material and thus has potential for the
code may be used as-is or be modified for a particular sylwest cost chip packaging.

tem application. The memory upgrade packaging consists of the Rambus

RIMM™ memory module and connector which are simi-
lar in size to existing DIMM memory modules and con-
nectors. The RIMM modules support up to eight Direct
RDRAMSs on each side of the module. A single RIMM

System Packaging

The Direct Rambus memory system uses industry stan-
dard packaging that can be supported on standard con-
struction printed circuit boards. Systems incorporating quule can gccommodate.up to 128 Mbytes of memory
Rambus components are compact, with well controlled using 64-Mbit RDRAM devices.

electrical signaling and a simple, straight line Printed CirTailored to the system memory market, the RIMM is
cuit Board (PCB) topology. The PCB layout is straightfor-comparable in fit, form factor, and cost to SDRAM

ward. DIMMs, and will offer three times the bandwidth with
lower power consumption and thermal properties. A 64-
Mbyte RIMM module will deliver 1.5-Ghyte/sec perfor-
mance under an average workload consisting of 30%
Writes and random 32-byte transfers.

The Direct RDRAM components use chip scale packag-
ing, which offers excellent electrical characteristics,
including low capacitance and thermal design. The chip

AUNRIRARR AR RARRRRRRRAREE 0

Figure 10: Physical Organization of a Rambus-Based System
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The RIMM is compatible with standard motherboard

form factors including Intel’s ATX, NLX, and mini-NLX
chassis. The motherboard can support up to three module
sockets. The Direct Rambus Channel signals are daisy
chained through each module.

The module design allows the first RIMM connector to be
placed up to six inches from the memory controller.

The Direct Rambus memory upgrade module can support
32Mb, 64Mb, 128Mb, 256Mb, 512Mb or 1 Gb density
RDRAMSs.
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